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CHAPTER 1  
 

THE ELECTRO-PHYSIOLOGY-FEEDBACK 
MEASURES OF INTERSTITIAL FLUIDS 

 
 
     
 The interstitial liquid constitutes the true interior volume that bathe the 
organs of the human body. It is by its presence that all the exchanges between 
plasma and the cells are performed. With the vascular, lymphatic and nervous 
systems, it seems to be the fourth communication way of information's between all 
the cells.  
 No direct methods for sampling interstitial fluid are currently available. The 
composition of interstitial fluid, which constitutes the environment of the cells and is 
regulated by the electrical process of electrochemistry. This has previously been 
sampled by the suction blister or liquid paraffin techniques or by implantation of a 
perforated capsule or wick. The results have varied, depending on the sampling 
technique and animal species investigated.  
 In one study, the ion distribution between vascular and interstitial 
compartments agreed with the Donnan equilibrium; in others, the concentrations of 
sodium and potassium were higher in interstitial fluid than in plasma. The 
concentration of protein in interstitial fluid is lower than in plasma, and the free ion 
activities theoretically differ from those of plasma because of the Donnan effect. In 
spite of these differences, and for practical reasons only, plasma is used clinically to 
monitor fluid and electrolytes. The relation between plasma and interstitial fluid is 
important in treating patients with abnormal plasma volume or homeostasis. 
 However, the publications could establish the following elements: 
It is deprived of hemoglobin, and poor in proteins. 
 The absence of hemoglobin and poor level of proteins which assumes the 
mains buffers of the vascular system explains a more acid interstitial pH and the 
more important interstitial variations from the pH and gases (CO2, PO2, SO2). 
 The regulation is thus ensured by other buffers: Cellular metabolism and in 
particular the mitochondrial activity and the organic activity. 
 The deficit in anion loads is made up by a more important chlorine concentration 
than in plasma. The mitochondrial activity is proportional to the concentration of 
protons (H+) at the interstitial level. The acidity of this volume is compensated by a 
bicarbonate exit of the intracellular medium towards interstitial fluid and a chlorine 
entry in the intracellular volume. The concentration of protons and thus the pH will 
condition the enzymatic activity of all the bodies and thus organic function. 
The volume of this sector is closely related to the containing sodium pool 
and its regulation is ensured by the lymphatic system. 
 The exchanges between the vascular sector and the interstitial fluid are 
complex. The distribution of the electrolytes on each side of the membrane is 
regulated by “The Donnan equilibrium" explaining why the sodium concentration 
is more important in the plasmatic sector. 
Correspondence of the interstitial and blood values: 
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Biochemical 
 

Venous 
blood 

Arterial 
 

Capillare 
 

Interstitial 
fluid 

Intracellular 

Na+ mEq/l 130 137 135 130 10 
K+ mEq/l 4 4 4 3.17 140 
Ca ++ mEq/l 2.5 2.2 2.3 1.55 0.0001 
Mg mEq/l 0.64 0.62 0.60 0.50 58 
Cl- mEq/l 104 101 103 106 4 
HCO3 mEq/l 22 24 23 24 10 
P mEq/l 2.5 2.3 2 0.70 75 
SO4 mEq/1 0.8 _ 0.6 0.5 0  
Glyceria mg / dl 1 1 1.01 0.90 0 a 20
Cholesterol 
mg/dl 

0.65 0.630 0.676 0.188 0.2 

Po2 mmHg 80 90 89 87.2 20 
Pco 2 mmHg 46 40 42 46 50 
Ph 7.35 7.4 7.35 7.33 7.0 
Proteins gm/dl 72 74 73.7 20.6 68 
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 As we pointed out in the right hand rule of electronics, as electricity as an 
electrical entity travels in the direction of, for example, your right thumb. Then for 
conduction of the electron, there is a magnetic field produced at 90°, and a static field 
will be produced at another 90°. This electromagnetic and electrostatic combination 
and its effect on conductance and from conductance is the basis for understanding 
electrical phenomena. 
  Electrons cannot hit each other, there is too large a charge. Electrons are the 
outer parts of all atoms and molecules. Thus when I hit the table I cannot make 
contact with the table. The electrons of my hand cannot hit the electrons of the table. 
Molecules cannot touch each other either. In fact very few things can contact each 
other. All of our lives there is powerful electro-magnetic-static fields that interact only 
thru energy fields. Life as is everything is but a guided set of field interactions. 
 This short description is dedicated to the electron and its action, not the 
photon that we described in Quantum Biology section will be discussed in another 
volume.. (It must be pointed out that from QED theory, electrons and photons are 
interdependent. But let us now investigate electron activity.) 
 French physicist Coulomb laid out a law, which states: "The force of attraction 
or repulsion between two charged bodies is directly proportional to the product of the 
charges and inversely proportional to the square of the distance between them." 
 Thus the force can be allowed in the following equation 
F ~=~ {Q sub 1 ~TIMES~ Q sub 2} over D sup 2 
 The inverse square law is a dictum of four-dimensional physics. Our ten-
dimensional model questions its pervasiveness. 
 Here Q represents the force of the charges, D is the distance, and F is the 
force in dynes. A coulomb of charge, C, is nearly 3 times 109 esu. The strength of an 
electrical field will have the equation 
E ~=~ {9 ~TIMES~ 10 sup 9 ~TIMES~ q} over {R sup 2} 
 This is called the electrical potential. The potential at a point is equal to the 
work needed to bring one coulomb charge to the point from an infinite distance away. 
Biology will need to monitor this effect very closely.  
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Criteria 

Medical 
Implication 

Amperage Life force 
measurements - 
cellular capacity 
Indolamine 
connection (see 
Voltametry) 

Voltage Willpower, 
catecholamine 
connection (see 
Voltametry) 

Resistance Inflammation 
versus 
degeneration - 
reactivity 
Medication 
testing (see 
Electroacupunct
ure) 

Capacitance Charge transfer 
and storage, 
voltage and 
amperage 
regulation 

Reactance Variance in 
capacitance, 
resistance that 
determines the 
ability of the 
body to react to 
medication 
testing 

Induction Magnetic 
control, voltage 
and amperage 
regulation 

Worberg's Law Interaction of 
capacitance and 
frequency that 
allows for 
medication 
testing 

Resonant 
Frequency 

Cancer versus 
nervous 
tendencies (see 
Mitogenic 
Radiation) 

Redox Oxygenation 
potential (see 
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The Biological 
Pool) 

Hydration Water Stability 
(see 
Polymorphic 
Studies) 

PH, EH Proton-electron 
transfer (see 
The Biological 
Pool) 

Phase Angle Fricke's law sets 
boundaries of 
electroacupunct
ure testing 

 
  
 

 
 
 
An electric potential is thus work per unit of charge. Kinetic energy, which is 
equivalent to work, is measured in a relationship of force to distance. A gram that is 
moved at one centimeter per second of velocity is an erg. A kilogram that is moved at 
one meter per second is known as a joule. When we have a joule per coulomb, this is 
known as a volt. One volt equals one joule divided by one coulomb. The volt is often 
a measure of potential energy. It is the difference between two points, between 
positive and negative charge; thus a six-volt battery with a potential difference of 6 
joules or coulombs that can flow from one terminal to the other. Potential difference, 
thus, is an integral measurement of profound importance in biology and medicine. 
 If the surface of an item has a charge that is stored as potential energy, the 
ratio of charge to potential is called the capacitance of the body. The basic unit of 
capacitance is known as the farad, which is one coulomb per volt. If one coulomb of 
charge added to a body gives it potential of one volt, it has the capacitance of one 
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farad. In a capacitor current is proportional to the rate of change of voltage. 
 Thus capacitance can be measured as a fluctuation in voltage (DV) over a 
qualitative time. 
1~ Farad~ =~ {1~ Coulomb} over {1~ Volt}~~~~~~~~~~{Capacitance~ {dV} over {dT} 
~=~ Amps} 
 The farad is a very large unit, measuring a lot of potential. Often in electronics 
we use micro-farads, or even pico-farads; a micro-farad being 10-6 farads and a pico-
farad being 10-12 farads. By having two sheets of a high conductor, such as metal, 
with an insulating material between them, we can produce a condenser or capacitor. 
In biology cellular forces will invoke pico-farads. Organismic forces must relate to and 
control micro-farads. 
 The capacitance of the capacitor is the amount of the electrical charge on its 
plate divided by the potential difference between its plates. This depends on several 
factors, such as the area of the plates. If the plates are made larger, greater charge 
can be put on them. The thickness of the insulating layer is important. The closer the 
plates are to one another, the greater the amount of charge that is held. It is the 
strength of the electric fields of the electric plates as they are brought closer together. 
In biology organs, cells, organ systems, and organisms must store charge to deal 
with metabolism and growth. 
 The material between the plates will have an influence on the capacitor. These 
insulators, or non-conductors between the plates, are also known as dielectrics. 
Biology is filled with membranes that act as storage entities. We have only to review 
neuronal axon transfer to see biocapacitance at work. 
 The dielectric constant of an insulating material is a relationship between the 
effect of the material and that of a vacuum between the plates. The dielectric 
constant of water is 80; the dielectric constant of air is 1.001, as compared to a 
vacuum. The dielectric constant of rubber is 2.5. 
 Water has such an enormous dielectric constant because the water molecule 
is already polarized, even if it is not in an electric field. One end of the water molecule 
is positive and the other negative, because of the dipole magnetic effect. Biology 
uses this concept of water to store and use energy. The molecules can now rotate 
easily in the liquid state, and in response to the electric forces on them can readily 
produce strong layers of induced charge on its surfaces. Capacitance action is of 
extreme importance to biology.  
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CHAPTER2  
 

MEASUREMENT OF THE INTERCELLULAR FLUID 
USING SKIN SURFACE ELECTRODES 

 According to Kanai and Meijer the cell membrane behaves like a capacitor 
because of its dielectrically properties , the current at very low frequency and the 
D.C. current do not penetrate in the intracellular medium and record only 
intercellular water. 
 The tissues constitute an electrolytic medium; the conduction of the 
electrical current is assured mainly by ionic carriers. Under the effect of a 
tension applied between 2 different electrodes crossing an electrolyte 
impedance settles with the interface of 2 different materials. 
 The interest to use a D.C. current avoids the capacitive effect on the level of 
each electrode beyond some use corresponding to the effective load of the layer 
around the electrode. 
 

 
 
Electro-Physiological Measures of the Interstitial fluid 
 
 Thus, a DC current of 0.70 to 1.28V (below any rheobase) is applied across 10 
electrodes placed symmetrically on the forehead, wrists and ankles. Carbon can 
accept or donate electrons equally. 
 Each carbonized electrode is alternately cathode then anode so that 22 
volumes of the human body can be registered. These records of the conductivity of 
each volume are incorporated in a graph. The graph of 22 volumes is an electro-
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physiological-feedback-xrroid (EPFX). 
 

 
 

Definition of the reference values of electrical Interstitial fluid EPFX: 
After recordings of a population of more than 20000 patients, we have to 
determine an EPFX profile of reference: 
The conductance is estimated according to a scale -100 / +100 after application of 
an item 0 according to 2 types of established parameters: 
Parameter set to the standards or Norms (Na): We determined an item 0 according 
to the age, the sex, and the BMI. This parameter corresponds to the statistical 
functional standards. It is starting from this parameter that the biochemical values 
will be calculated 
Parameter called automat (Aa): 
Item 0 of this parameter is calculated compared to the average in absolute value of 
22 volumes measured out of Na: 

This parameter is not statistical any more but characteristic of the recorded patient. 

It is used for get more specificity and of sensitivity to the graphs and allows the 
interpretation of the electrical Interstitial fluid EPFX pattern. 
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Measurements are made for each parameter:  

 1 derivation to norms Na  

 1 derivation in automatic Aa 

 

The volumes must be within the electrical Interstitial fluid scale between – 20 and + 
20 

Volumes 1 3 16 18 must be between – 40 and – 50 (size of electrode) 

9 10 must be between – 20 and – 40 (size of electrode) 
Volumes 2 4 15 17 may be in excess (between +10 and +20) with a reduction 
between the measurement to norms (Na) and the automatic measurement (Aa). 
The following figure represents the average of the measurements taken on data of 
subjects healthy: 
 
 
 Specificity and sensitivity of the electrical Interstitial fluid EPFX and localization 
of the bodies: 
 
 Relation electrical Interstitial fluid diseases and the localization of the organs 
could be carried out to the clinical tests carried out at the Botkin hospital (Moscow) 
which showed on the one hand their specificity and their sensitivity on 23 pathology 
diagnosed by conventional methods and the localization of the bodies obtained by 
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application of the fast Fourier transform and the mathematical laws of the inverses 
pro terns used in medical imagery. 
 
 However to reduce the number of electrodes and the price of the system for a 
use in private office , these images are not structural images of rebuilding, but of the 
functional synthesized images indicating certain criteria to the level of the organs 
according to a chromatography. 
 

•These criteria are the following Oxygenation VARHOPE 
 

• Hydration 
• Function 
• Pressure and interstitial contraction in relation to the blood pressure 
• Interstitial Viscosity 
• Volume of the organ 
• Ignition 
• Oedema 
• pH 
• Neural excitability (on the level of the brain) 
• Neuromuscular excitability (on the level of the dermatome) 

These criteria relate to only the organs taking part in the regulation of the fluids of the 
human body. 

 
Measurement of biochemical concentration 
 
Potential of measurement: 
The system operates in a range of Voltages distributed from zero to four volts. 
The amperage current ranges from zero thru 4 milliamps. The system is 
designed to test substances not for patient testing.  
 
 
 
 For biochemical measurements we used electrochemistry formulas 
allowing to transform: 

 
• the intensity in molecular concentration ( Cottrell equation ) 
• the voltage in ionic concentration ( Nernst equation) 

 
 The laws of the conductance and conductivity in control and to determine 
by deduction the concentration of the ions H+ 
The hormonal assessment is an extrapolation of the values of the ionogramme and 
algorithms ESG. 
 
 Donnan equilibrium and Nernst equation 
The different concentration of free cations in interstitial fluid and plasma 
corresponded to a Dorman equilibrium potential (interstitial fluid positive) by the 
Nernst equation of 0.8 mV for Cat, 0.7 mV for Mgt, 1.2 mV for Na, and 2.78 mV for K. 
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The Donnan potential is a consequence of electro neutrality and equal 
electrochemical potentials of the diffusible ions at equilibrium. According to the 
Nernst equation, the electric potential difference (= electric work per unit of ion) must 
equal the difference in chemical potential (= chemical work per unit of ion), or 
 
zF(E1 - E2) = RTJn(al/a2) 
 
where z is the charge number, F = 96484.56 C/mol, E is electric potential, r = 
8.31441 J/(mol . K), T is absolute temperature, a is activity, and 1 and 2 denote two 
solutions separated by a membrane. 

 

 
 
The Cottrell equation: The chronoamperometry 
  

 In chronoamperometry, the working electrode potential is suddenly stepped 
from an initial potential to a final potential, and the step usually crosses the formal 
potential of the measured substance. The solution is not stirred. The initial potential is 
chosen so that no current flows (i.e., the electrode is held at a potential that neither 
oxidizes or reduces the predominant form of the measured substance). Then, the 
potential is stepped to a potential that either oxidizes or reduces the substance, and 
a current begins to flow at the electrode. This current is quite large at first, but it 
rapidly decays as the substance near the electrode is consumed, and a transient 
signal is observed. 
 
If the point in time when the potential is stepped is taken as time zero, then the Cottrell 
equation describes the how the current, I, decays as a function of time, t: 
 
 
 
F= Faraday constant (96500C/mole)  
A= Electrode area (en cm²) 
Co = Ionic concentration (moll cm³)  
n = number of electrons per molecule  
D= Diffusion coefficient (cm²/ s)  
t= Measurement time in second 
 
 Although the current decay may appear to be exponential (in the case of 
adsorbed redox species), it actually decays as the reciprocal of the square root of 
time. This dependence on the square root of time reflects the fact that physical 
diffusion is responsible for transport of the measured substance to the electrode 
surface. 
 
Electrical Fluid Analyze standard profile of a measurement of a volume 
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This graph is elaborate starting from the 255 values transmitted by the active electrode 
to the case then in numerical form to the program: 
 
 
 
This graph corresponds to the 3 types of possibilities: 
 
 Stationary (no matter transformation), temporal (matter 
transformation), and transient intermediary enters the first 2 possibilities. 
 Thus, in temporal mode most of the current generated by the generator of 
tension is used to carry out a very local chemical conversion, the measured current is 
weak. The layer with the transformation is very thin. 
 In stationary mode only the Ohm `s law is applying between the 2 
electrodes and one measures only one electric conductance of the ionic medium, 
which shows the absence of solution reactivates near to the electrode. 
In transient mode, it is the Cottrell equation, which applies and evolves, moves 
like the reverse of the square root of time. 
 These various possibilities are proportional to the concentration of the 
solution in contact what constitutes a very interesting measure in human physiology. 
In effects it is possible to quickly determine the concentration H+ of volume and thus 
to apprehend the local pH. The physiol. pathological implications of measurements of 
the pH of the extra cellular mediums (acid-basic balance) were largely studied during 
the 20th century. 
 There are also many buffer systems, which can be used to draw up a 
hypothesis, which states that variations in the concentration of H+ ions have very long 
time constants. 
 
Laws of conductance and conductivity: 
 
The conductance G = C X S/L S 
S= surface of the electrodes 
L= the length between the electrodes 
The conductivity c for a solution is proportional to the concentration C of the 
aqueous solution. This proportionality is checked for concentrations ranging between 
10 - 5 mol / L and 10 – 2 mol / L. 
The conductivity c depends on the nature of the ions. 
 
The conductivity c of a studied solution which contains the ions Xl X2 X 3 ... is 
written:  
c = λ 1[Xl] + λ 2[X2]+ λ 3[X3]+ λ 4[X4]+ λ 5[X5]+ λ 6[X6]  
λ is the molar ionic conductivity of ion X. 
 
Values of molar ionic conductivities X given in the table below, to 25°C. 
  

Ions H+ HO- SO4-- Ca++ Cl-
8 
(S.m²/mol) 
à 25°C 

35,0 
 
10-3 

20,0 
 
10-3 

16,0 
 
10-3 

11,9 
 
10-3 

7,63
 
10-3
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 The coefficient of molar conductivity ionic of the ions H+ is higher than that 
of the other ions. By knowing that the interstitial fluid is deprived of SO4-, the 
concentrations of the ions H+ is deduced by knowledge from the other concentrations 
provided by the application, from the Nersnt. equation. 

 
 

 
 

The Importance of Hydrogen Ion Concentration 
 
 Hydrogen ion concentration has a widespread effect on the function of the 
body's enzyme systems. The hydrogen ion is highly reactive and will combine with 
bases or negatively charged ions at very low concentrations. Proteins contain many 
negatively charged and basic groups within their structure. Thus, a change in pH will 
alter the degree ionization of a protein, which may in turn affect its functioning. At 
more extreme hydrogen ion concentrations a protein's structure may be completely 
disrupted (the protein is then said to be denatured). 
 
 Enzymes function optimally over a very narrow range of hydrogen ion 
concentrations. For most enzymes this optimum pH is close to the physiological 
range for plasma (pH= 7.35 to 7.45, or [HI= 35 to 45nmol/1). Left figure shows a 
typical graph obtained when enzyme activity is plotted against pH. Notice that the 
curve is a narrow bell shape centered around physiological pH. 
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Calculation of the pH and gases 
 

 
 
PH=Log1/[H+ ] 
Equation Henderson Equation 
[ H+ ] * [ HCO3-] = 24 * PCO2  
 

  The calculation of the concentration of the ions H+ and HCO3 by the 
application of the equation of Cottrell as these 2 last formulas make it possible to 
locate the patient on the diagram of Davenport. 
 Taking into account the differences in concentrations on the level of the 
various compartments and traditional numerical variations during laboratory analysis 
carried out with regular intervals, the interstitials values are estimated in value of 
standard increased or decreased with %.  
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Reproduction and stability of results  
 SCIO wave forms 
 

 
 
 
 Reproduction of results must be reconciled with the results of laboratory 
analysis. 
  The program compensates these physiological undulatory variations, 
which must be within a physiological functional delta or reference value. 
Reference value and limits of decision: 
Test interpretation is based, among other things, on comparing the result 
obtained with reference values. 
These variations depend on: 

• Analytical variation of the method 
• Biological variation: this is the summing of intra and interindividual 
variations. 
• Its specificity and sensitivity 

  Analytical variation reflects the inaccuracy of the method used: this is 
estimated by analyzing the test several times 
 Intraindividual variation is estimated by repeating the examination on 
the same person. Interindividual variation is estimated by using the mean 
values for several people and is influenced by variables such as age and sex. 
 Like laboratory examinations, test interpretation therefore requires 
available adequate references and lists of variables which can modify the 
results: (Table 2) 
 The optimal use of tests is not based only on comparing a result with 
reference values but also requires a definition of physiological limits. These cover 
95% of healthy subjects. On the other hand, the physiological limits of decision 
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making fluctuate with the objectives: 
• Diagnosis estimated 
• Patient monitoring 
• Diseases concerned 
• Possible therapies 
• Prevalences 

 
 

 
Appendix: 
 
PH Behavioral Factors 
 

METABOL
IC 

METABOLIC 
ALKALOSIS 

VARIABLE 
FACTORS 

room 
temperatur

<

room 
temperature 
> 25°

Contraceptiv
e pill 

Tranquiliz
er 

Radiotherap
y 

> 20 
cigarettes 

Antidepres Surgery 
Barbiturat Chemothera Weekly 

h thDiuretics: 
Carbonic 

h d

Post or 
menopausal 
h

Circadian 
rhythms 

Hypotensi Thyroid Biological 
Statins Coffee and Race
Anticoagul
ants

Puberty Posture 
Antibiotics Stay at high Noise
Bereavem
ent 

Intense 
physical 

Pregnancy 
from the 5t" 

Exposure 
to light 

Taking 
strong 
alcohol or 
drugs or 

Metal in the 
body (pins, 
excluding 
dental 

Menopaus Fever and Immobilisatio
Spa cure Vomiting Menstruation
Starvation  Breast-
Essentially 
vegetarian

 Recent 
emotional

Acidic 
food or

 Obesity 

Diarrhoea  Haemorrhag
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CHAPTER 3 
 

BLOOD 
COMPOSITION OF BLOOD PLASMA.  

PLASMA PROTEINS. BLOOD CLOTTING 
 
 

Unicellular organisms that live in immediate contact with the external envi-
ronment obtain nutrients directly from that environment and eliminate unused or 
unwanted materials directly into the external milieu. As organisms evolved into more 
complex structures, special means of communication were established that permitted a 
continuing integration among various tissues and organs as well as facilitating contact 
with the external environment. The blood and the lymph are the important connecting 
fluids among the diverse anatomical structures of the mammalian organism. Although 
lymph contains large numbers of leukocytes, or white cells, there are very few 
erythrocytes. 

The specific gravity of blood is 1.055 to 1.065; its viscosity is approximately five 
to six times that of water. If blood is drawn from a vein and measures are taken to 
prevent clotting, the suspended cellular elements can be separated by centrifugation. 
The normally clear, slightly yellow super-natant fluid is termed blood plasma. Should the 
blood be allowed to clot, there separates from the clot a clear yellowish fluid, the blood 
serum. The yellow color is due to the presence of small quantities of bilirubin, a bile 
pigment , and of carotenoids. The clot consists of cellular elements, enmeshed in a 
network of fibrous strands of fibrin. Thus blood plasma represents blood minus its 
cellular elements; blood serum also lacks fibrinogen, the precursor of fibrin. Lymph also 
clots, although somewhat more slowly than blood. 
 
Composition of blood plasma 
 

The total volume of blood in the vascular system approximates 8% of the body 
weight, about 5 or 6 I of blood in an adult. Infants have a larger blood volume, in 
proportion to their body weight, than do adults. 

The solutes of the blood plasma constitute approximately 10% of the volume: 
proteins, approximately 7%; inorganic salts, approximately 0.9%; and the remainder 
consisting of diverse organic compounds other than protein. Tables 3.1 and 3.2 indicate 
the concentrations of the principal nonprotein organic and inorganic components, 
respectively, of the blood plasma of man, with the ranges of concentration for each 
constituent under normal conditions. Factors influencing the concentrations of 
these constituents, as well as their physiological functions, are considered below 
as well as in other chapters of this book. 
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The amount of a particular blood constituent is the resultant of the rate of 
addition of the component to the blood and the rate of utilization or removal of 
the substance from blood by various tissues. In no instance is there a simple 
linear relationship between tissue and plasma concentrations of a given con-
stituent. 
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Plasma Proteins 
 

Composition of plasma proteins. The total protein content of the plasma is 
normally in the range of 5.7 to 8.0 g/100 ml. Free boundary and paper 
electrophoresis are convenient methods of separation and estimation of the 
major groups of plasma proteins; more refined procedures, e.g., density gradient 
centrifugation, starch gel electrophoresis, and immunoelectrophoresis, reveal 
numerous other plasma proteins present in smaller amounts. Some plasma 
proteins have been detected only by their biological properties, whereas others 
have been obtained in crystalline form and are more fully characterized. In the 
absence of a single method of delineating all plasma proteins, classification 
schemes have been adopted that are based largely on methods for separating 
these proteins. Illustrative examples will be found in the pages that follow. 
Figure 3.1 shows the distribution of the plasma proteins obtained in free 
boundary electrophoresis. The amount of each component is assessed from the 
area under each boundary. Representative average values for normal human 
plasma are given in Table 3.3. Only six main boundaries are evident in the 
electrophoretic pattern obtained under the conditions of electrophoresis used 
(Fig. 3.1), whereas a much greater number of distinct proteins is present in 
plasma. Such designations as α1 globulins, α2-globulins, β-globulins, etc. 
 
 

 
 
 
represent groups of proteins, and each group contains several proteins that 
possess similar mobilities under these experimental conditions. The pH chosen for 
this plasma analysis was selected in order that all the proteins should have a 
negative charge. This minimizes the possibility of salt formation between different 
proteins. At the same time, the pH is sufficiently alkaline to permit migration and 
separation of the major different groups in a reasonable length of time. 
Although precise measurements of mobility are obtained with the free boundary 
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electrophoretic apparatus, simpler methods are now widely used for separation 
and quantitation of plasma proteins. In particular, zone electrophoresis on paper, 
on starch blocks, or polyacrylamide gels is generally employed for rapid, routine 
analysis of plasma or serum. The use of starch gel as a supporting medium 
increases markedly the resolving power of zone electrophoresis. For example, the 
five conventional zones observed in paper electrophoresis can be separated into 
approximately 20 zones by starch gel electrophoresis. One additional component 
that is thus revealed has been termed pre-albumin, because its mobility, at the 
usual alkaline pH values used for electrophoresis, is greater than that of albumin. 
The major protein constituents of the plasma are similar in all vertebrates, 
although the relative amounts differ. 
 
SERUM ALBUMIN 
 

General properties. Albumin, MW = 69,000, is the smallest and most 
abundant of the plasma proteins. Its isoelectric point, pH 4.7, is lower than that of 
the other major proteins; this and its high net charge explain the more rapid 
electrophoretic migration of albumin at neutral or slightly alkaline pH values (Table 
3.3). The high net charge is due to the large number of titratable groups, about 
180 per molecule. At the pH of blood, 7.4, albumin has a net negative charge of 
18. These properties aid in explaining its high solubility; at pH 7.4, 40% solutions 
are readily prepared. 

The albumin molecule is an ellipsoid with a diameter of 38 A and a length of 
150 A. It is much more symmetrical than or the highly elongated fibrinogen 
molecules. Consequently, solutions of albumin have a lower viscosity than those 
of fibrinogen or of the globulins since viscosity is influenced much more by shape 
than by molecular size. This is important since the work performed by the heart 
depends in large part on the viscosity of the blood. The viscosity of blood, due 
largely to suspended cells, is approximately equal to that of any of the following: 
twice concentrated plasma, a 25% solution of albumin, a 15% solution of γ-
globulin, or a 2% solution of fibrinogen. 

Osmotic effect. The main function of albumin is its important role in osmotic 
regulation. Of the total osmotic effect of the plasma proteins, albumin is 
responsible for about 75 to 80%. Although albumin constitutes slightly more than 
half the plasma proteins by weight, its osmotic effectiveness is far greater than 
that of the globulins because of its lower molecular weight. In addition, albumin 
gives a greater osmotic effect at the pH of the blood than would be expected 
from the ideal thermodynamic relationship where B V  = nRT . At pH 7.4 the 18 
negative charges of albumin contribute strongly hydrophilic groups which cause 
water molecules to cluster around each charge, thus producing a greater 
osmotic effect than would be given by a neutral molecule. Theoretically, the 
osmotic pressure should be linearly proportional to protein concentration, but 
albumin produces a greater effect than expected for its concentration in plasma. 
These two unusual properties contribute to the remarkable effectiveness of 
serum albumin as a factor in osmotic regulation. 

Transport function. Many substances that are sparingly soluble in water 
dissolve readily in the presence of serum or plasma. Albumin solutions increase 
solubility to a marked degree, and in each instance the dissolved substance is 
bound to the protein. This is the case for a variety of substances such as fatty 
acids, naphthoquinone derivatives, bilirubin, sulfonamides, and other 
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compounds. Albumin thus plays an important role in the transport of sparingly 
soluble metabolic products from one tissue to another. 
Prealbumin is responsible for transport of retinol combined with the retinol-
binding protein and, in part, of thyroxine. 
 
β and γ Globulins 
 

Interest has centered on the β- and γ-globulins because of the presence in 
these fractions of antibodies or immunoglobulins, most of which are in the γ-
globulin fraction. Other γ-globulins function in the transport of a variety of 
substances, including lipids, hormones, and inorganic ions. The properties of some globulins are 
discussed later in this chapter. 

The γ-globulin fraction of blood was originally defined as the plasma protein 
component that moves most slowly during electrophoresis at alkaline pH. Some 
of the physical and chemical properties of the γ-globulins are given in Table 3.4. 
Of the γ-globulins, 85 to 90% have a sedimentation constant of 7 S and the 
remainder, of 19 S. The 7 5 class consists of two subclasses that differ in 
carbohydrate content, amino acid sequences, and immunological properties. 
However, each of these categories consists in turn of a heterogeneous group of 
numerous individual proteins. More sensitive immunological techniques, coupled 
with physical and chemical studies, have provided a more detailed 
understanding of γ-globulins. 
 

 
 
 
 

Some immunological principles. When foreign proteins, antigens, are 
injected into a suitable animal, production of specific proteins, antibodies, results. 
Although stimulation of antibody production is most commonly observed with 
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proteins, many polysaccharides such as the capsular components of pneumococci 
and other microorganisms are also antigenic. In addition, nucleic acids and 
complex lipids exhibit antigenicity. Antibodies may combine with the antigen to 
produce a visible precipitate; hence the term precipitin reaction. Antibodies that 
are produced to toxins are antitorins. If the antigens are cells, such as 
erythrocytes of another species, or bacteria, and if clumping of the cells is 
produced by the antibodies, the latter are agglutinins. If the cells are lysed, the 
antibodies are lysins. Each antigen elicits formation of different, specific 
antibodies. 

Antibodies are made by cells of the reticuloendothelial and lymphoid sys-
tems. Since normal individuals are exposed during their lives to many different 
organisms and antigens, plasma contains a large variety of antibodies. Immunity 
to a number of viruses or bacteria is associated with the presence of specific 
antibodies to the invading pathogen. 

Artificial active immunity is produced by injecting a nonpathogenic antigen 
such as killed bacteria, e.g., Hemophilus pertussis, the causative organism of 
whooping cough, or a toxoid made by treating the toxins of the diphtheria or 
tetanus bacilli with formaldehyde. The injected individual will develop specific 
antibodies that react with live organisms or untreated toxin and, thus, will possess 
active immunity. Temporary passive immunity is provided by injection of 
antibodies made by immune individuals of the same species or even of another 
species. Antitoxins to diphtheria and tetanus toxins from horse plasma are used 
for treatment of these diseases. 

Immunoelectrophoresis. As the term indicates, immunoelectrophoresis 
makes possible differentiation of proteins in solution on the basis of 
electrophoretic and immunological properties. Electrophoretic migration is 
generally performed in agar gel. Immunological differentiation of the separated 
protein fractions is achieved by adding specific immune serum to a groove in the 
agar block beside the separated protein fractions. As a result of diffusion, 
precipitation lines or rings form within a few hours at the points of contact from 
diffusion of the electrophoretically separated protein fractions and the specific 
immune serum. The position of these precipitation lines is determined by the 
electrophoretic mobility, the rate of diffusion, and the serological specificity of 
each of the proteins present. The number, shape, and intensity of the lines 
correspond to the incidence, nature, and extent of the precipitin reactions (Fig. 
3.2). 

In addition to the use of agar in rectangular dishes, an agar supporting 
medium in glass tubes has also been employed. After electrophoresis the agar 
cylinder is pushed into a tightly fitting trough previously prepared in an agar plate, 
and the immune serum is placed in a parallel trough to develop precipitin 
reactions. Similarly, another procedure combines electrophoretic separation on 
paper with serological testing in agar. Also, the starch gel supporting medium for 
electrophoresis has been combined with modified precipitin gel diffusion 
techniques. The technique of immunoelectrophoresis has provided additional 
information regarding the number of serum components, the characteristics and 
distribution of antibodies, and the nature of γ-globulin. 
 

23 
 



 
 
 
 
Immunoglobulins 
 

The plasma of a normal individual who has not recently been ill with an 
infectious disease contains relatively small amounts of hundreds of distinct 
antibodies. If an antigen never previously encountered enters the body, in the 
course of a few days antibodies that react with this antigen appear in the blood. 
Repeated challenges with antigen result in increasing antibody titer of plasma. 
Exposure to an antigen that had previously been encountered results in much 
more rapid appearance, in plasma, of large quantities of antibodies. Countless 
natural and synthetic antigens have been observed to elicit such a response. 
Each initiates synthesis of antibodies that react, specifically, with the administered 
antigen. All such antibodies are proteins. Accordingly, we may pose the following 
questions: How many distinct proteins serve as anti-bodies to a single antigen? 
What is the structure of an antibody? How does it react with an antigen? How 
does an antigen stimulate the production of specific antibodies? 

A given antigen stimulates formation of not one but several antibodies which 
react with the antigen. In general, the more complex the antigen, e.g., a large 
protein, the greater the number of different antibodies produced. However, simple 
antigens also elicit formation of a family of antibodies. Each antibody molecule is 
bifunctional, i.e., has two combining sites for antigen. If the antigen is also 
bifunctional, reaction with antibody may produce a precipitin reaction. However, 
the nature of the reaction cannot be specified other than to state that, since the 
combining site on the antibody must be provided by amino acid residues, the 
reaction is analogous to the formation of an enzyme-substrate complex and may 
involve electrostatic forces, hydrogen bonds, and hydro-phobic forces. Since all 
antigens are relatively large, at least with a minimal size that of a tetrasaccharide 
or a low-molecular-weight protein, a large number of antibody-antigen contacts 
may be postulated. Nevertheless, the details of such a reaction remain to be 
elucidated and must await description of the three-dimensional structure of a 
specific antibody. 

Much of the difficulty in such studies derives from the heterogeneity of the 
γ-globulin fraction and, until recently, lack of preparations of purified anti-bodies 
that are reasonably homogeneous. Improved procedures have resolved this 
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difficulty in a few instances, thus permitting investigations of antibody structure. 
 
 
 
Nomenclature and structure of immunoglobulins 
 

The nomenclature of the immunoglobulins is given in Table 3.5. There are three 
major classes of immunoglobulins: IgG, IgA, and IgM; other, minor classes of 
immunoglobulins found in human plasma are designated as IgD and IgE. These h a v e  
been differentiated by their centrifugal and immunoelectrophoretic behavior and by the 
occurrence of unusual amounts of each of these classes under specific circumstances. 
Similar classes are found in other mammals and are probably analogous to those of the 
human being. 

As seen from Table 3.5, most antibodies have a molecular weight of about 
150,000; the macroimmunoglobulins appear to be polymers of this structure. Antibodies 
can be degraded by exposure to reducing agents such as cysteine to yield only two 
general types of subunits with molecular weights of about 23,500 and 50,000 to 70,000, 
respectively. Antibodies also m a y  b e  degraded by treatment with proteases. Papain 
cleaves IgG in the presence of cysteine into three fragments, two designated Fab and 
the other Fc; the three represent more than 85% of the molecule. Each Fab fragment 
has a molecular weight of 52,000 and that of Fc 48,000; the former retains full combining 
specificity for the antigen, indicating that the combining site is entirely contained in this 
fragment of the antibody. Pepsin cleaves IgG into an immunologically active fragment, 
termed F(ab')c, with a molecular weight of about 100,000. From these findings, each 
major class can be distinguished from the others on the basis of subunit polypeptide 
structures. All immunoglobulins appear to have a structure comprised of two types of 
polypeptide chains that have been termed light (L) and heavy (H). A light chain may be 
linked by a disulfide bond to a heavy chain to give the basic monomer (LH); most classes 
of immunoglobulins are in the form of the dimer (LH)2 (Fig. 3.3). However, light and 
heavy chains can interact in solution to form an immunochemically competent dimer 
without 
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formation of a covalent bond. In some immunoglobulins, e.g., class IgM, the LH 
monomer is further polymerized to give (LH)z,,. 

Several classes of L and H chains have been described. In man, there are only 
two major types of L chains, x (kappa) and A (lambda), which may be recognized 
serologically and by their specific amino acid sequences. All major classes of 
immunoglobulins may contain either x or A chains or both; each class possesses an H 
chain unique for that class. In IgG, the H chain is called y chain, in IgA, a, and in IgM, 
p; the heavy chains in the minor classes of immunoglobulins, IgD and IgE, have been 
designated as R (delta) and (epsilon), respectively. Although the H chains of IgG are 
all of the y series, they are not identical. At least 10 similar but distinct y chains have 
been noted, designated as ya, yb, yc, etc., and, presumably, there are many more. 
Similarly there are numerous distinct H chains of the a, p, 8, c series. 

Some properties of the immunoglobulins and of their light and heavy chains are 
listed in Table 3.5. The two light and the two heavy chains in each immunoglobulin are 
linked by two types of interchain disulfide bonds, one H—H disulfide and two H—L 
disulfide. In addition, there are 12 intrachain disulfide bonds. The carbohydrate of the 
molecule is present in the heavy chain (Fig. 3.3). This structure has been established 
for IgG; IgA probably has this structure also. IgM appears to have additional disulfide 
bonds, allowing five to six four-chained units of the type shown in Fig. 3.3 to be linked 
together. 

Each subunit, i.e., light and heavy chains, is a single polypeptide chain. The C-
terminal half of the L chains appears to be almost constant in amino acid sequence 
(C, Fig. 3.3) among all members of a major class such as IgG, as is the C-terminal 
three-quarters of the H chain. It is this constancy that results in the general similarities 
that permit their grouping as a class. In addition, the V regions of the L chains can be 
arranged in subgroups according to their sequences. The three different subgroups of 
the x chains differ in about 40 of the first 108 residues whereas members of the 
same subgroup vary in about 10 residues. Similarly, they chains can be arranged 
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in four different subgroups. 
The N-terminal half of each L chain, comprising about 108 residues, and 

the N-terminal quarter of each H chain show great variations in sequence (V, 
Fig. 3.3), and it is this variation that makes possible the large numbers of 
specific antibodies. These relationships are shown in Fig. 3.3. Isolated prepa-
rations of L chains do not appear to combine with antigen; H chains do react 
with antigen but not so tightly nor so readily as does complete antibody. Thus the 
H chain must make the major contribution to the antigen-combining sites. 
Studies of the glycopeptides isolated from partial enzymic digestion of several 
types of immunoglobulins indicate that one mode of attachment of carbohydrate 
to the polypeptide chain is via the amide nitrogen of an asparagine residue to C-1 
of N-acetylglucosamine. In addition, o-mannose, o-galactose, L-fucose, and o-N-
acetylneuraminic acid residues are also components of the carbohydrate unit. 
There are two carbohydrate units per molecule of IgG and apparently three per 
molecule of IgM.  
 

Mechanism of synthesis of immunoglobulins. Since all antibodies have the 
same general structural features, it was conceivable that specificity for antigen 
resided not in differences in amino acid sequence but in secondary and tertiary 
structure, i.e., the positioning of disulfide bonds or the final conformation. This 
possibility was eliminated by the observation that, after exposure to 4 M 
guanidine in the presence of a reducing agent, removal of these reagents and 
reoxidation resulted in recovery of almost half of the antigen-binding capacity. 
Thus the three-dimensional structure, like that for ribonuclease, is the conse-
quence of amino acid sequence. The production of specific antibodies in an 
animal exposed to a given antigen, therefore, represents production of im-
munoglobulin of the right class and with an appropriate amino acid sequence at 
the N-terminal V region of the L and H chains. 

Comparison of the amino acid sequences of a limited number of L chains 
reveals that at almost each position where there is an amino acid replacement, it 
is the result of a single base change in the coding triplet. The problem then is 
whether, in some manner, antigen triggers production of L and H chains already 
encoded in the DNA but unexpressed in the absence of antigen, or whether 
there occurs in the immunoglobulin-producing cells an appropriate set of somatic 
mutations that are selected by virtue of the presence of antigen. 

Available knowledge concerning the synthesis of immunoglobulins may 
conveniently be considered in two stages: (1) the reactions initiated by the 
antigen and (2) the synthesis of the globulin at the ribosomal level. 

ROLE OF M E  ANTIGEN. Most of the available data suggest that the 
antigen does not play an immediate and direct role in determining the structure 
of the antibody. Antigen is removed from plasma by phagocytic macrophages; 
the latter then react with small lymphocytes in which antibody synthesis occurs. 
Each lymphocyte makes only one species of H and L chains. The immunological 
competence of the small lymphocyte is dependent upon the thymus. Apparently 
macrophages transfer to these cells a soluble material that is more effective than 
is the administered antigen. A soluble fraction from such macrophages, which 
induces antibody synthesis in recipient lymphoid cells in tissue culture, is 
rendered ineffective in this regard by treatment with RNase, suggesting an RNA-
like structure for the antibody-provoking material. Such an effective RNA has also 
been extracted from spleens of immunized mice. This suggests transfer of 
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information from cells that have phagocytized antigen to the immunologically 
competent or committed lymphocyte. At this time the relationship between 
phagocytized antigen and the appearance of a seemingly specific form of RNA 
and the subsequent role in the lymphocyte of that RNA are not understood. 
 

ROLE OF THE Rieosomrs. The synthesis of antibody protein is 
accomplished by the general mechanism of protein synthesis. The syntheses of 
the L and H chains are conducted by two different types of polyribosomes; these 
can be separated by density centrifugation. Polyribosomes that synthesize L 
chains sediment more slowly than those for H chains, although both classes of 
polyribosomes are of sufficient size to contain an mRNA coding for complete 
heavy chains. Studies of the rate of antibody synthesis suggest that the L chain 
is completed first and released from the polyribosomes to give a small pool of 
free chains that combine with partially synthesized H chains. Before H chains 
can be released from their polyribosomes, they must be combined with L chains. 
Carbohydrate is subsequently attached to the H chains. The prior requirement for 
combination of H with L chains for release of the former from the site of 
synthesis may afford a regulatory mechanism for the rate of synthesis of 
completed antibody. An analogous requirement obtains in hemoglobin synthesis 
in which the pool of a chains controls the rate of β-chain release and thus of 
hemoglobin formation. 

Variations in globulin production. In certain diseases there is accentuated 
production of immunoglobulins. These globulins are abnormal only in their 
quantity, rather than being new or different proteins. Indeed, in these diseases the 
protein produced is more homogeneous electrophoretically than is the protein of 
the same class in the normal individual. In macroglobulinemia, large quantities of 
a protein of the IgM class are synthesized. In multiple myeloma the pathological 
globulin is of the IgA class. A globulin, first described by Bence-Jones in 1848, 
which appears in large amounts in the urine of patients with multiple myeloma, 
exhibits unusual solubility properties. The protein precipitates at 50 to 60°C, but 
raising the temperature to near the boiling point causes the precipitate to 
dissolve. Bence-Jones proteins are identical with the light chains of normal 
immunoglobulins and may be of either e type or γ type. Their appearance in 
urine results from an unbalanced synthesis of IgG (or IgA, IgM) in lymphoid cells 
proliferating at an abnormal rate, with L chains produced in excess of H chains. 
The excess L chains are excreted in the urine and are identical to the L chains in 
the circulating myeloma protein of the blood. 

Origin of antibody diversity. The unique feature of the antibody response 
is its selectivity in producing a specific antibody to a specific antigen and the 
consequent amplification in antibody production following stimulation. Present 
views suggest a specific mechanism for trapping antigen (or a macrophage 
product, see above) in "committed cells" followed by rapid cell division, resulting 
in progeny cells that synthesize large amounts of the specific antibody. This 
clone of cells makes antibody molecules of only one specificity. In order to 
account for the production of specific antibody by a clone, it is assumed that the 
V and C regions are determined by separate genes, the number of C genes 
being limited to a few allotypes whereas the number of V genes is very large. A 
simple hypothesis is that genetic translocation occurs to form a single complete 
VC gene separately for each L and H chain. Regardless of the exact form of the 
antibody genes, it is evident that since the amino acid sequences determine 
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antibody specificity, there must be a large "library of information" for thousands 
of genes specifying different antibody structures. The antigen must then act, 
directly or indirectly, to stimulate the production of a clone of cells capable of 
single antibody production. This is in marked contrast to the production of other 
proteins, such as enzymes, where only one or a few kinds of isoenzymes with 
the same kind of specificity can be produced. 

Evolution of the immunoglobulins. Since the i and k chains possess many 
similarities in amino acid sequences, it has been postulated that these two types 
of light chains were probably derived from a more primitive type of L chain by 
gene duplication and subsequent independent evolution. Indeed, the variable 
and constant halves of the L chains manifest similarities in sequence and thus 
may have been derived from a precursor of L chain with approximately 110 
residues (Fig. 3.4). Resemblances between L and H chains are also evident, and 
it has been suggested that gene duplication and doubling of size occurred in the  

 
 
 
formation of H chains from L chains. These views of the evolutionary development 
of immunoglobulins are supported by the fact that the L and H chains can be 
divided approximately into six equivalent segments, two in the L chain and four 
in the H chain, all six possibly being derived from a common ancestral segment. 
These relationships are shown in Fig. 3.4. 

Antibodies in the newborn. Newborn mammals are unable to make 
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antibodies. However, temporary passive immunity permits them to resist infection 
until their mechanism of antibody synthesis has developed. In some mammals, 
including man, many specific antibodies present in maternal plasma are 
demonstrable at birth in the blood of the young; passive immunity is achieved by 
transfer of anti-bodies from the maternal blood across the placenta. 

In the Ungulata—cow, horse, sheep, goat, etc.—γ-globulins and 
antibodies are absent in the serum of the newborn. Antibodies appear in the 
plasma after the young have suckled and received the first milk, or colostrum. 
Colostrum of the cow may contain as high as 20% protein, five times the amount 
present in milk, and the predominant fraction is immunoglobulins. In the 
Ungulata, the placental barrier does not permit the passage of the large antibody 
molecules from the maternal to the fetal circulation, whereas the newborn does 
not digest these antibodies but absorbs them from the intestine into its blood 
stream. 

Newborn ungulates also possess an unusual n-globulin, fetuin, MW = 
40,000; it is present in large amounts in the plasma of the fetus and the young 
calf or pig and its content diminishes rapidly in the older animal. Fetuin is a 
mucoprotein containing 22% carbohydrate. 

There is a rare, hereditary condition in which human beings lack the ability 
to form γ-globulins (agammaglobulinemia) and such proteins are lacking in plasma. 
These individuals usually are in good health during the first 6 to 12 months of 
life, presumably because of the passive immunity conferred by maternal γ-
globulins; subsequently, they become particularly susceptible to infectious 
agents. γ-globulin may be administered at intervals as a therapeutic measure. 
 
The Lipoproteins 

 
Except for the small quantity of fatty acids bound to albumin, the plasma 

lipids are present as lipoproteins. These migrate electrophoretically with both the 
α- and β-globulins (Table 3.4). Lipoprotein fractions can be separated by density 
gradient centrifugation and are characterized by their flotation constants. The 
lipoproteins have been considered previously with regard to their lipid 
composition and their role in lipid metabolism. 
The serum lipoproteins range in molecular weight from 200,000 to 10,000,000 
and contain from 4 to 95% lipid. There are three different proteins associated 
with the low-density lipoproteins. The high-density lipoproteins include two 
apoproteins that constitute about 90% of the protein moieties; these have been 
designated apoLP-1 and apoLP-II. The subunit of apoLP-Il contains two identical 
peptide chains of 77 residues linked by a disulfide bond, is rich in glutamic acid, 
serine, threonine, and lysine, and lacks histidine, arginine, and tryptophan. 

In some pathological conditions, the βi-lipoprotein (low-density) is often 
present in increased amount. This is more readily detected by density gradient 
ultracentrifugal studies than by electrophoresis, since the electrophoretic β-
globulin fraction is a mixture of lipoprotein and many other components. 
Regimens designed to lower the β- and elevate the α-lipoproteins (high-density) 
are based on the thesis that a lowering of the former, with its accompanying 
cholesterol, is a desirable prophylactic and therapeutic goal. 

A hereditary disorder characterized by a complete absence of plasma β-
lipoproteins or by the presence of a reduced amount of low-density lipoproteins 
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has been termed abet alipoproteinemia. It has also been described as 
acanthocytosis, since more than 80% of the erythrocytes are acanthocytes, i.e., 
are spherical and have numerous projecting spines and spicules (Gk. akantha, a 
thorn). Plasma lipid fractions are markedly lower than normal in this disorder. 

Mucoproteins of high carbohydrate content have been detected in the 
plasma filtrate remaining after precipitation of the other proteins by addition of 
trichloroacetic acid or perchloric acid. Mucoproteins are not coagulated by heat. 
At pH 8.6, they migrate with the n-globulins (Table 3.4), but at pH 4.0 they retain 
their negative charge, unlike the other plasma proteins that possess more alkaline 
isoelectric points. The normal physiological role of the mucoproteins is not 
known. 

Orosomucoid, an acidic αi globulin, has been obtained in crystalline form 
from serum and from nephrotic urine. This protein contains about 40% 
carbohydrate, including galactose, mannose, fucose, N-acetylglucosamine, and 
N-acetylneuraminic acid. Proteolytic digests of orosomucoid have yielded 
glycopeptides in which the β-amide of asparagine appears to form the linkage to 
the carbohydrate unit via N-acetylglucosamine. A small proportion of linkages to 
carbohydrate through the γ-carboxyl of glutamic acid may also be present. 

Haptoglobins are n2 -globulins that can combine with hemoglobin to form a 
weak peroxidase; they constitute about one-fourth of the n2-globulin fraction of 
human plasma. When hemoglobin is injected or liberated by hemolysis, it 
combines with haptoglobins until the capacity of the latter is exceeded. In 
hemolytic conditions and in acute hepatitis the plasma level of haptoglobins is 
diminished. A diminished level of haptoglobins occurs in individuals with a 
markedly shortened life span of erythrocytes and in pernicious anemia. 
All haptoglobins appear to have a similar amount and proportion of diverse 
carbohydrates, including N-acetylneuraminic acid and galactose. Starch gel 
electrophoretic studies have shown that, for each individual, the haptoglobins 
fall into one of three genetic groups, each of which in turn is a mixture of 
haptoglobins. However, all three types react equally well and identically with 
antibodies to each of the others. The genetic types have been termed hapto-
globin 1-1, 2-2, and 2-1, respectively. Treatment of purified haptoglobin with 
reducing agents yields two polypeptide chains, designated as α and β. Only the 
a chain varies in the three phenotypes. The haptoglobin 1-1 is a single 
molecular species, MW = 80,000, and is composed of two a' polypeptides, each 
of 9,000 MW, and one β chain, MW = 65,000. Each β chain has two binding 
sites for the α unit, and each of the latter has a single site of combination with the 
β unit. The fusion of two αt units to form an α2 unit provides a species with two 
sites per molecule, each capable of binding with a 8 unit. Thus, the haptoglobin 
2-1 phenotype consists of a polymeric series of structure (β2α),u, where M = 2, 4, 
6, etc., whereas the haptoglobin 2-2 components are equivalent to (βα2)M, with m 
= 3, 5, 7, etc. 

In many metabolic disorders there is a pronounced elevation in the 
amount of α-globulins estimated electrophoretically. This is largely because of 
an increase in mucoproteins. Infectious diseases, e.g., pneumonia, tuberculosis, 
and acute rheumatic fever, and general disturbances such as cancer with 
metastases produce these increases, and they are frequently associated with a 
concurrent increase in fibrinogen and a decrease in albumin.  
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The Metal-Binding Proteins 
 

A β1-globulin, termed transferrin, MW = 85,000, is capable of combining with 
iron, copper, and zinc. This protein constitutes approximately 3% of the total 
plasma protein. It contains about 5.5% carbohydrate as N-acetylneuraminic 
acid, mannose, galactose, and N-acetylglucosamine. The protein binds two 
atoms of Fe2+ per molecule of protein but only in the presence of CO2.The iron 
complex dissociates below pH 7.0. The prime function of transferrin is to 
transport iron. In normal individuals the circulating transferrin is one-third 
saturated with iron. In iron deficiency and pregnancy, th ere is a striking increase 
in the plasma concentration of transferrin. In some disease states, e.g., chronic 
infection, liver disease, and pernicious anemia, the plasma concentration of 
transferrin is reduced. Genetic variants of transferrin are known among the 
human population; the common form has been designated transferrin C, and 
others as B, D, etc. A few cases of hereditary absence of transferrin have been 
described. 

The interaction of copper with transferrin differs from that of iron in that at 
pH 7, where the protein has its maximal binding capacity for iron, its capacity to 
bind copper is only half maximal. On addition of iron, the copper is almost entirely 
displaced. 

A blue protein containing 0.34% copper, ceruloplusmin, specifically binds 
copper and contains practically all the copper in serum; it is an ad globulin, MW 
-150,000, with 7.5% carbohydrate. The eight atoms of copper per molecule are 
equally distributed between Cu+ and Cu2+. Dialysis against a chelating agent 
removes four atoms of copper, leaving a colorless protein; prolonged dialysis 
yields the apoprotein free of Cu. Six of the copper atoms can exchange with Cu2+ 
in the medium. Ceruloplasmin can be reduced under anaerobic conditions to a 
colorless compound; this is completely reversible in the presence of oxygen. 
In the rare inherited Wilson's disease, plasma ceruloplasmin is markedly reduced 
and copper levels increase in the liver and brain with resultant neurological 
changes and liver damage. The function of ceruloplasmin is unknown, but it 
probably functions by reversibly binding and releasing copper at various sites in 
the body, thereby regulating the utilization of copper. 
 
 Synthesis of Plasma Proteins 
 

Albumin and fibrinogen formation appears to be limited to the liver; 
approximately 80% of the total globulins also are fabricated in the liver, including 
the lipoproteins. This is reflected in the marked decrease in plasma albumin and 
fibrinogen seen in patients with hepatic cirrhosis, or following experimental 
hepatectomy. Prolonged limitation of protein intake also diminishes the serum 
albumin concentration. The remainder of the major plasma proteins, including 
the γ-globulin fraction, which contains most of the antibodies, is synthesized in 
extrahepatic tissues. Thus, γ-globulins are formed in lymphoid tissue and in the 
widely distributed cells of the reticuloendothelial system, notably in the spleen. 
Also, the specialized plasma proteins present in low concentrations, e.g., protein 
hormones and enzymes, are produced by various tissues. 

Studies with isolated perfused rat liver reveal a rate of albumin synthesis 
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of 10 to 20 mg/h. This would permit a daily turnover of approximately 25% of the 
total circulating plasma protein; this value is greater than that based on the half-
life of plasma proteins observed in man but agrees with data on intact rats, which 
have a higher rate of metabolism than man. The rapid rate of human plasma 
protein formation is seen in the replacement of serum albumin lost in nephritis 
and nephrosis. Patients may excrete 10 to 20 g of protein daily for several 
months, yet in some instances no severe alteration in serum albumin 
concentration is evident. 

The rapid turnover of plasma proteins and the fall in serum albumin con-
centration caused by restricted protein intake indicate a continuing removal of 
plasma proteins from the circulation, largely by liver and kidney. Intravenously 
administered albumin is efficiently used for growth in experimental animals and 
for restoration of blood volume and tissue repair in man. Incorporation of amino 
acids administered as serum albumin into characteristic cellular proteins has been 
demonstrated. Presumably, proteins, e.g., serum albumin, entering cells by a 
mechanism involving pinocytosis, are degraded by intracellular proteolytic 
enzymes, with the liberated amino acids becoming available for synthesis of new 
protein molecules. 
 
Enzymes of Plasma 
 

The enzymes present in plasma are presumably derived from the normal 
dissolution of the cells of blood and other tissues. Most plasma enzymes do not 
have metabolic roles in plasma, with the exception of the enzymes concerned in 
blood coagulation, removal of intravascular blood clots, and the complement 
system. The activity of certain enzymes in plasma is a useful index of certain 
abnormal conditions. Thus, serum amylase is elevated in acute pancreatitis. The 
level in plasma of acid phosphatase, measured at pH 6, becomes very high in 
cases of prostatic cancer and decreases if therapy is effective. The alkaline 
phosphatase activity of blood, estimated at pH 9.0, is markedly increased in 
many bone diseases. In rapidly healing rickets and other conditions of rapid bone 
regeneration, high alkaline phosphatase levels are found; however, high 
alkaline phosphatase is also found in cases of hepatic obstruction. 
In individuals with recent myocardial damage, the plasma level of glutamate-
aspartate aminotransferase, lactate dehydrogenase, and other enzymes has 
proved to be of some value as diagnostic and prognostic aids for assessing 
cardiac damage. Elevation of the plasma level of these and certain other 
enzymes, e.g., aldolase, also occurs in liver disease. 
 
Abnormal Distribution of Plasma Proteins 
 

It is important to distinguish those conditions in which disturbances of the 
levels of the normal proteins occur and those conditions in which abnormal 
proteins appear in the plasma. 

The normal levels of the major plasma proteins estimated electrophoreti-
cally are given in Table 3.3. A general effect of disease, particularly when 
malnutrition or marked wasting occurs, is a decrease of the serum albumin 
level. In nephrosis, there is loss of albumin in the urine, and in cirrhosis of the 
liver, there is impairment of albumin synthesis. In these same circumstances, 
there is usually some elevation of the globulins. These changes occur in so many 
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conditions that they are seldom useful for diagnostic purposes but are of value 
in prognosis since the changes over a period of time may indicate the severity or 
trend of the disorder. Thus, in some cases of hepatic disease, albumin may be 
as low as 0.3 g/100 ml as compared with about 4.0 g/100 ml in normal plasma. 
In analbuminemia, a hereditary disorder, synthesis of plasma albumin is 
impaired. 

In cirrhosis of the liver, two- to threefold increases in γ-globulins and some 
increases in β-globulins may accompany the marked decrease in albumin. In 
many infectious disorders, increases in γ-globulins also take place, although 
these may be small and not specific. In kola-czar, Iymphogranuloma venereum, 
and sarcoidosis, γ-globulin increases may be so large as to provide valuable 
diagnostic confirmation and useful aids in evaluating treatment. In these 
conditions, a marked elevation of total plasma protein may occur, with γ-
globulins representing more than half the total protein. Increases in normal γ-
globulins have been considered previously in relation to multiple myeloma 
globulins and macroglobulins. 

Figure 3.5 shows the electrophoretic patterns found in some abnormal 
serum samples. The changes from the normal are described in the legend and 
indicate the usefulness of such estimations when correlated with clinical 
findings. 

Cryoglobulins. Cryoglobulins are rare serum globulins that exhibit the unique 
property of precipitating, gelling, or even crystallizing spontaneously from serum 
that is cooled. Cryoglobulins occur in multiple myeloma, though relatively infre-
quently, and have been found occasionally in rheumatoid arthritis. Cryoglobulins 
have molecular weights similar to that of normal γ-globulin and have been found 
in normal sera in small amounts after concentrating certain globulin fractions 
(Table 3.4). 
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C-reactive protein. A protein not present normally in blood may be present 
in the acute phase of certain infections, including rheumatic fever. Although the 
protein is nonspecific with respect to the inciting agent of the disease, it is 
detectable by a specific reaction between serum and the pneumococcal type 
C somatic polysaccharide in the presence of Ca2+. The C-reactive protein has 
the electrophoretic mobility of a β-globulin (free boundary electrophoresis) or a 
γ-globulin (starch zone electrophoresis). Its isoelectric point is at pH 4.8; the S 
value is 7.5. Since the titer of C-reactive protein in the serum is maximal in the 
active stage of infection and decreases rapidly during convalescence, estimation 
of C-reactive protein is of considerable prognostic value. 

From the foregoing, it is evident that studies of plasma protein distribution 
provide useful aids in medicine. In certain conditions, e.g., multiple myeloma, 
nephrosis, cirrhosis, and lymphogranuloma venereum, the changes are so 
striking that plasma protein determinations are essential for diagnosis. In many 
other conditions, study of the plasma proteins is a useful adjunct in evaluating 
prognosis. 
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Blood Clotting 
 

The major chemical defense against blood loss is the formation of the 
blood clot. Normal human blood, when shed, will clot in 5 to 8 min at 37°C. This 
poses the primary problems of coagulation: What factors are responsible for 
prevention of intravascular clotting, what changes are set in motion by re-moving 
blood from the vessels, and what substances are responsible for the clotting 
process? 

The simplest scheme of coagulation was proposed in 1903 by Morowitz. 
The colorless protein mainly responsible for the coagulum is fibrin, which is 
formed from its soluble precursor, fibrinogen. The transformation is catalyzed by 
an enzyme termed thrombin. Thrombin itself is not present in normal blood but is 
generated from its inactive zymogen, prothrombin. Conversion occurs only in the 
presence of Ca2+ ions and another protein called thromboplastin. This minimal 
outline of the major changes may be formulated as two enzymic reactions: 
 
 
Prothrombin →→→→→→→→thrombin 
 (Ca2+, thromboplastin) 
 
Fibrinogen →→→→→fibrin 
 (thrombin) 
 

The above two reactions have been subsequently expanded to the present 
concept of a cascade system to explain the role of other factors in the mecha-
nism of initiation and the subsequent reactions involved in the clotting of 
mammalian blood. This is depicted in Fig. 3.6. A description of the knowledge that 
has led to the postulation of the sequence of these events is presented below. 
 
Calcium 
 

The participation of Ca2+ in the coagulation mechanism is easily 
demonstrated since clotting can be prevented by collection of blood in the 
presence of decalcifying agents such as oxalate, fluoride, or citrate. Use of 
nontoxic citrates for this purpose made possible development of large-scale 
preservation of whole blood and plasma for transfusions. Various 
pyrophosphates, metaphosphates, and chelating agents, e.g., 
ethylenediaminetetmacetate (EDTA), that bind Cat+ have also been used as 
anticoagulants. Preservation of whole blood has also been achieved by removal 
of Ca2+ ions by ion exchange resins. 
 
Fibrinogen and Fibrin 
 

Human plasma contains about 0.3 g of fibrinogen per 100 ml. Fibrinogen 
is produced in the liver. Normally, regeneration of fibrinogen is rapid in animals 
depleted of this protein. Complete (congenital afibrinogenemia) and partial 
(congenital hypofibrinogenemia) absence of fibrinogen have been reported in a 
few infants. These rare diseases are characterized by a severe hemorrhagic 
tendency from birth and are usually fatal in early life. 
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Fibrinogen can be precipitated from human plasma at 0 to - 3 ° C  with 8 to 
10% ethanol. This fibrinogen preparation is about 65% Meltable protein; 
repetition of the procedure yields products that are 90 to 95% coagulable with 
thrombin. 

The fibrinogen molecule is an elongated ellipsoid, about twenty times 
longer than in cross-sectional diameter. Some additional physical properties 
are given in Table 3.4. The native fibrinogen molecule (MW - 330,000) is a 
dimer consisting of three pairs of polypeptide chains, linked by disulfide 
bridges. The three kinds of peptide chains are distinct: IX, MW = 64,000;β, MW 
- 56,000; and γ, MW - 47,000. 

The clotting of fibrinogen normally results from the action of thrombin, but 
this can also be effected by certain proteolytic enzymes, papain in particular. 
Trypsin does not clot fibrinogen, although it will digest fibrin clots. Certain 
snake venoms and many microorganisms, notably strains of Staphylococci, 
cause clotting because they contain proteolytic enzymes. 
In contrast to fibrinogen, fibrin is insoluble in salt solutions. Microscopic 

examination of fibrin reveals a fine reticulum of fibers that exhibit birefringence 
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under polarized light. In the conversion of fibrinogen to fibrin, at least three 
steps may be delineated: (1) proteolysis of fibrinogen; (2) physical aggregation 
of fibrin monomer to form a soft clot; and (3) an enzymic process that, in the 
presence of Ca2+, results in formation of a hard clot. 
 

 
 
 
 
 
 
 Proteolysis of fibrinogen. Thrombin hydrolyzes four peptide bonds of 

fibrinogen, one in each of the two a chains, and one in each of the two β chains, 
resulting in liberation of two peptides, termed fibrinopeptides A and B, which 
together have an aggregate MW 9,000. Peptide A contains 18 amino acid 
residues; B has 20, including tyrosine-O-sulfate. 

The protein remaining after thrombin action, viz., fibrin monomer, contains 
four new amino-terminal glycine residues; each of the liberated fibrinopeptides 
contains carboxyl-terminal arginine. These observations, together with studies of 
the action of thrombin on peptides and on esters, indicate that thrombin splits 
specifically arginylglycine bonds in fibrinogen. Other enzymes, e.g., trypsin and 
papain, can also catalyze hydrolysis of these peptide bonds, but in these 
instances, general and more widespread proteolysis of fibrin occurs. The 
esterase activity of thrombin is the basis of a method for estimation of thrombin 
activity of plasma, with an N-substituted arginine methyl ester as substrate. 

Fibrin monomer aggregation; formation of soft dot. The fibrin monomers 
resulting from the action of thrombin on fibrinogen undergo polymerization, 
possibly as a consequence of electrostatic attraction or of hydrogen bonding 
between groups unmasked by the removal of the peptides. Polymerization occurs 
in stages and depends on factors such as pH and ionic strength but is 
independent of the presence of thrombin. Initially, end-to-end polymerization 
occurs with formation of primitive fibrils, followed by a side-to-side polymerization 
of these fibrils to form coarser fibrin strands. 

The hydrolysis of fibrinogen by thrombin in the presence of a chelating agent 
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results in the formation chiefly of a soluble fibrin. Clot formation, if it occurs, leads 
to a soft clot, and the fibrin present can be solubilized at pH values below 4.5 and 
above 9 and by 1 M urea at pH 8. 

Formation of hard clot. The formation of highly insoluble fibrin occurs in the 
presence of Cab' and an enzyme, fibrinase, which is derived from fibrin stabilizing 
factor (Factor XIII) by the action of thrombin. Factor XIII is present in platelets as 
well as plasma. Plasma Factor XIII with two different subunits (a and b), each 
with MW = 81,000, has the structure acbc and MW = 320,000. On activation by 
thrombin, the zymogen is converted to active fibrinase with a decrease in 
molecular weight of the a chain to about 77,000. The molecular weight of the b 
chain, which contains carbohydrate, is unchanged during activation. Platelet 
Factor XIII has the structure a2, and these a chains are identical to those of 
plasma Factor XIII. 

Fibrinase catalyzes a transamidation reaction that results in dimer formation 
between two y-peptide chains of fibrin as a result of cross-linking y-carboxyl 
groups of glutamic acid residues (originally glutamine residues) to α-amino groups 
of lysine residues. The action resembles that of a fransglutaminase. Formation of 
cross-links between a chains of different fibrin molecules converts the fibrin into its 
final, insoluble polymeric form, or hard clot. During the enzymic formation of the 
cross-linkages, ammonia is liberated. 
 

 
 
 
 
 
 
PROTHROMBIN AND THROMBIN 
 

Normal plasma contains prothrombin, an enzymically inactive precursor o: 
thrombin. Since intravenous injection of thrombin produces prompt clotting it is 
evident that blood normally remains fluid in the vessels because of thr absence of 
thrombin. 

Prothrombin, prepared from human and other mammalian plasmas, is 
glycoprotein containing about 4 to 5% carbohydrate as hexoses and glucosa. mine. 
Prothrombin has the electrophoretic mobility of an a z  globulin and ar isoelectric point 
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at pH 4.2; MW - 65,000. When dissolved in 25% sodiun citrate solution, prothrombin 
slowly dissociates into three smaller units MW = 10,000, 15,000, and 35,000. The 
phenomenon is associated with thi appearance of thrombin activity. 

Thrombin is much less stable than prothrombin. Its enzymic propertie and 
specificity were described previously. Bovine prothrombil contains two peptide 
chains: A with 49 residues and B with 265 residue, containing the carbohydrate of the 
molecule. Its sequence is homologous witl that of the pancreatic proteinases. The 
nature of the conversion o prothrombin to thrombin is considered below. 

Plasma prothrombin deficiency (hypoprofhrombinemia) occurs frequently it 
obstructive jaundice and in other liver disorders. Hepatectomy in animal. confirms the 
importance of the liver in the synthesis of prothrombin since bloc, prothrombin values 
decline following liver removal. Normal hepatic productim of prothrombin is dependent 
on adequate nutritional intake of vitamin i (Koagulation vitamin). The vitamin does not 
participate in the coagulation mechanism itself, is not a part of the prothrombin 
molecule, an, is apparently necessary for the biosynthesis of prothrombin, 
proconvertir Stuart factor, and Christmas factor (see below). 

A hemorrhagic disease of cattle is caused by Dicumarol, a derivative c 
coumarin, the sweet-smelling substance of clover. 
 

 
 
 

Dicumarol fed to experimental animals or man causes a decrease of 
plasma prothrombin and has been used clinically in cases of threatened 
thrombosis to reduce clot-forming tendency. Dicumarol interferes with 
prothrombin formation in the liver and can be partially counteracted by feeding 
vitamin K. The apparent similarity in structure of the fused ring systems of 
vitamin K and Dicumarol suggests that a competitive metabolic action may be 
involved. 
 
THROMBOPLASTIN 
 

The term thromboplastin was used originally to describe a substance in 
many tissues that, in the presence of Ca2+, catalyzed conversion of prothrombin 
to thrombin. It is now apparent that there is a group of thromboplastins and that 
manifestation of the thromboplastin activity of tissue extracts requires the 
presence of several additional factors present in normal blood (see below). The 
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thromboplastic activity of tissue extracts differs from that of blood. In the latter, 
thromboplastin activity arises during the clotting process, whereas this activity is 
evident immediately in certain tissue extracts, e.g., of brain. This differentiation is 
the basis for the rapid clotting (within 12 to 15 sec) of blood on addition of a 
suitable brain extract, as contrasted with the slower clotting time (5 to 10 min) of 
whole blood placed in a glass tube. Lung, brain, and placenta are rich in 
thromboplastin activity; probably all tissues contain such material. Studies of 
various tissue preparations indicate that thromboplastin activity is associated 
both with protein (enzymic) factors and with phosphoglycerides (see below). 
The rapid action of the tissue thromboplastins represents an extrinsic clotting 
pathway in contrast to the intrinsic pathway of plasma (see below). 

Although plasma does not contain a thromboplastin, there is evidence for 
the existence of a prothromboplastin that can be converted to thromboplastin 
through the mediation of platelet factors, as well as of other factors present in 
normal blood. 
 
FACTORS CONCERNED IN PROTHROMBIN ACTIVATION 
 

In addition to C a 2 +  and thromboplastin, other factors have been 
implicated in the activation of prothrombin. The situation is not completely clear, 
partly because of the complexity of the process and partly because some of the 
factors have not been purified sufficiently to determine their chemical nature and 
relationships. Nevertheless, there is evidence for the existence of at least seven 
such factors. The evidence is derived mainly from the description of dyscrasias in 
which an individual factor is present in low concentration or missing entirely from 
the plasma of individuals whose blood does not manifest a normal clotting time. 
The independent discovery of these factors by several investigators has resulted 
in the use of different names for the same factor. Table 3.6 contains a list of these 
factors and the various synonyms used by different workers, together with the 
dyscrasia resulting from the deficiency of the substance. 
Antihemophilic factors. Hemophilia is hereditary and a sex-linked recessive trait; it 
thus occurs with significant frequency in males but is transmitted only through the 
female. The defect is manifested in a markedly prolonged clotting time. The 
hemophilic clotting system apparently contains normal amounts of fibrinogen, 
prothrombin, Ca2+, etc. Three types of hemophilia are known; the blood of one 
type of hemophilic added to the blood of a patient with another type of hemophilia 
gives a clotting time much shorter than that of either specimen alone. 

In hemophilia A, the missing factor antihemophilicglobulin (Factor VIII) is a 
labile, sparingly soluble glycoprotein (MW X 106) of normal plasma, usually 
precipitated with fibrinogen. Preparations of this globulin hasten, both in vitro and, 
temporarily, in vivo, the clotting of blood of individuals with hemophilia A. 
Thrombin formation is defective in hemophilic blood; the antihemophilic globulin is 
an activator of Stuart factor (see below), which is essential for the conversion of 
prothrombin to thrombin. 

Less is known concerning the factor deficient in individuals affected by 
hemophilia B. The factor is, however, distinct from antihemophilic globulin and has 
been termed Christmas factor (Factor IX), from the name of the first patient in 
whom the disorder was recognized; the disease is known as Christmas disease and 
is inherited as a sex-linked recessive trait. 

Bleeding symptoms are usually moderate in hemophilia C, and the inheritance 
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of the trait seems to be that of an incomplete dominant. The missing substance in 
the trait, plasma thromboplastin antecedent (Factor XI), is distinct from those 
lacking in hemophilia A or B. 

Accelerator globulin. Another factor concerned in the clotting mechanism was 
identified in the deficiency disease called congenital parahemophilia. The 
responsible factor involved in the transformation of prothrombin to thrombin is 
accelerator or Ac globulin (labile factor). The substance is present in plasma as 
an inactive pre-cursor proaccelerin (Factor V) that, during the activation of 
prothrombin, is transformed to accelerin. Proaccelerin is thermolabile and 
disappears rapidly from stored plasma. 

Proaccelerin may be deficient in the plasma of individuals with severe liver 
disease. The condition does not respond to vitamin K therapy but is corrected by 
administration of fresh, prothrombin-free plasma. 

Proconvertin and convertin. In contrast to proaccelerin, proconvertin is a 
relatively stable substance and persists in stored plasma. One hypothesis 
suggests that proconvertin interacts with thromboplastin in the presence of Ca2+ to 
form convertin, which is essential for prothrombin conversion. Another view, 
suggested by the name serum prothrombin conversion accelerator, is that the 
substance acts with thromboplastin to hasten prothrombin conversion. 
 

Proconvertin deficiency occurs in patients treated with Dicumarol or in 
individuals with vitamin K deficiency. Vitamin K administration leads to an 
increase in plasma proconvertin levels. 
Platelets. Suspensions or extracts of platelets (thrombocytes) accelerate 
coagulation of platelet-free blood, establishing the importance of platelets in 
blood coagulation. They contain small quantities of thromboplastin, and rupture of 
platelets aids in initiation of coagulation by liberation of thromboplastin, and by 
release of a mixture of phosphoglycerides which activate Factors V and VIII and 
aid in combination with Factors X and IX, respectively. The phosphatidylethanol-
amines and phosphatidylserines contain more than half their fatty acids as 
arachidonic acid. The clot-promoting activity of these phosphoglycerides is 
dependent on the presence of free amino groups On the serine or ethanolamine 
portions) and on the presence of the unsaturated fatty acids. Platelets also 
contain Factor XIII. 

Prevention of platelet dissolution may be accomplished by collection of 
blood with needles, tubing, and glassware that have been coated with silicones 
or other water-repellent polymers. Platelets remain intact on contact with these 
nonwettable, smooth surfaces, and coagulation is strongly retarded. If platelets 
are removed by high-speed centrifugation, human plasma kept in silicone 
containers will not coagulate for protracted periods even in the absence of 
calcium-binding agents. If platelet extracts or lysed platelets are added to 
plasma, clotting occurs rapidly. 

After injury to a blood vessel, platelets accumulate, aggregate, and fuse 
at the site of injury within seconds with adhesion to the exposed tissues. The 
aggregation and fusion require divalent cations (Ca2+ and Mg2+) and is accom-
panied by release of ADP. The mass of platelets seals the wound and acts as a 
nucleus around which the fibrin strands are formed. ADP added to platelets in 
vitro will accelerate their rate of aggregation; the mechanism of this phe-
nomenon is unknown. After the clot is formed, it contracts, with expression of 
the serum. The contraction is apparently due to the presence in platelet 
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membranes of actomyosin, similar or identical in properties to that of muscle. 
This contractile protein in platelets has been named thrombosthenin. During the 
dissolution of platelets, norepinephrine, serotonin, and histamine are liberated 
and aid in the control of blood loss by their vasoconstrictor action. 

Prolonged bleeding time may be due to thrombocytopenia, a deficiency of 
platelets. This leads to a decreased formation of active thromboplastin with 
deficient production of thrombin. The condition may be caused by a variety of 
chemical reagents including certain drugs, by ionizing radiations, by associated 
blood disorders, e.g., certain leukemias or anemias, or by a variety of infections. 
 
Mechanism of Blood Clotting 
 

Tentative mechanisms have been proposed to account for all the various 
factors involved in blood clotting. The schemes for the intrinsic and extrinsic 
systems are shown in Fig. 3.6. The evidence for the "cascade" type of sequence 
in the intrinsic system is incomplete, but the position of each of the factors is 
supported by some evidence. On the left side of each reaction is an inactive 
precursor and on the right an active factor, an enzyme, except in the case of 
fibrin. Initiation of clotting results in the successive conversion of each inactive 
protein to the active enzyme by the catalytic action of each newly formed 
enzyme. 

The first recognized event in the coagulation of shed blood is the activation 
of Hageman factor (Xli). This is the process activated by glass or other insoluble 
surface-active agents. Suggestive evidence that most, if not all, of the proteins in 
this scheme are enzymes is the requirement for Ca2+ or other divalent cations in 
several of the conversions. Further, activation of Christmas factor by activated 
Factor XI is inhibited by diisopropylphosphofluoridate (DIPF), a potent inhibitor of 
thrombin as well as of many other proteinases and esterases. Activated Stuart 
factor (X) is inhibited by soybean trypsin inhibitor. Thus, present evidence 
suggests that many, if not all, of these enzymes are proteases. Indeed, the 
activation of the inactive precursors is similar to the activation of the zymogens of 
the proteinases, chymotrypsinogen and trypsinogen. Further, the amino acid 
sequence of thrombin is homologous with the sequences of the pancreatic 
proteinases suggesting that prothrombin, as well as possibly other zymogens in 
the clotting mechanism, originated by gene duplication from ancestral genes that 
also gave rise by gene duplication to the extensive variety of proteinase 
zymogens. The overlapping properties of almost all the zymogens or their active 
forms suggest that they all probably originated in this manner. In summary, 
these overlapping proper-ties, which exist for two or more of these substances, 
are a Ca2+ requirement, inhibition by DIPF or soybean trypsin inhibitor, 
hydrolysis of benzoyl-E-arginine ethyl ester, and a requirement for vitamin K in 
their biosynthesis. 

In general, each of the inactive plasma zymogens of the cascade, the 
intrinsic system, is present at a higher concentration than the preceding one. 
Thus, when activation of Hageman factor occurs, there is an amplification of the 
response. The more stages in the amplification, the more effective will be the 
final response and the greater the possibilities for control of the process, for not 
only must blood loss be quickly prevented, but the process must take place only 
after injury and be limited to the site of injury. Dissolution of the clot must also be 
effected as rapidly as possible. These last processes are presented below. 
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Heparin 
 

Heparin prevents the coagulation of plasma. Many tissues of the body 
contain heparin since it specifically originates in the metachromatic granules of 
mast cells, which are principally found along blood vessel walls. Heparin (MW 
17,000) has been isolated from lung and liver as the crystalline barium salt. The 
structure of heparin has been presented previously. 

Sulfation of certain polysaccharides, e.g., starch, can produce products 
that exhibit heparin-like activity in preventing blood coagulation and also behave 
as clearing factors. Apparently, the repeating sulfate polymer structure in 
heparin is the basis of these biological activities. 
 

Heparin acts in vivo as well as in vitro to prolong the clotting time of blood 
by interfering with the conversion of prothrombin to thrombin. However, heparin 
does not act alone since it has no influence on purified prothrombin. A serum 
protein cofactor is necessary for heparin action. Heparin inhibits activation of 
Christmas factor by activated Factor XI; it also inhibits the activation effect of 
antihemophilic factor with activated Christmas factor. These actions thus prevent 
the conversion of prothrombin to thrombin. Heparin also inactivates thrombin in 
the presence of serum. This is probably the basis of one of the normal 
mechanisms for control of the fluidity of the blood. 

Thrombin causes platelets to become sticky and to adhere to each other 
as well as to rough surfaces, resulting in their disintegration. Heparin prevents 
agglutination of platelets and thus aids in preventing thrombus formation. 

Evidence has been obtained that plasma contains lipoproteins, which act 
as antithrombins without addition of heparin. Such antithrombins are inactivated 
by extraction with ether. 

Fibrin itself can absorb thrombin. Thus clot formation immediately sets into 
operation the prevention of excessive clotting by retaining the thrombin at the site 
of bleeding. 

A summary of all the factors concerned in the coagulation mechanism still 
leaves us with the classical two-step reaction scheme described by Morawitz 
many years ago, but with the addition of other important participants. This may be 
illustrated in the diagram below. 
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Dissolution of Fibrin 
 

Sterile blood clots usually dissolve after a few hours or days; the lysis is 
caused by a proteolytic enzyme. Serum becomes fibrinolytic when shaken with 
chloroform. The proteolytic enzyme, plasmin (fibrinolysin), which is made in the 
kidney, ordinarily exists in plasma as the inactive precursor, or zymogen, 
plasminogen (profibrinolysin). Plasminogen from human blood, MW as 90,000, is 
a single polypeptide chain. Activation of plasminogen by chloroform or other 
organic solvents is presumably due to separation of an inhibitor. Also effective 
as activating agents are extracts of hemolytic streptococci or certain other 
bacteria, which contain an enzyme termed streptokinase that catalyzes 
conversion of plasminogen to plasmin. Obviously, the above activators of 
plasminogen are not physiological. However, factors present in many tissues will 
activate plasminogen. Trypsin is an effective activator, as is urokinase, a 
proteolytic enzyme present in human blood and urine. In all instances, the 
activation of plasminogen to plasmin is due to the proteolysis of the inactive 
precursor. A single arginyl-valyl bond of plasminogen is cleaved, resulting in a 
two-chain molecule held together by a single disulfide bond resembling the 
conversion of chymotrypsinogen to chymotrypsin. Plasmin formation from 
plasminogen occurs in a variety of circumstances, e.g., emotional stress, during 
exercise, or after injection of epinephrine. Plasminogen activator also is produced 
in blood vessel walls, from which it is released on vascular injury. 

Plasmin is a true proteolytic enzyme since it acts not only on fibrin and 
fibrinogen but also on other proteins. However, unlike thrombin, it does not 
convert fibrinogen to fibrin. Specificity studies indicate that plasmin splits arginyl 
linkages and thus resembles trypsin. Plasmin is also similar to trypsin in being 
inhibited by soybean and pancreatic trypsin inhibitors and by DIPF. The 
sequence around the active-site serine residue is similar to that in trypsin and 
other proteolytic enzymes of this type. 
Thus, in addition to the complex, delicately balanced mechanisms for prevention 
of clotting, as well as for its initiation, there is also present a system for removal 
of intravascular clots, or thrombi. Since antiplasmins have been shown to occur 
in plasma, there are physiological controls for the level of proteolytic activity in 
plasma. The present picture may be summarized in the following outline: 
 

 
THE COMPLEMENT SYSTEM 
 

The complement system consists of a group of serum globulins that 
mediate certain of the effects upon cells of antigen-antibody reactions. These 
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include increased vascular permeability; attraction of polymorphonuclear 
leukocytes (chemotaxis), or platelets; increased phagocytosis by 
polymorphonuclear leukocytes; and finally, the production of a defect in the 
target cell membrane that leads to osmotic lysis and cell death. 

These effects are the end result of a series of reactions, which, with one 
exception (see below), are initiated by the union of an appropriate antibody 
either with soluble antigen or with an antigen located on the surface of such 
target cells as erythrocytes, tumor cells, bacteria or protozoa. 
The complement system consists of 9 functional entities or at least 11 discrete 
proteins, whose nomenclature has varied with evolution of knowledge of their 
roles and their discoverers, a history not unlike that of the nomenclature of the 
blood clotting factors discussed above. The designation of each factor is, 
therefore, related to the order of their discovery, rather than to the order of their 
sequential interaction. Table 3.7 lists some of the properties of the proteins of the 
human complement system. 

The first complement component, Cl, consists of three proteins, Clq, Cir, and 
Cls, bound by Ca2+ ions. Activation of the Cl complex results from steric modification 
of antigen by reaction with antibody; the Clq portion of the Cl complex bears a 
binding site for the H chains of IgG or IgM antibodies, which have been 
conformationally altered by union with their corresponding antigens. The result is 
conversion of Cl to an esterase. The substrate of the latter, component C4, is split 
into two molecules, one of which (MW 7,400) appears as a soluble product, and the 
other is bound to cell membranes. C2 also serves as a substrate for Cl esterase 
activity, liberating a fragment of MW =40,000 as well as an additional fragment with 
kinin-like activity, which may produce increased vascular permeability. 

The action of Cl on C4 and C2 also generates a new enzymic activity, C3 
convertase, in a reaction requiring Mg2+. This enzyme acts upon C3 to liberate a 
peptide, anaphylatoxin (Oa), a permeability factor that causes a local wheal when 
injected intracutaneously. Anaphylatoxin probably acts by stimulating release of 
histamine from cells, e.g., mast cells. The second major product of C3 convertase, 
termed C3b, reacts with C5, the next component in the sequence. Binding and 
activation of the latter appear to require the presence of C2 on the target cell. 
Interaction of C3b, C5, and C2 liberates a polypeptide that has chemotactic activity; 
anaphylatoxic and chemotactic activities may reside within the same polypeptide. 
The C6 and C7 components interact with C5 to form a high-molecular weight 
complex, which serves as a second chemotactic factor, specific for 
polymorphonuclear leukocytes. The terminal phenomenon is initiated by union of the 
same high-molecular-weight complex with C8, and is markedly enhanced by addition 
of C9. The product occasions the actual changes in target cells, e.g., hemolysis of 
erythrocytes. Membrane damage by human complement is associated with a 
characteristic discontinuity in the membrane, revealed in the electron microscope as 
"holes" or "bubbles" approximately 100 A in diameter. 

Cells coated with antibody can exhibit the sequence "1-7". Some cells not 
coated with antibody can be brought to a similar state of susceptibility to the 
complement system, by a factor in cobra venom that appears to render non-
sensitized erythrocytes susceptible to a mixture containing C3 convertase, C3, and 
C5 to C9. To the present time, only sheep erythrocytes have been shown to react in 
the complement system in a manner similar to antibody bearing cells. Should this 
prove to be a more general phenomenon, lysis of non-sensitized cells by the 
complement system could prove to be an important mechanism of cell damage. 
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Homeostatic mechanisms for controlling the concentration and activity of specific 
components of the complement system are also present in plasma in the form of 
inhibitory proteins. Indeed, deficiencies of one or more of these inhibitors are the 
basis for a number of hereditary diseases, e.g., hereditary angioedema, due to a 
deficiency of the inhibitor of Cl. Discussion of these diseases is beyond the scope of 
this book. 
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CHAPTER 4 
 

HEMOGLOBIN AND THE CHEMISTRY OF RESPIRATION ROLE OF 
HEMOGLOBIN IN THE RESPIRATORY 

CYCLE. COMPARATIVE BIOCHEMISTRY OF THE RESPIRATORY 
PROTEINS 

 
 

Primitive organisms rely on diffusion through their environmental media to provide 
the O2 needed for their metabolism and to remove the CO_ produced. The active 
metabolism of mammalian tissues remote from the atmosphere is possible because of a 
mechanism that provides constant delivery of 0 ,  and removal of CO2. The magnitude of 
this task may be appreciated from the fact that a man oxidizing 3,000 Cal of mixed food 
per day uses about 600 I of O2 (27 moles) and produces about 480 I of CO2 (22 moles). 
Through the action of hemoglobin, Oc is abstracted from the air, carried within a few 
seconds to the most distant parts of the body, and delivered to the tissues at a pressure 
only slightly less than that at which it existed in the atmosphere. The CO2 produced daily 
by the tissues becomes H2CO3, an acid, in an amount equivalent to 2 I of concentrated 
HCI; yet all this acid normally pours from the tissues, through the blood, and out of the 
lungs with a change in the pH of blood of no more than a few hundredths of a pH unit. 
This chapter describes the means by which these enormous tasks are accomplished. 
 
Role of hemoglobin in the respiratory cycle 
 

The respiratory gases. The partial pressure that a gas exerts, when mixed with 
other gases, is denoted by the symbol P. This pressure is a function of the temperature 
and of the number of molecules of gas in a given volume. At constant temperature and 
volume, equal numbers of molecules of all ideal gases exert equal pressures, and the 
total pressure exerted by a gas mixture is equal to the sum of all the partial pressures in 
the mixture. The barometric pressure of atmospheric air is thus the sum of the partial 
pressures of O2, CO2, H2O, N2, etc. 

The amount of any gas present in solution is proportional to the partial pressure of 
that gas in the total gas mixture with which the solution is in equilibrium; occasionally it is 
convenient to describe the concentration of a gas in solution by stating the partial 
pressure with which that solution might be in equilibrium. This is the tension of the gas 
in that solution and is expressed in the same units as the pressure in a gas phase, 
millimeters of mercury (mm Hg). However, the actual amount of gas that will dissolve per 
unit volume of solvent at a given partial pressure varies with each gas. This is 
stated in the expression 

 
C = kP 
 
where C is milliliters of gas per milliliter of solvent, P is the partial pressure of the 
gas in the vapor phase in mm Hg, and k is the Bunsen absorption coefficient, a 
constant for a given gas in a given solvent at a specified temperature. The k 
values for the important respiratory gases are given in Table 4.1, which also 
includes the effect of temperature on the solubility of these gases. The rate of 
diffusion of a gas through liquid (tissue in this case) varies directly with the 
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absorption coefficient. 
Inspired air mixes with the gas mixture present in the larger passages of the 

respiratory tract, the trachea, bronchi, and bronchioles. Some of this mixture, tidal 
air, is sucked into the expanding alveolar sacs, where the gases make contact 
with the pulmonary capillaries. From the alveolar gas mixture, O2 diffuses across 
the capillary walls and into the circulating blood while CO2 migrates in the reverse 
direction. On expiration, a portion of this alveolar air is forced up into the larger 
passages, where it mixes with the gas mixture already present, and from the tidal 
air a portion leaves as expired air. By proper adjustment of this tidal flow of gas, 
the rates of entry of O2 and CO2 into the alveoli equal the rates of loss, and the 
composition of alveolar air remains relatively constant with respect to these gases. 
Although the pressure in the alveoli fluctuates rhythmically during the respiratory 
cycle, the mean pressure of the alveolar gas mixture is that of the atmosphere. 
However, alveolar air must also be saturated with water vapor evaporated from 
the lung surfaces. Since, at body temperature, the partial pressure of water vapor 
is 47 mm Hg and is independent of the composition of the remainder of this 
mixture, the aqueous tension is a significant fraction of the total alveolar gas 
pressure and its importance must increase at diminished total pressure, e.g., at 
high altitudes. The composition of inspired, expired, and alveolar air is shown in 
Table 4.2. The composition of the alveolar gas mixture is determined by the rate at 
which alveolar air is mixed with tidal air and the latter with atmospheric air. Under 
normal conditions the respiratory apparatus maintains the CO, content of alveolar 
air relatively constant at 40 mm Hg, although other components of air are not 
maintained with similar constancy. 
 

 
 
 
 

 
 

Since the PO2, in alveolar air is of the order of 100 mm Hg, whereas that in 
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the venous blood is about 50 mm Hg or less, a concentration gradient exists 
across the capillary wall and oxygen diffuses across. As the blood rushes by, the 
O2 of the alveolar gas and of arterial blood almost equilibrate and the Po2 of 
arterial blood in man, at rest, is about 100 mm Hg; during vigorous exercise it 
may be 95 mm Hg. This O2 is then transported in the blood in two ways: (1) as 
oxygen in solution and (2) in chemical combination with the hemoglobin of 
erythrocytes. The limited solubility of oxygen permits transportation of only 0.3 
ml 02/100 ml blood, and, even with a considerably increased cardiac output, this 
amount of oxygen does not meet metabolic requirements. However, since each 
gram of hemoglobin can combine with 1.34 ml of O2 and normal blood contains 
about 15 g of hemoglobin per 100 ml, fully oxygenated blood may contain almost 
seventy times the amount of 0z present in simple solution. 
Thus, it will be apparent that comprehension of physiological transport of O2 and 
CO2 requires understanding of the chemistry of hemoglobin. 
 
The respiratory Cycle 
 

The combination of hemoglobin with oxygen. The unique feature of hemoglobin 
is its ability to bind O2 reversibly. Ferroporphyrin and many of its 
hemochromogens can also bind O2. However, in these instances the iron is 
rapidly oxidized to the ferric condition, whereas in Hb the iron remains in the 
ferrous state. This special behavior of Hb is due to the fact that much of the heme 
of the molecule lies within a hydrophobic environment of relatively low dielectric 
constant. This is suggested by the behavior of the model system previously 
discussed. Thus, part of the structure of Hb is required to inhibit the sponta-
neous oxidation of the ferrous iron by bound O2. Hb Mxankakee in which the 
normal histidine ligand is replaced by tyrosine in the a chains, exists entirely with 
ferriprotoporphyrin on these chains. Although the opposing, nonbonded histidine 
at αls or β63 also affords some protection, replacement by tyrosine, as in some 
forms of Hb M, need not necessarily lead to rapid formation of methemoglobin 
since several invertebrate hemoglobins also contain tyrosine at this locus, yet 
are stable to O2. Myoglobin and preparations of monomeric α or β chains oxidize 
several times more rapidly than does Hb, indicating that some protection 
againstautoxidation is provided by the tetrameric state. However, even normal Hb 
iron is oxidized at a slow but highly significant rate, and erythrocytes require a 
mechanism for restoration of the Fe2+ condition. 
 

A further unusual feature of myoglobin and Hb is the fact that the heme iron 
is only pentacoordinate with four ligands to the pyrrole nitrogen and one to the 
proximal imidazole group; the sixth ligand position is vacant. Thus, O2 can 
combine rapidly with the iron without having to displace another ligand, such as a 
water molecule, which forms the sixth ligand in methemoglobin. 
 

Factors affecting the combination of hemoglobin with oxygen. The 
myoglobins of both vertebrate and invertebrate muscle, like human Hb, reversibly 
bind O2. Increasing Pur promotes the formation of their oxygenated forms. The 
relationship between O2 tension and the formation of the oxygenated compounds 
is shown in Fig. 4.1. The depicted curve is a rectangular hyperbola, as expected 
from the mass law for the dissociation of oxymyoglobin, formulated as MbO, = Mb 
O2. In contrast, the dissociation curve for HbO2 of normal human blood and that of 
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many other species is sigmoidal (Fig. 4.2). The sigmoidal curve indicates that the 
presence of O2 on one heme group of Hb affects the dissociation constants of the 
other heme groups on the same molecule, an effect that from the shape of the 
curve, must be greatest for the fourth dissociation. This behavior is described by 
the Hill equation, 
 
Y = 100 [(P/P1/2)2 / 1+ (P/P1/2)] 
 
where Y is the percentage of hemoglobin combined with O2 at pressure P, P1/2 is 
the oxygen pressure at which 50% of the Hb exists as HbO2, and n is a constant 
for a given species of hemoglobin. If n = 1, the 0e dissociation curve, 
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is hyperbolic, as in Fig. 4.1; the greater the value for n, the more sigmoidal is 
the curve. For normal human Hb, it = 2.9; this constant has no physical meaning 
since the Hill equation is empirical, but it is extremely useful for characterizing 
hemoglobins from different species and the effects of various treatments on the 
properties of any Hb. 

The sigmoidal character of the dissociation curve of HbO2 is of great 
physiological significance, since, as is evident in Fig. 4.2, although the saturation 
of Hb is affected by 02 tension over a wide range of pressure (20 to 80 mm), 
arterial Hb is virtually saturated at a Po3 as low as 80 mm. 

Sigmoidal curves are found only in certain multimeric forms of respiratory 
proteins. Monomeric forms such as myoglobin usually have a low P„ for 02. 
Normal Hb also has a higher Pt, for O2 than does myoglobin. Thus the tetra-
meric form of human Hb (α, β2) shows two characteristics, a sigmoidal curve 
and a high P, for O2. Hb H, which is Fla, displays both a lower P,R for O2 and a 
binding curve that is a rectangular hyperbola; thus the affinity for O2 and the 
sigmoidal binding curve derive from the presence of both a and β chains, rather 
than from the tetrameric state. 

Figure 4.2 indicates that the equilibrium of the Hb-O2 system is altered by 
varying the PCO2, in the medium surrounding the erythrocyte, a phenomenon 
known as the Bohr effect. This effect is also evident with solutions of pure Hb 
and is attributable entirely to the change in pH effected by a change in PCO@. 
Oxygenation of Hb results in a shift of the pKa of some acidic group on the 
peptide chains from 7.71 to 6.17; viz., HbO2 is a stronger acid than is reduced 
Hb. The reversible reaction may, therefore, be schematically represented as 
follows: 

 

HHb+ + O2 → HbO2 + H+ 

 
The relationship is not stoichiometric; approximately 0.7 mole of H+ is 
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released as one equivalent of O2 is bound. 
 

The Bohr effect is of considerable physiological importance. From the 
tissues, CO2 diffuses into the erythrocyte, thus potentially lowering the pH and 
the affinity of Hb for O2, in effect producing the reaction H+ + HbO2→O2+HHb+. 
In the lungs, the loss of CO2, which would potentially raise the pH, increases 
the affinity of the Hb for 02, thus permitting the saturation of Hb with O2 at a 
lower PO2,. 

Conformational changes of hemoglobin. The two unique and important 
physiological features of Hb, the sigmoidal curve and the Bohr effect, have long 
been known. Explanations have become possible, however, only with detailed 
knowledge of the chemistry of hemoglobin and with an understanding of the 
conformational changes that occur on oxygenation and deoxygenation of the 
molecule, as revealed by x-ray diffraction analysis and other methods. 

In deoxygenated hemoglobin (Hb), the four subunits (α2β2) of the 
molecule are relatively tightly associated with numerous noncovalent bonds 
linking the chains. Among the more important of these are the following. The two 
α chains form ionic bonds (or salt bridges) to each other from the α-amino 
group of Val-1(α2) to the α-COOH of Arg-141 (α1) and from the guanidinium of 
Arg-141 (α1) to Asp-126 (α2). The corresponding linkages from Val-1 (α1) to 
Arg-141 (α2), etc., also exist. (Here, α1, α2 and β1, β2 are used to distinguish 
among the four subunits of the hemoglobin molecule.) In addition, there are 
bonds between the α-COOH of His-146 (β1) to the ε-amino group of Lys-40 (α2) 
and the imidazole of His-146 (β1) to Asp-94 (β1); the corresponding linkages from 
His-146 (β2) to Lys-40 (α1); etc., are also present. The importance of these salt 
bridges is indicated by studies showing that removal of Arg-141 of the α chains 
and His-146 of the β chains by carboxypeptidases B and A, respectively, 
abolishes the sigmoidal curve, n becomes equal to 1 in the Hill equation, and 
the Bohr effect is strongly inhibited. 

The four penultimate residues, Tyr-140α1,2 and Tyr-145β1,2, all reside in 
hydrophobic pockets between helices F and H in Hb. Furthermore, one 
molecule of 2,3-diphosphoglycerate can form four salt bridges with cationic 
groups of the two β chains in Hb, adding an additional constraint on the 
molecule. 

Studies of appropriate model compounds indicates that in Hb the Fe 
atom does not reside in the plane of the porphyrin but is displaced approxi-
mately 0.8 A, whereas in hexacoordinate structures the Fe atom resides almost 
exactly in the plane of the porphyrin. 

Particularly significant is the fact that the pockets containing the α-heme 
groups in Hb are open and permit access of O2 molecules, whereas the space in 
the f3-heme group pockets is constricted to a size that does not allow O2 to 
enter. 

Interpretation of the changes from the demo,- to the fully oxygenated form 
of Hb rests on the differences in the two forms but the sequence of the changes is 
uncertain. Perutz has formulated the changes occurring on oxygenation of 
hemoglobin as shown diagrammatically in Fig. 4.3. These changes would explain 
the sigmoidal curve as indicating the difficulty of the initial oxygenation steps and 
the relatively increasing affinity for O2 as oxygenation occurs. The 
conformational changes shown are also in accord with the much more ready 
dissociation of HbO2 than of Hb to αβ dimers. 
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With the above visualization, the Bohr effect represents changes of 
ionization constants of groups that form salt bridges in Hb but are free in HbO2. 
These groups are presently believed to be mainly His-146 (β), since its removal 
by carboxypeptidase A diminishes the Bohr effect by about one-half, and Val-1 
(α), which upon carbamoylation with cyanate diminishes the Bohr effect by 
about one-fourth. 

Role of diphosphoglycerete. In the normal, adult human erythrocyte, 2,3-
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diphosphoglycerate (DPG) is bound to Hb in a mole-to-mole relationship with a 
binding constant of 1.3 x 105 at neutral pH and physiological salt concentration. 
HbO2 has a low affinity for DPG. Binding of DPG apparently tightens the β 
chains to one another, thus increasing the P1/2 value by approximately 50 to 
I00%, depending on the species (man, horse, dog, rabbit, rat, etc). In species 
with hemoglobins of high P1/2 values (sheep, cat, cow, and goat), DPG has little 
or no effect. Thus, with hemoglobins of low P1/2 values, as deoxygenation 
proceeds, binding with DPG serves to facilitate the unloading of O2 by lowering 
the affinity of Hb for O2. Studies show that the level of DPG can serve as a 
sensitive control in adaptation to hypoxia, with the erythrocyte concentration of 
DPG increasing significantly at high altitudes (about 20% at 15,000 ft above sea 
level). ATP exerts a similar but lesser effect as compared with DPG; this could 
be significant as the concentration of ATP in human erythrocytes is about one-
third that of DPG. 

Bird erythrocytes unload O2 even more readily than do human cells; this 
is due to the high concentrations of phytate which has an even higher affinity for 
Hb than does DPG. 

Oxygen transport. The transport of O2 from lungs to tissues is described by 
the curves shown in Fig. 4.2. In the lung, O2 diffuses across the capillary lining 
in accordance with the existing gradient, then through plasma and into the 
erythrocytes. The Po2 in erythrocytes leaving the lungs is about 100 mm Hg, 
and the PCO2 in the arterial blood is of the order of 40 mm Hg. By referring to 
Fig. 4.2, it may be seen that the hemoglobin of arterial blood is about 96% 
saturated. 

The Po2 in the interstitial fluid surrounding extrapulmonic capillaries cannot 
be accurately measured but is probably about 35 mm Hg in muscle at rest, and 
the PCO2, must be approximately 50 mm Hg. Consequently, O2 diffuses from red 
cells through plasma to interstitial fluid and then into the tissue cells, while CO2 
moves in the opposite direction. Again, despite rapid passage of blood through 
the capillary, equilibration is almost complete so that venous blood returning 
from the tissues at rest is generally found to have a PCO2 of 46 mm Hg, and the 
Po2 is about 40 mm Hg. Since the diffusion coefficient of CO2 is thirty times 
greater than that of O2, the pressure gradient need not be so high for the former 
gas. Under these circumstances, venous hemoglobin is about 64% saturated 
with O2. The difference, 32% of the O2, has been delivered to the tissues. 
Assuming 15 g of Hb per 100 ml of blood, and since each gram of Hb can 
combine with 1.34 ml of O2, then 

 
0.32 x 1.34 x 15 = 6.4 ml of O2 

has been supplied to the tissues for each 100 ml of blood traversing the 
capillaries. Further inspection of the curves in Fig. 4.2 reveals that during 
exercise, as Po2 in the tissues falls and PCO2 rises, this mechanism becomes 
increasingly efficient for the delivery of O2. Delivery of the increased amounts of O2 
required during exercise is, therefore, effected by a combination of these molecular 
mechanisms and by acceleration of the circulation through the working muscle. 
 

Transport of CO2. The CO2 content of arterial blood is about 50 ml/100 ml, 
sometimes referred to as 50 vol %, and that of venous blood may be 55 to 60 vol %. 
Thus, each 100 ml of blood transports 5 to 10 ml of CO2 from tissues to lungs. Yet 
the difference in PCO2 would permit the physical solution of only an additional 0.4 vol 
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% of CO2. Further, even this increment in CO2 content would markedly lower the pH of 
the venous blood, yet a much smaller change is observed. How then is the transport 
of CO2 effected? To understand this process, several conditions must first be 
described: (1) the actual state of CO2 in arterial and in venous blood, (2) the direct 
reaction between CO2 and protein, (3) the relative behavior of Hb and HbO1 as acids, 
and (4) the electrolyte composition of red cells and plasma. 
 
1. CO2 in blood exists in several states. Bicarbonate, in both red cells and plasma, 
accounts for the major portion of all the CO2 present. The CO2 that diffuses across 
the capillary wall from the tissue space is largely in solution as CO2 molecules since 
hydration to form H2CO2 is a slow reaction. The CO2 generated by the various 
decarboxylation reactions of intermediary metabolism as molecular CO, diffuses 
largely in this form from cells through interstitial fluid into the plasma, with only a 
small fraction hydrated as carbonic acid. On entry into erythrocytes, hydration of CO2 
is catalyzed by carbonic anhydrase. 
 
CO2 + H2O → H2CO3 
 

Human erythrocytes contain three isoenzymic forms of carbonic anhydrase, A, 
B, and C, which can be separated by electrophoresis. B is the most abundant, and C 
exhibits three times the specific activity of B. Each has a molecular weight of about 
30,000, with one zinc atom per molecule. Although the peptide chains are genetically 
homologous, the sequence of B differs markedly from that of C. Several lines of 
evidence suggest that the Zn2+ participates in the catalytic reaction. Zn2+ can be 
removed and replaced with a variety of divalent metal ions; of these only Co2

. yields 
an enzymically active product. The marked affinity for anions such as C1 and SCN- as 
well as HCO3 also indicates participation of the Zn2+ in the catalytic mechanism. 
These enzymes catalyze not only the hydration of a carbonyl of CO2 but also that of 
aldehydic carbonyls to the corresponding aldehydrols, 

 
 
and can also function as esterases, although these other properties have no known 
physiological significance. At Vmax these three processes proceed at rates of 
approximately 1 X 106, 5 X 104, and 8 x 101 molecules substrate per molecule enzyme 
per minute, respectively. Sulfonamides are powerful noncompetitive inhibitors of all 
carbonic anhydrases; K1 for acetazolamide is about 1.5 x 10—8 M, thus permitting 
utilization of this drug in experiments designed to ascertain whether carbonic 
anhydrase activity is required for other physiological processes. 
 
2. CO2 reacts with undissociated aliphatic amino groups to form carbamino 
compounds as shown in the following equation: 
 

R—NH2 + CO, — R—NHCOO- + H+ 
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A fraction of the CO2 in plasma, about 0.5 mmole/l, is thus bound to the 
plasma proteins. The trivial difference in plasma protein carbamino content 
between arterial and venous blood, at rest, is of little consequence in CO, 
transport from the tissues. However, the increased acidity and PCO2 of venous 
blood during exercise permit the existence of three times as many carbamino 
groups in Hb as in HbO2. Arterial blood contains about 1.0 mmole of carbamino-
CO2 per I, whereas, at rest, 11  of venous blood carries 1.5 to 2.0 mmoles of CO2 
as the carbamino form. 
 
3.Like all proteins, Hb is a buffer, able to react with protons or dissociate to yield 
protons. At the pH within erythrocytes, the imidazole groups of histidine residues 
are chiefly responsible for the buffering action of Hb. Figure 4.4 compares the 
titration of Hb and HbO2. These two curves are essentially parallel over the 
physiological range of pH. If one starts with a solution of 1 mmole of either 
protein at pH 7.4, the addition of 2.54 mmoles of acid or of alkali is required to 
change the pH of the solution by one pH unit. These curves reveal that HbO2 is a 
stronger acid than Hb, as indicated previously. At pH 7.40, if 1 mmole of HbO2 
were to be deoxygenated, all other factors remaining constant, the pH would shift 
to (B) on the Hb titration curve, rising to about pH 7.67. The addition of 0.7 
mmole of acid would be required to shift back along the curve to (C), where the 
pH would again be 740. Conversely, starting at (C), were 1 mmole of Hb 
suddenly to be oxygenated, the blood pH would fall to about 7.13, and 0.7 
mmole of alkali would be required to restore the pH to 7.4. 
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4. Both erythrocytes and plasma contain HCO3 and H2CO3. The following 
discussion assumes that all the CO2, present is H2CO3. From the Henderson-
Hasselbalch equation 
 
pH = pK + log [salt]/[acid] 
 

and at a normal blood pH of 7.40, since the pK; of H2CO3 is 6.1, log 
([salt]/[acid]) equals 1.3 and the ratio [HCO3

-]/[H2CO3] is 20/1. Within the 
physiological pH range, therefore, the main portion of the total CO2 present in 
plasma and erythrocytes exists as HCO3

- . 
A typical arterial blood sample might contain 25.5 meq/l of HCO3

- in plasma 
and 12.7 meq/l of HCO3

- within the cells. In venous blood, these values would be 
26.4 meq/l in plasma and 13.9 meq/l in cells. Two factors can be cited to 
account for the discrepancy between the concentration of HCO3- within cells 
and plasma. 

First, although erythrocytes contain a 34% protein solution, plasma is a 
7.5% solution of protein. Thus, if the concentrations of HCO3

- ,- are expressed in 
meq/I of erythrocyte and plasma mater, instead of per I of cells or per I of 
plasma, the values are as follows: arterial blood, 27.2 meq/l in plasma and 19.6 
meq/l in cells; venous blood, 28.1 meq/l in plasma and 21.3 meq/l in cells. 
Clearly, there remains a difference in HCO3 concentration between cells and 
plasma. This arises from the second factor, viz., that within the cells, Hb, which 
is nondiffusible, accounts for a large fraction of the total anions, whereas in 
plasma the proteins represent only a small fraction of the total anions. This 
results in a Gibbs-Donnan effect. Since the two solutions are in osmotic 
equilibrium, the total concentration of diffusible anions within erythrocytes must 
be smaller than the total concentration of anions in plasma. At equilibrium the 
ratios (r) of the concentrations of the various anions within the erythrocytes (r) 
and the plasma (p) must be constant. Thus, 
 

 
and  
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Since r is less than 1, the [H+] within the erythrocyte is greater than the 
concentration in plasma and, therefore, the pH of the interior of the erythrocyte is 
lower than that of the surrounding plasma. 

THE ISOHYDRIC SHIFT. With the above factors in mind, it is possible to 
delineate the events in the transport of CO2 from tissues to alveolar air. When 
arterial blood arrives in the tissue capillaries, about 96% of the Hb is 
oxygenated. Because of the increased CO2 tension and the decreased O2 
tension, the HbO2 dissociates; O2 diffuses out into the interstitial fluid as CO2 
diffuses into the erythrocyte. A significant fraction of the CO2 is immediately 
bound as carbamino Hb. However, there still remains a large excess of CO2 to 
be disposed of by other means. Under the influence of carbonic anhydrase this 
CO2 is rapidly hydrated to H2CO3, which then dissociates. Two opposing 
phenomena then come into play; (1) This H2CO3 would tend to lower the pH 
within the erythrocyte, but (2) the transformation of HbO3 to Hb involves a 
change of pK from 6.2 to 7.7, which tends to raise the pH within the erythrocyte. 
Consequently, protons formed in the dissociation of H2CO3 are accepted by the 
imidazole nitrogen of the Hb. The net result of these two events is to maintain 
the pH essentially unchanged, and K+ ions within the erythrocyte, previously 
neutralized by HbO2, are now neutralized by the newly formed HCO3

- ions. As a 
result, the major portion of the CO2 that diffused into the erythrocyte from the 
tissues leaves the capillary in venous blood as red cell HCO3

-. This set of 
transformations is termed the isohydric shift and is summarized in Fig. 4.5. 

The isohydric shift entails formation of about 0.7 meq of bicarbonate for 
each mmole of O2 that dissociates from HbO2. From the values shown in Table 
4.3, it appears that the quantitative operation of the isohydric shift, which is 
based on the difference between the acid strength of HbO2 and Hb, is well suited to 
the physiological task of removing CO2. 
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THE CHLORIDE SHIFT. Because of the isohydric shift, the ratio [HCO 3

-  ]c/ [HCO3
-

]p is now altered, with an excess of HCO3
- within the erythrocytes. 

The ratio [HCO 3
-  ]c/[Cl-]c no longer equals the ratio [HCO 3

-  ]p/[Cl-]p. The 
escaping tendency of HCO3

- from the cells is increased, and HCO3
- is replaced by 

CI- from plasma until a new equilibrium is attained. The net result of this 
transformation is that a significant fraction of the total CO2 that entered the 
erythrocyte and was hydrated and dissociated is now found in the venous 
plasma as HCO3. Note also that, although the conversion of HbO2 to Hb and its 
subsequent buffering action do not influence the osmotic pressure due to Hb 
within the cells, since the amount of Hb is unchanged, the combined result of the 
isohydric and chloride shifts is to increase the total number of anions and thereby 
increase the effective osmotic pressure within the cells. In consequence, water is 
redistributed between the cells and plasma so that the relative volume occupied 
by the erythrocytes (the hematocrit) in venous blood is appreciably higher than 
that in arterial blood, rising from 45 to 48 or 49% by volume. A partition of the 
CO2 transported by 1 I of blood from the tissues to the lungs of a subject at rest 
is shown in Table 4.3. It is apparent that about 60% of the total CO2 is 
transported as plasma HCO3

-, whereas about 32% is transported as carbamino-
CO2 and HCO3

- within erythrocytes. Directly and indirectly, therefore, Hb makes 
possible the transport of more than 90% of all the CO2 carried by the blood. 
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When venous blood arrives in the pulmonary capillaries, this sequence is 
reversed. The lower PCO2 in the alveoli results in a CO2 concentration gradient 
favoring CO2 flow from erythrocyte through plasma to the alveolar space. 
Simultaneously, O2 flows from the alveoli into the erythrocyte, and, with 
diminished PCO2 and increased PO2 the Hb is oxygenated. Plasma HCO3

- moves 
into erythrocytes and combines with protons given up by dissociation of the 
newly formed HbO2. Carbonic anhydrase catalyzes the dehydration of the H2CO3 
so that CO, formed f rom the HCO3

- of plasma can now diffuse out of the 
erythrocyte through the plasma and into the alveolar space. In the absence of 
carbonic anhydrase, the dehydration of H2CO3 would proceed at only 10% of the 
rate demanded by the brief passage of an erythrocyte in an alveolar capillary. 
CO2 present as carbamino-CO2 is also liberated because of the diminished CO2 
tension and the conversion of Hb to HbO2. The net result is the transport of 
oxygen from lungs to tissues in sufficient amount to meet metabolic 
requirements and delivery to the lungs of the CO2 formed during metabolism 
without changing the acid-base pattern of the extracellular fluid or the 
erythrocytes. 

Thus, the reversible reaction HbO2 + H+ → HHb+ + O2 and the confor-
mational changes that Hb undergoes as it binds and releases O2 are of funda-
mental significance for the physiology of respiration. When venous blood enters 
the lungs, the reaction proceeds to the left since here the Po2 increases, whereas 
the PcO2, and, consequently, the [H+] decrease and the Hb is oxygenated. In 
capillaries outside the lungs, the increased Pco2 and, therefore, increased [H+], 
together with the decreased Po2 favor the reaction to the right. This behavior of 
Hb is a remarkable example of the relation of chemical structure to physiological 
requirements. 

Fetal respiration. For maximal O2 transport, the loading tension at which 
fetal blood approaches full O2 saturation must be in the region of the unloading 
tension of the maternal blood in the placenta. This is indeed the case in 
mammals. Fetal erythrocytes contain fetal Hb, Hb F =α2

Aγ2
F. The O2, dissociation 

curve of fetal erythrocytes, compared with that of adult erythrocytes, is displaced 
above and to the left of the curves shown in Fig. 4.2 at any given value of CO2 
or O2 tension. Thus at 30 mm Hg of O2, 37°C, and pH 6.8, maternal blood is 33% 
saturated whereas fetal blood is 58% saturated. This in-creased affinity of fetal 
erythrocytes for O2 is not due to the structure of Hb F. Indeed, the O2 dissociation 
curve of pure Hb F does not differ significantly from that of Hb A. However, fetal 
erythrocytes contain a much lower concentration of 2,3-diphosphoglycerate than 
do adult erythrocytes. This may suffice to arrange the physiologically appropriate 
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relationships for placental O2 transport. Accordingly, the functional advantage, if 
any, of the existence of fetal and adult forms of Hb is presently obscure. 

The presence of fetal Hb is readily recognized by addition of alkali to a blood 
sample; Hb of adult blood is rapidly converted to brown hematin whereas that of 
fetal blood remains bright red for a considerable period. The structural basis for 
this difference in behavior is not clear. After birth, fetal Hb ordinarily disappears 
from the circulation and is almost entirely absent after 4 to 6 months, except in 
certain anemic states. 

Myoglobin. The muscles of vertebrates and invertebrates contain 
myoglobin, a hemoprotein capable of reversibly binding O 2 .  The structure of 
whale myoglobin, which is known in detail, was discussed previously. It exhibits 
no Bohr effect, and the O2 dissociation curve is a rectangular hyperbola (Fig. 4.1), 
displaced well above and to the left of that of Hb. At a venous Po2 of 40 mm Hg, at 
which Hb is 66% saturated, myoglobin is still 94% saturated. At an O 2 ,  tension of 
only 10 mm Hg, Hb is 10% saturated whereas myoglobin is 80% saturated. 
Related to these considerations is the fact that cytochrome oxidase can operate at 
Vmax when the medium provides O2 at PO2, of about 4 to 5 mm Hg. Thus the 
affinities of these three proteins for O2 are in the order cytochrome oxidase > 
myoglobin > Hb. Consequently, myoglobin can accept O2 from Hb and store it in 
the muscle cell for release to cytochrome oxidase when the O2 supply becomes 
limiting. 

During contraction, when the demand for O2 is maximal and as intracellular 
Po2 falls, O2 dissociates from myoglobin and is available for oxidations. In man, 
myoglobin is abundant only in cardiac muscle. However, in diving mammals, the 
myoglobin content of muscles is particularly high and probably facilitates 
submersion for long periods. The muscle of dolphins and seals contains 3.5 and 
7.7% myoglobin, respectively; these relative concentrations correlate roughly 
with the duration of their dives. The flight muscles of birds are also rich in 
myoglobin. Myoglobin-like pigments have also been found in the nerves of various 
invertebrates; P1/2 is of the order of 1 or 2 mm Hg for these substances. 

In all muscle, however, myoglobin appears to serve in a somewhat different 
capacity. The solubility and diffusion constant of oxygen limit its ability to 
traverse the distance between the capillary membrane, in muscle, and the most 
remote area in which it is to be utilized. Considerable evidence now indicates 
that myoglobin molecules can act, like a bucket brigade, to facilitate this process, 
serving therefore as an intracellular transport device (facilitated diffusion). 
Carbon monoxide hemoglobin. Hb and the nitrogenous base derivatives of 
ferroprotoporphyrin bind CO to their ferrous components in linkage analogous to 
that of O2. The affinity of human Hb for CO is more than 200 times greater than 
its affinity for O2; that is, for equal formation of HbCO and HbO2, the required 
partial pressure of CO is only about one two-hundredths that of O2. Similarly, the 
affinity of CO for myoglobin is thirty-seven times that of O2. Claude Bernard in 
1858 explained the toxicity of CO by his discovery of its combination with Hb. 
The brilliant cherry-red color of HbCO is very distinctive and is manifested in the 
skin and tissues of victims of CO poisoning. 
 
Comparative biochemistry of respiratory proteins 
 

The need for an O2 carrier, apparent throughout the animal kingdom, has 
been satisfied by various means. In the most primitive animals, which are 
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relatively small and have low metabolic rates, the carrier is enclosed in cells 
suspended in the coelomic fluid. With the development of a circulation, there 
appeared O2 carriers dissolved in the circulating plasma, and, later still, 
concentrated solutions of carriers were enclosed in special circulating cells, the 
erythrocytes. The latter represent a great advance, as they permit the presence 
in the circulation of large amounts of carrier without an inordinate rise in the 
viscosity and colloidal osmotic pressure of the circulating medium. Numerous 
oxygen carriers of markedly different properties are distributed throughout the 
animal king-dom. Almost all vertebrates have as an O2,  carrier an intracellular 
Hb of molecular weight 66,000 with ferroprotoporphyrin III as the prosthetic 
group. 

A great diversity is apparent among the invertebrates. In those species in 
which the O2 carrier is simply dissolved in the circulating plasma, the carrier is 
invariably of high molecular weight (400,000 to 6,700,000). Among these are 
large hemoglobins, frequently called erythrocruorins, in the blood of many 
polychete and oligochete annelid worms and various mollusks. Details of the 
structures of a few of these giant molecules are available. For example, the 
erythrocruorin from Limnodrilus, MW = 3,000,000, consists of 108 subunits, MW 
a 28,000, each bearing one heme, arranged as a regular hexagonal cylinder, 
having the dimensions 220 X 160 A; this cylinder, in turn, consists of six lesser 
cylinders oriented in the same axis as the major cylinder axis. Thus there are 
three layers of 36 protein subunits each in the over-all packaged molecule. 
Since there are four different N-terminal amino acids, it is assumed that there 
are four different subunit polypeptide chains in the molecule. Certain of the 
annelids, such as Spirographis, have green blood pigments, the chlorocruorins, 
MW = 3,400,000, in which the porphyrin differs from protoporphyrin in that the 2-
vinyl group is replaced by a formyl group. When these carriers are present in the 
coelomic fluid, rather than in an organized circulation, they serve to store, rather 
than to transport, O2. This is evident from their low values for P1/2; for example, 
that of Hb of Ascaris is of the order of 0.002 mm Hg. In some instances, despite 
the polymeric nature of the carrier, n = 1, for example, that of the polychaete 
worm Eupulyniu; in contrast, the polyhemoglobin of a closely related form, 
Arenicola, exhibits an n = 6, the highest value known. Like Hb, all erythrocruorins 
and chlorocruorins bind one O2 per heme. 

The blood plasma of many mollusks and arthropods contains 
hemocyanins, blue pigments containing copper but no heme and with molecular 
weights that range from 0.5 x 106 to 107. All are polymers of much smaller 
monomeric units; squid hemocyanin is a decamer, MW = 3.75 X 106, which, on dilution 
or at high salt concentration, dissociates into 5 dimers and then into 10 monomers. 
Each monomer contains two atoms of Cu+ and, both in monomeric and polymeric 
form, binds one O2 per two Cu+. There is some evidence that O2 binding and release 
involve oxidation and reduction of the copper, but this is uncertain. The hemocyanins 
of some species show a pronounced Bohr effect and values of n greater than 2. 
 
Intracellular oxygen-carrying proteins are of relatively low molecular weight, varying 
from 17,500 to about 120,000; Hb is the most common of these. Hemerythrin is 
present in the blood of all sipunculid worms, a few polychaete forms, and one 
brachiopod, Liquid. The most carefully studied hemerythrin, from Sipunculus, has a 
molecular weight of 105,000 and contains 16 atoms of Fe2+. It can be deaggregated 
by succinylation or treatment with N-ethylmaleimide to yield eight apparently identical 
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subunits with two iron atoms each. It has been suggested that these are linked in 
part to sulfhydryl groups; treatment with dithionite elicits the g = 1.94 signal of many 
electron-carrying iron proteins. Hemerythrin binds one O2 per pair of iron atoms; 
 

 
 
the latter may cooperate to accomplish O2 binding in a manner analogous to the 
mechanism proposed for hemocyanin. 

A few vertebrates, fish of the order Chaenichihyidae, do not possess a 
respiratory pigment. These poikilothermic animals dwell in Antarctic waters, at tem-
peratures from - 2  to +2°C, and their sluggish metabolism is satisfied by the O2 
carried in solution at this low temperature. 

The peculiar suitability of these diverse O2 carriers to their task in the 
organisms in which they are found is best illustrated by two considerations: (1) the 
operation of the Bohr effect and (2) the degree of O2,  saturation in arterial blood. The 
various O2 carriers differ markedly in the extent to which a given change in PCO2 
affects the oxygen dissociation curve. This is illustrated in Fig. 4.6. In animals like the 
marine teleosts, which lead an active existence in ocean waters that are well 
oxygenated yet almost free of CO2, the Bohr effect is especially prominent. It is less 
pronounced in animals that live in fresh water or in air, whereas in those species that 
live in a medium poor in O2 and rich in CO2 the Bohr effect may be absent or even 
inverted. For each respiratory pigment it is a sine qua non that it should be virtually 
saturated with oxygen under the conditions prevailing in the arterial blood of the 
animal in which it functions. Although this encompasses a range of PO2 from 30 to 
115 mm Hg, there is no known instance in which the oxygen-carrying protein is not at 
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least 90% saturated in its native arterial blood. The characteristics of certain of the 
respiratory pigments mentioned above are given in Table 4.4. 

It is surprising that Hb, similar to that of mammalian erythrocytes, has been 
found in cells of plant origin, e.g., in a few strains of fungi, and in some Protozoa. Of 
particular interest is the Hb in the nodules formed by the nitrogen-fixing Rhizobium 
on the roots of Leguminosae. The pigment is a product of symbiosis since it is not 
formed by pure cultures of Rhizobium or by the plant roots in the absence of 
nodules. The role of Hb in this biological system is not understood. 
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CHAPTER 5 

 
THE ERYTHROCYTE AND IRON METABOLISM. 

LEUKOCYTE COMPOSITION AND METABOLISM 
 

The prime function of the erythrocyte, transport of oxygen and CO2, is 
accomplished by the presence of a 34% solution of Hb. The erythrocyte contains 
the most concentrated protein solution in the body, thereby permitting the 
movement of about 15 g of Hb per 100 ml of whole blood without the high 
viscosity that would attend the equivalent amount of protein in free solution. The 
mammalian adult erythrocyte contains no nucleus, possesses a relatively low 
respiratory metabolism, and is one of the few major cells of the body with a finite 
life span of established length. 
 

Development, structure, composition, and metabolic aspects of the erythrocyte 
 

Development of the erythrocyte. The erythrocytes arise from reticular cells 
of the bone marrow and develop in sinusoids temporarily closed to the 
circulation. Rapid cell multiplication occurs at the level of the pronormoblasts, 
which contain large nuclei with conspicuous nucleoli. Differentiation begins with 
the appearance of the basophilic normoblast. This cell has lost its nucleolus, the 
RNA content of the cytoplasm has decreased markedly, and the total protein 
content of the cell is at a maximum. Heme and globin syntheses are initiated at 
this time. At the orthochromic erythroblast stage, the nucleus is pyknotic and the 
Hb content has been established. Mitotic figures disappear, and the nucleus then 
fragments, giving rise to the reticulocyte, which still contains mitochondria and 
RNA. Several days later the adult erythrocyte emerges containing no detectable 
RNA, DNA, or mitochondria. 

Structure and composition of the erythrocyte. The erythrocyte is a 
nonnucleated, biconcave disk with a diameter varying from 6 to 9 µ and a 
thickness of about 1μ at the center, increasing to 2 to 2.5 t toward the periphery. 
The membrane of the erythrocyte is a mosaic structure approximately 60 to thick 
and in human erythrocytes is composed of 49% protein, 44% lipid, and 7% 
carbohydrate. At least 17 distinct polypeptides are discernible by electrophoresis 
in sodium dodecyl sulfate or guanidinium hydrochloride with reducing agents. 
Their molecular weights range from approximately 25,000 to 250,000, with 40 to 
50% of the material being of the largest sizes. The major glycoprotein of the 
human erythrocyte membrane has been named glycophorin, a single polypeptide 
chain composed of about 200 amino acids and approximately 125 sugar residues. 
All the carbohydrate residues are covalently linked to the N-terminal half of the 
polypeptide chain and are exposed to the external environment of the cell. This 
topography may be of significance for the fact that glycophorin carries many blood 
group substances (see below) and receptors for mitotic agents such as 
phytohemagglutinin, as well as, apparently, attachment sites for specific viruses, 
e.g., influenza virus. Binding occurs between the virus and the sialic acid(s) of 
glycophorin, since incubation of erythrocytes with neuraminidase, which liberates 
neuraminic acid, destroys the ability of the erythrocyte to bind virus. The C-
terminal portion of glycophorin appears to be internal to the lipid barrier of the 
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membrane. Between the N-and C-terminal portions of the molecule is a segment 
of approximately 35 residues of hydrophobic amino acids that span the lipid region 
of the membranes and appear to be linked to 85A globular structures located 
within the lipid region of the membrane. These globular units may be sites to 
which glycophorin, and possibly other proteins, are bound. 
The lipids of the membrane include 25% cholesterol, 53% phosphoglycerides 
(about 20% each of phosphatidylcholine and phosphatidylethanolamine, and 
about 6% each of phosphatidylserine and phosphatidylinositol); there are also 
present less than 5% each of gangliosides and glycolipids. 

As in cells generally, the chief cation is K+, with lesser amounts of Na+, 
Ca2+, and Mg2+, and the major anions are Cl-, HCO3 , Hb, inorganic phosphate; 
2,3-diphosphoglycerate is the major phosphate-containing component (Fig. 5.1). 
The erythrocyte behaves as an osmometer, swelling and shrinking with decreases 
and increases in osmotic pressure of the bathing fluid. In a sufficiently hypotonic 
solution, the red cell swells, and rupture of the enclosing membrane,  
 

 
 
 
or hemolysis, occurs. Hemolysis is effected in isotonic media by various surface-
active agents, e.g., soaps, chloroform, and saponins. Virtually all the constituents 
within the human erythrocyte are in solution and upon hemolysis diffuse into the 
medium, leaving an insoluble residue, or ghost, which represents the original 
membrane. 

The internal composition of the erythrocyte is maintained by energy-
requiring mechanisms. The erythrocyte membrane shows several ATPase 
activities, one of which is dependent upon Nat K+, and Mg2+ and is inhibited by 
cardiac glycosides, e.g., ouabain, which influence Na+-K+ transport across 
erythrocyte and other cell membranes. Although the glucose concentration within 
the human erythrocyte is generally identical with that in plasma, glucose does not 
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enter the cell by simple diffusion but by active transport. 
 

CHEMISTRY or THE BLOOD GROUP SUBSTANCES. Among the most 
interesting constituents of the red cell membrane are the immunologically 
specific "blood group substances." The latter are structurally closely related 
glycosphingolipids. The terminal ends of three major types of blood group 
immunological determinants are as follows: 
Group A, GaINAc al—33-[Fuc αl—>2]-Gal β1→3 or 4 GIcNAc;  
Group B, Gal αl—>3-[Fuc αl→2]-Gal β1→3 or 4 GIcNAc;  
Group H, Fuc αl—>2 Gal β1→3 or 4 GIcNAc. 

Blood group substances are also found in secretions such as saliva, 
gastric juice, etc., and water-soluble products showing immunochemical blood 
group activity have also been obtained from tissues of various species, inc luding 
man. However, in contrast to the above glycosphingolipids present on the 
erythrocyte membrane, the blood group substances from these other sources are 
glycoproteins with MW from 3 x 105 to 1 x 105. These show striking qualitative 
similarities in chemical composition, despite immunological distinctions. All 
contain L-fucose, D-galactose, N-Ac-D-galactosamine, and N-Ac-D-glucosamine. 
The many carbohydrate chains are linked by glycosidic bonds i nvo l v i ng  N-Ac-
o-galactosamine to serine and threonine residues. Studies of enzymic digests of 
immunologically active blood group substances from nonblood sources indicate 
that the polypeptide portion plays no role in immunological specificity. The group 
specificity is associated with the nature of the carbohydrate end group of the 
polysaccharide. The nature of the terminal saccharide is responsible for the 
immunological specificity of the above-described glycosphingolipids and thus for 
the cross-reactivity of blood group substances on the erythrocyte and those from 
the other sources, i.e., secretions and tissues. Thus, the sole chemical 
difference between purified blood group A and B substances resides in the 
terminal sugar; in group A this is N-Ac-D-galactosamine and in B, D-galactose. 

When erythrocytes from Group O or B individuals are incubated with 
enzyme preparations from the gastric mucosa of Group A individuals with UDP-
NAc-D-Gal, the erythrocytes now possess the determinants for Group A. 
Similarly, erythrocytes from 0 and A individuals are agglutinated by anti-B serum 
by prior treatment with enzyme preparations from the gastric mucosa of B 
individuals and UDP-o-Gal. When enzymes from both A and B individuals are 
allowed to act simultaneously on 0 erythrocytes with both UDP-NAc-Gal and 
UDP-Gal, the cells become endowed with both A and B determinants. Thus, the 
primary products of the A and B allelic genes are specific enzymes that transfer 
specific sugars from UDP carriers to the ends of carbohydrate chains in the 
precursor. This appears to be the case also for other types of blood group 
determinants. 

 

Hemoglobin synthesis 

The rate of protoporphyrin synthesis in the developing red cell only 
slightly exceeds that of hemoglobin synthesis. The mature erythrocyte contains 
approximately 0.4 mmole of Hb, 0.05 mole of protoporphyrin, and approxi-
mately 0.2 mmole of coproporphyrin per 100 ml of packed cells. In iron-
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deficiency anemia, red cells may contain as much as twenty times the normal 
content of protoporphyrin. 

In vertebrates the heme of hemoglobin represents approximately 85 to 
90% of the total body heme; about 10% is in myoglobin and less than 1% in all 
the other hemoproteins combined, i.e., cytochromes, catalase, etc. 

Abnormalities of heme synthesis; porphyries. Some of the clinical 
disorders associated with or characterized by abnormalities in heme synthesis 
result in the appearance of unusual quantities of porphyrins in the urine and 
have been termed porphyries. Nonspecific excretion of porphyrins in diverse 
disorders, e.g., alcoholism, lead poisoning, and hemolytic disease, generally 
characterized by increased excretion of coproporphyrin III, is usually termed 
porphyrinurie. 

Type III porphyrins are most important in nature since their synthesis 
leads to protoporphyrin IX and thence to heme, or to chlorophyll. Type I 
porphyrins appear to be formed as by-products of heme synthesis and are not 
utilized by the body but are excreted in the urine (up to 0.5 ',mole per day) and 
in the stool (up to 1 mole per day). These colored porphyrins are oxidized 
forms of the colorless porphyrinogens. 

Two classes of hereditary porphyria are known. In the relatively rare 
erythropoietic porphyrias, excessive amounts of porphyrins accumulate in the 
normoblasts and erythrocytes. Red fluorescence is observed when the cells are 
exposed to ultraviolet light. Skin photosensitivity is evident at an early age. In 
erythropoietic uroporphyria, transmitted as an autosomal recessive, there are 
deposition in tissues and excretion in the urine and feces of large amounts of 
uroporphyrin I and coproporphyrin. The amount of the cosynthetase for 
uroporphyrinogen III formation has been reported to be less than one-third of 
normal in hemolysates of erythrocytes of such individuals. Erythropoietic 
protoporphyria, transmitted as an autosomal dominant, is the most common 
form of the disease. There is excessive protoporphyrin produced in the 
normoblasts and erythrocytes; this is usually associated with increased 
deposition of this porphyrin in the skin and other tissues and increased 
excretion in the feces. 

Several types of hepatic porphyrias are known, in which excessive and 
abnormal formation of heme precursors occurs in the liver. Urinary products 
present in excessive amounts may include δ-aminolevulinic acid, 
porphobilinogen, and porphyrins. In acute intermittent porphyria, transmitted as 
an autosomal dominant, there is high excretion of δ-aminolevulinic add, 
porphobilinogen, and various porphyrins. The urine darkens on standing in 
sunlight to a deep red wine color because of photocatalyzed oxidation of 
porphobilinogen to uroporphyrin. Since there is decreased hepatic conversion of 
porphobilinogen to porphyries, F-aminolevulinate synthetase is present in six- to 
tenfold amounts but is not subject to feedback inhibition by heme, hence the accumu-
lation of porphobilinogen. The synthetase is also induced by barbiturates, estrogens, 
and other drugs, thus exacerbating the condition. Other rare types of inherited hepatic 
porphyrias are known and, on occasion, porphyrias may also be associated with 
alcoholic or nutritional cirrhosis of the liver. An unexplained finding is the excretion of 
most of the porphyrins as zinc complexes in hepatic porphyrias. 
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METABOLIC ASPECTS OF THE ERYTHROCYTE 
 

The reticulocyte possesses functioning glycolytic and phosphogluconate 
oxidative pathways, the tricarboxylic acid cycle, and an intact cytochrome system 
and electron transfer mechanism. Moreover, the reticulocyte can synthesize 
hemoglobin and diverse lipids, viz., cholesterol, phosphoglycerides, and tri-
acylglycerols, and can achieve the de nova synthesis of purine nucleotides. 

In contrast, the mature mammalian erythrocyte lacks mitochondria; hence 
the cytochrome system is absent, the tricarboxylic acid cycle is not evident 
although several of its enzymes are present, and synthesis of hemoglobin does 
not occur. There is a continuing turnover of fatty acids, indicating some lipid 
synthesis. Although the erythrocyte does not make cholesterol, rapid exchange 
occurs with the cholesterol present in plasma lipoproteins. During maturation from 
the reticulocyte, the erythrocyte loses its capacity for de nova synthesis of purine 
nucleotides but can still accomplish this from 5-aminoimidazole-4-carboxamide 
ribonucleotide. The mature erythrocyte can also utilize preformed purines for 
nucleotide synthesis via the salvage pathway. 

The energy of the mature erythrocyte is supplied primarily by anaerobic 
glycolysis and the phosphogluconate oxidative pathway. Oxygen consumption of 
erythrocytes is low—QO2, = 0.05, consumed for the most part by the oxidation of 
as much as 0.5% of the total Fib to metHb in 24 h. In the erythrocyte, a heme-
containing methemoglobin reductase (MW 185,000) catalyzes reduction of 
methemoglobin, utilizing NADH as a cofactor. A second system, of unknown 
nature, utilizes NADPH but only in the presence of an intermediary such as 
methylene blue. Apparently there is no generation of ATP incident to these 
oxidations. The role of methemoglobin reductase in familial methemoglobinemia 
will be considered later. Both "methemoglobin reductases" can reduce methylene 
blue in place of methemoglobin. Since this dye autoxidizes rapidly, its presence 
in an erythrocyte suspension results in a substantial increase of 0z consumption, 
as well as of methemoglobin reduction. 

The autoxidization of lib to metHb results in the formation of the superoxide 
radical, O2

- ,  by transfer of a single electron. Superoxide dismutase (formerly 
termed erythrocuprein) in the erythrocyte catalyzes the reaction 2O 2

- + 2H+ → O2 
+ H2O2; the hydrogen peroxide is decomposed by erythrocyte catalase. Thus, 
these two enzymes in the erythrocyte, as in other cells, serve to protect the 
cellular components from the deleterious effects of Oi-. and H2O2. 

 
Life span of the erythrocyte. Mature red cells are constantly destroyed and 

replaced by new cells. The daily turnover, calculated from the amount of bile 
pigment excreted, represents about 20 ml of erythrocytes, that is, 0.85% of the red 
cell mass. 

The life span of the red cell has been measured by various techniques. Blood 
samples were withdrawn at intervals from human subjects given 15N-labeled 
glycine and the globin and heme analyzed for 15N.  The data obtained are shown in 
Fig. 5.2. The isotope concentration of both heme and globin rose rapidly to a 
maximum, indicating formation of red cells containing a relatively high concentration 
of 15N during the period of isotope administration. Thereafter, the 15N concentration 
remained relatively constant; new cells, unlabeled be-cause they were formed in the 
absence of labeled precursor, replaced unlabeled cells that had entered the 
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circulation before the period of isotope ingestion. Thereafter, the isotope 
concentration of the heme and globin fell relatively rapidly, when cells of high 15N 

concentration were replaced by unlabeled cells. This pattern is evidence of a fixed life 
span for individual red cells, calculated from data such as those in Fig. 5.2 to be 126 
M 7 days in man, 107 days in the dog, and 68 days in the cat and rabbit. These data 
also show that there is no turnover of hemoglobin itself during the life of the 
erythrocyte. 

 

 
 

While labeled erythrocytes were disappearing from the circulation, 1 5 N  
appeared in the bile pigments, thus providing direct proof of their origin. The 
initial spike in the curve for bile pigment suggests rapid degradation o f  h e m e  
compounds not incorporated in erythrocytes and also that a fraction of the cells 
developed in the marrow is prematurely destroyed, with resultant production of 
bile pigment. 

The changes in 15N concentration of the serum albumin as a function of 
time are also presented in Fig. 5.2. The abrupt maximum and steady decline of 
isotope concentration indicate a random replacement of circulating albumin by 
newly formed albumin molecules of lower isotope concentration. Hence, renewal 
of serum albumin is a process that is independent of the age of individual 
albumin molecules. 

Fate o f  erythrocytes—bile pigment f o r m a t i o n .  The factors contributing to 
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the demise of the circulating erythrocyte are not clear. However, about 126 days 
after emerging from the marrow, red cells are phagocytized by macrophages 
mainly in the spleen, liver, and bone marrow. Hemoglobin undergoes scission of 
the α-methene bridge to give choleglobin, an iron-pyrrole complex. This reaction 
is catalyzed by α-methyl oxygenase; the partially purified enzyme from liver 
requires NADPH, Fe2+, and a heat-stable activator. Removal of the globin yields 
oerdohemochrome; the latter is converted to b i l i v e r d i n ,  which apparently may still 
bind iron. Removal of the iron is followed by enzymic reduction of biliverdin to 
bilirubin. Conversion of the heme to bilirubin is nearly quantitative and, on the 
average, takes 2 to 3 h. Hemoglobin released from erythrocytes is not reutilized 
as such. The liberated iron is transported by plasma transferrin to storage depots 
or to the bone marrow, where it is used in the synthesis of new hemoglobin. The 
globin is degraded and returned to the body pool of amino acids. These changes 
may be summarized as follows: 

 

 
 

 
In contrast to porphyrins, which contain four pyrrole rings linked by four 

carbon atoms in a closed-ring system, bile pigments lack one of these carbon 
atoms and can be pictured as open-chain compounds or as tetrapyrrole chains. 
The system of numbering the pyrrole rings and methene bridges in the bile 
pigments is derived from that used for porphyrins. In the most common biological 
example, shown below, the α-carbon has been eliminated. 
 

 
 

Although the tetrapyrrole chain is often used for convenience in representation, 
the cyclic arrangement of the pyrrole nuclei, shown at the left, is a more realistic 
representation of the loosely planar structures of the bile pigments. 
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Bilirubin is transported f r o m  extrahepatic reticuloendothelial cells to the liver in 
combination with albumin. In the liver the protein is separated, and the bilirubin is 
converted into products conjugated with sugars. The initial step is catalyzed by a 
bilirubin-UDP gtuouronyl transfentse involving conjugation of the COOH group of the 
propionic acid side chain of bilirubin with an OH group of the glucuronic acid. The 
conjugate is then added to a second sugar to form acidic disaccharides. From human 
hepatic bile, the compounds that have been isolated are the aryl glycosides of 
aldobiouronic acid, pseudoaldobiouronic acid and hexuronosylhexuronic acid. The 
soluble conjugates pass into the bile canaliculi and thence into the bile. 

In the intestine, the bilirubin conjugates are hydrolyzed by a β-glucuronidase. 
As a result of the activity of the bacterial flora, bilirubin is converted to d-urobilinogen 
by reduction of the methene bridge and of one vinyl group to an ethyl group. Since 
resonance is no longer possible, urobilinogen is colorless. The bilinogens are all 
colorless until oxidized to the bilins. d-Urobilinogen undergoes further reduction with 
formation, successively, of l-urobilinogen, in which the remaining vinyl group is 
reduced to an ethyl group, and to 1-stercobilinogen. d-Urobilinogen has been isolated 
after incubation of bilirubin with bacterial extracts and from urine shortly after 
withdrawal of antibiotic therapy; subsequently, the two further reduction products 
appeared in the urine. l-Stercobilinogen is normally present in feces. 

Figure 5.3 indicates the transformations described. Extensive isomerism is 
possible in these bile pigment derivatives. However, the naturally occurring pigments 
appear to be largely derivatives of protoporphyrin IX, the n-methene bridge of which is 
preferentially ruptured. 

Urobilinogen and stercobilinogen oxidize in air to urobilin and stercobilin, 
respectively, both orange-red pigments that contribute to the color of urine and feces. 
Approximately 1 to 2 mg of bile pigment is excreted in the urine and as much as 250 
mg in the feces of a normal adult each day. The degradation of the erythrocyte and 
formation of the bile pigments are summarized in Fig. 5.4. 
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VAN DEN BERGH REACTIONS. Bilirubin can be coupled with diazonium salts, 
e.g., diazotized sulfanilic acid, to yield azo dyes. This reaction, used for the estimation 
of bilirubin in serum, is not given by other reduced compounds of this type nor by 
biliverdin. Bilirubin conjugates present in serum yield color immediately upon addition 
of diazotized sulfanilic acid to give the "direct" van den Bergh reaction. Unconjugated 
bilirubin bound to plasma proteins does not react with the reagent unless brought into 
solution by addition of alcohol; this is the "indirect" van den Bergh reaction. The 
conjugates are easily dissociable from the plasma proteins to which they are loosely 
bound, dialyze readily, and, in consequence, appear in the urine whenever present in 
significant amounts in plasma. Since bilirubin itself is strongly bound to plasma 
albumin, it cannot be removed by dialysis and hence does not appear in urine. 
JAUNDICE. Jaundice is the accumulation of bile pigment in the plasma in amounts 
sufficient to impart a yellowish tint to the skin and conjunctiva. Three types of jaundice 
may be recognized. Hemolytic jaundice results from unusual destruction of red cells, 
leading to bile pigment formation at a rate exceeding the capacity of the liver to 
remove the pigment from the circulation. The pigment that accumulates is bilirubin 
bound to albumin, so that the indirect van den Bergh reaction reveals the true 
concentration of bilirubin in hemolytic jaundice. Since excretion of bilirubin conjugates 
by the liver is maximal, excretion of stercobilinogen and urobilinogen is markedly 
elevated. In hepatic disease such as infectious hepatitis or cirrhosis, jaundice results 
from impaired capacity of the liver to conjugate bilirubin and secrete the 
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conjugates into the bile. The indirect van der Bergh reaction reveals a high 
pigment concentration in these diseases. Stools may be light in color, and little 
urobilinogen is found in the urine. Occasionally, unusually large quantities of 
urobilinogen are observed in the urine of patients with hepatitis and little or no 
jaundice. This results from an impaired ability of the liver to reexcrete 
urobilinogen returning via the "enterohepatic circulation." The third type of 
jaundice arises from obstruttion of the Hilary passages, resulting in failure of bile 
to reach the lumen of the bowel. In the early stages of this disease, while liver 
function remains normal, the liver continues to secrete bilirubin and its 
conjugates; the bile so formed is regurgitated into the circulation, and thus 
large quantities of bilirubin conjugates appear in plasma, as demonstrated by 
the direct van den Bergh reaction. Prolonged biliary obstruction results in liver 
damage so that values obtained by the indirect as well as the direct assays may 
be high. The stools may be clay-colored, and little or no urobilinogen can be 
detected in the urine, although bilirubin is excreted in the urine in large amounts. 

The significance of bilirubin conjugation is particularly apparent in the 
Origin-Najjar syndrome, a very rare and probably recessively inherited 
syndrome in which the liver lacks the enzyme Filirubin-I1DP glucuronyl 
trans/Orate, resulting in jaundice. Apparently the capacity to conjugate bilirubin is 
also severely limited in the neonatal liver, and the accumulation of bilimbin 
(indirect pigment) in the blood of the newborn may greatly exceed that seen in 
adult jaundice. This may have deleterious consequences for the brain, where 
staining of the basal ganglia may occur with permanent damage (kernicterus). 
Irradiation of such infants with blue light, which activates and degrades bilirubin, 
has proved to be therapeutically effective. The capacity of the liver to 
conjugate bilirubin increases rapidly during the first few days of life; bilirubin 
apparently induces synthesis of the transferase. 
Bile pigments in nature. Pigments closely related chemically to the bile pigments 
have also been found in some invertebrates that do not possess hemoglobin. 
Of interest are phycoerythrin and phycocyanin, which function in the red and 
blue-green algae as light-absorbing substances together with the chlorophylls. 
Phycoerythrin and phycocyanin contain metal-free pigments that are at a stage 
of reduction intermediate between bilirubin and urobilinogen. The side chains in 
the β positions of the pyrrole rings are identical with those in urobilinogen, 
indicating the close relationship of the porphyrins, bile pigments, and related 
pigments in nature. 
 

Iron metabolism 

Dietary requirements. The newborn infant is provided with considerably 
more hemoglobin than is required; both the concentration of hemoglobin in the 
erythrocyte and the number of red cells per unit volume are appreciably greater 
than in later life. This may represent a response to the relatively low oxygen 
tension of uterine life, analogous to the polycythemia of individuals living at 
high altitudes. For some weeks after birth, red cell destruction exceeds erythro-
poiesis, and jaundice may be observed. However, during this period, virtually 
no iron appears in the excreta. Retention of iron suffices to meet the iron 
requirements of the infant for some months thereafter, a fortunate circumstance 
since milk is virtually iron-free. Subsequent to this period, the iron requirement 
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of the child and adult reflects the needs for growth and the rate of iron loss to 
the environment. 

As noted previously, the daily hemoglobin turnover in the adult is equivalent 
to approximately 20 ml of erythrocytes or 25 mg of iron. This is far greater than 
the daily increment in total body hemoglobin even during the period of maximal 
growth. This turnover of red cells does not lead to an extra requirement for iron 
since the iron released from phagocytized erythrocytes is almost entirely 
available for reutilization. During growth, the iron requirement for formation of 
hemoglobin, cytochromes, catalase, and other chromoproteins is of major 
significance. An extraordinary increase in total body hemoglobin is associated 
with puberty. The maximum iron requirement of the male thus occurs at the age 
of fifteen or sixteen. In the adult male, the daily iron requirement is met by 
replacement of relatively small losses. Although only negligible amounts of iron 
appear in the urine and there is no intestinal secretion of iron, there is a small 
daily loss through the bile. 

From the menarche, the need of the female for iron is 30 to 90% greater 
than that of the male, except for the fifteenth and sixteenth years of male life. 
Until the menopause, 50% or more of the female's iron requirement is used in 
the replacement of hemoglobin lost in the menses. The average menstrual loss 
is about 35 ml of blood. The replacement of this amount of blood alone requires 
0.6 mg of iron per day, in contrast to the total physiological iron requirement of 
the male adult of 0.9 mg per day. In itself, the loss would be unimportant were it 
not for the fact that the average unsupplemented diet contains barely enough 
iron to meet the requirements. This mean catamenial requirement applies to 
about 60% of women. In the 15% with larger menstrual losses, the replacement 
need for iron may be almost doubled. During gestation, the requirement for iron is 
about 60% greater than the amount lost in the menses during a similar period. 
An iron intake adequate to pregestational life may not be adequate to meet the 
demands of pregnancy. Transfer of iron to the fetus, like transfer of calcium, 
occurs chiefly in the last trimester of pregnancy, and iron cannot be accumulated 
during the earlier months of pregnancy. Therefore the mother's food must provide 
unusual quantities of both iron and calcium during the last 3 months of 
pregnancy. This rarely obtains and may lead to a hypochromic anemia. A 
moderate normocytic anemia, with hemoglobin values of 11 to 12 g/100 ml, is 
"physiological" during pregnancy and due to hemodilution. In circumstances of 
iron deficiency the tissue concentration of cytochromes may diminish before the 
blood level of hemoglobin, a reflection of the higher rate of turnover of the 
cytochromes. In summary, in adult life the iron requirement is conditioned 
entirely by the demand for replacement of losses, be they through the bile, 
placenta, uterus, or overt hemorrhage. 

Although it is relatively simple to calculate the physiological iron 
requirement in terms of growth and losses, calculation of the nutritional iron 
requirement is not feasible since ingested iron is not quantitatively absorbed 
from the intestine. Entry of dietary iron into the body is conditioned by two 
factors: the chemical state of the ingested iron and the iron metabolism of the 
intestinal rnucosa. Much of the iron ingested in natural foodstuffs is "organic 
iron," present in combinations that are poorly absorbed. Like calcium, iron forms 
numerous insoluble salts. The extent to which these are formed within the 
intestine will influence iron absorption. Thus, anemia due to iron deficiency 
readily results from incorporating large amounts of inorganic phosphate in the 
diet. 

Many unexplained and rather striking differences in the "availability" of 
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food iron exist. For example, iron from white flour appears to be more readily 
utilized than that from whole-wheat flour, and that from beef appears to be still 
more readily available, despite the fact that much of beef iron exists as heme 
compounds. For unexplained reasons, ferrous iron is more readily absorbed 
from the human intestine than is the ferric form. The presence of reducing 
agents, such as ascorbic acid, in the diet increases the availability of inorganic 
iron. In view of these complications, it is impossible to calculate the desired iron 
intake; dietary recommendations have been based on studies of iron balance 
and hemoglobin formation. From these it appears that the desirable dietary level 
of iron should be five to ten times the actual physiological requirements. 
Allowances of 12 mg of iron per day for adults and 6 to 15 mg daily for children of 
various age groups are liberal. 

Intestinal absorption of iron. Studies with radioactive s9Fe early 
demonstrated that individuals with iron-deficiency anemia absorb iron from the 
intestine more efficiently than do normal persons. However, when normal 
animals are made anemic by phlebotomy, some time elapses before an 
increased efficiency of iron absorption is detected. Thus normally there is a 
"mucosal block" to the absorption of iron, unrelated to the existence of anemia 
per se; a gastrointestinal mechanism involving a special carrier, ferritin, 
regulates passage of iron from the intestinal lumen to plasma. Ferritin isolated 
initially from spleen is a protein containing 23% of iron by weight. Apoferritin, MW 
= 450,000 with 24 identical subunits, combines with a ferric hydroxide-phosphate 
of approximate composition [(FeOOH)8(FeO—OPO3H2)]. The isoelectric points 
and electrophoretic mobilities of ferritin and apoferritin are identical. 

The intestinal mucosa of fasting guinea pigs contains only minute amounts 
of apoferritin. However, within 4 to 5 h after iron administration, there occurs a 
twenty- to fiftyfold increase in the amount of ferritin, using apoferritin newly 
synthesized by the mucosal cells. Ferrous iron, entering the mucosal epithelial 
cell, is rapidly oxidized to ferric hydroxide, which combines with apoferritin. 
Within the mucosal cell, because of unknown circumstances that favor reduction 
of ferric to ferrous iron, breakdown of ferritin occurs, allowing absorption of 
additional iron from the intestine. Iron absorption may be limited by the binding 
capacity of the apoferritin for iron. Figure 5.5 summarizes the ferritin mechanism 
of iron absorption. 

Iron storage. Ferritin is of importance in yet another connection. The liver of 
the adult male contains approximately 700 mg of iron, present almost entirely as 
ferritin. After parenteral administration of v9Fe, much of the isotope is found in 
the liver as ferritin. All parenterally administered iron, in excess of the ferritin 
storage mechanism, accumulates in the liver as hemosidevin, which is a normal 
constituent of most tissues and occurs in the form of granules much larger than 
ferritin molecules. Hemosiderin granules contain up to 37% of their dry weight as 
iron, are insoluble in water, and differ from ferritin in electrophoretic mobility. 
Hemosiderin granules are believed to be large aggregates of ferritin molecules 
with a higher content of iron. Since there is no excretory pathway for excess iron, 
continued administration of iron leads to hemosiderin accumulation lation in the 
liver in quantities sufficient to result in ultimate destruction of the organ. This has 
been observed in patients with aplastic or hemolytic anemia who have received 
multiple transfusions over several years. 

 

78 
 



 
 

In the absence of an excretory pathway for excess iron, the adjustment of 
intestinal iron absorption to need is essential to the organism. No other nutrient is 
known to be regulated in this manner. 
Iron transport. Another component of the iron metabolizing system is a plasma 
protein, transferrin , which facilitates iron transport and is present in a concentration 
of approximately 0.4 g/100 ml blood. At the normal level of plasma iron, 100 ftg/100 
ml, transferrin is 30% saturated. Transferrin exhibits a much greater affinity for iron 
than do the other plasma proteins. The failure of the kidney to excrete iron may result 
from the fact that all the plasma iron is bound to the transferrin, which is not filtrable. 
The homeostatic mechanisms involved in iron metabolism are summarized in Fig. 
5.6. 

15PECTS OF ABNORMAL ERYTHROCYTE STRUCTURE AND FUNCTION 

Aberrations in red cell structure and function represent a large area of knowl-
edge beyond the scope of this book. However, some aspects of this topic deserve 
consideration because either their biochemical basis is known or certain established 
biochemical alterations in erythrocytes may, in future, be shown to have significance 
for understanding of a particular structural or functional abnormality of the red cell. 
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Alterations in erythrocyte structure and function may be considered from the 
standpoint of the following variations from normal: (1) hemoglobin structure, (2) 
normal numbers of erythrocytes but with hemoglobin unavailable for transport of 
oxygen, (3) excessive or (4) subnormal amounts of hemoglobin accompanied by 
corresponding alterations in numbers of erythrocytes. 

Variations in hemoglobin structure. In a general way, the hemoglobins 
exhibit three types of heterogeneity. As indicated previously, the globins are species-
specific and show rather extensive differences in amino acid sequences. Within a 
species there is also heterogeneity based upon the normal ability to form β, γ, and δ 
chains, each of which may combine with α chains so that α2β2, α2γ2, and α2δ2 are 
normal to each individual. In individuals heterozygous for α-thalassemia, the adult 
blood contains Hb H = β4

A. In fetal life and early infancy the blood of such individuals 
contains HbBarts = γ4

F. Since these components constitute only about 15% of the 
total hemoglobin and the remainder is Hb F in fetal life and Hb A thereafter, it is 
apparent that these individuals possess the genetic capacity to make a chains 
but do not make sufficient α chains to meet their total requirements. It is 
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noteworthy, therefore, that in the absence of α chains a structure is formed that 
is a tetramer of either β or γ chains. Homozygosity for one type of α-thalassemia 
results in stillbirth at about 34 weeks; only HbBarts is present. 

In β-thalassernia, the synthesis of β chains is diminished (heterozygote) or 
absent (homozygote). Such individuals possess abnormally large quantities of Hb 
F (α2γ2) 10 to 90%, and Hb A2 (α2δ2) in childhood or as an adult. In thalassemia 
major, many of the children die in the first decade of life, and relatively few 
survive the second decade. 

The third form of hemoglobin heterogeneity occurs within individuals as a 
consequence of a mutation that has led to an amino acid replacement. This was 
first recognized in the case of the hemoglobin of individuals with sickle cell 
anemia. This disorder is characterized by the fact that the erythrocytes of affected 
individuals change from their normal shape (biconcave disk) to a sickle or 
crescent shape when the HbO2 of the cell is reduced to Hb as a result of 
exposure to reduced O2 tension. Sickling occurs in the capillaries as the 
hemoglobin is reduced, and about 85% of the hemoglobin crystallizes from 
solution as a polymer within the erythrocyte, thereby distorting the cell. The 
sickled cell exhibits markedly increased mechanical fragility and tends to 
hemolyze in the small diameter of the capillary, leading to reduced numbers of 
erythrocytes; hence the term, sickle cell anemia. 

Erythrocytes that undergo sickling contain a hemoglobin distinguishable 
from Hb A in that it migrates differently in an electric field. The magnitude of this 
altered migration rate is that expected if there were two fewer negative charges 
per hemoglobin molecule; this correlates well with the fact that in Hb 5 a valine 
residue replaces the glutamic acid residue at position 6 of the β chains. 

Individuals homozygous for Hb S, Hb C, HbPunjab, and Hb E all suffer from 
anemia but the severity is variable, with Hb C and Hb S disease being the most 
severe. Heterozygotes possessing these genes represent the vast majority of 
individuals with abnormal hemoglobins. Such heterozygotes, whose erythrocytes 
contain a mixture of Hb A and the abnormal Hb, all exhibit a microcytic anemia, 
which impedes the development of the malarial parasite. In all four types of these 
hemoglobins, the origin and spread of these genes were predominantly in areas 
in which malignant malaria was present: Hb S and C in Africa, Hb E in Malaysia 
and Ceylon, and Hb DPunjab in India and Pakistan. Thus, the heterozygotes 
possess a selective advantage in these malarial regions over both the normals 
with Hb A, highly susceptible to malaria, and the homozygotes with the 
abnormal Hb, who may become severely anemic. 

Individuals heterozygous for α- or β-thalassemia (thalassys = 
Mediterranean) are predominantly of Mediterranean or South Asiatic origin, 
areas in which malaria was at one time very high. Erythrocytes of these 
individuals are physically altered, and these heterozygotes may also possess an 
advantage in malarial regions. 

The distinctive property of Hb S (and of Hb C, I, DPunjab and CHarlem) is the 
lower solubility of the deoxy form compared with Hb A. The sickling results from an 
insoluble polymer formation of the deoxy form. Experimentally, it has been found 
that treatment of erythrocytes containing Hb S with cyanate in vitro results in 
carbamoylation of some N-terminal n-amino groups of the β chains; this tends to 
prevent polymer formation and hence sickling. When such erythrocytes are 
returned to the circulation, they exhibit normal or nearly normal lifetimes, thus 
suggesting that, were such procedures feasible clinically, a means might be at hand 
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to protect homozygotes afflicted with Hb S from clinical crisis. 
Many other hemoglobins with amino acid replacements have also been 

detected (Table 5.1). Particularly noteworthy are some types of Hb M, in which, for 
example, glutamic acid may replace the valine at position 67 or tyrosine may 
replace the histidine at position 63; both replacements occur in the β chain. These 
changes near the heme iron may result in facilitated oxidation by O2 to yield metHb, 
hence the designation Hb M. In individuals heterozygous for Hb M, no more than 
30% of the total hemoglobin is present as Hb M. Presumably, a homozygote for Hb 
M could not transport O2 at a rate adequate for normal functions. 

 

 
 
 

Many amino acid substitutions occur in hemoglobin without producing clinical 
symptoms or major effect on the properties of the protein, particularly changes on the 
external surface of the molecule, which do not alter solubility. However, those 
substitutions that alter contacts with the heme groups and produce Hb M types, or 
other substitutions that produce unstable hemoglobins lead to some form of anemia in 
affected individuals. Amino acid substitutions that alter contacts between subunits 
usually alter the P1/2f value, the n value, the magnitude of the Bohr effect, or more than 
one of these properties. Individuals heterozygous for HbCapetown, HbChesapeake or others 
with a low P1/2 usually manifest polycythemia (see below). Some of these hemoglobins 
are listed in Table 5.2. 
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Alterations in functioning of hemoglobin. In addition to the presence of metHb in 
individuals with Hb M, methemoglobinemia may result from exposure to agents that 
cause oxidation of the ferrous iron of hemoglobin to the ferric state. These agents 
include amyl nitrite, aniline, nitrobenzene, nitrates, nitrites, etc., and 
methemoglobinemia has been observed clinically after administration of sulfonamides, 
acetanilid, phenacetin, and salicylates. A third type of methemoglobinemia, familial 
methemoglobinemia, is a rare hereditary deficiency of methemoglobin reductase in the 
erythrocytes of afflicted individuals. In these circumstances, as much as 25 to 40% of 
the total hemoglobin may be present as metHb, with accompanying evidence of 
cyanosis. 

CARBON MONOXIDE POISONING. In carbon monoxide poisoning, CO 
displaces O2 from HbO2. The affinity of hemoglobin for CO is more than 200 times as 
great as its affinity for oxygen. In the presence of CO the dissociation curve of HbO2 is 
"shifted to the left", suggesting that the number of molecules of oxygen attached to 
hemoglobin is less than four, there being a partial replacement of O2 by CO. These 
molecules of hemoglobin to which CO as well as O2 is bound are more tenacious 
of O2 than is the normal hemoglobin containing four molecules of oxygen, that is, 
Hb(O2)4. Consequently, the effects of CO poisoning are more severe than would 
be expected on the basis of reaction of only a portion of the hemoglobin 
molecules with CO. 
 

POISONING BY CYANIDE OR BY SULFIDE. This results from formation of 
complexes between these anions and the ferric iron of cytochrome oxidase. 
MetHb but not Hb forms similar complexes. Since the body contains 
considerably more hemoglobin than cytochrome, therapy for cyanide-poisoned 
individuals consists in accelerating metHb formation, e.g., by amyl nitrite 
administration. The resulting cyanmethemoglobin is itself nontoxic and can be 
slowly metabolized. The sulfinethemoglobin resulting from the combination of 
sulfide with the ferric iron of metHb cannot be further metabolized and, once 
formed, remains until the cell is phagocytized. 

Polycythemia. Polycythemia is the presence of unusually large numbers of 
erythrocytes in the circulation. The mechanism by which low oxygen tension 
stimulates erythropoiesis is unknown; its effects are seen as an adaptation to 
high altitudes and in the extremely high red cell content of children with 
congenital abnormalities of the pulmonary circulation ("blue babies"). This does 
not occur as a reaction of the erythropoietic tissue to hypoxia. Plasma from 
animals rendered anemic by various means induces polycythemia when injected 
into normal animals. This effect has been ascribed to the presence, in such 
plasma, of an agent called erythropoietin, a mucoprotein formed in the kidney. 
Purified preparations of erythropoietin, obtained from sheep plasma and from 
urine, have a molecular weight of about 46,000 and contain about 30% of 
carbohydrate, of which about 17% is present as hexosamine and 15% as sialic 
acid. The latter is necessary for the biological activity of erythropoietin. 

Administration of cobalt salts also results in polycythemia; the mechanism 
of this effect is unknown. 

Anemia. Anemia due to a decrease in the number of erythrocytes has been 
mentioned previously in consideration of Hb S (see above). The presence of 
normal numbers of erythrocytes with lower than normal concentration of 
hemoglobin may also be the basis of anemia. This subject is beyond the scope 
of this textbook; brief reference will be made here, as well as in Part Six, to 
some biochemical aspects of certain of the anemias. 
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Anemia is more accurately described by measurements of the total 
circulating red cell mass than by the hemoglobin or red cell concentration of a 
blood sample since the total mass is independent of fluctuations in plasma 
volume. Accurate estimation of the red cell mass is possible by isotope dilution 
analysis. A sample of blood is incubated with glucose and 32P as inorganic 
phosphate, or with radioactive 51Cr as inorganic chromate, which is adsorbed on 
the surface of the red cells. The labeled blood is then injected, a second sample 
of blood is withdrawn after a suitable time, and the red cell mass is calculated 
from the extent of dilution of the administered radioactivity. 
ANEMIAS OF NUTRITIONAL ORIGIN. A group of anemias of nutritional origin are 
those characterized by the presence of unusually large cells in the peripheral 
blood (mean corpuscular volume, 95 to 160 μ3; normal, about 87 μ3). Since their 
hemoglobin concentration is normal or greater, the mean corpuscular hemoglobin 
content is also elevated (0.03 to 0.05 mpg; normal, about 0.03 mpg), e.g., anemias 
due to deficiency in vitamin B12 (cyanocobalamin) or folic acid. 

PERNICIOUS ANEMIA. The pathogenesis of pernicious anemia has long 
been associated with impaired gastric function. The gastric juice of persons with 
pernicious anemia contains no HCl and little or no pepsin. However, it is not the 
lack of pepsin or HCI that underlies the hemopoietic failure but rather a defect in 
production by the gastric mucosa of one or more mucoproteins (intrinsic factor), 
essential for the normal absorption of dietary vitamin B12 from the intestinal tract. 
Purified intrinsic factor from human gastric juice has a molecular weight of 
approximately 50,000 and binds I mole of vitamin B12 per mole of complex. The 
protein contains about 13% carbohydrate including glucose, mannose, fucose, N-
acetylglucosamine, N-acetylgalactosamine, and a sialic acid. Biological activity is 
rapidly destroyed by incubation with neuraminidase. 

Lack of virtually any essential nutrient in the diet will contribute to anemia.  
ANEMIAS DUE TO ACCELERATED ERYTHROCYTE DESTRUCTION. 

Hemolytic anemias may occur in malaria, blackwater fever, or other infections. 
Hemolysis also occurs following mismatched blood transfusion and in 
erythroblastosis fetalis (hemolytic disease of the newborn). Unusual anemia of 
paroxysmal hemoglobinuria is characterized by hemolysis and hemoglobinuria in 
certain individuals after exposure to cold. This phenomenon appears to be due to 
the presence of so-called "cold" hemolysins in the blood. The blood of persons with 
familial or congenital hemolytic jaundice is characterized by the presence of 
spherical erythrocytes of less than normal diameter (spherocytes), with a 
markedly increased fragility to hypotonic solutions. The reasons for this 
appearance of the red cell are not known. The tendency to spherocyte formation 
is transmitted as a mendelian dominant characteristic. 
 

HEMOLYTIC ANEMIAS DUE TO ENZYMIC DEFICIENCIES.  
 

Inborn errors due to enzymic deficiencies in the erythrocyte usually result in 
a hemolytic anemia and may be associated with other disturbances. 

Several enzymes involved in the glycolytic pathway have been found to be 
deficient (Fig. 5.7). Pyruvate kinase deficiency, inherited as an autosomal 
recessive, results in a rather severe anemia. The level of 2,3-diphosphoglycerate 
is elevated because of diminished formation of pyruvate; in turn, the value of Pc, 
is markedly elevated, whereas hexokinase deficiency results in a diminished level 

84 
 



of 2,3-diphosphoglycerate and hence a decreased value for P1/2. Triosephosphate. 
isomerase deficiency is a rare disorder, transmitted as an autosomal recessive. 
Glucose phosphate isomerase, phosphofructokinase, and 2,3-
diphosphoglyceromutase deficiencies have also been reported. Phosphoglycerate 
kinase deficiency is transmitted as a sex-linked recessive. Males are severely 
affected, and the anemia is associated with neurological disease and behavioral 
disturbances. Heterozygous females manifest a moderate anemia. The enzymic 
deficiency is also manifested by leukocytes; the levels in other cells is unknown. 
These deficiencies in erythrocyte glycolytic enzymes are not necessarily 
accompanied by equivalent deficiencies in other tissues, e.g., leukocytes. In 
some cases this may mean that the normal erythrocyte enzyme is an  
isoenzyme of that in other cells and it is the gene for the isoenzyme that is 
specifically deficient. In other instances, the genetic distinction is an 
aspect of the differentiation of the erythrocyte, which, normally, contains 
the same enzyme as do other cells. 
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In all these enzymic deficiencies, the lifetime of the erythrocytes is 

reduced. The reason is unknown but it is assumed that the energy supplied by 
these pathways is essential for maintaining the integrity of the cell membrane. An 
alteration in the level of any of the enzymes involved in glycolysis may be 
expected to influence the concentration of diphosphoglycerate, as in the two 
instances already mentioned. It is expected that all deficiencies in enzymes in the 
pathway of glycolysis from glucose to diphosphoglycerate (DPG) will result in a 
lack of DPG, whereas those enzyme deficiencies from DPG to pyruvate will result 
in an elevated level of DPG. Regulation of glycolysis must, therefore, be 
intimately linked to hemoglobin function and the level of oxygen supply in the 
tissues, as indicated by increased levels of DPG in some types of hypoxia, e.g., 
those produced by high altitude, various kinds of anemias, and some 

86 
 



bronchiopulmonary disorders. 

Particular interest attaches to a widespread, genetically transmitted 
disorder originally termed primaquine sensitivity. In this disturbance, erythrocytes 
hemolyze on administration of a wide variety of agents, including the antimalarial 
drug primaquine. Hemolysis seems to relate to hypersensitivity to peroxides as a 
consequence of low concentration of reduced glutathione. In normal erythrocytes, 
glutathione is maintained in the reduced state by glutathione reductase, which 
utilizes NADPH as a reductant. Primaquinesensitive erythrocytes are present in 
individuals with glutathione reductase deficiency; hence oxidized glutathione 
cannot be reduced as it is formed. In most instances, the primaquine sensitivity is 
due to glucose 6-phosphate dehydrogenase deficiency with resultant inability to 
reduce NADP'. However, an essentially similar situation has been observed in the 
erythrocytes of individuals with genetically transmitted reduced activity of 6-
phosphogluconate dehydrogenase, diphosphoglycerate mutase, pyruvate kinase, 
and the enzymes catalyzing synthesis of glutathione. 
The two major classes of circulating leukocytes, the polymorphonuclear leukocytes 
and the lymphocytes, can be mechanically separated from whole blood. In addition, 
lymphocytes are readily available either by lymphatic cannulation or by preparing 
cells from minced tissue, which is predominantly lymphocytic in cellular structure, 
e.g., thymic tissue, and can be further fractionated by density gradient centrifugation. 
Also, polymorphonuclear leukocytes can be obtained for metabolic studies from the 
peritoneal cavity of suitable animals, e.g., rabbits, by withdrawing peritoneal contents 
that have accumulated subsequent to intraperitoneal injection of an irritant such as 
mineral oil. 

The inorganic ion content of leukocytes is unusual only insofar as the zinc 
concentration is about twenty-five times that in erythrocytes. Unlike the erythrocytes, 
leukocytes possess organized systems of both respiratory and glycolytic enzymes. 
Polymorphonuclear leukocytes contain glycogen, the amount of which varies 
inversely with the supply of glucose. Phagocytosis by polymorphonuclear leukocytes 
is associated with increased glycolysis and a greatly augmented flow of glucose 
into the phosphogluconate oxidative pathway. The acceleration of glycogen 
breakdown associated with phagocytosis is probably due to increased utilization 
of glucose 6-P and is not accompanied by alterations in enzymic activities. It is of 
interest that leukocytes from patients with von Gierke's disease have a glycogen 
content five- or sixfold greater than normal. 

Lymphoid cells, obtained from rat and mouse thymus, spleen, and lymph 
nodes have a catecholamine-sensitive adenylate cydase whose activity is 
greater in cells from immature than from mature mice and rats. This activity is 
localized in the small lymphoid cells, is greater in thymic than in spleen or 
mesenteric node cells, and also is greater in mouse than in rat cells. Cyclic AMP 
has been reported to stimulate antibody synthesis in spleen cells, to stimulate 
cell division in rat thymocytes, and to inhibit the blastogenic effect of 
phytohemagglutinin on peripheral blood lymphocytes. Cyclic GMP is also 
present in lymphocytes and increases markedly and rapidly when the cells are 
exposed to mitogenic agents. 

The phagocytic forms of leukocytes are rich in a variety of hydrolytic 
enzymes, including proteinases localized in the lysosomes. Phagocytosis is 
characterized not only by increased glucose metabolism but also by active 
proteolysis, although little is known of the protein metabolism of leukocytes or of 
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the ultimate fate of the phagocytized protein. There is also increased turnover of 
phosphatidic acid and inositol-containing phosphoglyceride. The stimulated 
turnover of specific phosphoglycerides at the time of transfer of particles into 
phagocytizing cells could involve participation of acidic phosphatidates in 
membrane functions. In addition to the above alterations, during phagocytosis an 
NADH oxidase present in the granule fraction is activated. 

Particular attention has centered around the role of the lymphocytes in 
immune phenomena. The role of lymphoid cells in protein synthesis and, 
specifically, in antibody formation has been established in both in vivo and in 
vitro studies. Normal lymphocytes contain a protein identical with plasma γ-
globulin, and in the immunized animal antibody can be demonstrated in 
lymphocytes obtained from lymphoid structures. Passive immunity can be 
transferred to a nonimmune recipient host by transplantation of lymphocytes 
from a previously immunized animal. Also, heterologous tissue transplantation is 
more readily effected in a host who has been subjected to immunosuppressive 
procedures, including hormones, drugs, or x-irradiation, known to cause in-
volution of lymphoid tissue. 

Evidence that the thymus is the site of development of the first 
immunologically competent cells in the newborn indicates a probable role for 
humoral agents, secreted by the thymus, in immunobiological phenomena. The 
role of the thymus gland in host immunity lies in a twofold function of this organ. 
(1) The first immunologically competent cells in the newborn arise in the thymus 
either de nova or develop from precursor cells, which derive from a peripheral 
site, e.g., bone marrow or embryonic liver, and acquire immunological 
competence as a result of transfer to, and subsequent departure from, the 
thymus. These thymic-derived cells may function either in cell-mediated 
immunological phenomena or, in cooperation with bone-marrow-derived cells, 
may play a role in immune globulin production. (2) The thymus gland functions as 
an endocrine organ in that it produces and secretes a hormone, thymosin, which 
stimulates lymphocytopoiesis and accelerates the maturation, both in vivo and 
in vitro, of immunologically incompetent precursor lymphoid cells into cells that 
exhibit cell-mediated immunological competence. Thymosin is a relatively heat-
stable protein, MW = 12,500. In contrast to established concepts of the normal 
nonfunctional role of the thymus following puberty, based upon involution of the 
gland that occurs at this period of life, thymosin levels in the blood are 
maintained near normal levels until the third decade of life in the human being. 
Moreover, the probable significance of thymosin in host immunological 
competence is supported by findings of its low to negligible concentrations in 
immunodeficiency disorders, e.g., thymic aplasia, Hodgkin's disease, etc. 
Thymosin thus has a significant role in the homeostatic control of lymphoid 
structure and function, as do other hormones. 

Studies with cell suspensions of lymphocytes in vitro have revealed a 
glycolytic pathway and a significant, continuing endogenous respiration in the 
absence of exogenous substrate, with an RQ indicative of fatty acid oxidation. 
Lymphocytes and separated lymphocyte nuclei in vitro are capable of incorpo-
rating labeled precursors into the total proteins and nucleic adds of these 
structures. Addition of physiological doses (10–7 M) of a thymolytic steroid, e.g., 
cortisol, to a lymphocyte suspension in vitro markedly inhibits active transport of 
glucose and ATP synthesis, as well as incorporation of precursors into 
macromolecular intracellular components, i.e., proteins and nucleic acids. 
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Exposure to a thymolytic steroid also decreases the enzymic activity of thymocyte 
nuclear RNA polymerase. The latter phenomenon is not dependent upon 
continuing protein synthesis whereas the other above-described steroid effects 
on transport and on incorporation of low-molecular precursors into macro-
molecular components of lymphoid cells appear to reflect the participation of a 
rapidly turning-over, inhibitory protein. 

A plasma membrane-associated DNA of unknown function has been de-
scribed in the cytoplasm of diploid human lymphocytes that are continuously 
growing in tissue culture. This DNA appears to be different from nuclear or 
mitochondrial DNA by virtue of its location in the cell, its time of synthesis in the 
cell cycle, and various physical properties, particularly its buoyant density on 
centrifugation in CsCI gradients. Considerable attention has centered around 
nucleic acid metabolism of leukocytes in view of their rapid rate of nuclear RNA 
turnover and their high level of cellular proliferation in vivo, both in the normal 
and in circumstances of exaggerated leukopoiesis. These processes exhibit a 
high requirement for folic acid, related to its role in purine biosynthesis. 
Dihydrofolate reductase, required for synthesis of thymidylic acid, is present in 
higher than normal amounts in leukocytes of acute leukemic and chronic 
myelogenous leukemic patients but is very low in concentration or absent in 
normal cells or those from individuals with chronic lymphatic leukemia. This 
enzyme is specifically inhibited by folic acid antagonists, e.g., being affected by 
these substances in concentrations of 10-8 M. Selected drugs that inhibit this 
enzyme, and thus folk acid utilization, have been used as therapeutic agents in 
certain types of cancer. 
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CHAPTER 6 

 
REGULATION OF ELECTROLYTE, WATER, 

AND ACID-BASE BALANCE 
FLUID COMPARTMENTS AND COMPOSITION. CONTROL OF 

EXTRACELLULAR FLUID. METABOLISM OF CELLULAR ELECTROLYTES 
 

The ability of animals to maintain constant the composition of the 
extracellular fluid, the milieu interieur first appreciated by Claude Bernard, 
represents one of the most significant advances of evolution since, with it, 
animals became independent of many changes in their environment. It is the 
purpose of this chapter to describe the nature and function of the intra- and 
extracellular fluids and the mechanisms that maintain their composition constant. 
 
Fluid compartments of the body 
 

In the human adult, an amount of fluid approximately equal to 50% of the body 
weight is located within cells, and the extracellular fluid, i.e., all the fluid not 
present within cells, accounts for about 20% of the body weight. Extracellular fluid 
may be further divided into several subcompartments, of which the largest are the 
interstitial fluid, which bathes most cells and represents 15% of the body weight, 
blood plasma, the transport vehicle through which cells make contact with other cells 
and with the environment, amounting to about 5% of the body weight, and relatively 
smaller volumes of cerebrospinal fluid, synovial fluid, aqueous humor, lymph, etc. 
The principle of the procedures for estimation of the volume of each of the various 
fluid compartments is essentially the same. A material, previously found to be 
distributed almost exclusively within the compartment to be measured, is given 
intravenously in known amount. After sufficient time for mixing, a sample of plasma is 
obtained, the concentration of administered material measured, and, from the extent 
of dilution, the total volume of the particular compartment calculated after correction 
for the quantity excreted. Total body water, then, may be estimated after 
administration of any material that is distributed throughout the body, i.e., one that 
passes freely through capillary endothelium, cell membranes, the blood-brain 
barrier, etc., followed by determination of this material in any available fluid, e.g., 
plasma or urine. The substances most closely meeting these criteria are 2H20 and 
3H20, although total body-water measurements with these compounds also include 
measurement of all exchangeable hydrogen atoms in organic compounds. Other 
materials, particularly antipyrine, have also been employed. 

Determination of total extracellular fluid requires a substance to which 
capillary walls are permeable but that fails to enter cells and, preferably, is 
relatively slowly excreted by the kidneys. Among the materials employed for this 
purpose are inulin, thiocyanate, and sulfate. Unfortunately, the results of these 
procedures are not in complete agreement; the inulin "space" appears to 
approximate most closely the extracellular fluid volume. Estimation of plasma 
volume requires the intravenous administration of some material that will be 
retained entirely within the vascular space. For this purpose, several dyes, 
notably Evans' blue, have been employed, as well as serum proteins labeled with 
131I. The volume of the cell fluid is the difference between the volume of the total 
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body water and the volume of the total extracellular water. The volume of the 
interstitial fluid, together with all the specialized extracellular fluids, is calculated 
as the difference between the volumes of total extracellular fluid and of plasma. 
 
Composition of body fluids 
 

Figure 6.1 shows the electrolyte composition of the body fluids; the cell fluid 
shown is that of skeletal muscle. Although Na+ is the chief extracellular cation, K+ 
and Mg2+ are the chief intracellular cations; Cl- and HCO3

- predominate outside 
of cells, whereas phosphates, sulfate, and proteins constitute the bulk of the 
cellular anions. 

The osmotic pressure within a cell must be identical with that of the sur-
rounding fluid, since the membranes involved are freely permeable to water and 
are readily ruptured by moderate pressure differentials. This is in sharp contrast 
to the support afforded bacterial and plant cell membranes by their rigid outer 
walls. The osmotic pressure considered here is that which the solution would 
exhibit in an osmometer with a membrane permeable solely to water, in this case 
about 6,000 mm Hg. Since interstitial fluid is almost protein-free and the chief 
anions and cations are univalent, the height of the column in the chart indicates 
not only molar concentrations but also the osmolarity. In contrast, among the 
chief contributors to the osmotic pressure of intracellular fluid are many 
multivalent particles, such as Ca2+, Mg2+, protein, and phosphates. Osmotic 
pressure is dependent, however, solely on the total number of particles in 
solution, regardless of their electric charge. It follows that the concentration of 
electrolytes within the cells, expressed in milliequivalents per liter (meq/l), is 
appreciably greater than that outside the cells. This may be illustrated as follows. 
Imagine an extracellular fluid composed exclusively of NaCl and a cellular fluid 
exclusively of K+ and protein and, further, that the protein particles bear four negative 
charges each. If each milliliter of extracellular fluid contained 50 Na+ ions and 50 Cl- 
ions, what then must be the composition of the cellular fluid at osmotic equilibrium? 
Since the extracellular fluid contains 100 particles/ml, the cellular fluid must also 
contain 100 particles/ml. This is possible only when the latter fluid contains 80 K+ ions 
and 20 protein molecules per milliliter. Expressed in milliequivalents per liter, then, 
the concentration of norganic cations within the cells is eight-fifths that of the 
extracellular fluid. This is an exaggeration but serves to explain the observed 
differences depicted on the chart. Since the protein concentration of plasma is 
intermediate between that of cells and extracellular fluid, plasma occupies an 
intermediate position with respect to its electrolyte concentration. 

The composition of intracellular fluid indicated in Fig. 6.1 represents a mean 
for cells in general. Although this may even be a valid statement for the total content 
of an individual cell, it seems likely that within the cell there are sub-compartments 
containing unusual concentrations of one or another of the cell constituents, in part 
because of the variable binding capacities of different protein molecules, and, in part, 
reflecting specific, selective transport mechanisms. 
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It has been noted that the composition of extracellular fluid resembles that of 

the seas during the pre-Cambrian era, when animals with close circulations came 
into existence. The sea has continued to increase in salinity, while the 
composition of extracellular fluid has remained fixed. The present composition of 
seawater is shown in Fig. 6.1 for comparison. 

These differences in composition of intra- and extracellular fluid are deter-
mined by the metabolism of the cell and the properties of cell membranes. 
Plasma may be regarded as a special subcompartment of extracellular fluid that 
differs only in that it contains proteins that cannot diffuse through the endothelial 
lining of the capillaries. Consequently, the electrolyte composition of plasma 
must also differ slightly from that of interstitial fluid, as formulated by the Gibbs-
Donnan equilibrium. 

The electrolyte composition of intracellular fluid cannot be determined with 
precision but must be calculated by difference. For example, an animal is first 
given a known quantity of sodium sulfate; a few minutes later samples of plasma 
and muscle are obtained and analyzed for sulfate, Na+, K+, and CI-. The sulfate 
concentration of plasma and of interstitial fluid is assumed to be identical so that 
the total amount of sulfate in the tissue sample permits calculation of its 
extracellular fluid volume. Knowing the latter and the concentration of Na+, K+, 
and CI- in plasma, one may then calculate the extracellular Na+, K+, and CI- of 
the tissue sample. When these are subtracted from the total Na+, K+, and Cl- 
concentrations found in the tissue, the differences represent the intracellular ion 
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concentrations. Obviously, there are numerous sources of error in these 
procedures. The technique of isotope dilution has also been employed to 
determine the amount and distribution of these three ions (Na+, K+, Cl-). The 
most striking information thus obtained is that much of the total body sodium and 
chloride are not in the extracellular fluid. By inference, except for the quantities of 
these ions present in bone matrix but readily "exchangeable" with ions in plasma, 
this signifies intracellular concentrations of the order of 20 meq/1. 

It is apparent from Fig. 6.1 that the electrolyte composition of intracellular 
fluid differs strikingly from that of the surrounding interstitial fluid. These 
differences are a reflection of the operation of active transport processes, based 
upon the selective permeability of cell membranes due to their properties and 
the cellular metabolism. Aspects of transport phenomena have been presented 
previously, particularly with regard to certain of the better-understood processes 
regulating Na+ and K+ transport and that of certain organic molecules, e.g., 
glucose and amino acids. 

However, the unequal distribution of other ions and molecules between 
intraand extracellular compartments is, in most instances, unexplained. The 
concentrations of CI- and HCO3

- might be dependent only on ordinary electro-
chemical phenomena and adjusted to the cation concentration. Phosphate, 
however, is accumulated by an unknown active process. Since cell membranes 
are poorly permeable to SO4

2-, there is a large sulfate gradient across almost all 
animal cell membranes. Based upon existing knowledge, derived in part from 
studies with microorganisms, it may be anticipated that these ions are also 
actively transported against concentration gradients by mechanisms that have 
been elucidated for other ions and molecules and dependent on membrane 
properties and cellular metabolism. 
 
Control of the behavior of extracellular fluid 
 

Interest in the behavior of extracellular fluid derives largely from the fact 
that many major disturbances of electrolyte and fluid balance originate in the 
extracellular fluid, and because even when the primary disturbance occurs in the 
behavior of intracellular fluid, it is the secondary changes in the extracellular fluid 
to which the physician or investigator has ready access. 

Daily requirements for water and electrolytes. Under usual environmental 
conditions, there is a daily obligatory loss of approximately 1,500 ml of water by 
normal human adults. Of this, about 600 ml is lost through the skin as insensible 
perspiration, 400 ml in the expired air, and 500 ml in the urine. Any excess of 
water intake over this obligatory total volume appears as an increased urine 
volume. When the intake is less than this obligatory 1,500 ml, the difference 
must be at the expense of the total body water. Since the oxidation of glucose 
and lipid, in an amount sufficient to yield 2000 Cal/day, results in formation of 
about 300 ml of water, there remains an obligatory water intake of the order of 
1,200 ml/day. 

In contrast, there is no equivalent obligatory loss of Na+ or CI– under normal 
conditions. Adults on a diet devoid of Na+ and CI– lose these ions in the urine for 
only a few days, after which the urine becomes virtually Na+ -and Cl- -free, all 
other circumstances remaining constant. The average diet provides 100 to 200 
meq of Na+ and Cl– per day, all of which, except for small amounts in sweat and 
feces, is excreted in the urine. In the absence of dietary K+, urinary excretion of 
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approximately 40 to 60 meq of K+ per day occurs for a few days, after which 
urine losses diminish to about 10 meq/day. 

Disturbances of the normal relationships of extracellular fluid may be con-
sidered from four standpoints: (1) osmotic pressure, (2) volume, (3) composition, 
and (4) pH. 

Control of osmotic pressure. No serious departure from the normal 
osmotic pressure of intracellular fluid can long be tolerated by the body; both 
hyper- and hypotonicity lead to irreversible and lethal changes in the central 
nervous system. Yet there is no mechanism for direct control of the osmotic 
pressure of cell contents, which are, at all times, in osmotic equilibrium with 
extracellular fluid. The osmotic pressure of the latter is regulated by one of the 
most complex homeostatic devices inthe animal, which, like all homeostatic 
mechanisms, operates by a series of feedback devices. Adult kidneys can 
elaborate urine varying in [NaCl] from 0 to 340 mmoles/l, and the urinary salt 
concentration at any given time is determined by the influence of two hormones 
on the kidney. The antidiuretic action of vasopressin, released by the 
neurohypophysis, enhances water reabsorption, and aldosterone, from the 
adrenal cortex, stimulates Na+ reabsorption. The circulating level of these 
hormones, in turn, is influenced by both the osmotic pressure and the [Na+] of 
the extracellular fluid. In consequence, the kidney discharges a dilute 
(hypotonic) urine when the salt concentration of plasma (which reflects ex-
tracellular fluid concentration) falls and a concentrated (hypertonic) urine when 
the salt concentration rises. In addition, water intake is regulated by the thirst 
mechanism, which is operative with even minute increases in the tonicity of 
extracellular fluid. The production of vasopressin and the sensation of thirst are 
both initiated by osmoreceptors in the hypothalamus. 
 

Control of the volume of extracellular fluid. This is one of the least 
understood aspects of electrolyte and fluid metabolism. Of the four parameters 
here considered, viz., osmotic pressure, volume, composition, and pH, volume is 
subject to greatest variation among a normal population. This makes 
determination of extracellular and plasma volumes of relatively little diagnostic 
use except in unusual instances when these determinations have been made in 
the same patient prior to illness. 

Plasma proteins are of prime importance in regulation of the osmotic 
balance between interstitial fluid and the plasma. Therefore, plasma volume is 
related usually to the amount of total circulating plasma protein, particularly 
albumin. Profound protein depletion results in diminution not only in serum 
albumin concentration but in plasma volume. However, removal of plasma or 
whole blood is followed by transfer of interstitial fluid to the vascular 
compartment with a temporary fall in serum protein concentration. Administration 
of concentrated albumin solution leads to a transitory increase in plasma 
volume. 

The extracellular fluid volume is a function of the total amount of sodium 
available. The kidney, which responds promptly to minute changes in the 
concentration of many electrolytes or in pH, is relatively insensitive to alterations 
in the volume of this fluid. The diuresis that follows administration of isotonic 
NaCl solution, in contrast to water, may occur over a period of several days. 
However, if sodium is removed from the diet, it soon disappears from the urine 
and is retained with sufficient water to maintain isotonicity and, therefore, the 
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volume of extracellular fluid. As renal mechanisms attempt to compensate for 
disturbance in the pH, osmotic pressure, or composition of the extracellular fluid, 
it is volume that is safeguarded with highest priority. However, the factors 
involved in the renal regulation of total extracellular fluid volume are not yet 
clearly defined. 

The relationship of extracellular fluid volume to the total sodium available 
may be reflected in evidence that some function of volume is responsible for the 
appearance in plasma of a polypeptide that is not vasopressin and has been 
termed "third factor" or "natriuretic hormone." Expansion of extracellular volume 
by saline infusion leads to a marked increase in the excretion of sodium that is 
independent of renal filtration rate, filtered load of sodium, and the rate of 
secretion of the two hormones concerned with salt and water metabolism, viz., 
aldosterone and vasopressin, respectively. This third factor apparently exerts a 
direct influence on the renal tubular rate of sodium reabsorption. 
Alterations in electrolyte and water metabolism. If, for purposes of this discussion, 
changes in pH and composition are temporarily disregarded, there are six 
possible circumstances affecting the osmotic pressure and volume of the 
extracellular fluid. These are summarized in Table 6.1. Each may be produced 
readily in the laboratory and each has been observed clinically. However, many 
clinical situations exhibit features of two or more of these alterations, which will 
be considered in turn. 
 

 
 
1. Hypotonic expansion. The accumulation of water without an equivalent amount of 

salt is occasionally encountered when copious quantities of salt-free fluids, e.g., 
glucose solution, are given to persons with inadequate renal function. The 
accumulated water distributes osmotically among all the fluid compartments. The 
cells of the central nervous system share in this process, which may lead to 
convulsions ("water intoxication") and even death. 

2. Isotonic expansion. Accumulation of water and salt in isotonic amounts expands 
the extracellular fluid with no alteration in intracellular volume or composition. The 
fluid distributes between interstitial fluid and plasma, thereby lowering the 
concentration of plasma proteins and the hematocrit, and may he manifest as 
palpable edema of the extremities or pulmonary edema, an occasionally serious 
complication of parenteral fluid therapy. 

3. Hypertonic expansion. Accumulation or retention of sodium leads to an increase 
in extracellular fluid volume. If, however, this sodium is not accompanied by an 
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equivalent amount of water, the resultant extracellular fluid is hypertonic and water 
transfers from cells to the extracellular compartment until osmotic equilibrium is 
attained. Thus, the extracellular fluid expands at the expense of the cells. This is a 
rare phenomenon but may be illustrated by the dramatic events occurring after 
ingestion of seawater, as shown in Fig. 6.2. Note that seawater contains twice as 
much sodium as the most concentrated urine made by the kidneys of a healthy 
adult. If this process continues, death may occur because of damage to the central 
nervous system. 

4. Hypotonic contraction. This results when salt is lost from the body unaccompanied 
by an equivalent amount of water. Several such situations are encountered in 
clinical practice, notably in adrenal cortical insufficiency. In this instance, normal 
renal control of sodium excretion is lost and the urine is high in salt concentration. 
The water that remains is distributed among all fluid compartments so that the cells 
expand. However, the serious aspects are those due to diminution in plasma 
volume, as described below. 

Isotonic contraction. This is the most frequently encountered of the 
conditions under discussion. Since there is no normal obligatory sodium loss, isotonic 
contraction, like hypotonic contraction, can occur only by abnormal loss of 
sodium from the body, most commonly in one or more of the secretions of 
the gastrointestinal tract. These secretions are virtually isotonic with plasma 
(Fig. 6.3). Moreover, as is evident in Table 6.2, the total daily production of these 
secretions is equal to 65% of the volume of the entire extracellular fluid, and 
continued loss of these secretions would soon be serious. As these 
fluids are all isotonic, their loss does not result in a change in intracellular 
volume, and the entire loss must be from the extracellular fluid, which contracts 
to an equivalent extent. 
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Interstitial fluid and plasma exist in a volume ratio of 3: 1, and in isotonic 
contraction the fluid loss is increasingly at the expense of interstitial fluid because of 
the increasing effective osmotic pressure of the plasma proteins. The clinical features 
of this state, frequently termed "dehydration," are due largely to the cardiovascular 
disturbances resulting from decreased plasma volume. Even when apparently 
adequate urine volumes are produced, renal insufficiency is evident by the rise in 
blood nonprotein nitrogen concentration. The kidney responds by excreting minimal 
volumes of urine, but without an external supply of salt and water the extracellular fluid 
volume cannot be restored. The oliguria is succeeded by anuria, and finally the patient 
may become comatose and die of circulatory collapse. Figure 6.4 depicts changes 
in body fluids and electrolytes as a consequence of isotonic contraction resulting from 
severe diarrhea. 
5. Hyperfonic contraction. Loss of water without an accompanying isotonic loss of 

sodium results in shrinkage of both the cellular and extracellular compartments. This 
may be expected whenever the obligatory water losses are not met, as in persons to 
whom no water is available, elderly debilitated patients unable  
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to feed themselves, unattended ill persons who do not respond to the norms 
thirst sensation, after unusual losses of sweat uncompensated by adequat water 
consumption, or in persons with diabetes insipidus or mellitus who los large 
amounts of water in the urine uncompensated by equivalent watt ingestion. Since 
the extracellular and intracellular compartments exist in norms ratio of 2: 5, the 
water lost is largely at the expense of the intracellular corn partment, the osmotic 
pressure of both compartments rising in equivalent manner. Before serious 
impairment of function due to contraction of the plasma is manifest, changes in the 
central nervous system may be the dominant feat-fir of this syndrome, as in 
hypertonic expansion. 
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In practice, pure examples of these six situations are rarely encountered. 
Thus, although diarrhea or vomiting may give rise to isotonic contraction, the 
individual may fail to ingest water in sufficient quantity to meet the obligatory 
water losses, thus converting the situation into hypertonic contraction. The 
vagaries of normal existence present minor attacks on the body fluids that, if 
uncompensated, might lead to one of the six situations described above. The fact 
that the [Na+] and volume of extracellular fluid remain so remarkably constant is 
evidence of the efficiency of the homeostatic mechanisms and the effectiveness 
of the kidney. 

Control of the pH of body fluids; the buffer systems. Little information is 
available concerning the pH within cells. Data obtained by staining with intravital 
dyes that are also pH indicators, although subject to error, indicate that 
intracellular pH may vary from 4.5 in the cells of the prostate to approximately 
8.5 in osteoblasts. Accurate data concerning the pH of interstitial fluid are 
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lacking. If the interstitial [HCO3-] is less than that of plasma, as might be 
expected from equilibrium considerations, and if the CO2 tension is greater, then 
the mean pH of interstitial fluid may be inferred to be somewhat lower than that 
of venous plasma. 

It is convenient to regard extracellular fluid as compounded in the following 
manner: Consider a solution containing mixed acids (HCI, H2SO4, H3PO4, 
protein, etc.) to which is added a second solution containing NaOH, KOH, etc. 
However, the total amount of alkali, in equivalents, exceeds that of acid. After 
mixing, a gas mixture containing CO2 at 40 mm Hg is equilibrated with the 
solution and maintained at the same pressure, thereby maintaining a constant 
[H2CO3] in the medium. Under these circumstances an amount of HCO3

- is 
generated equal to the difference between the amounts of alkaline and acid in 
the original solutions. This concentration of HCO3- ion, about 25 meq/l in normal 
extracellular fluid, is a measure of the amount of alkali still available to react with 
additional strong acids. 

The major buffer of extracellular fluid is the HCO3- - H2CO3 system. This 
results from a number of factors: (1) There is considerably more HCO3

- present in 
extracellular fluid than any other buffer component. (2) There is a limitless supply 
of CO2 (3) Physiological mechanisms operate to maintain extracellular pH function 
by controlling either the HCO3

- or the CO2 concentration of extracellular fluid. (4) The 
HCO3

--H2CO3 buffer system operates in conjunction with Hb. As in all buffered 
systems, pH is dependent not on absolute concentrations of buffer constituents but 
rather on their ratio, as stated in the Henderson-Hasselbalch equation. Because the 
[H2CO3] is fixed only by the alveolar CO2 tension and is unaffected by the addition of 
either alkali or acid, this system is considerably more efficient in maintaining pH 7.4 
than are the usual buffers employed in the laboratory. This is shown by the curves 
in Fig. 6.5. Curve B represents the behavior of a buffer whose pKa is 7.4. Curve A 
indicates the inadequacy of a buffer constructed with a nonvolatile acid of pK 6.1 in 
maintaining pH 7.4. Curve C demonstrates the superiority of a buffer system based 
on an acid that is a gas of unlimited supply and whose concentration is fixed by its 
partial pressure in the gas phase. Since the [H2CO3] is fixed by the gas tension, if 
the gas tension is equivalent to that normally present in blood, the HCO3--H2CO3 
system is more useful at pH 7.4, with a ratio of 20, than it would be at its pK, 6.1, 
where the HCO3: would be exhausted by addition of 1.25 meq/I of acid, and addition 
of this amount of alkali would result in a rise of 03 pH unit. 
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The buffer efficiency of the HCO3

- -H2CO3 system is further enhanced by the 
presence of erythrocytes. This is illustrated by Fig. 6.6, which depicts the results 
of equilibrating two solutions with CO2 at varying tensions. These are (1) plasma 
that has been separated from cells and then equilibrated (separated plasma) and 
(2) plasma separated carefully after equilibrating whole blood at the stated CO2 
tension (true plasma). As the CO2 tension in separated plasma is increased, 
CO.2 dissolves and, because of newly formed H2CO3, the pH falls, as predicted 
by the Henderson-Hasselbalch equation. There is no measurable increase in 
[HCO3-]. The curve shown for "separated" plasma differs only slightly from that 
obtainable under the same experimental conditions with a solution of NaHCO3 in 
water. This difference results from the presence of other buffers in plasma, 
notably the proteins and phosphates, and plasma is a somewhat better buffer 
than is an aqueous HCO3 solution. The behavior of "true" plasma is in marked 
contrast. As the PCO2 is increased, an appreciable increment in plasma [HCO3

-] 
occurs so that the pH does not fall as rapidly as it did in the previous instances. 
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As the PCO2, is decreased below normal, the [HCO3
-] of "true" plasma also 

decreases, thereby preventing the expected rise in pH. 
 

 
 
 
 
 

The influence of erythrocytes on the total CO2 content of plasma at 
varying CO2 tensions was described in the preceding chapter. As CO2 diffuses 
into cells, the H2CO3 reacts with Hb, forming HCO3

- , which then enters the 
plasma in exchange for Cl-. This is not contingent upon deoxygenation of Hb but 
is achieved more readily and with even less pH change when deoxygenation 
occurs simultaneously. Conversely, lowering the CO2 tension results in a 
reversal of this process, with consequent diminution of plasma [HCO3-]. Although 
the situation does not arise under physiological conditions, only in the presence 
of red cells does the total CO2 content of plasma fall to zero at a P, of 0 mm. This 
is possible because there is sufficient Hb in whole blood to permit the following 
series of reactions to proceed to completion to the right. 
 
HHb+ + HCO3

- → Hb0 + H2CO3 → H2O + CO2 
                      ←                       ← 
 
 

Respiratory and renal regulation of the pH of extracellular fluid. The 
described combination of the properties of a buffer, one of whose components is 
a gas, and the automatic self-adjustments made possible by intracorpuscular Hb 
result in the remarkably constant pH of blood plasma. In addition, the body 
possesses two further safeguards, the respiratory apparatus and the kidneys, 
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which, by their control of plasma [H2CO3] and [HCO3
-], respectively, serve 

inauxiliary fashion to maintain constant the pH of extracellular fluid. 
Unlike the [HCO3

-] or the fixed anion concentration, the [H2CO3] is 
determined solely by one consideration: the partial pressure of CO2 in the gas 
mixture in equilibrium with extracellular fluid, viz., alveolar air. This, in turn, is 
dependent upon the rate at which CO2 leaving pulmonary blood is diluted with 
atmospheric air and, hence, upon the rate and depth of respiration. These are 
regulated by the nervous system at the respiratory center, which appears to be 
sensitive to the pH and PCO2 of the extracellular fluid. When the pH of 
extracellular fluid falls below normal because of diminished [HCO2] 3  respiration 
is stimulated, lowering alveolar Pco2 and, hence, extracellular [H2CO3]. This 
tends to return the [HCO3

--]/[H2CO3] ratio to its normal value of 20: I and, thus, to 
restore pH toward 7.4. The resultant fall in plasma CO2 tension affects the 
controlling nerve cells in the opposite manner, and consequently compensation 
would never be complete if this were the sole regulatory mechanism. 

With a high plasma pH, the respiratory rate falls, alveolar PCO2 and, 
hence, plasma [H2CO3] rise, and the pH moves toward 7.4. Again, perfect com-
pensation is not attained since the increased plasma [H2CO3] opposes the effect 
of elevated pH on the respiratory center. If the respiratory rate falls sufficiently, 
the diminished PO2 could be a stimulus of increased respiratory activity. It is to 
be emphasized that the pH is dependent not on absolute concentrations but 
solely on the ratio [ HCO 3

- ] /[H2CO3]. 
The buffer systems of plasma can withstand the addition of 16 meq of 

acid or 29 meq of alkali per liter and still maintain pH within the range compatible 
with life, viz., 6.8 to 7.8. With pulmonary compensation the normal pH range can 
be maintained despite addition of as much as 23 meq of acid or 80 meq of alkali 
per liter of plasma. 

Whereas the respiratory mechanism compensates for disturbances of 
acid-base balance by regulating [H2CO3] in extracellular fluid, the kidney 
augments pH control by regulating [HCO 3

- ]. Pulmonary compensation is 
extremely rapid but never complete; in contrast, renal compensation requires an 
extended period to be effective but may result in complete restoration of normal 
pH. A fall in extracellular pH due to increased alveolar CO2 or decreased [HCO3

-] 
is counteracted by two devices available to the kidney for elevating IHCO3

-], viz., 
excretion of acidic urine and of NH4

+. Tendency toward alkaline extracellular fluid 
is counteracted by excretion of Na+, HCO3

- and the dissociated forms of other weak 
acids. 

By excreting acidic urine, the lower limit of which is approximately pH 4.6, 
weak acids that exist in dissociated form in plasma can be excreted in part in 
undissociated form. This occurs not only in pathological states but normally also, 
since the residual ash of the average diet is acidic. Primary phosphate is the 
principal acid of this ash. 
 
Dietary H2PO4 + plasma HCO3

- → plasma HPO4
- + H2CO3 

 
The acid monovalent phosphate is transported in plasma as the divalent ion 

at the expense of plasma HCO3. In extracellular fluid, at pH 7.4, the ratio [HPO4
2-] 

/ [H2PO4
-] is 4 : 1, but in urine at pH 5.4 this ratio is 4 : 100. Thus, although 80% of 

the phosphate in plasma exists as HPO4
-, virtually all the phosphate in acidic urine 

again exists as H2PO4
- the form in which it originally entered plasma. Figure 6.7 
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summarizes these events. It is this H2PO4
- that constitutes most of the acid 

conventionally measured as the "titratable acidity" of urine. As a result of the 
operation of this mechanism, the organism can cope with the acid constantly 
entering extracellular fluids without depleting  
 

 
 
the extracellular supply of sodium or appreciably lowering the plasma [ HCO3

- ]. In 
acidosis this response of the kidney is initiated upon the lowering of extracellular 
pH, but if there has been a serious decrease in the plasma [HCO3

-] or increase in 
[H2CO3

-], a considerable time is required before sufficient HCO3
- can be 

regenerated by this process to restore pH to 7.4. A frequent and important 
illustration of this mechanism is that occurring in the acidosis resulting from 
accumulation of ketone bodies. At pH 7.4 more than 99% of acetoacetic acid exists 
in the dissociated form. Therefore, the following reaction occurs when this acid 
enters plasma. 
 
CH3 ― CO ― CH2 ― COOH + HCO3

- → CH3 ― CO ― CH2 ― COO - + H2CO3 
 

thereby lowering [HCO3
-] and pH. Since the pK for acetoacetic acid is 4.8, excretion 

of urine of pH 4.8 permits excretion of 50% of the acetoacetic acid in the 
undissociated form. Figure 6.7 also shows these reactions. By this mechanism it is 
possible to generate one HCO3

-, for return to renal venous plasma, for each two 
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acetoacetic acid molecules formed in the liver and requiring excretion by the kidney. 
Renal tubular metabolism supplies the energy for this process and also provides 
sufficient H2CO3 for generation of HCO3

-ions. 
The second renal mechanism for restoring a normal extracellular pH in 

acidotic states is the formation and excretion of NH4
+, a cation not present in the 

glomerular filtrate. Hydrolysis of glutamine is the chief source of this NH3. This 
mechanism does not respond to sudden changes in extracellular pH as rapidly as 
does that acidifying the urine. However, in persistent acidosis, NH3 excretion is 
quantitatively more significant than is acidification. Figure 6.7 schematically depicts 
how NH3 excretion elevates extracellular [HCO3

-] By this means it is possible to 
return to the plasma, associated with HCO3

- ,  Na+ ions that otherwise would be 
present in association with either the dissociated fraction of weak acids or the 
mineral anions of urine. Only this mechanism can compensate for acidosis due to 
the accumulation of anions of strong acids, e.g., loss of alkaline digestive 
secretions. 

The sum of NH4
+ plus titratable acid in urine is equivalent to the Na+ that has 

been returned to the extracellular fluid in association with HCO3
- , and that 

otherwise would have appeared in the urine had the kidney excreted urine at pH 7.4 
and been unable to make NH3. Although in the discussion above, attention has 
been on HCO3

-, it will be recognized that these two mechanisms entail exchange of 
H+ and NH4

+ ions, respectively, for the Na+ of the glomerular filtrate. The 
mechanism of these exchanges is considered later (see below). Since a primary 
function of the kidney is regulation of osmotic pressure, which, in turn, is dependent 
upon [Na+] loss of the amount of Na+ represented by the titratable acid plus NH4

+ 
would have forced a diminution in extracellular fluid. Conservation of Na+ by the 
renal mechanisms serves to maintain both the "alkaline reserve" and the volume of 
plasma. Occasionally, failure of the NH4

+ forming mechanism may itself be the 
cause of acidosis and dehydration, as in pyelonephritis with its resulting decrease in 
that part of the renal parenchyma responsible for the largest component of NH3 
formation and excretion in the urine. 

 
One additional mechanism is available for combating acidosis but is of 

significance only in prolonged acidoses. This is the substitution of Ca2+ for Na+ in 
urine. The source of this calcium is the Ca3(PO4)2 of bone, which increases in 
solubility with decreasing pH. As Ca2(PO4)2 from bone enters plasma, it reacts 
with H2CO3. 

 
3Ca2+ + 2PO4

3- + 2H2CO 3 → 3Ca2+ + 2HPO4
2- + 2 H C O 3

-  

The HCO3 ions formed are available to neutralize two molecules of an acid with 
a pK less than the pK of H2CO3, 
 
2HCO3

- + 2HA →2H2CO3 + 2A- 

so that the mixture in plasma may be considered to be the following:  

3Ca2+ + 2HPO4
2- + 2A- 

Addition of a second pair of acid molecules to the plasma and their reaction with 
HCO3

- give the following: 
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2Na+ + 2HCO3
- + 2HA → 2Na+ + 2A- + 2H2CO3 

The total mixture presented to the glomerulus is then 2Na+, 4A-, 3Ca2+, and 
2HPO4

2. If the usual acidification device is operative, 2Na+ + 2HPO1
2- + 2H2CO3 

→ 2Na+ (plasma) + 2HCO3
- (plasma) + 2H2PO4 -(urine).  

The over-all reaction, then, is 
 

3Ca2+ + 2HPO4
2- + 4HA → 3Ca2+ + 2H2P O 3  + 4A- 

and 1 mole of Ca3(PO4)2 makes possible the excretion of four equivalents of 
acid. This constitutes an extremely effective mechanism for preventing depletion 
of the alkali reserve, although it may result ultimately in serious demineralization 
of the skeleton. 

Renal compensation for circumstances that otherwise would result in a rise in 
extracellular pH is accomplished by lowering the [HCO3

-] of extracellular fluid. This is 
possible only by excretion of Na+ in association with anions other than those of the 
mineral acids. Such urine, therefore, is alkaline (pH 7.4 to 8.2) and contains unusual 
quantities of Na+ associated with HCO3 and HPO4

2-. Direct excretion of Na+ and 
HCO3

- ions obviously lowers the [HCO3
-] of extracellular fluid. Excretion of Na+ in 

association with HPO4
2- serves the same end. It will be recalled that urinary 

phosphate arises from the metabolism of organically bound phosphate of food, which 
enters extracellular fluid essentially as H2P O 4

-  ions. As indicated previously, this 
acid radical reacts immediately in the extracellular fluid with HCO3

- . In alkalosis, the 
phosphate, although never present in extracellular fluid in large concentration, is 
excreted with 2 Na+ and, consequently, reduces the [HCO3

-]. This removal of sodium 
from extracellular fluid is accompanied by sufficient water so that the extracellular 
fluid remains at normal osmotic pressure, and renal compensation for alkalosis is 
attended by isotonic contraction of the extracellular fluid, frequently increasing the 
severity of existing dehydration. 

Cellular buffering in disturbances of extracellular pH. Evidence indicates 
that cells also participate in regulation of extracellular pH. Muscle cells, renal tubular 
epithelium, and perhaps cells in general possess an ion-exchange mechanism that 
mediates an exchange across the cell membrane of Na+ for either K+ or H+ or both. 
This exchange permits the cell contents to supplement the other mechanisms that 
maintain extracellular pH. It is unclear whether this process is mediated by any 
aspect of the "electrolyte pump" . 

In alkalosis caused by an increase in extracellular [HCO3
-], Na+ enters cells in 

exchange for both H+ and K +.  The protons react with extracellular HCO3
- and the 

resultant CO2 is expired. The K+ is excreted in urine with an equivalent amount of 
HCOs'. The net result is to diminish extracellular HCO3

- by the equivalent of the 
amount of Na+ that entered the cells. In acidosis, NC leaves cells and both H+ and K+ 
enter. For each Na+-H+ exchange, a HCO3

- ion remains in the plasma, since the H+ 
entering the cells was derived from the dissociation of H2CO3. The entry of K+ into the 
cells has no immediate influence on extracellular [HCO3

-], but the diminished plasma 
[K+] permits more effective acidification of the urine, thus indirectly contributing to 
restoration of normal extracellular pH. Simultaneously, there frequently occurs a 
substantial renal excretion of K+, creating a net deficit of this cation. These events are 
illustrated in Fig. 6.8. 

Factors altering the pH of extracellular fluid. Because of the acidic nature of 
the ash of most foods and of the organic acids that arise in metabolic processes, acid 
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is constantly added to extracellular fluid. As a consequence, the urine of man is 
usually acidic, as compared with extracellular fluid. The compensatory control 
exerted by the kidney prevents sodium loss, and normal extracellular fluid is 
remarkably constant in composition, volume, and pH. Subsistence on a diet 
consisting largely or exclusively of fruits and vegetables results in the opposite 
 

 
 

situation, i.e., addition to the extracellular fluid of an excess of alkali, which is 
eliminated in the urine. 

ALTERATIONS IN [H2CO3] The respiratory system has been considered in 
its role as compensator, but it is, on occasion, the primary malefactor. Thus, adult 
hysterics or children with meningitis may markedly hyperventilate, lowering 
extracellular [H2CO3] and, thereby, elevating pH; this is termed respiratory 
alkalosis. Since the arterial PCO2 is lower than normal, operation of the Hb buffer 
mechanism automatically decreases plasma [H2CO3

-], tending to prevent the 
rise in plasma pH. This cannot compensate adequately for the diminished 
[H2CO3], and hyperventilation may elevate extracellular pH to 7.65 within a few 
minutes. Hypoventilation of whatever origin (morphine poisoning, pneumonia, 
pulmonary edema, etc.) has the opposite effect and lowers extracellular pH. The 
increased PCO2, results also in an increased plasma [HCO3] because of the Hb 
buffer mechanism, and individuals who are hypoventilating may immediately 
exhibit a low plasma pH, elevated [H2CO3], and elevated [HCO3

-]; this is 
respiratory acidosis. 

Compensation for either of the above circumstances of altered 
extracellular [H2CO3] is largely effected by the kidney. In the first instance, an 
alkaline urine is excreted, and, in the second, an acidic urine. Isotonic contraction 
may result from the excretion of large urine volumes but is rarely as severe as in 
other instances of dehydration. 

The cellular exchange process also participates in these disturbances. In 
respiratory alkalosis, Na+ exchanges for cellular K+ and H+ as described above, 
ameliorating the extracellular alkalosis but alkalinizing the cell contents and 
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depleting cellular K+, which is excreted in the urine. In respiratory acidosis, Na+ 
is withdrawn from cells, which are acidified by the entering protons and 
extracellular K+ is diminished. 

ALTERATIONS IN [HCO3
-]. More frequent and serious are those 

circumstances in which the alteration in pH is associated primarily with changes 
in [HCO3

-]. In the simplest instances, lowering of [HCO3
-] may be expected upon 

addition to the extracellular fluid of an acid stronger than carbonic acid, e.g., 
acetoacetic acid. This is termed metabolic acidosis in contrast to the respiratory 
acidosis de-scribed above. 

As plasma [HCO3
-] falls in metabolic acidosis, HCO3

- enters plasma from 
the red cells in exchange for Cl- . At constant Poo, within the erythrocytes, their 
internal pH would be lowered and the dissociation of the Hb would be 
repressed, 
 

H2CO3 + Hb° → HCO3
- + HHb+ 

                     ← 
thereby making more HCO3

-HCO3 available for the plasma; this would tend to 
restore plasma pH to normal. This is not sufficient to compensate for drastic 
plasma [HCO3

-] reductions; both pulmonary and renal compensation are also 
required, as well as proton exchange for cellular Na+. 

Elevation in plasma [HCO3
-] is compensated by the same mechanisms 

operating in reverse: the chloride shift, hypoventilation, alkaline urine, and 
exchange of plasma Na+ for cellular H+ and K+. In these circumstances, the role 
of Cl- may be particularly significant. The [Cl-] in the plasma is reflected in the 
concentration of this ion in the glomerular filtrate and renal tubular fluid. Almost all 
the Cl- reabsorption in the tubule is passively dependent upon the electric 
potential consequent to the active reabsorption of Na+ in keeping with the 
permeability to Cl- of the tubular epithelium. Permeability to HCO3

- is relatively 
low; hence if [HCO3

-] is elevated and [Cl-] is low, all the latter may be reabsorbed 
and continuing transport of Na+ leaves HCO3

- as the anion remaining in the 
tubular fluid. As a result, either H+ or K+ may be secreted. If the former, a 
metabolic alkalosis persists. If K+ is secreted, depletion of this ion ensues and 
the alkalosis becomes more severe. The resulting hypochloremic alkalosis can be 
repaired only by compensating for the K+ deficit by administration of KCI or 
another salt of potassium together with a source of Cl-, viz., NaCl. Otherwise, 
potassium given in the form of some salt other than chloride will result in most of 
the K+ being excreted quantitatively back into the urine. 

The simplest means of elevating [HCO3
-] is to administer NaHCO3. This 

may occur occasionally as a result of overenthusiastic use of alkali preparations 
for relief of gastric disorders. 

ALTERATIONS Out TO FLUID Loss. Those circumstances in which the 
effect on pH is based on unusual losses of fluid, particularly the various 
secretions of the gastrointestinal tract, are among the most serious and 
frequently encountered in clinical practice. Understanding this problem requires 
knowledge of the composition of these fluids and the volumes that may be 
involved. These have been presented in Table 6.2 and Fig. 6.3. Each of these 
secreted fluids is elaborated from the extracellular fluid; the chief cation is Nat 
except in gastric juice. However, the anionic pattern may differ considerably from 
that of extracellular fluid. The effect on extracellular pH is, consequently, deter-
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mined by the manner in which the fluid involved differs from extracellular fluid. 
Loss of a fluid that closely resembles extracellular fluid in composition is 

relatively infrequent but occurs occasionally when a constant suction tube is 
placed in the duodenum or jejunum and also occurs in simple hemorrhage and 
after loss of serous exudates, e.g., from extensive bums. In these instances, there 
may be no great effect on pH, but serious dehydration due to isotonic contraction 
may result. 

The ratio of [Cl-] / [ HCO3
-] in normal extracellular fluid is about 4. If the 

ratio in the lost fluid exceeds 4, the [CI-] in the remaining extracellular fluid must 
fall while the [HCO3

-] rises, thereby tending to elevate pH. This may be 
encountered during copious loss of sweat but is most frequently seen after 
vomiting due to pyloric or duodenal obstruction or other causes. The result is 
shown in Fig. 6.9. Free acid in the vomitus is not necessary in order to develop 
alkalosis. All that is required is the loss of a fluid in which the [Cl-] / [ HCO3

-] ratio 
is greater than 4. Indeed, only very small amounts of acidic gastric juice are lost 
in prolonged vomiting; the fluid lost is largely gastric mucus, which maybe 
contaminated with regurgitated duodenal contents. This occurs in infants who 
vomit and whose stomachs secrete little or no free HCI. However, loss of free 
acid increases the severity of the alkalosis since each mole of acid secreted 
results in an equivalent increase in the HCO3 content of extracellular fluid. 

 

 
 
 
 

When the [Cl-] / [HCO3
-] of the lost fluid is less than 4, acidosis occurs. The chief 

example of this type of fluid loss is diarrhea; the fluid lost is composed of mixed 
secretions of the pancreas and intestine as well as bile. 

It may be noted that the above examples of alterations due to fluid loss reflect 
contractions in extracellular fluid volumes with consequent alkalosis or acidosis. 
Expansion of this volume may also produce acidosis. Thus, if isotonic NaCl is infused 
rapidly intravenously, the ratio of the two ions being administered differs significantly 
from that of normal extracellular fluid (Fig. 6.9). Consequently, HCO3

- is decreased 
with a resultant lowering of the pH. Compensatory rapid increase in respiration will 
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reduce the PCO2, to restore the pH to normal. 
ALTERATIONS DUE TO KETOSIS. It was noted earlier that acidosis may be 

expected whenever an acid, HA, stronger than H2CO3 enters the circulation at a rate 
greater than that at which it can be removed. This results in accumulation of the 
anion, A-, and equivalent diminution in [HCO3

-] in consequence of the reaction HA + 
HCO3

- → H2CO3 + A-. This occurs in the accumulation of ketone bodies (acetoacetic 
and /1-hydroxybutyric acids) in diabetic patients, in persons on high lipid diets, and 
during starvation. Ketosis usually complicates some other state and is not an isolated 
pathological phenomenon. Thus, in the diabetic person it complicates the 
dehydration already established by glucose diuresis, and renal compensation for the 
acidosis may further aggravate the dehydration. Ketosis also occurs readily in infants 
and young children who take no food and, therefore, is a frequent accompaniment of 
both vomiting and diarrhea in the young. 
 

There is no comparable known situation of base production and accumula-
tion; i.e., there is no instance of accumulation of an unusual cation, such as 
NH4

+, Li+, Mg2+, etc., in quantities sufficient to disrupt the normal electrolyte 
balance. 
 
PRACTICAL EVALUATION OF ACID-BASE BALANCE 
 

Evaluation of the acid-base balance of a patient is ordinarily performed in a 
relatively simple manner. The minimal determinations required are urinary pH and 
plasma [HCO3

- ]. As shown in Table 6.3, these permit a decision among the four 
major disturbances, respiratory acidosis and alkalosis and metabolic acidosis and 
alkalosis, particularly if the history is known. However, at the time examination is 
performed the compensatory mechanisms may have restored the extracellular pH 
to normal, as shown by direct determination of plasma pH. 
A more complete picture may be obtained if arterial blood is drawn, true plasma is 
separated, and the pH and total [CO2] are measured. From the nomogram in Fig. 
6.10, the PCO2 and [HCO3

-] can be obtained. These values are then compared with 
those in Fig. 6.11, which is interpreted as follows: The heavy line AB is the normal 
buffer line of plasma, obtained by measuring the pH and [HCO3

- ] of true plasma from 
whole blood equilibrated at varying CO2 tensions. CD is the PCO2 40-mm isobar; a 
family of isobars for varying CO2 tensions could also be plotted but are omitted in this 
figure. 

Point I of Fig. 6.11 lies on the normal buffer line to the left of the normal point 
and represents uncompensated respiratory acidosis. Point 2 lies on the 40-mm 
isobar below the normal buffer line and represents uncompensated metabolic 
acidosis. Point 3 lies on the normal buffer line and to the right of the normal point and 
represents uncompensated respiratory alkalosis. Point 4 lies on the 40-mm isobar 
and above the normal buffer line and represents uncompensated metabolic 
alkalosis. However, in clinical practice such data are very rare, and partial or 
complete compensation can be expected. Thus, point 5 lies above the normal buffer 
line but to the left of normal pH and must, therefore, represent partially compensated 
respiratory acidosis, whereas point 6 represents completely compensated respiratory 
acidosis. Point 7 lies below the normal buffer line and represents metabolic acidosis, 
but since it is to the right of the normal Pee_ isobar, yet on the acid side of pH 7.4, it 
must represent partially compensated metabolic acidosis. Point 8 might denote 
completely 
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Metabolism of cellular electrolytes 
 

The mean distribution of cellular electrolytes is a composite picture, obtained 
by analysis of a tissue, e.g., muscle. Analytical data for intracellular muscle 
electrolytes are shown in Fig. 6.1. No specific area within the cell is likely to have 
precisely this composition. Differences are to be expected in the electrolyte patterns 
of the cell membrane, cytoplasm, microsomes, mitochondria, nuclei, nucleoli, Golgi 
apparatus, etc. However, no description of the electrolyte composition of these 
various cellular subdivisions and organelles is available. A significant fraction of 
muscle K is nondiffusible; presumably, this is true  
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in all cells. At all times there is interchange between the electrolytes within and 
outside the cell, the rate of which may be different for each electrolyte. During the 
growth phase of a cell, material accumulates in relatively constant proportions. 
During periods of negative N balance, the cell substance is depleted, and the relative 
amounts of N, K, P, Mg, etc., that appear in the urine in excess of the intake of these 
nutrients are in approximately the same proportions as those existing within the cells. 
 

Potassium. If data obtained with dog tissues may also be applied to man, then 
the mean [K+] is about 115 meq/I of cell water, while the normal serum [K+] ranges 
from 3.8 to 5.4 meq/l. The total K content of a 70-kg adult is about 4,000 meq, of 
which only 70 meq is in extracellular fluid. 

Maintenance of normal serum [K+] is of considerable practical importance. 
Characteristic electrocardiographic disturbances can be correlated with serum [K-], 
and the symptoms of hyperkelemia involve chiefly the heart. Electrocardiographic 
changes are easily detected at serum [K+] greater than 6 meq/l. At progressively 
higher concentrations, the alterations become more severe, and above 10 meq/l the 
heart may stop in diastole. These changes are referable solely to the extracellular 
accumulation of K+ and may even occur in the presence of a cellular deficit of this 
ion. It cannot be stated with equal certainty that the clinical picture of hypokalemia is 
due to low extracellular [K+] since hypokalemia is usually associated with cellular 
deficiency of K+ as well. This situation is characterized by extreme muscular 
weakness, lethargy, anorexia, myocardial degenerative changes, and peripheral 
paralysis. 

Histological and functional lesions are observed in the kidneys of K+-
deficient individuals. The convoluted tubules appear engorged and the cells 
develop vacuoles. Concomitantly, there is a striking diminution in concentrating 
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ability, with a conservation of K+ and excretion of an acidic urine containing large 
amounts of NH+. Na+ reabsorption may even be excessive in rare instances, 
resulting in its accumulation with consequent edema. 

Homeostatic control of the serum [K+] is not as well regulated as that for 
sodium or glucose, for example. The renal mechanism involved is well designed 
to prevent hyperkalemia but is not equally effective in the prevention of 
hypokalemia. Ordinarily, 60 to 120 meq of K+ are ingested per day. In the 
complete absence of dietary K+, 30 to 60 meq/day appear in the urine for several 
days and then decreases to 10 to 20 meq/day. Values below 10 meq/day are 
seen only after profound K+ depletion. Excretion may be increased still further in 
renal disease, diuresis, negative N balance, acidosis, alkalosis, or adrenal 
cortical hyperactivity. Renal excretion effectively prevents hyperkalemia under 
circumstances such as increased K+ intake, tissue breakdown, or con-traction of 
extracellular volume by dehydration. 

In addition to renal excretion of K+, other factors that may tend to decrease 
the serum [K+] are limited K+ intake, dilution of extracellular fluid with K+-free fluid, 
loss of K+-containing fluids, or increased glucose uptake by cells. Loss of K+-
containing fluids is particularly prominent in emesis or gastric drainage since 
gastric juice may at times contain as much as 40 meq/I of K+, and the intestinal 
digestive juices normally contain 8 to 10 meq/l. The fluid lost in diarrhea may 
contain considerably higher concentrations of K+ than these values. 
Consequently, K+ deficiency is more frequent clinically than is hyperkalemia. The 
latter obtains only in terminal states, uremia, Addison's disease, and 
hemoconcentration as seen in shock or following severe burns or after the 
injudicious administration of parenteral fluids containing K+. K+ deficiency, in 
contrast, may be expected during negative N balance, in cachexia, after the loss 
of digestive fluids, and as the immediate result of expansion of the extracellular 
fluid in the treatment of dehydration by parenteral administration of K+-free fluids. 
In several states in which there has been no primary effect on extracellular pH 
but a significant loss of K+, a marked alkalosis has been observed, notably in 
adrenal cortical hyperactivity. The mechanism by which this alkalosis develops is 
not entirely certain, but it relates to the K+-Na+-H+ exchange across cell 
membranes. Initially, K+ leaves the cell in exchange for Na+ and f i t  particularly 
the latter, thereby elevating plasma pH; the kidneys excrete a somewhat alkaline 
urine containing K+, Na+, and HCO2

-. However, as the intracellular K+ is depleted, 
serum K+ soon falls and the kidneys excrete an acidic urine, thereby increasing 
the alkalosis. Therapeutic reversal of this alkalosis is possible only when the K+ 
loss has been met; this can be satisfactorily achieved only with the simultaneous 
provision of adequate CI- Because of the widespread distribution of potassium in 
foods, potassium deficiency is unlikely under normal circumstances. The minimum 
daily requirement for potassium by man cannot be fixed but need only be sulfide's. to 
offset expected losses. The 2 to 4 g of potassium ordinarily available in the diet per day 
is more than sufficient for this purpose. Experimental potassium deficiency in rats 
results in slow growth, thinning of hair, renal hypertrophy necrosis of myocardium, and 
death. In dogs, perhaps the most striking finding is an early ascending paralysis of the 
limbs. 
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CHAPTER 7 

 
SPECIALIZED EXTRACELLULAR FLUIDS 

 
 

The mechanisms available for maintaining a constant environment for the 
cells of the body are described in the preceding chapter. In most organs this envi-
ronment is the interstitial fluid, a portion of the system of extracellular fluids that 
intercommunicate by way of the blood plasma. In addition to the interstitial fluid and 
the blood plasma, there are lymph, formed by filtration of tissue fluids into lymphatic 
capillaries, and a number of extracellular fluids serving special functions and 
individually elaborated by the eye, joints, skin, central nervous system, 
gastrointestinal tract, and mammary glands. The secretion, composition, and 
functions of these fluids are the subject of this chapter. 

 
The nature of capillary exchange 
The classical concept of the mechanism and dynamics of the exchange of 

fluid between plasma and interstitial fluid across capillaries, frequently referred to as 
"Starling's hypothesis," is depicted in Fig. 7.1. If plasma and a protein-free 
ultrafiltrate prepared therefrom (a model for interstitial fluid) are separated by a 
membrane permeable to all solutes except the plasma proteins, the latter exert an 
effective osmotic pressure of about 30 mm Hg. This is somewhat less than the 
hydrostatic pressure at the arteriolar end of a capillary and somewhat more than the 
hydrostatic pressure at the venous end. Accordingly, a net loss of fluid through the 
capillary wall may be expected as blood flows through the arteriolar end of the 
capillary, and fluid should be regained as flow continues through the venous region of 
the capillary. At any area along the capillary, the pressure that determines the 
direction of flow through the capillary wall is given by 
P = (tensionvascular + osmotic pressureextravascular) – (tensionextravascular + osmotic 
pressurevascular) 
 

If these processes are equalized, the volume of fluid entering the capillary 
should equal that leaving at the venule. This flux across the capillary is relatively 
slow, amounting to about 2% of the plasma flow through the capillaries in most 
tissues. 
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For some time it was considered that exchange of water and solutes across 
the capillary is accomplished in this manner. However, although this concept of a 
miniature circulation about each capillary provides a mechanism by which the venous 
return from a tissue equals the arterial input, it does not account for the very rapid 
rate of exchange of water and solutes between interstitial fluid and plasma. Water, 
electrolytes, and small organic molecules diffuse back and forth across capillaries at 
rates 10 to 100 times the plasma flow. The rate varies inversely with the size of the 
particles, suggesting a molecular "sieving" through pores in the capillary membrane. 
Thus, the diffusion of Na+ is about twice as rapid as that of glucose and ten times that 
of inulin. At ordinary plasma flow rates, proteins do not cross the capillaries, but when 
plasma flow falls the diffusion of protein becomes significant. Undoubtedly, much of 
this diffusion occurs through "pores" in the mucoprotein gel in the intercellular 
spaces. However, electron-microscopic evidence indicates significant passage of 
large molecules by pinocytotic transport through the capillary cells. Transfer of lipid-
soluble materials, for example, O2, N2O, ethyl ether, etc., occurs so rapidly it is 
presumed that they pass through lipid portions of the membrane. 

Thus the exchange of materials across the capillary occurs at an enormous 
rate, perhaps 1,500 1 of water per minute in a 70-kg man, but by diffusion, in both 
directions, not by mass filtration mid return. This is not to deny the validity of the 
Starling hypothesis. The prime function of the hydrodynamic pressure at the 
arteriolar end of a capillary is to propel fluid along the capillary rather than to ram 
fluid through the capillary wall. However, since the capillary is orous, were this 
force unopposed, much more fluid would leave the capillary by filtration plus 
diffusion than would return by diffusion alone. This is largely compensated by the 
effective osmotic pressure of the plasma proteins, and the extent of movement of 
fluid is virtually identical in both directions. 
 
 Two clinically important problems arise from alteration of the normal 
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balance between the fluids of the vascular and extravascular compartments. 
These are shock and edema. 
 
 Shock is circulatory failure resulting from loss of fluid from the vascular 
compartment by hemorrhage or an increase in capillary permeability. In per-sons 
who have been severely burned or subjected to severe traumatic injury, or who 
have undergone major surgery, capillaries become permeable to plasma protein, 
and large volumes of fluid containing albumin enter the extravascular space, 
thereby reducing the blood volume. The resultant diminution in blood and O2 
supply further impairs capillary permeability. Under these circumstances, the 
liver may release ferritin, which lowers blood pressure still further, and recovery 
may not occur even if fluid therapy is instituted. This is termed "irreversible 
shock.” 
 

Edema is the term used to describe an unusual accumulation of 
extravascular fluid; it results from an imbalance between the transudation of fluid 
from the circulation and its return to the vascular system. A significant cause of 
edema is reduction of plasma albumin concentration, which may reflect either 
diminished synthesis (as in malnutrition or hepatic disease) or excessive loss (as 
in the albuminuria of nephrosis). With hypoalbuminemia, the decreased effective 
osmotic pressure of the blood permits escape of fluid from the circulation. As 
blood volume diminishes, there occurs increased secretion of aldosterone, the 
salt-retaining hormone, resulting in an increase of the effective osmotic pressure 
of the serum. This arouses thirst while also increasing secretion of vasopressin, 
thus augmenting water intake and decreasing water output. The retained water 
and salt compose the edema fluid. "Nutritional" edema has occasionally been 
ascribed to hypoalbuminemia, but other significant factors must be operative, as 
the condition has frequently been observed in children with seemingly adequate 
serum albumin concentrations. The ascitic fluid, which accumulates in the 
peritoneum during severe hepatic disease, is thought to result from a 
combination of the attendant hypoalbuminemia and portal venous hypertension. 
 
Interstitial fluid 
 
 Although the difference between the values for plasma volume and total 
extracellular fluid, determined as the 131I-albumin and inulin spaces, indicates 
that 15% of the body weight is interstitial fluid, it is not possible to obtain a direct 
sample for analysis. Insertion of a microneedle elicits fluid only from edematous 
organs, and, indeed, histological examination reveals no appreciable intercellular 
spaces other than the capillaries and defined lymphatic channels. It is, however, 
noteworthy that the fluid contained within the spaces of the cellular endoplasmic 
reticulum is, in part, continuous with interstitial fluid and may, in sum, account for 
a significant fraction of the total fluid volume estimated as "interstitial." The 
electrolyte composition of true interstitial fluid, therefore, can only be 
approximated from analyses of transudates low in protein content. As shown in 
Fig. 6.1, the data indicate a slightly higher concentration of anions and lower 
concentration of cations than in plasma, in accord with the Gibbs-Donnan 
formulation.  
 
 The intercellular cement that binds parenchymal cells together to form an 
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organ appears to be a gel of highly polymerized hyaluronic acid, and 
mucoproteins, which are present in all organs but most abundant in tissues of 
mesenchymal origin, e.g., connective tissue; blood vessels, and lymphatic 
vessels. Materials in transit between blood and tissue cells must, therefore, 
diffuse through this gel, which is no obstacle to the passage of small ions, water, 
glucose, amino acids, etc., but does act as a barrier to large molecules such as 
proteins or discrete particles such as india ink, bacteria, viruses, etc. 
Hyalunnidase, derived from various sources, and adrenal cortical steroids 
accelerate the subcutaneous spread of particulate or soluble material present at a 
local site. The enzyme depolymerizes the hyaluronic acid of subcutaneous 
connective tissue; the adrenal steroids inhibit synthesis of connective tissue 
proteins, with resultant net loss of the tissue's integrity. Several virulent 
microorganisms secrete hyaluronidase and thus facilitate their spread in the host 
animal. The steroid hormones, because of their anti-inflammatory action, inhibit 
entry, at the site at which injected material is present, of polymorphonuclear 
leukocytes and macrophages whose lysosomal hydro-lases function to destroy 
macromolecular foreign materials. Thus, the inflammatory response to such 
materials, particulate or soluble, that would normally "wall off," for example, a 
microorganism, is inhibited by these steroid hormones. This is illustrated by the 
dissemination of the tubercle bacillus in an individual with a previous history of 
tuberculosis who is treated at a later time with adrenal cortical hormone for 
purposes of ameliorating an inflammatory process, as in rheumatoid arthritis. 
 
Lymph 
 
 The terms lymph and interstitial fluid are frequently used interchangeably; 
however, since the precise nature of interstitial fluid is in doubt, it seems 
desirable to reserve the term lymph for the fluid in the lymphatic ducts. The total 
daily lymphatic return in the normal human adult amounts to approximately 1 to 2 
1. The electrolyte composition of this fluid differs from that of plasma, as would 
be expected from equilibrium considerations. However, the protein content of 
lymph is variable, depending upon the source. Cervical lymph contains about 3% 
protein; subcutaneous lymph, 0.25%; and liver lymph, as much as 6%. In each 
case the albumin to globulin ratio is considerably greater than that of plasma, 
generally of the order of 3: I to 5:1. Lymph also contains sufficient fibrinogen and 
prothrombin to permit slow clotting. 
 
Synovial fluid 
 
 The electrolyte composition of synovial fluid is that of a transudate from 
plasma; in addition, the fluid contains mucopolysaccharide formed by cells of the 
synovium. Normally, the pH of synovial fluid is 7.3 to 7.4, the specific gravity 
approximately 1.010, and the protein concentration about 1%, with an albumin to 
globulin ratio of approximately 4.0. No fibrinogen is present. The concentration 
of nonprotein nitrogenous substances is slightly below that of plasma; lipids are 
normally absent, and the glucose concentration is variable. Synovial fluid is 
highly viscous, varying from relative viscosities of 50 to 200, with an average of 
about 125, due to the presence of about 0.85 g/100 ml of hyaluronic acid. 
Inflammatory joint disease, particularly rheumatoid arthritis, leads to an increase 
in fluid volume of the joint and an increased protein concentration in the fluid. 
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The normally low protein content and its increase when the hyaluronic acid 
diminishes in both concentration and average molecular weight appear to reflect 
the large influence of the hyaluronic acid molecule. Electrolytes and readily 
diffusible substances of synovial fluid exchange with plasma, whereas larger 
particles can leave the intra-articular space only via the lymphatics. Synovial 
fluid, then, is an extension of interstitial fluid, and not a product of secretory 
activity. 
 
Secretion 
 
 Formation of interstitial fluid from plasma may be described in 
physicochemical terms based on knowledge of the diffusibility of water, the 
solutes of plasma, and the permeability of the capillary wall to these substances. 
The basis for the differences between the composition of intracellular and 
extracellular fluids is the existence of a mechanism whereby energy, derived 
from metabolic processes, may be utilized to maintain the intracellular 
composition against an osmotic gradient. Another situation, secretion, is evident 
in which cells are aligned in columnar fashion, bathed by interstitial fluid or 
plasma on one side and fluid of different composition on the opposite side, and 
in which differences in composition of the two fluids cannot be accounted for in 
terms of spontaneous diffusion, osmosis, or permeability. The secretory process, 
operating against an osmotic, electrochemical, or hydrostatic gradient, again 
requires the harnessing of metabolically derived energy. The secretory process 
is characterized by (1) inhibition by interruption of cellular metabolism, e.g., 
cyanide or fluoride poisoning; (2) cations and anions are transported 
simultaneously in equivalent amounts and in the same direction, in contrast to 
the Donnan equilibrium; (3) nonelectrolytes also participate; and (4) cells are so 
aligned that the transported fluid leaves by a duct and the pressure within this 
duct is independent of arterial pressure. Mammalian secretions include milk, 
sweat, tears, cerebrospinal fluid, aqueous humor, and the fluids of the digestive 
tract. Selective absorption across the intestinal mucosa, the reabsorption of water 
and solutes in renal tubules, and secretion into the lumen of the distal renal 
tubules may all be regarded from the same viewpoint. Among the more dramatic 
instances of secretion are the elaboration of 0.16 N HCI by the stomach, secretion 
of almost pure water by sweat glands, and removal of almost all glucose and Na+ 
from the urine. The fundamental mechanisms may be, in each case, an 
adaptation of those by means of which all cells maintain their internal composition. 
The mechanisms involved in these active transfers have been extensively studied 
but remain among the major unsolved problems in biochemistry. The term 
"secretion" has also been generally employed to describe the behavior of the ductless 
endocrine glands, the activity of the liver in adding to hepatic venous blood serum 
albumin, prothrombin, and glucose, and the release of mucus. In these instances, 
although the cells "do work" in synthesizing the material, the actual transfer, cell to 
plasma or lumen, operates with the osmotic gradient and no work need be done to 
achieve the transfer. 
 
Aqueous humor 
 
 The aqueous humor fills the anterior chamber of the eye, maintains the intra-
ocular tension desirable for optical purposes, and nourishes the avascular cornea and 
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lens. Its volume varies among animal species, depending on the size of the eyeball 
and the depth of the anterior chamber. In man, the volume is approximately 0.25 ml. 
The protein content is low in normal aqueous humor—about 0.05 g/100 ml. The 
albumin to globulin ratio is frequently of the same order as that in the plasma of the 
same subject. The concentrations of diffusible substances shown in Table 7.1 are not 
strikingly different from plasma although that of ascorbic acid is twenty times higher. 
The components of aqueous humor enter at various points, and all depart through 
Schlemm's canal. Some of the fluid enters the anterior chamber by flow from the 
posterior chamber; some arises by diffusion from the blood vessels of the iris; and the 
remainder enters by the secretory activity of the ciliary body. Isotopic tracer 
experiments have indicated that the water exchange in the aqueous humor, 
 

 
 
 
per minute, is equivalent to approximately 20% of the latter's volume. The major 
portion of this turnover occurs by diffusion. However, only water and noneledrolytes 
may be exchanged between the iris and the aqueous humor, In contrast, only about 
I% of the electrolyte content of the aqueous humor enters and leaves per minute, and 
this is entirely because of the secretory activity of the ciliary body. Increased 
secretion raises the intra-ocular pressure, causing glaucoma. Administration of 
inhibitors of carbonic anhydrase, such as acetylamino-1,3,4-thiadiazole-5-
sulfonamide, may relieve the elevated pressure, indicating a fundamental role for this 
enzyme in the secretory process. 
When normal aqueous humor is removed, the anterior chamber rapidly refills with 
a fluid termed ptasmoid aqueous human This fluid contains large quantities of 
protein. and if the paracenteses are repeated, the fluid filling the anterior chamber 
becomes virtually identical with plasma. 
 The aqueous humor also fills the posterior chamber of the eye. However, 
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this chamber contains, in addition, a gel of hyaluronic acid within a framework of 
collagen. Unlike the aqueous humor in the anterior chamber of the eye, that in 
the posterior chamber cannot be removed without causing injury, since neither 
the gel, originally secreted by the retina, nor the collagen can be replaced. 
Exchange of electrolytes and water of the posterior chamber with surrounding 
tissue also occurs by diffusion. 
 
Cerebrospinal fluid 
 

The cerebrospinal fluid, contained within the subarachnoid space of the brain 
and spinal cord and the ventricles of the brain, originates in the choroid plexus 
and returns to the blood in the vessels of the lumbar region. Only a small fraction of 
the cells of the central nervous system actually makes contact with this fluid; the 
remainder derive their nutrition from the blood vessels. The total volume of this 
fluid, about 125 ml in a healthy adult, is renewed every 3 to 4 h. If surgical drainage is 
instituted, several liters per day can be obtained. The composition of spinal fluid 
indicates it to be primarily a transudate or ultrafiltrate from plasma. Fluid taken from 
the lumbar region, the cistern magna, or the ventricles is at all times in osmotic 
equilibrium with plasma and contains between 15 and 40 mg of protein per 100 ml, 
with an albumin to globulin ratio of 4. Plasma lipids are absent. 
 However, the following discrepancies in composition between 
cerebrospinal fluid and an ultrafiltrate of plasma indicate that formation of this fluid 
involves secretion, presumably by the choroid plexus. Although the total cation 
and anion composition of the fluid is in accord with the Gibbs-Donnan equilibrium, 
the distribution of these ions is not. Thus, the [Na+l of cerebrospinal fluid is 
virtually identical with that of plasma, whereas the [ K + ]  is appreciably lower. 
Also, although the [CI—] of spinal fluid is greater than that of plasma, the [HCO3

-] 
is identical in the two fluids. Data are not available concerning the free CO2 and 
H2CO3 content of cerebrospinal fluid, but it has been assumed to be 
approximately equal to that of venous blood. The [Ca2+] of spinal fluid is constant 
and does not respond readily to changes in plasma concentration. This is 
particularly striking in patients with parathyroid tumors, who show markedly 
elevated serum [Ca2+] but normal spinal fluid [Ca2+]. In general, the glucose 
concentration of spinal fluid is lower than that of plasma but rises and falls with 
changes in blood glucose levels. The concentration of nonprotein nitrogenous 
constituents is always appreciably lower in cerebrospinal fluid than in plasma. 
 
Sweat 
 

The secretion of sweat serves, through evaporation, to cool the body. 
When no visible perspiration is produced, the sweat glands release virtually 
pure water. This insensible perspiration may amount to 600 to 700 ml/day. The 
small amount of organic and inorganic material that accumulates on the skin 
under these conditions is probably associated with activity of sebaceous glands 
rather than with that of sweat glands. In circumstances in which visible sweat is 
elaborated, its volume and composition vary and are determined by rate of 
evaporation, previous fluid intake of the individual, external temperature and 
humidity, and hormonal factors. Volumes as large as 14 1/day have been 
recorded. Both volume and salt content of sensible perspiration are influenced by 
acclimatization of the individual. Persons new to an environment that is hot and 
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humid produce copious quantities of salt-laden perspiration; [Na+] and [Cl-] may 
be as high as 75 meq/l. Acclimated individuals, however, produce smaller 
volumes with a lower salt concentration. Unreplaced loss of large volumes of 
perspiration may result in hypertonic contraction. Miners' or stokers' cramps 
result from salt loss under these circumstances and can be prevented by 
incorporation of small amounts of salt in drinking water. In cystic fibrosis, a 
congenital defect involving most or all of the glandular epithelial structures of the 
body, sweat and tears are characteristically rich in NaCl. This analytical 
difference is so striking as to be diagnostic. In hot weather, victims of this 
disease may succumb in a state resembling acute Addisonian crisis, referable 
entirely to Na+ loss, and corrected by NaCl administration. 
When small volumes of visible perspiration are elaborated, its concentration of 
nonprotein nitrogenous materials slightly exceeds that of the plasma from which 
it is derived. This probably reflects evaporation of water from the elaborated 
sweat. However, sweat glands may possess an active mechanism for the 
concentration of lactic acid. The lactate concentration of the sweat of athletes far 
exceeds that present in plasma or urine. [K+], [Mg2+], [Ca2+], etc., are of the order 
expected from those found in the plasma. Specific gravities of 1.002 to 1.005 for 
sweat have been reported, and the pH lies between 4.5 and 7.5/ 
 
Tears 
 

The fluid that normally moistens the surface of the cornea is a mixed secretion 
of the lacrimal glands and of the accessory sebaceous glands (the glands of Zeis and 
the meibomian glands). Since the surface of the cornea is exposed during waking 
hours, there is constant evaporation of fluid on its surface, resulting in concentration 
of the tear fluid. Under mild stimulus with a slow rate of tear flow, the fluid is 
hypetonic, probably because of evaporation. When rapid tear flow is induced, the 
fluid is isotonic. In most instances this fluid has a pH of 7 to 7.4, but values from 5.2 
to 8.3 have been observed; alkaline tears are shed after corneal injuries. 
Diffusible nitrogenous materials and electrolytes are present in tears in 
concentrations similar to those of plasma. The protein concentration is generally 0.6 
to 0.8 g/100 ml, with an albumin to globulin ratio of about 2. The presence of protein 
in the tears, by lowering the surface tension, permits wetting of the epithelial 
surfaces. The optical properties of the eye are greatly improved by this film since 
microscopic irregularities in the corneal epithelium are abolished, thereby 
producing a perfectly smooth optical surface. Further, the film protects the eye from 
damage by small foreign bodies such as dust or air-borne bacteria. 
An unusual component of tears is the enzyme lysozyme, which protects the 
cornea from infection by catalyzing hydrolysis of the muramic acid-containing 
mucopeptide in the polysaccharide of the cell walls of many air-borne cocci. 
 
Secretions of the digestive tract 
 

The major portion of ingested food must be hydrolyzed into smaller 
components, e.g., amino acids, hexoses, etc., before it can be absorbed and 
utilized. Many unicellular organisms, such as the bacteria and fungi, secrete 
hydrolytic enzymes into the surrounding medium. In higher animals, digestion is 
initiated within the lumen of the gastrointestinal tract, supplied with digestive 
secretions elaborated by special glands. In general, the glands associated with 
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the digestive tract provide three types of secretory products, viz., aqueous 
solutions of varying electrolyte composition and pH, enzymes, and mucus. 
The enzymes and mucoproteins of the digestive secretions are synthesized by 
the secreting cells. In the resting cell, a clear vacuole is present within the 
cytoplasm. Within the vacuole there then appears a "granule," which gradually 
increases in size and virtually fills the vacuole. These vacuoles then migrate by 
way of the microtubules toward the apex of the cell; upon stimulation of the cell 
the granules are extruded and washed down the duct. In organs whose 
secretions contain more than one enzyme, e.g., the pancreas, individual cells 
synthesize all or most of the enzymes or zymogens characteristic of this organ. On 
repeated stimulation of pancreatic secretion, the relative amounts of enzymic 
activities or of their zymogens remain constant in the pancreatic juice. Prolonged 
stimulation results in discharge of all the visible granules, but thereafter such 
cells are capable of continuous secretion of a fluid of constant electrolyte and 
enzyme content. 
 
Saliva 
 
 Although there are numerous small glands distributed over the buccal 
mucosa, saliva is secreted mainly by three pairs of glands. The cells of the 
parotid gland are exclusively of the serous type; those of the submaxillary and 
sublingual glands are of mixed type. Parotid saliva is nonviscous; sublingual and 
sub-maxillary saliva are viscous because of their mucoprotein content. At low 
secretory rates, saliva is markedly hypotonic; the osmotic pressure rises with 
increasing secretory flow and may be almost isotonic at maximal rates. No 
hormonal stimulus is required for salivary secretion. However, epinephrine 
administration stimulates parotid amylase secretion; as in other instances this 
effect is mediated by local formation of cyclic AMP. The flow of saliva may be 
stimulated by local reflexes caused by mechanical factors, including presence in 
the mouth of foreign materials, or by conditioned reflexes, e.g., sight or smell of 
food. This secretion moistens and thus lubricates the food mass, thereby 
facilitating deglutition. Human saliva contains an n-amylase that catalyzes 
hydrolysis of polysaccharides to a mixture of oligosaccharides. Although present 
in saliva of many species, amylase is not secreted by the horse, dog, or cat. 
 
 One of the most thoroughly studied mucoproteins is ovine submaxillary 
mucin. In contrast to the proteinpolysaccharides of cartilage, approximately 800 
disaccharide units, each of which is N-acetylneuraminyl (2 → 6) N-
acetylgalactosamine, are attached to a single polypeptide chain, the carbohydrate 
accounting for about 45% of the molecular weight. The disaccharide units and the 
protein are bound via glycosidic linkages from the C-1 hydroxyl group of the 
amino sugar moiety to the fl-hydroxyl groups of serine or threonine residues. 
Carbohydrate is attached to about every sixth or eighth residue of the peptide 
chain. 
 The composition, pH, and volume of saliva are variable. From 1 to 2 l of 
hypotonic mixed secretions are produced daily. The [Na+] is about 20 to 40 
meq/l; [CI-] is subject to similar variation. [K+] is four to five times that of plasma. 
The [Ca2+] of saliva has been reported to be from 6 to 20 mg/100 ml and, at high 
[Ca2+], calculi of calcium salts may form in the ducts or, in combination with 
organic material, may be deposited on the teeth as "tartar." The pH of saliva is 
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generally between 6.4 and 7.0, with [HCo3
-] of 10 to 20 meq/l. Mucin is the chief 

organic constituent, together with small quantities of glucose, urea, lactic acid, 
phenols, vitamins, and thiocyanate. Enzymes other than amylase, including a 
phosphatase and carbonic anhydrase, have been reported in saliva. In general, 
the large variations noted in composition of saliva samples may be ascribed to 
methods of collection, the varying stimuli employed to augment salivary flow, and 
the resultant variation in salivary flow. 
 
Gastric secretions 
 

Secretions enter the adult human stomach from the ducts of 10 to 30 
million gastric glands. Three types of cells line the gland tubules: mucous cells 
at the neck of the gland, the "chief" cells of the body of the gland, and the 
parietal, or border, cells. Parietal cells are not found in glands of the pyloric or 
cardiac portions of the stomach, or in the lumen of the gland. They lie between 
and behind the chief cells and communicate with the lumen via delicate 
canaliculi that pass between the chief cells. The canaliculus is itself the terminal 
conduit of a fine network of channels within the parietal cells. The mucous cells 
contain mucinogen granules and secrete a thick, viscous fluid rich in 
mucoprotein. The chief cells elaborate and secrete pepsinogen. The proteins are 
suspended in an essentially neutral or slightly alkaline medium in which Na+, Cl-, 
and HCO3

- are the predominant ions. The parietal cells secrete a solution of 
0.16 M HCl and 0.007 M KCI, with traces of other electrolytes and little or no 
organic material. The [H+] is thus 106 times greater than that of plasma. 
Secretion of 1 I of such a solution, assuming plasma to be the source of H+, K+ 
and Cl+, requires expenditure of at least 1,500 cal if the process were 100% 
efficient. 

Plasma is the source of Cl- ion. Further, as venous blood leaving the 
secreting stomach contains more HCO3

- and less Cl- than arterial blood, the 
over-all process is 
 

NaCI + H2CO3 → NaHCO3(plasma) + HCl(secreted) 

Since this process occurs spontaneously to the left, cellular metabolism 
must provide energy for its effective reversal. However, despite intensive 
investigation, the precise nature of the cellular mechanism is not known. Some 
of the established facts include: (1) Inhibitors of carbonic anhydrase markedly 
decrease secretion, indicating a probable role of this enzyme in the over-all 
process. (2) The ratio (H+ secreted)/(O2 consumed) exceeds 4 by a large factor. 
Therefore, cellular respiration does not account for total proton production. (3) 
Inhibitors of cellular metabolism, e.g., cyanide, iodoacetate, and dinitrophenol, 
inhibit or abolish secretion, indicating that metabolic pathways provide the 
necessary energy. (4) A potential difference exists across the mucosa. 

The parietal cells contain an unusual "ATPase," the activity of which is 
stimulated by Cl- and even more by HCO3

- but which is insensitive to Na+ and K+ 
as well as to ouabain and hence is not the ATPase of the usual electrolyte 
pump. The enzyme is inhibited by thiocyanate; a concentration (100 mmoles) 
sufficient for complete inhibition totally abolishes H+ secretion as well. 
Moreover, there is an excellent parallelism between the effects of dinitrophenol 
on the activity of this ATPase, the rate of acid secretion, and the electric 
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potential across the mucosa. Thus, although the secretory mechanism is 
uncertain, it seems likely that this ATPase participates in the process. 
Secretion by the parietal cells is stimulated by histamine and by a group of 
hormones, gastrin, produced in the pyloric-antral mucosa of the stomach itself. 
Three gastrins, each eliciting secretion by the parietal cells, have been isolated 
and are structurally related polypeptides. One of these, from human antral 
mucosa, is a heptadecapeptide amide with the following sequence: 
 
 1 5 10 15 17 
Glu-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Ttp-Met-Asp-Phe-NH2 
 

The hydroxyl group of the tyrosine residue at position 12 is esterified to 
sulfate. The pentaglutamic acid sequence is unusual. All stimulatory activity for 
gastric acid secretion resides in the C-terminal pentapeptide amide, which is as 
active as the entire molecule. 

Gastrin production is inhibited by secretin, a hormone produced by the 
duodenal mucosa (see below). In addition to its action on parietal cells, gastrin, or 
its C-terminal pentapeptide amide, also stimulate secretion of two pancreatic 
hormones, viz., glucagon and insulin. Indeed, gastrin, secretin, and glucagon all 
have actions on the same target sites, differing only in relative potencies. Thus, all 
three hormones affect the secretory activity of the stomach, gall bladder, 
pancreas, and small intestine. This last tissue is also affected, in its rhythmicity 
of contraction, by coherin, a polypeptide secreted by the neurohypophysis. Both 
gastrin and cholecystokinin stimulate the release of calcitonin, while 
cholecystokinin, like gastrin, will augment release of glucagon. These 
physiological interrelationships among hormones produced by glands of the 
gastrointestinal tract are examples of overlapping structural and biological 
properties, probably reflecting common ancestral origins of the molecules. 
The surface epithelial cells of the stomach, the chief cells of the necks of the 
fundic glands, and cells of the pyloric and cardiac glands secrete mucus of 
complex composition. Included are mucoproteins that contain a sialic acid, blood 
group substances, and a relatively low-molecularweight mucoprotein that 
functions as intrinsic factor. The mucoproteins produced by the surface 
epithelium are present as insoluble, stringy masses, whereas that from the 
glandular mucous cells is in solution. 

GASTRIC ANALYSIS. In clinical practice it is frequently necessary to 
measure the amount of acid produced in the gastric secretion. The usual 
procedure consists of withdrawal of the residuum, followed by subcutaneous 
injection of histamine, sampling of gastric contents at 15-min intervals, and 
titration with alkali. 

Interest in these determinations arises only in instances of extreme 
variations. Hypoacidity is seldom of real consequence, but anacidity occurs only 
in pathological states, most frequently pernicious anemia and gastric carcinoma. 
Hyper-acidity is considerably more frequent and is associated with chronic 
postprandial distress ("heartburn," "indigestion") or peptic ulcer. Peptic activity 
generally parallels acid secretion and is never observed in the absence of free 
HC1. Figure 7.2 illustrates data obtained from gastric analyses by the procedure 
described above. 

Gastric and duodenal ulcers result from the digestion of mucosa by pepsin-
HCI. If unchecked, digestion may continue and ultimately cause perforation with 
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consequent peritonitis. Alternatively, erosion into a major blood vessel, such as 
the pancreaticoduodenal artery, may lead to serious, even fatal, hemorrhage. 
The mechanism of ulcer formation has not been established. This problem may 
be stated in a more general fashion: Why do not the stomach and other 
digestive organs digest themselves? This question has intrigued such illustrious 
investigators as John Hunter, Claude Bernard, and Ivan Pavlov, but no definitive 
answer has been provided. Among the more important factors are the following: 
(1) The digestive enzymes are isolated within the cell in secretory vacuoles, and 
intracellular digestion does not occur. All the major proteases of the 
gastrointestinal tract are stored in the cells in which they are synthesized as 
inactive zymogens, viz., pepsinogen, trypsinogen, chymotrypsinogen, 
proelastase, and procarboxypeptidases; hence, active proteases never truly mix 
with the cell contents. (2) Once in the lumen of the alimentary tract, the enzymes 
cannot penetrate mucosal cells because of the selective permeability of cell 
membranes. (3) Mucus has both acid-binding and peptic inhibitory properties. 
Since mucus is steadily renewed, and only slowly digested, the enzymes are 
mechanically separated from tissue itself. (4) In the stomach and duodenum, the 
ability of mucus to protect epithelial structures is a function of pH. At unusually 
low pH, the mucus is more readily digested and the epithelium exposed to the 
action of pepsin. (5) Resistance of the stomach to erosion is contingent upon an 
active blood circulation. In emotional states, such as fear or anger, the entire 
gastric mucosa is occasionally blanched. Ulcer formation sometimes occurs in 
individuals with gastric hyperacidity and whose gastric circulation responds in 
this manner to "psychic" stimuli. (6) Finally, hormonal secretions, e.g., those of 
the adrenal cortex, which provoke hypersecretory activity by the gastric mucosa 
and inhibit muco- and protein polysaccharide synthesis, contribute to ulcer 
formation. This is of concern in prolonged use of these hormones. 

Pancreatic secretion. The pancreas is a racemose gland similar to salivary 
glands in general structure. Wedge-shaped cells, containing secretory granules, 
line the alveoli. On repeated stimulation the secretory granules are discharged, 
leaving entirely clear cells. The daily volume of pancreatic secretion in the adult 
human being is 500 to 800 ml/day. Pancreatic juice, in the dog, varies from pH 
7.4 to 8.3, depending on the [HCO3

-] and [CO2] and is approximately isotonic, 
containing, in milliequivalents per liter, Na+ = 148, K- = 4, Ca2+ = 6, Cl- = 80, 
HCO3

- = 80, HPO4
2- = 1. In general, the sum of [ H C O 3

- ] [Cl - ]  remains 
constant, the [HCO3

-] increasing at increased rates of flow. The reactions by 
which the pancreas produces a fluid with a HCO3

- concentration threefold that of 
plasma are unknown. Studies with NaH19COs have shown that most of the 
HCO3

- comes from plasma and not from the metabolism of the secreting cells. 
Since secretion of bicarbonate is virtually abolished by inhibitors of carbonic 
anhydrase, this enzyme is probably essential to the secretory process. 
The pancreatic secretion contains several proteins of importance to the digestive 
process. These include trypsinogen, chymotrypsinogen, proelastase, and 
procarboxypeptidases, precursors of trypsin, chymotrypsin. diastase, and 
carboxypeptidases, respectively, a prolipase that uniquely is responsible for fat 
hydrolysis, an α-amylase, deoxyribonudease, and ribonuclease. 
 

Secretion of pancreatic juice is under both neural and hormonal control. 
The presence of "secretagogues" (large polypeptides) or acid in the upper duo-
denum results in liberation into the circulation of a hormone, secretin, which 
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markedly stimulates the flow of pancreatic juice and, to a lesser extent, of bile 
and intestinal juices. Since secretin is effective in the atropinized animal as well 
as after section of the vagus, a direct action of the hormone on the secretory cells 
is assumed. Secretin is a basic polypeptide whose amino acid sequence has 
been established. The pancreatic juice resulting from secretin stimulation is 
copious in volume, relatively deficient in enzymic activity, and of normal 
electrolyte composition. Vagal stimulation does not markedly enhance the volume 
of pancreatic secretion but results in a marked increase in enzymic activity. This 
form of response is also evoked by a second duodenal hormone, 
cholecystokinin, which, unlike secretin, stimulates secretion of enzymes by the 
pancreas. The relative amounts of the major proteolytic, lipolytic, and amylolytic 
enzymes remain fairly constant in the pancreas and pancreatic juices of a given 
species. 

Cholecystokinin, which also stimulates gallbladder contraction (see below), 
has been shown to be identical with a hormone formerly termed pancreozymin, 
known to stimulate pancreatic secretion and once thought to be a distinct 
substance. 

Cholecystokinin from porcine intestine is a polypeptide amide of 33 residues 
with the sequence  

 

Lys-Ala-Pro-Ser-Gly-Arg-Val-Ser-Met-Ile-Lys-Asn-Leu-Gin-Ser-Leu-Asp-Pro- 
1 5 10 15 

Ser-His-Arg-Ile-Ser-Asp-Arg-Asp-Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-
NH2 

 20 25 30 33 
 

The C-terminal pentapeptide amide is identical with that of the gastrin. 
Remarkably, the C-terminal octapeptide amide has an activity more than five 
times the parent molecule, on a molar basis. 

The relationships between gastrin and cholecystokinin may be summarized 
as follows: 
1.The C-terminal pentapeptide amide has all the actions of both hormones. 
2.Addition of the N-terminal 13 amino acid residues of gastrin to the penta- 
peptide moderately increases potency without changing the relative potency 
for various targets. 
3.The sulfated Tyr residue in its proper position enhances potency for all actions 
(including acid secretion), but this enhancement is greatest for gall bladder 
contractility. 
4.Removal of the sulfate causes return to a "gastrin pattern" of activity. 
5.The only distinguishing factor between gastrin and cholecystokinin is the relative 
potencies for various target structures. 
 

Caerulein is a decapeptide isolated from the skin of Hyla caerulea and other 
Australian hylid frogs. A closely related ncnapeptide, phylloaerulein, has been isolated 
from South American frogs. Striking structural similarities exist between the amino acid 
sequences of the gastrins and cholecystokinin and the caeruleins. The caerulelns have 
a C-terminal octapeptide identical with that of cholecystokinin except for the 
replacement of methionine (position 23, above) by threonine. Caerulein is also an 
extremely potent physiological agent in mammals. Thus, as a stimulant of 
gallbladder contraction, caerulein, on a molar basis, is 16 times as potent as 
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cholecystokinin and 170 times as potent as gastrins and, like the latter, will 
stimulate the release of insulin. 

Intestinal secretions. The succus entericus, the secretion of the intestinal 
mucosa, has been obtained for analysis by passage of suitable tubes (Miller-
Abbott) in man and from loops of intestine, isolated at various levels, in 
experimental animals. The secreting cells are found in glands, the crypts of 
Lieberkuhn, present extensively throughout the small intestine. A second type of 
gland, the glands of Brunner, resembling those of the stomach in appearance, is 
found only in the duodenum. These glands continuously provide a slightly alkaline 
fluid containing mucoproteins but having no enzymic activity . Four types of cells 
maybe distinguished in the crypts; the function of each has not been elucidated. 
The electrolyte composition of mixed intestinal juice is not constant but, except for 
a lower [HCO3

-] resembles that of pancreatic juice. 
Many enzymes have been demonstrated in extracts of intestine, but 

relatively few have been isolated in pure form and characterized. These enzymes 
include enterokinase, amino peptidases, dipeptidases, maltase, sucrose, lactase, a 
lipase, nucleases, nucleotiidase, nucleosidase, a phosphatidylcholinase, and a 
phosphatase. Relatively little enzymic activity is demonstrable in intestinal juice, 
particularly from isolated loops, although the mucosa of such loops gives evidence 
of digestive activity. This suggests that digestion is completed within the intestinal 
mucosa as smaller, dialyzable molecules, e.g., disaccharides and di- and 
tripeptides, cross the villi. The stimuli to secretion by the intestinal mucosa are not 
so well defined as those for other digestive glands. The presence of material within 
the intestine leads to a constant flow of juice, but there has been no clear 
demonstration of the role of the abundant nerve supply. 

Bile. In man, bile is continually elaborated by the polygonal cells of the liver 
and passes along the bile canaliculi and thence through the hepatic and cystic 
ducts to the gallbladder. Here it is stored and concentrated and enters the 
intestine through the common duct. Emptying of the gallbladder occurs continually 
but is accelerated when partially digested food is in the intestine. In part, this is 
under vagal control, but gallbladder contraction and emptying may be observed 
after complete denervation of this organ and introduction of partially hydrolyzed 
lipid into the duodenum. Cholecystokinin is released into the circulation by the 
duodenum and stimulates contraction of the gallbladder, with release of its 
contents into the duodenum. 

Bile contains several compounds that are absent from all other digestive 
secretions, viz., cholesterol, bile acids, and bile pigments. Two classes of 
substances may be distinguished in hepatic bile: (1) those present in concen-
trations differing little from those in plasma and (2) those that may be 
concentrated in bile many times more than in plasma. In the first category are 
Na+, K+, C l -  creatinine, and cholesterol, indicating the formation of a protein-free 
ultrafiltrate of plasma by the polygonal cells. However, the cholesterol is 
synthesized by the liver and its presence in bile is not due to transfer from plasma. 
Representatives of the second category include bilirubin, as well as administered 
substances that are excreted via bile, e.g., bromosulfalein (bromosulfonphthalein, 
BSP), p-aminohippurate, and penicillin. These sub-stances are added to bile by 
an active secretory mechanism. Bilirubin may be concentrated as much as 1,000-
fold. Since high plasma concentrations of bromosulfalein inhibit bilirubin excretion, 
it is thought that these two compounds compete for a single secreting mechanism. 
The bile acids are made in the polygonal cells and are present in hepatic bile to 
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the extent of 2 to 5 meq/l. 
The capacity of the gall bladder is 50 to 60 ml in adults; it not only is a 

storage sac but also concentrates bile by absorption of water and electrolytes and 
secretes mucoproteins. The resulting solution contains only small amounts of CI- 
and HCO3 and may be neutral or as acidic as pH 5.6. The [K+] appears to rise 
slightly during the reabsorptive process, and the final [Ca2+] may be 15 to 30 
mg/100 ml. The daily production of hepatic bile in normal individuals is somewhat 
uncertain, but biliary fistulas permit collection of 500 to 1,000 ml/day. 
The bile acids, synthesized in the liver, are the chief, if not the only, contribution of 
bile to digestion; these acids are present in bile as bile salts. In fistula bile, the 
concentration of bile salts may vary from 0.5 to 1.5%. The role of bile salts in the 
emulsification, hydrolysis, and absorption of lipids has been described. The two 
major components, glycocholic (cholylglycine) and taurocholic (cholyltaurine) 
acids, are present in a ratio of about 3:1 in human bile. Inverse ratios may be 
encountered in persons on very low protein diets. The daily secretion of these 
compounds is about 5 to 15 g/day. Most of this is returned to the liver via the 
enterohepatic circulation. The daily output of bile salts falls after a few days of 
collection through a biliary fistula but can be reestablished by feeding cholic acid 
and taurine. The bile salts are formed in the liver in a manner analogous to the 
formation of hippuric acid. 
 

Cholic acid + ATP + CoA → cholyl CoA + AMP + PPi 
Cholyl CoA + glycine → cholylglycine + CoA 

Taurocholic acid is synthesized similarly from cholyl CoA and famine. Analogous 
derivatives are similarly formed from other bile acids, e.g., deoxycholic and 
chenodeoxycholic acids. 

In lower vertebrates, fishes, and amphibians, there are relatively small 
amounts of bile acids. However, the bile contains relatively large quantities of the 
corresponding bile alcohols, which are absent from higher vertebrates. It is assumed 
that the alcohols are evolutionary precursors of the bile acids, which appeared in 
later evolution. 

The bile pigments are derived from degradation of porphyrins in cells of the 
reticuloendothelial system, notably those of the liver. Fresh hepatic bile is golden 
yellow because of the bilirubin present. Bladder bile may be green, due to 
oxidation of bilirubin to biliverdin. On standing, all bile darkens progressively from 
gold to green to blue and then to brown as the pigments are oxidized. The total 
daily excretion of these pigments in man varies from 0.5 to 2.1 g. Coproporphyrin 
derived from hems may occasionally be present in bile in small quantity. 
 

Bile contains three lipid constituents of limited solubility, bile salts, phos-
phatidylcholine, and cholesterol. Bladder bile is a solution of mixed micelles of 
these components; hence the solubility of cholesterol is critically dependent upon 
the concentration of bile salts and phosphatidylcholine. Unesterified cholesterol, 
first isolated from gallstones, is a major biliary constituent and may be present in 
a concentration as high as 1% in bladder bile. Fatty acids also occur, as soaps, 
in amounts varying from 0.5 to 1.2% in bladder bile, which also contains as 
much as 0.5% of neutral fat and 0.2% of phosphoglycerides. Maintenance of 
this stable, supersaturated solution of cholesterol appears to be dependent on 
the presence of bile salts, soaps, and mucoproteins. On dialysis, bile becomes 
turbid, and cholesterol precipitates. Much of the cholesterol is reabsorbed in the 
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intestine, a process entirely dependent on the presence and simultaneous 
reabsorption of bile salts. 

The conjugated bile acids persist in the intestinal lumen until the ileum, 
where they are removed by an active transport process and returned to the liver 
for resecretion in bile. Conjugates that are hydrolyzed by amidases of intestinal 
bacteria are either removed by the jejunal mucosa or excreted in the stool. 
Lithocholic acid is formed from chenodeoxycholate by these bacteria and, 
although transported, cannot be readily conjugated. This acid is relatively toxic to 
the liver and may be important in the pathogenesis of liver damage after biliary 
stasis. 

A number of enzymes have been found in bile, of which alkaline 
phosphatase is particularly noteworthy since a similar enzyme enters plasma 
from osteoblasts. In consequence, the plasma alkaline phosphatase activity 
may be in-creased either by enhanced activity of the osteoblasts or by failure of 
the hepatic parenchyma to secrete the enzyme, and the alkaline phosphatase 
activity of plasma is a useful indicator of hepatic function. Bilirubin is largely 
present in human bile as the acyl glycosides of aldobiouronic acid, pseudo-
aldobiouronic acid (glucose linked glycosidically to glucuronic acid), and a 
hexuronosylhexuronic acid. A small fraction of the bilirubin is conjugated with 
glucuronic acid and with sulfate. Glucosiduronates of other cyclic alcohols are 
also excreted in the bile and represent a major fate of thyroxine and certain of 
the steroid hormones. 

Gallstones are composed of normal bile components that have 
precipitated. Virtually all stones have an inner core of protein tinged with bile 
pigment. The most common stones, built of alternating layers of cholesterol and 
calcium-bilirubin, are about 80% cholesterol. Occasionally stones are encoun-
tered that are 90 to 98% cholesterol. Small calcium-bilirubin stones occur 
somewhat less frequently, whereas pure bilirubin or pure CaCO3 stones are very 
rare in man but not uncommon in cattle. The mechanism of biliary calculus 
formation is not understood, but the chief contributory factors appear to be 
infection, biliary stasis, and perhaps the plasma concentration of cholesterol. 
The importance of infection is well established, and multiple cholesterolpigment-
calcium stones are generally considered of this origin. The bacteria increase the 
β-glucuronidase activity of bile, with resultant hydrolysis of bilirubin conjugates, 
thereby providing the bilirubin that serves as the nucleus for stone formation. 
 

Prior to birth, the fetus derives all its food from the mother via the placenta. 
After birth, the infant obtains its nourishment from the milk produced by the 
maternal mammary glands. Preparation of the mammary glands for subsequent 
lactation begins early in pregnancy, and secretion of milk normally begins at the 
end of gestation; these processes are under hormonal control. 

Milk is unique in being an almost complete natural food from the point of 
view of nutrition. This has led to its wide use for individuals of all ages and to 
production of important derived foods such as cheese, butter, etc. Milk contains 
proteins, lipids, carbohydrates, minerals, vitamins, etc. The most significant 
deficiencies are the relatively low content of iron and copper and of vitamins C 
and D. The special nutritive properties of milk derive from the presence of several 
highly nutritive proteins, of lactose, of acylglycerols of the lower fatty acids, and of 
calcium and phosphate. 

Although the general composition of milk is much the same in all the 
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Mammalia, the concentrations of certain constituents vary considerably among 
different species. A relation between rate of growth of the young and the protein 
content is readily observed by a comparison of the composition of the milk from 
different species (Table 7.2). The protein content of human milk is less than one-
sixth that of rabbit and reindeer milk. The composition of milk varies with the time 
after initiation of lactation. 
 
Composition of milk 
 

The average composition of human and cow's milk is given in Table 7.3. 
The main differences are in the higher ash and protein content of cow's milk and 
the greater carbohydrate content of human milk. Modification of cow's milk for 
infant nutrition is accomplished by dilution with water to decrease the protein and 
ash content and addition of lactose or other carbohydrates to approximate human 
milk. 

The white appearance of milk is due partly to emulsified lipid and partly to 
the presence of the calcium salt of casein, the main protein of milk. The 
occasional yellow color is caused by the pigments, carotene and xanthophyll. The 
pH of fresh milk is usually 6.6 to 6.8. Unsterilized milk rapidly becomes acidic 
owing to fermentation by microorganisms. 
 

 
 

 
 

Ash. The distribution of inorganic constituents is very similar in human and 
cow's milk (Table 7.4). The most noteworthy features are the high content of 
calcium, phosphorus, potassium, sodium, magnesium, and chlorine. Copper and 
iron content is low. These trace elements are apparently present in sufficient 
amounts for the needs of the infant, but a characteristic anemia develops in the 
growing child if milk is used as the sole food; this is due to insufficient copper and 
iron. 

Milk is probably the ideal source of calcium and phosphorus in nutrition. 
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These elements are essential for all cells and are needed in large quantities for 
the formation of bones and teeth. The secretory activity of the mammary gland 
achieves large differences in the concentrations of inorganic constituents in blood 
and milk. The molar ratios of milk to blood concentration (shown in parentheses) 
indicate that the sodium (0.13) and chloride (0.25) contents of milk are distinctly 
lower than those of plasma, whereas calcium (14), potassium (7), magnesium (4), 
and phosphate (7) are considerably higher. 

Lactose. This disaccharide of galactose and glucose occurs uniquely in 
milk. Since free galactose is not found in mammalian tissues or in other body 
fluids in significant amounts, it must be formed in the mammary gland from blood 
glucose. The biosynthesis of lactose and its utilization have been discussed 
earlier. 

Lipids. The lipids of milk are chiefly triacylglycerols, dispersed as very small 
globules. The fat of cow's milk contains all the saturated fatty acids with an even 
number of carbon atoms from butyric to stearic, with about 10% of the total fat 
composed of acylglycerols of lower fatty acids. The principal fatty acids are, in 
percent, oleic, 32; palmitic, 15; myristic, 20; stearic, 15; and lauric, 6. Small 
amounts of phosphoglycerides and cholesterol are present. Human milk fat 
contains no fatty acids smaller than decanoic acid and differs from cow's milk fat 
in this respect. The quantities of the other fatty acids are similar to those in 
bovine milk. 

Vitamins. Milk is exceedingly rich in vitamin A and riboflavin. Vitamin C 
(ascorbic acid), vitamin D, thiamine, pantothenic acid, and niacin are present in 
lesser  
 

 
 
 
amounts. Pasteurization destroys most of the vitamin C. For young infants, 
additional amounts of vitamins C and D are frequently supplied. 
Proteins. The principal protein of bovine milk is casein, which represents about 
80% of the protein nitrogen. The ease of preparation of this phosphoprotein has 
long made it a favorite subject for investigation. After removal of the cream, the 
skim milk is acidified to pH 4.7, causing the casein to precipitate. The 
supernatant fluid is whey, which contains about 20% of the total protein. In some 
types of cheese manufacture the milk is acidified by the lactic acid produced by 
fermentation. 

Crude casein is a mixture of several related proteins of differing amino 
acid composition, which may be distinguished electrophoretically and have been 
separated from one another. In order of decreasing electrophoretic mobility at 
alkaline pH values, the major components are designated as α-, β-, γ-, and x-
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casein. The α- and β-caseins are rich in phosphate, which is present mainly as 
O-phosphoserine residues. 

The known sequence of bovine β-casein contains 209 residues (MW = 
23,600) of which, in the first 35 residues from the N-terminus, 5 are 
phosphoserine. Cysteine and cystine are absent from this very hydrophobic 
protein. It is of interest that in milk some proteolysis of β-casein occurs, resulting 
in the formation of six different polypeptide products, including y-casein. 
Inasmuch as a considerable part of the phosphorus content of milk is due to 
casein that is present mostly as calcium caseinate, these two important 
inorganic constituents occur largely in combination with casein. For different 
species, the calcium and phosphate contents vary with the casein content, which 
is to be expected from the mode of binding of these substances. In addition to 
binding phosphate, the caseins are conjugated to a polysaccharide that contains 
galactose, galactosamine, and N-acetylneuraminic acid, and is present in an 
amount approximately 5% of the weight of the protein. 
As indicated above, casein is precipitated at its isoelectric point by addition of 
acid to the milk. The abomasum (fourth stomach) of ruminants contains a 
protease, rennin, which causes clotting at pH 7. Rennin liberates, from w-casein 
only, a nondialyzable glycopeptide soluble in 12% trichloroacetic acid. The 
remaining molecule, called pavacasein, reacts with calcium to yield the insoluble 
curd. Rennin is not present in the human stomach; the enzyme has only weak 
proteolytic activity. However, pepsin can also catalyze the conversion of casein to 
paracasein; this is the initial step in casein digestion in the infant stomach. The 
structure of rennin is homologous to that of pepsin, indicating a common origin of 
the two proteases. 

The whey proteins appear to be as numerous as those of serum, judged 
by the complex electrophoretic diagrams obtained with this fluid. The principal 
protein is β-lactoglobulin, which has been obtained in crystalline form and 
amounts to about 50 or 60% of bovine whey protein. The heterogeneous fraction 
of whey proteins soluble in saturated magnesium sulfate or half-saturated 
ammonium sulfate is frequently designated the albumin fraction, or 
"lactalbumin." This is a misnomer since two proteins are present; the chief 
protein is β-lactoglobulin. α-Lactalbumin is one of the two proteins required for 
lactose synthesis. Other important constituents of bovine whey are 
immunoglobulins, which account for about 10% of the whey protein. They are 
discussed below under Colostrum. 

Many enzymes have been found in milk; a lactoperoxidase that has been 
obtained in crystalline form; xanthine oxidise; a lipase; a protease; etc. Since the 
alkaline phosphatase of milk is destroyed by heat more slowly than are bacteria, 
the phosphatase activity of milk samples is employed as a test for efficiency of 
pasteurization. It is unclear whether these enzymes are significant in the 
physiology of milk production. 

Human milk not only contains much less protein than bovine milk (Table 
7.3), but the distribution of proteins is different. Casein accounts for only about 
40% of the proteins of human milk and the whey proteins about 60%. However, 
the composition of caseins from human milk appears to be very similar to those 
of bovine origin. The other proteins of human milk have not been well 
characterized. 

The main proteins of milk, casein and (β-lactoglobulin, are unique in that 
they are not found in other tissues and bear no obvious relationship to any of 
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the plasma proteins; these milk proteins are synthesized by mammary tissue from 
amino acids supplied by the blood. Casein and β-lactoglobulin are the most 
important nutritive proteins of milk. They are both preeminently suited for this 
function, since they contain all the common amino acids and are rich in the 
essential ones. The relatively low sulfur content of casein, 0.78%, is well 
balanced by β-lactoglobulin, which contains 1.6% sulfur and is one of the best 
proteins for supporting the growth of young animals. 

Milk contains a small amount of albumin, which is immunologically identical 
with serum albumin. The immunoglobulins of milk are similar to those of serum 
but the relative amounts of the various types differ. 
The colostral milk, or colostrum, obtained during the first few days after 
parturition, differs markedly from ordinary milk in physical and biological 
properties. Fresh milk does not coagulate on boiling, but a surface film is formed 
that contains casein and calcium salts. When  colostrum is boiled, a large 
coagulum forms. This difference in physical properties is due to the much higher 
and somewhat different protein content of colostrum. Bovine milk contains about 
4% protein, of which 80% is casein. Colostrum may contain as much as 20% 
protein, and the predominant fraction is represented by immunoglobulins, which 
in various animals account for 40 to 55% of the total protein. These globulins 
include all the antibodies found in the maternal blood and are responsible for the 
transmission of immunity to the newborn of ungulates. The predominant change 
in the protein pattern that occurs in the transition from colostrum to milk is the 
marked decrease of the immunoglobulins, occurring also a few days after 
lactation is initiated. The newborn calf can absorb these globulins from the 
gastrointestinal tract only during the first day or so after birth, but the passively 
acquired antibodies may be detected in the blood for some months. Human 
colostrum has only about two or three times the protein content of human milk. 
Although the higher concentration is largely due to the immunoglobulins, there 
is no evidence for intestinal absorption of antibodies by the suckling infant. 

The lipid of bovine colostrum is usually deep yellow or orange in color, 
largely because of the presence of fl-carotene, a precursor of vitamin A. 
Colostrum contains from 50 to 100 times as much β-carotene as does ordinary 
milk. Larger amounts of riboflavin, niacinamide, and other vitamins are found in 
colostrum than in milk. Thus the composition of colostrum markedly enhances 
the chances of survival of the newborn mammal. 
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CHAPTER 8 
 

RENAL FUNCTION AND THE COMPOSITION OF URINE 
 

 
The preceding chapter describes secretions of special composition 

elaborated by various cells from constituents of arterial plasma. The kidney is 
the major secretory organ of the body, and the fluid separated from plasma by its 
activity is the urine. In contrast to other secretions, however, urine exhibits a re-
markable range of volume and composition, and it is by virtue of its ability to 
alter the nature of urine with varying metabolic and environmental circumstances 
that the kidney aids in regulating the volume and composition of the extracellular 
fluid. 

Each human kidney contains about 1,000,000 functional units, or 
nephrons. The formation of urine is the result of three processes that occur in 
each nephron: (1) filtration through the glomerular capillaries; (2) reabsorption of 
fluid and solutes in the proximal tubule, the loop of Henle, the distal tubule, and 
the collecting ducts; and (3) secretion into the lumen of the proximal and distal 
tubules. 

The volume of glomerular filtrate formed by a normal 70-kg adult is approx-
imately 125 ml/min during mild water-induced diuresis. This fluid is considered 
to be a protein-free ultrafiltrate of plasma. Attempts have been made to estimate 
the maximum size of particles that can penetrate the glomerular membrane, 
which is built of glycoproteins and a collagen-like protein. Poly-peptides and 
smaller proteins, including Hb and myoglobin, appear readily in the urine when 
present in plasma, whereas serum albumin appears in urine only under unusual 
circumstances. These observations suggest that the basement membrane 
should contain pores of 20 A radius; however, pores have not been seen by 
electron microscopy. The normal glomerulus may permit passage of a 
significant amount of serum albumin, which is reabsorbed as it passes down the 
tubule. If this were of the order of 5 mg/100 ml of filtrate and if none of this 
material were reabsorbed, a proteinuria of 9 g/day could result. During passage 
through the proximal tubule, about 70 to 80% of the glomerular filtrate is 
reabsorbed, so that about 25 to 30 ml/min enters the loop of Henle. This fluid is 
glucose-free and isosmotic and, because of the reabsorption of HCO3

-, has a pH 
below that of plasma. The reabsorptive processes that occur in the proximal 
tubule are relatively independent of the composition and volume of the body 
fluids. Formation of urine is completed in the loop of Henle, the distal tubules, 
and the collecting ducts from which urine flows at the rate of 0.5 to 2.0 ml/min. 
The cells of these structures possess facultative mechanisms for reabsorption 
of water, various electrolytes and nonelectrolytes, and for secretion into the 
urine of NH4

+, H+, and K+ ions, among others. Thus, it is here that those final 
adjustments in the composition and volume of urine occur that serve to regulate 
the constancy of the milieu interieur. 

Clearance. This term is used to denote the removal of a substance from 
the blood during its passage through the kidneys and is defined as the least 
volume of blood or plasma that contains all of a particular substance excreted in 
the urine in 1 min. Clearance is, therefore, a rate with the dimensions of ml of 
plasma per min. Thus, 
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C = U x V/P 
 
where U = concentration in urine, V = urine volume, in ml/min, P = plasma 
concentration, and C clearance, in ml/min. 

The clearance of a substance whose concentration in plasma is identical 
with that in the glomerular filtrate, and that is neither reabsorbed nor secreted 
by the tubular epithelium, is a measure of the rate of glomerular filtration. Inulin, 
mannitol, and, albeit less well, creatinine meet these criteria. All yield clearance 
values of about 125 ml/min/1.73 m2 of surface area in human males, and 
somewhat lower values in females. It follows that any substance whose 
clearance is less than that of inulin, and that is not bound to plasma protein, 
must be reabsorbed as the glomerular filtrate flows through the tubules. These 
substances are primarily Na+, Cl–, K+, water, glucose, urea, amino acids, and 
uric acid. Furthermore, any substance whose clearance exceeds that of inulin 
must be secreted into the urine by tubular cells. NH4-, H+, and N+-methyl-
nicotinamide behave in this manner, as do a number of other substances, 
notably penicillin, p-aminohippurate, and phenolsulfonphthalein. At low plasma 
concentrations, tubular secretion of p-aminohippurate (PAH) is so effective that 
it does not appear in renal venous blood. Under these circumstances, PAH 
clearance is a measure of effective renal plasma flow, about 650 ml/min/1.73 m2. 
The ratio of inulin to PAH clearance is termed the filtration fraction and is 
approximately 18% in normal individuals. 

Transport maximum, Tm. Another parameter of renal excretory function is 
the T., an abbreviation for transport maximum, the maximum ability of the 
kidneys either to reabsorb or to secrete a given material. For example, since 
essentially no glucose is excreted when the plasma glucose concentration is 
100 mg/100 ml, the kidneys must reabsorb 125 mg of glucose per minute in the 
proximal tubules. However, at an artificially elevated plasma glucose 
concentration of 400 mg/100 ml, that is, a glomerular filtration rate of 500 
mg/min, 200 mg/min of glucose may be excreted. The difference, 300 mg/min, is 
the maximum rate at which the kidneys can reabsorb glucose and is denoted as 
T,n for glucose. Similarly, by raising the concentration of PAH until it appears in 
the renal venous blood in appreciable quantities, the maximum amount of PAH 
appearing in the urine per minute represents the secretory Tm for PAH. 
Renal threshold. This term denotes the plasma concentration above which a 
given substance appears in the urine. Thus, in man, the renal threshold for 
glucose varies between 125 and 160 mg/l00 ml plasma. This is not as precise a 
concept as the reabsorptive m described above but is more readily determined 
since it does not necessitate simultaneous measurements of glomerular filtration. 
Any statement of the threshold value for a given compound assumes a constant 
glomerular filtration rate; this assumption may not be valid from interval to 
interval. Moreover, for no substance is there a precise threshold; after the 
threshold concentration has been exceeded, not all the material filtered in the 
glomerular filtrate is necessarily excreted quantitatively. Thus, an individual with 
a glucose threshold of 130 mg/l00 ml filters and reabsorbs 163 mg/min at this 
concentration, yet at an even higher plasma concentration may exhibit a glucose 
reabsorptive Tm of 300 mg/min. Table 8.1 lists the thresholds of appearance of 
some major plasma solutes. Evidence for a threshold of appearance (or 
excretion) for a diffusible substance indicates that the mechanism for its 
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reabsorption by the tubules can be saturated. 
A more illuminating concept is that of the threshold of retention, the con-

centration at which the quantities of a given substance in plasma and urine are 
identical. Above this plasma concentration, urine will be more concentrated than 
plasma, whereas, below it, plasma will be more concentrated than urine. This 
concept describes the kidney as a regulator of the composition of the 
extracellular fluid more graphically than does the threshold of appearance. 
 
Renal excretory mechanisms 
 
ELECTROLYTES 
 

Sodium, chloride, and mater. About 75% of the Na+ Cl—, and water of the 
glomerular filtrate are reabsorbed in the proximal tubules by an active process in 
which Na+ ions are selectively removed from the tubular fluid; anions move 
passively in accordance with the electrical gradient established by transfer of 
Na+ and water moves, passively and isosmotically, with the solute. In this manner, 
about 25 ml of filtrate leaves the proximal tubules per minute. 

The subsequent facultative adjustment of the volume and osmolarity of the 
urine is made possible by (1) existence of a sodium pump in the cells of the loop 
of Henle and in the distal portions of the tubule and collecting duct; (2) control by 
the hormone, vasopressin, of the permeability to water of the distal tubules and 
collecting ducts; and (3) the architecture of the kidney. In the ascending limb of 
the hairpin-shaped loop of Henle, an outwardly oriented sodium pump (chloride 
moves passively with the electrochemical gradient) operates while the same 
cells are relatively impermeable to water. Consequently, a gradient of about 200 
mOsmoles (mOsm)/l is established between the fluid inside the ascending limb 
of the loop and the surrounding interstitium. This effect is multiplied as the fluid 
in the thin-walled, water-permeable, descending limb achieves osmotic 
equilibrium with the same  
 

 
 
 

interstitium, thereby increasing the osmolality of the fluid presented to the 
ascending limb. As the fluid travels through the distal tubule, it is diluted by 
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water from the interstitium, with which it again attains osmotic equilibrium. 
Sodium may be removed throughout the distal tubule by an active process, the 
rate of which is determined by the adrenal cortical hormone, aldosterone. This 
activity is maximal when Na+ is to be conserved, viz., when plasma [Na+] is 
below normal, and can result in removal of almost all Na+ from the presumptive 
urine; it is minimal at elevated plasma [Na+]. As the fluid proceeds down the 
collecting duct, it must pass once again through an area of increasing osmolarity 
of the surrounding tissue. The epithelium of the collecting ducts is thought to be 
essentially impermeable to Na+ whereas permeability of this tissue to H2O is 
regulated by the hormone, vasopressin. In the absence of the latter, the duct is 
impermeable to H2O; the duct fluid fails to equilibrate with the surrounding 
medium, and a highly dilute urine is excreted. With increasing quantities of 
vasopressin there is increased permeability to H2O until, at full activity, the duct 
fluid is osmotically equilibrated with the hypertonic surrounding medium before 
entering the larger collecting passages. Vasopressin exerts similar effects on the 
water permeability of the toad bladder; the hormone stimulates formation of 
cyclic AMP, which, even in the absence of hormone, can also elicit a similar 
increase in permeability to water. The operation of this countercurrent system is 
shown in Fig. 8.1. Clearly, it is not possible to form a urine more concentrated 
than that of the contents of the bottom of the loop of Henle. 

A third hormonal factor, in addition to vasopressin and aldosterone, may 
have a role in regulation of Na+ excretion. Increased salt intake or expansion of 
extracellular volume in human beings results in the appearance in plasma and 
urine of a polypeptide that has been termed "third factor" or "natriuretic 
hormone". This material is presumed to act in vivo by inhibiting Na+ 
reabsorption by the nephron. When renal tubular fragments are incubated in 
plasma from dogs in which blood volume had been increased, there is an 
increased intracellular [Na+], a decreased intracellular [K+], and an impairment of 
the ability to concentrate p-aminohippurate. 
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A fourth group of factors, certain of the prostaglandins, also appear to have 
the physiological properties of natriuretic hormones. These prostaglandins are 
natriuretic, are found in the renal medulla, and inhibit transport of p-aminohippurate 
by the renal tubule. 

The significance of the roles of each of the above postulated natriuretic 
factors remains to be clarified. 

Potassium. The renal mechanisms involved in K+ excretion efficiently prevent 
potassium retention and ensure against hyperkalemia. However, even on a 
potassium-free diet, normal adults may excrete 20 to 30 meq/day. Although this 
could be derived from the 750 meq filtered through the glomerulus daily, it appears 
likely that K+ is largely removed as fluid traverses the proximal tubules and that 
most urinary K+ is secreted in the distal tubules. The existence of a secretory 
mechanism is suggested by the fact that K+ clearance may exceed inulin clearance. 
Whereas it seems likely that proximal reabsorption is a form of specific active 
transport, secretion of K+ in the distal tubule is accomplished by exchange for Na+ 
.Only when Na+ reabsorption is impaired, as in adrenal cortical insufficiency, does 
K+ secretion fail and hyperpotassemia may result. Thus it appears that this 
exchange mechanism is one aspect of the aldosteroneontrolled Na+-reabsorptive 
process in the distal tubule. The normal operation of this mechanism enforces 
excretion of about 25 meq of K+ daily even when no potassium is ingested or at 
diminished plasma [K+]. Exaggerated Na+ reabsorption due to adrenal cortical 
hyperactivity results in augmented K+ excretion with serious depletion of body 
potassium. 
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Acidif ication of urine. In severe acidosis the [H+] of urine may be 1,000 
times that of the plasma from which it is derived. This acidification begins in the 
proximal tubules and is completed in the distal tubules and collecting ducts. 
Although selective reabsorption of HPO4

2— and dissociation of the dissolved CO2 
of the glomerular filtrate might account for acidification of urine in normal persons 
ingesting an average diet with an acidic ash, it cannot account for the maximal 
capacity of the kidney to produce acidic urine. The tubular ion-exchange 
mechanism illustrated in Fig. 8.2, proposed by Pitts, is thought to represent the 
major mechanism for acidification of urine. 

Essentially, the suggested mechanism includes metabolic CO2 production, 
hydration to H2COg catalyzed by carbonic anhydrase, dissociation to H+ + HCO3

-, 
and exchange of the H+ for Na+ across the luminal border of the cell. Na+ and 
HCO3

- are assumed to diffuse to the opposite side of the cell, where the reverse 
process could operate, leading to appearance of Na+ of the glomerular filtrate in 
venous blood, with HCO3

- arising from H2CO2. After exchange of Na+ and H+ 
across the vascular boundary of the cell, the H+ combines with HCO3

-, and CO2 is 
produced by carbonic anhydrase catalysis and then diffuses into the plasma. The 
failure of the acidification process and enhanced Na+ excretion after 
administration of carbonic anhydrase inhibitors strengthen the H+-Na+ exchange 
concept and suggest that cellular CO2 is the source of a major fraction of the 
secreted protons. That this is possible is suggested by the observation that the 
maximal rate of acidification (meq H+/min) is of the same order of magnitude as 
renal cellular respiration (mmoles CO2). 

Thus, both H+ and K+ secretion by the distal tubule are accomplished by 
exchange for Na+ processes that are not unrelated. Carbonic anhydrase inhibition 
results not only in alkalinization of urine and diminished Na+. 
 

 
 
reabsorption but also in a three- to fivefold increase in urine [K+].  This may be 
accentuated when [CI-] is low. In potassium-deficiency states, with K+ relatively 
unavailable for secretion, the acidification process is hyper-active; acidic urine 
low in [K+] 1 is excreted, and plasma [HCO3

-] may rise to 50 or 60 meq/l. 
Conversely, when unusual quantities of K+ are excreted, as after K+ 
administration, alkaline urine is produced. In respiratory acidosis, with increased 
plasma and cellular PcO2, urine is acidic and low in [K+], whereas in respiratory 
alkalosis, urine is alkaline and high in [K+]. This observation suggests that there 
may be a competition between K+ and H+ for some component of the Na+ 
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exchange mechanism. This process may be an aspect of the general, 
aldosterone-regulated Na+ absorptive process. Acidification fails in the absence of 
aldosterone and is accentuated when excessive aldosterone is administered or 
is secreted by an adrenal tumor. 

Bicarbonate. Ordinarily, renal excretion of HCO3
- is very low; its 

concentration in urine at pH 6 or below is negligible. The major portion of the 
HCO3

- filtered through the glomerulus is reabsorbed, largely in the proximal 
tubule. Although, in part, this occurs in passive fashion similar to the behavior of 
Cl- in this area, it is probable that HCO3

- reabsorption is an active process, since 
it exhibits a reabsorptive Tm that rises with increasing PCO2 in plasma. In either 
case, the distal tubule is presented with fluid containing about 10 to 15 meq/I of 
HCO3

-. Although there may be a HCO3
--absorbing mechanism, HCO3

-

reabsorption occurs chiefly by Na+-H-+ exchange, as described above for  
acidification of urine. In this case, cellular H2CO3

- yields a proton that exchanges 
for Na+ the HCO in the lumen accepts the proton, dehydrates, and the resultant 
CO2 may diffuse into peritubular blood or rehydrate in the cell. In either instance, 
the HCO3

- returned to blood derives from dissociation of intracellular H2CO3
-. All 

other circumstances remaining constant, this process operates so that, at plasma 
[HCO3

-] up to 24 to 28 meq/l, all filtered HCO3
- returns to plasma; at higher 

[HCO3
-] virtually all the excess HCO3

- remains in the urine, which is, accordingly, 
alkaline. In this manner, urine containing as much as 250 meq/l of HCO3

- may be 
excreted. 

The major factors that govern the behavior of the tubular epithelium with 
respect to the acidification of urine appear, with but a few exceptions, to be 
intracellular [ H + ]  and At low PCO2 (respiratory alkalosis), the ratio 
KHCO3/H2CO3 in the cell is elevated, the supply of H+ is low but [K+] is normal, 
and an alkaline, K+-containing fluid is excreted. In respiratory acidosis with high 
PCO2 increased intracellular CO2 and, therefore, increased [H+] an acidic urine 
may be expected. With an increase in plasma [K+], as after KCI administration, 
there is presumed to be an increased intracellular [K+], which competes 
favorably with cellular protons, and urine is alkaline, whereas the reverse 
situation obtains after general depletion of body potassium. More difficult to 
rationalize in these terms are metabolic alkalosis and acidosis. In the former, 
the increased load of filtered HCO3- is presumed to be the dominant factor and 
urine pH is conditioned by the limit of 24 to 28 meq of HCO3

- per liter of 
glomerular filtrate that can be reabsorbed. This may, in part ,  be offset by 
increased PCO2 due to respiratory compensation, but the latter is usually minimal 
and relatively ineffective. Finally, in metabolic acidosis, characterized by 
markedly diminished PCO2, and therefore lowered cellular [H2CO3], the increased 
[HT] of the extracellular fluid is dominant and may, by exchange for cellular K+, 
titrate HCO3

- and other cellular buffers and lower cellular pH despite the low 
PCO2 and thus determine the pH of urine. These interrelation-ships are depicted 
in Table 8.2. 

Ammonia excretion. By measurements of the renal arteriovenous 
differences in glutamine concentration, it was found that, in the acidotic dog, two-
thirds of the urinary NH3 was derived from the amide nitrogen of the glutamine of 
arterial blood. In alkalosis, virtually no glutamine was removed from blood flowing 
through the kidney. The remaining one-third of the urinary NH3 is derived from 
α-amino nitrogen of amino acids. Kidney slices, in vitro, produce NH3 and α-keto 
acids when incubated with amino acids, by transamination to α-ketoglutarate with 
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subsequent oxidation of the glutamate by NADI. Thus, it is possible to account for 
all the urinary NH3 as arising from glutamine and α-amino acids present in blood 
traversing the kidney. 

It appears likely that NH3, rather than NH4
+, diffuses across the tubular 

lining and connecting duct epithelium and is neutralized by H+ secreted by the 
ion-exchange process described above. This, in turn, reduces the [H+] of the 
urine, permitting exchange of more H+ for Na+, which returns to the venous blood. 
Moreover, if NH3 rather than NH4

+ is the diffusing substance, a large 
concentration gradient is established, thereby enhancing excretion of NH3. 
Conversely, if the intraluminar fluid is alkaline, formation of NH4

- is depressed, and 
NH3 diffusion and excretion become limited to the equilibrium concentration of 
NH3, which should be low. However, the [H+] of urine is not the sole factor 
controlling NH3 excretion. When acidosis ensues, several days are required 
before maximal NH3 excretion is obtained, despite continued formation of highly 
acidic urine. Similarly, when NH3 excretion was compared in dogs rendered 
acidotic several days in advance and dogs given NH4CI at the start of the 
experiment, after which both groups were restored to normal conditions by a 
slow infusion of NaHCO3, the animals in the first group excreted about three 
times as much NH3 as those in the second group at identical urinary pH levels. 
This effect may, in part, be due to "adaptive" increase in renal glutaminase or 
amino acid aminotransferase activity in chronic acidosis. How-ever, although 
renal glutaminase activity increases in metabolic acidosis, this is not a 
prerequisite for the increased excretion of NH3. The mechanism of "adaptation" is 
not known; the adrenal cortex may play a role, since adrenalectomized animals 
excrete considerably less NH3 than do normal animals after administration of NH-
4CI. 
 

 
 

Phosphate and calcium. Phosphate clearance is, at all times, less than 
inulin clearance. It has not been established which segment of the tubule is 
responsible for phosphate absorption. However, existence of a reabsorptive 
phosphate Tm lowering of this Trn by parathormone, failure of reabsorption when 
serum [K+] is diminished, and the competitive behavior of arsenate, all indicate an 
active absorptive process. Nothing is known of the mechanisms by which 
phosphate excretion is enhanced in acidosis and in alkalosis. 
Calcium is a threshold substance, and urine normally is virtually Ca2+-free. 
However, Ca2+ rapidly appears in urine when the plasma concentration is 
elevated to only a slight degree, indicating that the tubules normally operate 
rather close to the capacity, or reabsorptive Tm value, for C2+.  
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Nonelectrolytes 
 

Urea. Urea is the major example of a highly diffusible substance that is 
neither actively reabsorbed nor secreted by the tubules. Although there is 
suggestive evidence that urea may be actively reabsorbed by renal tubules of 
human beings or of herbivores during chronic ingestion of diets extremely low in 
protein, the behavior of urea in the nephron reflects (1) lack of any specific urea-
affecting device, (2) specific mechanisms for absorption or secretion of 
electrolytes, and (3) osmotic equilibrium between intraluminar fluid and the renal 
interstitium. In the rat nephron, urea concentration increases slightly at the end 
of the proximal convolutions and then increases about fivefold in the loop of 
Henle because of the accumulation of urea in the surrounding tissue by the 
countercurrent mechanism. In the distal tubule, urea again tends to remain 
behind as water leaves. In the collecting ducts, in the region of vasopressin-
sensitive cells, with their high permeability to water, concentration of urea again 
occurs. In general, the concentration of urea in urine, like that of [Na+l, is equal 
to the concentration that obtains in the renal papilla. 

At ordinary rates of urine flow the concentration of urea in urine is about 
sixty to seventy times greater than that in plasma. When urine flow is about 
ml/min, urea clearance is normally about 55 ml/min. When urine excretion is 2 
ml/min or greater, urea clearance is about 75 ml/sin, so that about 40% of the 
urea filtered is returned to the blood, while more than 98% of the water is 
reabsorbed. Maximal urea clearance is normally reached when the rate of urine 
flow is greater than 2 ml/min. 

In many renal diseases, urea clearance falls, and plasma concentration 
of urea rises. The fall in urea clearance merely reflects the decline in 
glomerular filtration. This last process is self-adjusting with respect to excretion 
of urea. For example, a normal individual may have a plasma urea N 
concentration of 10 mg/100 ml, a glomerular filtration of 120 ml/min, a urea 
clearance of 60 ml/min, and, hence, excrete 6 mg of urea N per minute. Thus, 
half the urea filtered is passively reabsorbed. In glomerulonephritis, the 
glomerular filtration rate may decline to as little as 60 ml/min. Since, again, half 
the urea filtered is reabsorbed, then at the outset only 3 mg of urea N is 
excreted per minute. In consequence, the plasma urea concentration rises. 
When the latter reaches 20 mg urea N per 100 ml, at the same diminished 
glomerular filtration rate, 12 mg of urea N is filtered per minute. Since half of this 
is reabsorbed 6 mg of urea N is excreted per minute, just as in the normal 
individual. Thus, because of the elevated plasma urea concentration, despite a 
striking fall in urea clearance, the nephritic person can remain in balance with 
respect to urea. 

Creatinine. The concentration of creatinine in urine is generally thirty-five 
to forty times that of plasma. In man, creatinine is excreted by glomerular 
filtration and is partly reabsorbed by passive diffusion. However, when 
creatinine is injected and the plasma concentration maintained at an elevated 
level, creatinine clearance approaches that of inulin. 

Uric acid. The urine to plasma concentration ratio of uric acid is 
approximately 30. Unlike creatinine and urea, uric acid is a compound that 
appears in urine when the concentration in plasma exceeds values just above 
normal. However, it is not certain whether the excreted urate is unabsorbed or 
secreted. The threshold appears to be influenced by one or more of the adrenal 
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cortical hormones, administration of which increases urinary elimination and 
lowers plasma concentration of uric acid. 

Glucose. Glucose is reabsorbed virtually quantitatively before the 
glomerular filtrate reaches the loop of Henle. When, however, the glucose 
threshold is exceeded, as in diabetes mellitus, glucose appears in the urine. In 
some individuals, glucose appears in the urine sporadically at normal, or only 
slightly elevated, plasma concentration of glucose. This condition is termed renal 
glucosuria and is attributed to a defective mechanism for tubular glucose 
reabsorption. Renal glucosuria can also be induced by administration of 
phlorhizin, which inhibits the tubular mechanism for glucose reabsorption. With 
sufficient dosage of the drug, glucose clearance may almost equal inulin 
clearance. 
 
Tubular transport mechanisms 
 

The variable composition of urine, the absence of glucose in normal 
urine, and direct observation of changes in composition of glomerular filtrate 
within the tubules have indicated the existence of facultative mechanisms for 
absorption of constituents of the glomerular filtrate. Direct observation of phenol 
red secretion by the mesonephric kidneys of frogs, and by the tubules of the 
metanephric kidney in tissue culture studies, provided evidence of tubular 
secretion. Clearance techniques permit ready recognition of these processes. 
As the plasma concentration of a compound that is actively reabsorbed is 
increased, the clearance remains essentially zero until the reabsorptive capacity 
is exceeded. Beyond that point, clearance increases with rising plasma concen-
tration, approaching glomerular filtration rate as a limit. Clearance of a com-
pound that is secreted by the renal tubules and not reabsorbed exceeds that 
possible from glomerular filtration alone, and as its concentration in plasma 
increases, the clearance decreases to approach glomerular filtration as a limit. 
The terms "reabsorption" and "secretion" lack distinction when applied to the 
cell. Both processes are "secretory" and differ only in their orientation. What, 
then, is the nature of the cellular transport mechanisms responsible for these 
processes? Many observations suggest that these processes involve enzymic 
systems arranged to exhibit directional orientation as well as substrate 
specificity. Admittedly, in no instance has the renal enzyme been identified, but 
the parallelism between the behavior of some transport mechanisms and 
enzymic activity is striking. 

 Regardless of the details of the mechanism, energy, probably as ATP, is 
required to transport any substance against an electrochemical gradient. 
Tubular secretory mechanisms for secretion of phenol red and p-aminohippurate 
(PAH) fail in the presence of quinone, an inhibitor of dehydrogenases, of 
vinylacetic acid, which inhibits succinate oxidase, and of dinitrophenol, which 
prevents respiratory phosphorylation. Moreover, trans-port mechanisms appear 
to compete for available energy. Thus, whereas PAH is secreted and glucose 
and ascorbic acid are reabsorbed, reabsorption of both glucose and ascorbic 
acid is impaired when PAH is secreted at its value. 

There are numerous instances in which substances of similar structure 
compete for a common transport mechanism. Xylose clearance rises to that of 
inulin if the plasma glucose concentration is raised, although the total 
absorption of the two sugars exceeds that of either alone at the same concen-

143 
 



tration. The sets, leucine-isoleucine and lysine-arginine-ornithine, behave 
similarly, as do proline-hydroxyproline-glycine, whereas PAH administration 
diminishes secretion of penicillin. This type of competition closely resembles 
that of substrates competing for a single enzyme. An excellent example of 
competitive inhibition of a transport mechanism by a substance that is not itself 
secreted by that mechanism is the competitive inhibition of secretion of penicillin 
and PAH by p-carboxy-N,N-diisopropylsulfonamide (probenecid). The extent of 
secretion is dependent, at all concentrations, on the ratio of penicillin or PAH to 
probenecid. The "y-glutamyl cycle" previously described as a possible basis for 
transport of amino acids across the intestinal mucosa was demonstrated initially 
for the kidney, but its contribution to the transport of amino acids in general in 
the renal tubules has not been quantitatively delineated. 

A single mechanism may serve to transport material in two directions, as 
in the case of the H+-Na+ system. In this regard it is noteworthy that probenecid, 
which inhibits tubular secretion of PAH and penicillin, also interferes with 
reabsorption of uric acid and R. Additional evidence of the interdependence of 
secretory and reabsorptive mechanisms is the fact that if the serum [K+] is 
lowered, as by glucose infusion, K+ secretion is diminished, while at the same 
time the renal capacity for phosphate reabsorption declines. 

No normal urinary constituent is secreted as efficiently by tubules as are 
PAH and penicillin. Indeed, only N'-methylnicotinamide and phenyl sulfate, of 
the normal organic urinary constituents, are known to be secreted into the 
tubular urine at all, and these are excreted only in milligram quantities daily. 
Since PAH clearance is not affected by variations of the K+, H+, or NH4

+ content of 
urine, or by carbonic anhydrase inhibitors, the PAH-secreting device appears to 
be independent of mechanisms responsible for secretion of these urinary 
components. Although the normal substrate for the PAH-secreting mechanism is 
unknown, it is possible that this substrate is absorbed rather than secreted. 
Among the enzymes participating in renal transport are glutaminase, which 
functions in secretion of NH3, and carbonic anhydrase, which is essential for H+-
Na+ exchange. The high mutarotase activity of renal cortex and the fact that the 
deoxyglucose/glucose ratio at which mutarotase is 50% in hibited also results in 
excretion of 50% of the glucose filtered by the glomerulus, suggest that this 
enzyme may participate in glucose transport. However, the fact that arabinose, 
which is an excellent substrate for mutarotase, is not actively reabsorbed in the 
proximal tubule argues against this hypothesis. The high concentration of alkaline 
phosphatase at the luminal and vascular borders of tubular cells suggests a role 
for this enzyme in transport processes. Active Na+ transport occurs along the 
entire length of the nephron, except in the thin, descending loop of Henle. The 
evidence suggests that the mechanism employed resembles closely the Na+-K+-
H+ exchange system of cells generally. Kidney is rich in a Na+-K+-requiring 
ATPase which, like that of erythrocyte ghosts and nerve, is sensitive to the 
cardiac glycosides. The relationship of K+ secretion to renal Na+-HP- exchange 
recalls the finding that acidification of the medium during yeast fermentation is 
also a result of a K+-H+ transfer, suggesting that the process of secretion of 
electrolytes is basically similar in all cells. Although enzymic bases for renal 
tubular transport have been well established, the finer details remain largely 
unknown. 
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Renal hypertension 

In addition to its role in maintaining the volume and composition of ex-
tracellular fluid, the kidney is also involved in homeostatic control of arterial 
blood pressure. Hypertension is associated with a variety of renal disorders in 
man. Hypertension can be produced in dogs by clamping the renal arteries to 
restrict renal blood flow. This procedure is also effective after renal denervation, 
indicating a humoral mechanism in the pathogenesis of this type of experimental 
hypertension. An enzyme, renin, produced and secreted by the kidney, splits a 
polypeptide, angiotensin I, from angioiensinogen, a serum m2 -globulin formed 
by the liver. Normal plasma contains a derivative of phosphatidylserine that is a 
potent inhibitor of renin activity. Renin levels in plasma appear to be elevated in 
those individuals with hypertension who, at a later time, develop a myocardial 
infarction; this has led to use of blood renin determinations on which to base 
need for precautionary measures. 

Angiotensin I preparations of slightly different composition have been 
described, depending on the sources of the renin and the substrate used. The 
angiotensin I obtained by incubation of hog kidney renin with horse serum 
globulin is a decapeptide, Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu; this peptide 
exhibits no pressor activity. However, normal serum contains an enzyme 
angiotensinase (angiotensin I-converting enzyme) that liberates the dipeptide 
His-Leu from the carboxyl-terminal end of the chain, yielding angiotensin 11, the 
most powerful pressor agent known. All tissues, particularly intestine and 
kidney, exhibit peptidase activity, presumably due to leucine aminopeptidase, 
which rapidly destroys angiotensin II. Plasma from persons with essential 
hypertension contains angiotensin II in an amount sufficient to maintain an 
elevated blood pressure. Normal plasma is devoid of angiotensin II. Renin 
production and release are functions of the juxtaglomerular apparatus, which also 
acts as a pressoreceptor, thereby permitting this system to participate in the 
homeostatic control of arterial pressure. In addition, decreases in blood volume, 
as well as in extracellular [Na+] or [K+], function as extrarenal stimuli that, via 
sympathetic stimulation of the renal nerves, can increase renin synthesis and 
release. 

Angiotensin B also acts directly on the adrenal gland to stimulate release 
of aldosterone, resulting in Na+ conservation as described above. Experimental 
hypertension can be produced by enveloping the kidneys with silk, cellophane, 
or acrylate resin, by subtotal nephrectomy, or by prolonged administration of 
salt and specific adrenal cortical steroids, viz., aldosterone or 
deoxycorticosterone. The relation of high salt intake or retention to hyper-
tension is not understood, but dietary salt restriction has proved effective in 
management of human hypertensive disease. Restriction of protein intake 
alleviates the hypertension of partially nephrectomized rats, apparently because 
of failure of adrenocorticotropic hormone secretion secondary to protein 
deficiency. The role of adrenal cortical hormones is not clear, but adrenalectomy 
lowers blood pressure in a significant number of hypertensive human beings, 
renal hypertension cannot be induced in adrenalectomized animals, and 
administration of adrenocorticotropic hormone or adrenal cortical steroids 
produces hypertension in totally nephrectomized rats. 

The angiotensin-aldosterone system may be interrelated with other 
systems, and its components may have independent actions. Intravenous 
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infusion of either renin or angiotensin into dogs increases plasma vasopressin 
concentration. Evidence of this and other types suggest a renin-angiotensin-
vasopressin system in which angiotensin may stimulate vasopressin release by 
facilitating the transport of Na+ into brain cells involved in the control of 
vasopressin secretion. There also appears to be a negative feedback relationship 
in this system since intravenous infusion of vasopressin results in a fall in 
plasma renin activity. 

Plasma kinins. The hypertensive action of angiotensin II and its formation 
by partial proteolysis from angiotensin I focus attention on other plasma kinins 
that increase capillary permeability as well as being markedly hypotensive due 
to their potent vasodilator action, including dilatation of renal blood vessels. 
Indeed, certain of these kinins are the most active vasodilator substances 
known. The most important of the group, for which the generic term, kinins, has 
been adopted, are kallidin and bradykinin. 

Bradykinin, a nonapeptide, has the following amino acid sequence: Arg-
Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg. Kallidin has an additional lysine residue at the 
amino terminus and is sometimes referred to as lysyl-bradykinin. The two 
peptides arise by proteolysis of a common precursor in the globulin fraction of 
plasma, referred to as kininogen. Either trypsin or plasmin can effect this 
cleavage, as can a group of proteolytic enzymes termed kallikreins, widely 
distributed in body tissues and fluids, including blood, as well as by proteases of 
certain snake venoms. Plasma kallikrein forms bradykinin; glandular and other 
kallikreins form the decapeptide, kallidin, which is converted to bradykinin in the 
blood by an aminopeptidase. Plasma also contains a carboxypeptidase that, by 
removal of the C-terminal arginine, inactivates both peptides. 
 

Since the rate of formation of urine and its composition are subject to 
diurnal variation and to the influences of muscular activity, digestion, and even 
emotional phenomena, comparisons of urine specimens are generally 
performed by examining urines collected over a 24-h period. 

Volume. The volume of urine voided in 24 h by normal adults ranges from 
600 to 2,500 ml/day. Excretion greater than this is usually indicative of disease, 
e.g., diabetes mellitus or insipidus, nephritis, etc. Urine volume is related to fluid 
intake and is increased by ingestion of large volumes of fluids, by coffee or tea, 
which contain methylxanthine, or by alcohol, which suppresses release of 
antidiuretic hormone. In the early states of kidney disease, diabetes mellitus, etc., 
nocturia is encountered. This is defined as the passage of more than 500 ml of 
urine with a specific gravity below 1.018 during a 12-h period at night. Later in the 
course of kidney disease, however, as renal function becomes more severely 
impaired, nocturia ceases; urine volumes may become markedly diminished 
(oliguria), and, in the terminal stage of kidney disease, urine excretion may 
cease entirely (anuria). Oliguria is also seen as a result of dehydration, cardiac 
insufficiency, or fever. 

Color. Urine is usually amber in color. The principal pigment is 
urochrome, a compound of urobilin or urobilinogen and a peptide of unknown 
structure. Other pigments that may be present include uroerythrin (believed to 
be derived from melanin metabolism), uroporphyrins (normally present in minute 
amounts), and numerous other pigments present in traces, such as riboflavin. 
On standing, urine usually darkens, presumably owing to oxidation of 
urobilinogen. An unusually dark urine is due most commonly to excretion of 
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bilirubin. Bilirubinuria is seen in icterus of the direct van den Bergh type. This 
includes all instances of obstructive jaundice, as well as most intrahepatic types 
of icterus. A darker than normal urine may also indicate the presence of 
porphyrins in abnormal amounts or of homogentisic acid, which is oxidized to a 
black polymer when urine that is slightly alkaline stands in contact with air. 
"Urorosein" excretion is related to ingestion of indole compounds. 

Normal sediments. Freshly voided urine is ordinarily clear. After standing, a 
flocculent material occasionally separates; this usually consists of a small 
amount of nucleoprotein or mucoprotein together with some epithelial cells from 
the lining of the genitourinary tract. If the urine is alkaline, a mixture of calcium 
phosphate and ammonium-magnesium-phosphate ('triple phosphate") may also 
precipitate and, occasionally, oxalates and urates, which redissolve on acidifi-
cation of the urine. Uric acid may precipitate from acidic urine. 

Total solute concentration. The combined operation of the various 
mechanisms already described permits elaboration of urine varying in osmolality 
from 50 to 1,400 mOsm/kg, as compared with plasma at 285 mOsm/l. The 
kidneys of young children are somewhat less efficient, producing urine of from 
100 to 800 mOsm/l. When the osmolality of urine exceeds that of plasma, the 
difference between their osmolalities represents the quantity of solute cleared 
without an equivalent loss of water. When the osmolality is less than that of 
plasma, one may calculate the free w a t e r  clearance. Thus, a 24-h specimen of 
urine of exactly 2 1 at 100 mOsm/l represents clearance of 1.43 1 of free water 
during this period. In general, osmolality, and hence specific gravity, varies inversely 
with urine volume, the lowest osmolalities being those of persons with uncontrolled 
diabetes insipidus. 

The pH of urine. The pH of urine may vary between 4.8 and 8.0, but, 
because of the generally acidic nature of the ash of the diet, pH values between 5.5 
and 6.5 are usually encountered. The acidic ash of the average diet is due to H2SO4 
from the metabolism of the sulfur-containing amino acids, H2PO4 from nucleic acids, 
phosphoproteins, and phosphoglycerides, and intestinal absorption of anions, which, 
in the diet, are associated with cations that are not readily absorbable, for example 
Ca2+ or Mg2+. Thus, milk yields an alkaline ash on combustion in vitro. However, in 
vivo much of the Ca2+ is not absorbed in the intestine whereas the anions of the 
mineral acids of milk are absorbed; individuals restricted to a milk diet excrete urine 
of approximately pH 6.0. Ingestion o f  a  diet composed largely of fruit and 
vegetables leads to excretion of alkaline urine. A more meaningful expression of the 
extent to which the kidney has secreted HE is obtained by determination of titratable 
acid plus NH3; the titration is m a d e  to pH 7.4. Daily excretion by normal individuals 
varies f r o m  15 to 50 meq of titratable acid and f r o m  30 to 75 meq of NH1 t; in 
severe acidosis these may rise to as much as 200 and 400 meq/day, respectively, 
whereas in alkalosis the urine may contain virtually no NH3 and its pH may exceed 
7.4. 

Table 8.3 summarizes the composition of a 24-h sample of urine; the values 
given are averages for the American population living on an ordinary diet. In addition 
to the components listed in the table, urine contains small quantities of a large 
number of organic and inorganic materials. 
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Anions of urine. Ordinarily, CI- is the chief anion of urine, and the amount 
excreted is roughly equal to the amount that has been ingested. On salt-poor 
diets, Clmay almost disappear from urine; thus, patients eating a rice diet for 
treatment of hypertension may excrete the equivalent of only 150 mg NaCl per 
day. Even smaller amounts may be found in the urine of patients who have been 
vomiting. No limit to the maximum daily urinary CI- excretion may be stated, but 
the maximal concentration that may be attained is about 340 meq /I. 

Virtually all the phosphorus in urine is present as orthophosphate. The 
quantity excreted varies with the dietary intake. Since the amount of phosphate 
absorbed in the intestine seldom exceeds 70% of that ingested, balance studies 
include estimation of fecal phosphate. Urinary excretion of phosphate may 
increase in acidosis, alkalosis, and primary or secondary hyperparathyroidism. 
Diminished phosphate excretion may be observed as the result of renal 
damage, in pregnancy because of the requirement of the fetus for phosphate, or 
in diarrhea because of failure of intestinal absorption. Patients receiving 
infusions of glucose or insulin also show a temporarily diminished phosphate 
excretion since the plasma phosphate concentration is lowered under these 
circumstances. 

Comparatively little SO4
2- is ingested. However, about 80% of the total S 

in urine is present as SO4
2-, and the amount present depends upon the previous 

ingestion of sulfur, largely as sulfur-containing amino acids of proteins. In 
addition, there is present an appreciable amount of esterified SO4

2- as oligo-
saccharides and SO4

2- esters of phenolic compounds, as well as a small amount 
of organic sulfur. 

Cations of urine. Since Na+ and K+ are the major cations of the diet, they 
are also the major cations of human urine. Total excretion of Na+ usually varies 
between 2.0 and 4.0 g/day; that of K+ is about 1.5 to 2.0 g/day. Persons on Na+-
free diets or in acidosis may excrete as little as 50 mg of Na+ per day. As 
explained previously, however, the excretion of K+ seldom falls below 1.0 g/day. 
No limit can be placed on the maximal daily output of either of these cations, but 
the maximal urinary concentration of Na+ is approximately 340 meq/l, and that 
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of K+ is about 200 meq/l. These concentrations can be attained only after 
administration of large quantities of hypertonic solutions. 
The daily urinary excretion of Ca2+ and Mg2+ each varies between 0.1 and 0.3 g. 
Since the gastrointestinal tract is the major excretory pathway of these cations 
at normal blood levels, the amount of Ca2+ or Mg2+ excreted in urine each day is 
not a measure of the quantities of these elements in the diet. Above threshold 
levels these ions are rapidly excreted in the urine. 

The NHs+ may vary in amount from negligible quantities in alkalosis to as 
much as 5 g of NH, -N per day in severe acidoses. The amount excreted 
generally varies from 0.5 to 1.0 g (35 to 70 meq)/day. 

Organic constituents of normal urine. Excretion of urea is a direct function of 
total nitrogen intake and, on average diets, may vary from 12 to 36 g/day for a 
70-kg adult. Since excretion of other nitrogenous urinary components does not 
vary so markedly with N intake, urea N constitutes 90% of the total N excretion 
of an individual consuming 25 g of total dietary N, but only 60% of the total 
urinary N of an individual eating 5 g of total N. 

On the usual American dietary, 0.7 g of uric acid is excreted per day by a 
normal adult. Uric acid excretion rarely decreases below 0.5 to 0.6 g even on 
purine-free diets but can be increased to more than 1 g/day by ingestion of diets 
rich in nucleoproteins, such as glandular meats. Increased excretion of uric acid 
may occur in leukemia, polycythemia, hepatitis, and gout, and in response to 
administered aspirin, adrenal cortical steroids, or probenecid. Because of their 
insolubility, uric acid and its salts may precipitate in a collected urine sample or 
may form calculi in the lower urinary tract. 

CREAIINMr. The amount of creatinine excreted varies, but for each 
individual the daily output is almost constant. This permits a simple check on the 
adequacy of consecutive 24-h urine collections. Urinary creatinine bears a direct 
relation to the muscle mass of the individual. This is expressed as the creatinine 
coefficient, the amount of creatinine in milligrams excreted per 24 h/kg of body 
weight. The coefficient varies from 18 to 32 in men and from 10 to 25 in women; it 
is low in obese and asthenic persons and high in heavily muscled persons of 
average height. 

Creatine excretion occurs more regularly in young children than in adults. 
Women may excrete more creatine and less creatinine than do men, although 
the creatinine excretion of women is generally as great as that of men in 
proportion to muscle mass. Creatine excretion rises in pregnancy and in the 
early post-partum period. In muscle wasting due to prolonged negative N 
balance, creatine excretion rises and creatinine excretion falls, with the total 
excretion of the two remaining roughly constant. This is seen, for example, in 
starvation, diabetes, hyperthyroidism, and fever. Conditions characterized 
primarily by muscle wasting also result in increased creatine and decreased 
creatinine excretion, as in various forms of muscular dystrophy. Administration of 
large doses of creatine leads to only small increments in urinary creatinine, the 
bulk of the creatine being eliminated unchanged. Administered creatinine 
appears quantitatively in the urine. 

Hippuric acid (benzoylglycine) received its name because it was first 
found in equine urine. Normal excretion of hippuric acid is approximately 0.7 
g/day; ingested benzoic acid is quantitatively excreted in this form. Benzoic acid 
is present in natural foods, particularly fruits and berries, and is used as a 
preservative in various prepared foods. Since hippuric acid is formed in the 
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liver, the rate of hippuric acid excretion after benzoic acid administration can be 
employed as a liver function test. 

The presence of indican in urine is a result of bacterial action on 
tryptophan in the bowel, leading to formation of indole, which is absorbed and 
oxidized in the liver to indoxyl. The latter is esterified with SO4

2- in the liver and 
excreted as the K salt (indicant) in an amount of 5 to 25 mg/24 h. Increased 
excretion may occur in achlorhydria, because of diminished bactericidal action 
of the gastric juice, and in intestinal obstruction, paralytic ileus, or obstructive 
jaundice. 

Urobilinogen is the precursor of the normal urinary pigment and is present 
in small quantity in normal urine. It is detected with Ehrlich's reagent, which 
reacts to produce a red pigment. Normal urine gives a detectable color with this 
reagent in dilutions of 1:20. Undiluted urine may fail to give visible response in 
biliary obstruction, whereas large amounts of urobilinogen are encountered in 
hemolytic diseases. 

Glucosiduronides are normal components of urine since many compounds 
produced in metabolism or administered are excreted to some extent in this form 
, e.g., chloral, menthol, phenol, morphine, aspirin, and various hormones, e.g., 
steroids. Certain of these substances are also excreted in part as 50 , 2- esters. 
In addition to these components of urine, small quantities of other substances are 
normally present. These include trace elements such as Cu, Zn, Co, F, Mn, I, Hg, 
and Pb. Among the organic compounds excreted in small amounts are water-
soluble vitamins, peptide hormones of the hypophysis, chorionic gonadotropin in 
pregnancy urine, and other hormones of the various endocrine glands, or their 
metabolic products. 

Abnormal constituents of urine 

Glycosurias. The presence of an unusual amount of reducing sugar in urine 
is termed gaycosuria. This is a generic term, independent of the exact 
carbohydrate involved. When the specific carbohydrate has been identified, the 
more specific description—glumsuria, fructosuriu, etc.—is used. 
crucosuRlA. Freshly voided normal urine contains between 10 and 20 mg of 
glucose per 100 ml. Unusual amounts of glucose in urine may be found after 
anesthesia or asphyxia, and in emotional states. Approximately 25% of all 
persons with severe hyperthyroidism have glucosuria. Renal glucosuria is 
occasionally observed in otherwise normal individuals as well as in association 
with other disorders of renal tubular function. However, the most common cause 
of glucosuria is diabetes mellitus. The urine of diabetic patients may vary in 
sugar concentration from 0.5 to 12.0% glucose. The mechanism of glucosuria has 
been considered earlier. 

PENTOSURIA. Alimentary pentosuria occurs after eating unusual 
quantities of fruit or fruit juices. The pentose excreted is that which has been 
ingested, e.g., arabinose. Of greater interest is the genetic disorder idiopathic 
pentosuria, in which t-xylulose is excreted because of lack of o-xylulose 
dehydrogenase. There is no accompanying clinical syndrome, and this metabolic 
defect is apparently innocuous. Since xylulose reduces copper more rapidly than 
does glucose, individuals with xylulosuria invariably show positive tests for 
reducing sugar, thus making possible the error of mistaking pentosuria for 
diabetes mellitus.  

RACROSURIA. Moderate excretion of lactose is a frequent finding in 
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lactating women, but lactosuria seldom occurs during pregnancy. However, 
glucosuria occurs in about 15% of all pregnancies, without accompanying 
hyperglycemia. 

GALACTOSURIA. Galactosuria is a consequence of galactosemia, a rare 
familial defect, generally detectable in very early infancy. Although galactose is 
not detectable in the urine when rigorously excluded from the diet, as soon as 
milk, the prime dietary source of galactose, is fed, galactose may appear in the 
urine. 

FRUCTOSURIA. Fructose rarely appears in urine. Its presence may result 
from a hepatic metabolic defect that may be hereditary. Fructosuria occurs less 
frequently than idiopathic pentosuria. 

D- Mannoheptulose, a 7-carbon sugar, may appear in the urine of normal 
individuals who ingest large amounts of avocado. 

PROTEINURIA. Normal urine contains traces of protein (including serum 
albumin and globulins), glycoprotein from the lining of the genitourinary tract, and 
mucoproteins of other origin. However, the usual clinical tests for  urinary protein 
are negative. When proteinuria does occur, the major constituent is serum 
albumin, although globulins are invariably also present. The most common cause 
of proteinuria is renal disease, e.g., acute glomerulonephritis, early chronic 
glomerulonephritis, the nephrotic syndrome (Fig. 8.3), and toxemia of pregnancy. 
In addition, albuminuria occurs in a variety of circumstances characterized by 
inadequate circulation to the kidney, e.g., congestive heart failure, fever ,  
anemia, liver disease, or various cardiac abnormalities. An occasional finding in 
otherwise normal individuals is postural or orthostatic proteinuria associated with 
long periods of standing or walking. 

The urine of persons with multiple myeloma contains Bence-Jones protein, 
which precipitates at room temperature from acidified urine and redissolves on 
warming. 

Other abnormal constituents. Other substances of metabolic origin may 
appear in urine when their concentration in plasma is unusually elevated. Among 
these are the "ketone bodies," acetoacetic acid, β-hydroxybutyric acid, and 
acetone, which appear during ketosis; bilirubin in hepatocellular or obstructive 
jaundice; urobilinogen in hemolytic disease; homogentisic acid in alkaptonuria; 
cystine and other amino acids, notably lysine, arginine, and ornithine, in cystinuria 
and in other renal diseases, e.g., Fanconi's syndrome. 

Normal urine contains small amounts (up to 300 pg/day) of type I porphyrins . 
Excretion may increase ten- or twentyfold in liver disease and pernicious anemia. 
Congenital  porphyr ia is a hereditary disorder characterized by an 
overproduction of the type I porphyrins. Uroporphyrin I and coproporphyrin I 
cannot be further metabolized; they are deposited in soft tissues,  
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bones, and teeth, and as much as 100 mg of this mixture may appear in the daily 
urine. Acute porphyria is characterized by the excretion of increased amounts of 
uroporphyrin III and coproporphyrin III as well as large quantities of porphobilinogen 
and diverse compounds formed from these porphyrins. Coproporphyrin III excretion 
is also characteristic of lead poisoning. 
 
 
Urinary lithiasis 

The low solubility of several of the normal components of urine occasionally 
leads to their precipitation as aggregates, or "stones." Approximately one-third of all 
such stones are Ca3(PO4)2, MgNH4PO4, CaCO3, or a mixture of these. Formation of 
these stones frequently reflects chronic alkalinity of bladder and renal pelvic urine 
caused by infection with bacteria that hydrolyze urea, releasing NH3. Formation of 
these stones is promoted by any circumstance characterized by excessive 
excretion of Ca3+, for example, hyperparathyroidism, osteoporosis due to 
immobilization, and unusually high Ca ingestion. About half of all kidney stones are 
calcium oxalate, either alone or mixed with the salts of the above group. Stones of 
this type are frequent among individuals ingesting vegetable diets rich in such foods 
as spinach and rhubarb, which contain unusual amounts of oxalate. However, 
calcium oxalate stones are also pathognomonic of oxaluria, a hereditary disorder of 
glycine metabolism in which virtually all glycine synthesized is oxidized via glyoxylic 
acid to oxalic acid. Less frequent are stones composed of insoluble organic com-
pounds. Uric acid stones are common in gouty individuals. Xanthine stones are 
quite rare. Cystine deposits are almost invariably observed in cystinuric individuals 
but are otherwise infrequent. 
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CHAPTER 9 

 
MUSCLE 

 
Striated, smooth, and cardiac muscle together constitute about 40% of 

man's body weight. In what follows, we shall consider mainly those aspects of 
the composition and metabolism of muscle that permit it to serve as a contractile 
tissue. 
 

The electrolyte composition of sarcoplasm is that shown as intracellular fluid in 
Fig. 6.1. Of all mammalian tissue, muscle most closely approximates this 
electrolyte pattern. Other than protein, the most abundant compound is glycogen, 
which varies from 0.5 to a few % of the weight of the fresh tissue. Muscle contains 
small quantities of free amino acids, of which glutamine, glutamic acid, aspartic acid, 
and alanine are present in greatest quantity. This composition resembles that of most 
other tissues. Anserine, carnosine, and carnitine have been isolated from skeletal 
muscle. The function of the first two peptides is unknown. 
Approximately 0.5% of creatine is present in resting muscle largely as 
phosphocreatine. The biosynthesis of creatine has been described previously. 
Phosphocreatine is relatively unstable at the pH of sarcoplasm and is spontaneously 
and irreversibly transformed into creatinine, the anhydride of creatine. Creatinine 
has no known metabolic function; it diffuses from muscle and is excreted in the 
urine. 

Proteins. Extraction of muscle with cold water yields a solution of proteins that 
consists largely of the enzymes that promote glycolysis. Brief extraction with alkaline 
0.6 M KCI of the residue remaining after the above procedure dissolves a protein 
fraction, of which myosin is the chief component. Prolonged extraction with 0.6 M 
KCI yields a myosin-containing solution of high viscosity and marked double 
refraction of flow, whereas brief extraction yields a solution containing almost as 
much protein but of much lower viscosity. Two different proteins are involved in 
this phenomenon: myosin, the protein obtained by brief extraction with 
concentrated salt solution, and actin, which can be prepared separately by various 
procedures that involve preliminary removal of the mixed lipids of muscle. Both 
proteins have been prepared in highly purified form. 
 

Myosin is a protein approximately 1600 A in length, MW 480,000. The 
molecule consists of a 24-A-wide rod, regarded as a two-stranded n-helical coil, 
and a head part that contains a few detachable small subunits. Myosin exhibits 
ATPase activity, with an optimum around pH 6.4 and a strong but labile activity in 
the alkaline range. Incubation of myosin with trypsin or other proteolytic enzymes 
splits the molecule into L-meromyosin, which represents a part of the helical rod, 
and H-meromyosin, which represents the head and some of the tail and carries the 
ATPase activity. The molecules readily aggregate into larger units, which resemble 
the rod-shaped constituents of the A bands (Fig. 9.1), including the important detail 
that the head parts stick out from the rods, as do the cross-bridges in muscle that 
are the main sites of the contraction mechanism. 
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Actin is a water-soluble, globular protein, MW -50,000. As generally prepared, 
one molecule of ATP is bound to each actin molecule. If the ionic strength of a 
solution of this globular protein, G-actin, is increased to a value comparable to that of 
the sarcoplasm, actin polymerizes to a high-molecularweight fibrous protein, F-actin, 
which is a double-stranded helix resembling the thin filament of the I bands of a 
myofibril (see Fig. 9.1). Simultaneously, the ATP hydrolyzes to ADP and P„ the 
ADP remaining bound to the protein. However, this dephosphorylation is not 
essential to polymerization: G-actin prepared without ATP also polymerizes under 
these conditions. Reduction of the ionic strength of the medium results in 
depolymerization to yield G-actin with bound ADP. Again, however, ADP is not 
essential for the depolymerization but does render the monomer more stable. 
Another fibrous protein from muscle is tropomyosin, sometimes specified as B to 
distinguish it from a different tropomyosin A or paramyosin that is prominent in the 
"catch" muscles of mollusks. In mammalian muscle, tropomyosin occurs as two 
helical strands along the actin filament, to which, at about 400-A intervals, the 
protein troponin is attached. Troponin is an important control protein, inasmuch as it 
prevents the interaction between actin and myosin (see below) unless combined 
with Ca2+ ions. 

Troponin contains three subunits apparently present as a 1: 1 :  1 ratio. For 
rabbit muscle, these are TN-T (tropomyosin binding subunit), MW 37,000; TN-C 
(calcium binding subunit), MW 18,000; and TN-I (inhibitory subunit), MW 23,000. 
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Ca2+ binds to TN-C and turns on contraction whereas TN-I binds to actin, turning off 4 
to 7 actin monomers. TN-T binds to tropomyosin and restores Ca2+ sensitivity, thus 
regulating the actin activity, depending on the Ca2+ level. There appear to be 3 to 5 
Ca2+ sites for whole troponin or for the TN-I-TN-C complex. 
 
The contractile process 
 

In 1939, Engelhardt observed that crude preparations of myosin containing 
actomyosin catalyzed the hydrolysis of ATP, the first indication of an interaction 
between ATP and the structural components of the contractile machinery. Szent-
Gybrgyi observed that threads of actomyosin, prepared by squirting a solution into 
water, contracted while serving as an ATPase in a medium in which [K+] and [Mg2+] 
resembled those of muscle. Extraction of muscle fiber bundles with glycerol provides 
a preparation that develops a tension comparable to contracted muscle in the 
presence of ATP and, at standard concentrations of other cations, is contingent upon 
the presence of Ca2+. Removal of Ca2+ by a chelating agent then results in relaxation. 
The ATPase activity of myosin and actomyosin is markedly influenced in vitro by pH, 
ionic strength, and the concentrations of K+, NH4

+, Ca2 + ,  and Mg2+. Perhaps most 
significant is the fact that, whereas Ca2+ stimulates the ATPase activities of both 
proteins, Mg2+ appears to inhibit myosin ATPase but stimulates actomyosin ATPase 
activity. At pH 7, the phosphate portions of ATP are completely dissociated and the 
molecule bears four negative charges. In this form, it binds divalent cations, for 
example, Mg2+ATP4- , etc. Since, regardless of mechanism, the hydrolysis of ATP 
must serve as the source of energy for muscle contraction, the mechanism of the 
ATPase activity of myosin has been intensively studied. Clearly, myosin and ATP 
do react to yield an activated form of myosin, but the nature of this activation 
remains unclear. The presence of myosin markedly accelerates the conversion of 
G-to F-actin; the mechanism of this catalysis and its relation to the contractile 
process, if any, are not understood. 
 

Studies of the structure of skeletal muscle by phase-contrast microscopy 
have contributed significantly to understanding the contractile process. Muscle 
fibers are built of longitudinal fibrils, about 1 tt in diameter, with alternating dark 
and light bands. The dense bands are birefringent and are called A (anisotropic) 
bands; the light bands are relatively nonbirefringent and are known as I (isotropic) 
bands. Within the I bands lies the dense Z line, which is continuous across the 
width of the fiber, holding the fibrils together and keeping the A and I bands of the 
many fibrils in "register." These features are schematically shown in Fig. 9.1. 
Electron microscopy of individual myofibrils reveals a fine structure, shown 
diagrammatically in Fig. 9.2. Cross sections th rough the denser areas of the A 
band show two types of filaments. The primary filaments are about 100 A in 
diameter and 200 to 300 A apart; around each of these are six secondary 
filaments about 50 A in diameter. These are "shared" with the surrounding six 
primary filaments, the fibril being built of several hundred of each type of filament. 
Cross sections at the H zone, the least dense portion 
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of the A bands, show only primary filaments; in the I band only the smaller 
filaments are found. It has been established that the primary filaments are 
myosin and that the secondary filaments are F-actin. 

From such studies, Hanson and Huxley suggested the following 
hypothesis for the contractile mechanism. In contracted fibrils, the length and 
diameter of the myosin filaments are unchanged, but the I bands can virtually 
disappear; hence the actin filaments move together into the H zone. Since the 
muscle can contract or relax and remain fixed at from 65 to 150% of the resting 
length, it is suggested that there may be many points of combination between 
each actin and myosin filament. Thus, in vivo, there would be no single 
relationship between actin and myosin and the "actomyosin" isolated by 
prolonged extraction of muscle is, in a sense, factitious as it consists of actin 
and myosin in a less ordered arrangement than that which obtains in vivo but 
does indicate the interaction of which these proteins are capable. Contraction, 
therefore, would be the process in which the actin and myosin filaments slide 
across each other. Since the surrounding fluid, in resting muscle, contains ATP in 
maximal concentration, myosin ATPase activity would permit the actin and 
myosin fibers to separate and slide across each other to new positions. Were 
this the case, initiation of contraction would be accomplished by some event 
that initiates the ATPase activity. This is believed to be an increase in local 
[Ca2+], the ion that releases the inhibition of actin-myosin interaction effected by 
troponin. The molecular basis for the movement of actin and myosin filaments 
across each other, with subsequent bonding, is not known, nor is it understood 
whether the G- to F-actin conversion participates in this process. 

Conduction in muscle. Each muscle fiber is electrically polarized; in the 
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resting state there is a potential of 90 mV across its membrane, and the inside is 
negative. Upon arrival of the nervous impulse, a wave of depolarization, the 
action potential, travels along the membrane, the potential reversing in sign. 
The rapidity with which contraction is initiated suggests that the conduction also 
spreads inward. This occurs via the transverse tubules that invaginate from the 
surface membrane and cause the release of Ca2+ ions from the sarcoreticular 
vesicles or other storage sites. 

RELAXATION. With cessation of nervous stimulation, contraction ceases 
and muscle fibrils return to the resting state. When the excitatory state ceases, 
the vesicular sarcotubular apparatus concentrates Ca2+ from its surrounding 
fluid by an ATP-requiring active transport process. With decline in [Ca2+], 
myosin ATPase activity ceases, as troponin asserts its inhibition, and the 
resting state is reestablished. 

The source of energy for muscular work 
 

Resting muscle, like other tissues, requires a constant supply of ATP for 
maintenance of the constancy of its composition and for its continuing metab-
olism. Muscle is unusual, however, in that large amounts of energy, as ATP, 
must be delivered almost instantaneously for the performance of its distinctive 
function. The rate of ATP formation by oxidation of carbohydrate or acetoacetate 
is adequate to meet the requirements of resting muscle, but not always of working 
muscle. When working maximally, frog and mammalian muscle use approximately 
10-4 and 10-3 mole of ATP per g per min, respectively. There is, however, only about 
5 X 10-e mole of ATP present per g of resting muscle, an amount that cannot meet the 
demands of mammalian skeletal muscle for more than 0.5 s of intense activity. 
Maximal activity in frog muscle increases the rate of ATP utilization almost a 
thousandfold above the basal rate. The maximal possible increase in Oy 
consumption is often far less, dependent on whether the muscle is of the type 
capable of steady-state performance or not. In the latter case, "fatigued muscles," 
glycolysis is likely to make a significant contribution to the restoration of ATP, 
although this leads to fatigue. 
In addition to the usual routes of ATP generation, there is also a rapid restorative 
mechanism by phosphate transfer from a phosphagen, which in vertebrate muscle is 
phosphocreatine (P-creatine); the reaction is catalyzed by creatine kinase: 
 
Phosphocreatine + ADP → creatine + ATP 
                                        ← 
 

The equilibrium in vivo is highly favorable for ATP synthesis and there is 
at least five times as much P-creatine as there is ATP. Under anaerobic conditions, 
and with glycolysis blocked by iodoacetate (inhibition of glyceraldehyde-3-phosphate 
dehydrogenase), muscle will continue to contract when stimulated until P-creatine is 
depleted and ATP diminished; at this point, the response to stimuli ceases. Figure 
9.3 illustrates these relationships. 

The primary driving substance is ATP, as P-creatine does not interact with the 
contractile protein system. Much effort has been expended in attempts to 
demonstrate utilization of ATP or P-creatine in single contractile events. 
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For both, this difficult problem has been solved by using rapid freezing 
techniques. The heat and work produced have been accounted for quantitatively 
by one or the other of these substances. 

Among invertebrates, the metabolic role of phosphocreatine is assumed 
by other phosphorylated guanidine compounds, most frequently phosphoarginine, 
particularly in arthropods and echinoderms. Among the annelids, this role is also 
served by the N-phospho derivatives of guanidinoacetic acid (Nereis diaersicola), 
taurocyamine (Arenicola), and guanidinoethylserylphosphate (leech muscle). 
 

 
 

Whatever the nature of the actual mechanism by which ATP is used in 
contraction, it entails formation of ADP. Muscle possesses an enzyme, adenylate 
kinase (myokinase), which catalyzes the following reaction: 
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2ADP → ATP + AMP 
          ← 
 

Studies with 32P have shown that the rate of adenylate kinase activity is 
not appreciably affected by contraction. However, it seems likely that it is this 
reaction that generates the AMP that serves as the positive modifier for 
markedly accelerating the phosphofructokinase reaction, thus enhancing the 
rate of glycolysis. When the demand for ATP subsides, this enzyme can catalyze 
the reverse process, formation of ADP from AMP and ATP. No other reaction is 
known that can accomplish this end; that is, AMP cannot serve as a phosphate 
acceptor from either anaerobic glycolysis or oxidative reactions. 
Contracting muscle produces ammonia by the action of adenylate deaminase on 
AMP to yield inosinic acid (IMP) and ammonia. Regeneration of AMP is ffected 
via the formation of adenylosuccinate and cleavage of the latter. The three 
reactions are as follow: 
 

(a) AMP + H2O → IMP + NH3 
(b) IMP + aspartate + GTP → adenylosuccinate + GDP + Pi 
(c) Adenylosuccinate → AMP + fumarate 

 
 Sum : Aspartate + GTP + H2O → fumarate + GDP + Pi + NH3  
 

The fumarate is rapidly converted to malate by fumarase. Formation of 
ammonia thus occurs during ATP utilization (formation of AMP by the adenylate 
kinase), and resynthesis of AMP is favored when ATP regeneration and hence 
GTP formation are high. The over-all reaction sequence results also in 
deamination of aspartate and possibly other amino acids via transamination 
reactions. The function of this system in muscle metabolism is unknown but the 
ammonia may aid in buffering the acidity of the lactic acid produced during 
contraction (see below); a buffering function has also been suggested for the 
dipeptides, carnosine and anserine. 

When isolated "fatigued muscle," in vitro, is stimulated intermittently 
aerobically, it releases lactic acid during contraction and resynthesizes a large 
fraction of glycogen in the resting phase that follows. The energy for resynthesis 
is obtained from the simultaneous oxidation of a sufficient fraction of the lactic 
acid to provide the necessary ATP, but this mechanism of oxidative recovery 
does not obtain in vivo. In vitro, the lactic acid formed during contraction reenters 
the muscle during recovery. In vivo, however, lactic acid diffuses into the 
interstitial fluid and is carried by the circulation to the liver. Here, most of the lactic 
acid is utilized for glycogen synthesis at the expense of ATP derived from the 
oxidation of about one-sixth of the lactic acid. The liver glycogen thus formed may 
be stored or may provide glucose to the blood. This series of reactions is 
illustrated in Fig.9.4. 

The ability of muscle to sustain maximal activity anaerobically leads to the 
accumulation of an oxygen debt. This may be illustrated as follows: A sprinter 
running at maximal speed for about 10 s consumes about 1 I of oxygen, as 
compared with perhaps 40 ml in a similar period of rest. Even after he has 
stopped running, however, the athlete will continue to breathe at a still elevated 
but declining rate for some time and during this period may consume 
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an additional 4 l  of O2 above the basal rate. Thus, the effort of running results in 
a total extra consumption of 5 l of O 2  about four-fifths of which occurs after 
cessation of exercise. This oxygen is utilized for the oxidation of sufficient lactic 
acid to convert the remaining lactic acid to glycogen and to restore the normal 
phosphocreatine concentration, as described above. Ultimately, therefore, all 
the energy for muscular work derives from the oxidation of carbohydrate. To the 
extent to which energy is employed for contraction in an amount greater than 
that which may be supplied by oxidation during the actual period of muscular 
exercise, an oxygen debt is incurred, which must be met during the recovery 
period. It is noteworthy that in this sense some of the energy for muscular work 
is obtained through oxidations performed in the liver. 

It will be seen that the operation of the mechanical aspect of this system 
automatically accelerates operation of the energy-yielding device. The ADP 
released by contraction is available both to the mitochondria] oxidative phos-
phorylation system and to the two energy-yielding steps in glycolysis. To the 
extent that ADP is converted to AMP by adenylate kinase, the AMP can serve as 
a positive effector for phosphofructokinase and thus accelerate glycolysis. 
Inorganic phosphate becomes available to the mitochondria, to triose phosphate 
dehydrogenase, and to glycogen phosphorylase. Since the avail-ability of ADP 
and orthophosphate is rate-limiting in the resting muscle, this is an example of 
self-regulation or "positive feedback" in a biological system. 

Whereas contracting or fatigued muscle derives its energy largely from the 
anaerobic transformation of glucose or glycogen to lactic acid, resting muscle 
and also muscle with greater oxidative capacity derive a large portion of their 
energy from the oxidation of fatty acids and acetoacetate. Indeed, resting muscle 
consumes only trivial amounts of glucose. Energy for the relatively slow 
contraction of smooth muscle similarly is derived from oxidation of fatty acids, 
acetoacetic acid, and, to a lesser extent, glucose. Cardiac muscle, which is rich 
in myoglobin, the enzymes of the tricarboxylic acid cycle, and the electron 
transport system, utilizes largely aerobic reactions to obtain ATP for contraction. 
Relatively little glucose is used by cardiac muscle. Instead, the latter obtains 
ATP by oxidation of fatty acids and, to a lesser extent, of acetoacetic acid and 
lactic acid. During exercise, when both skeletal and cardiac muscle metabolism 
is accelerated, the heart abstracts from the circulation and utilizes the lactate 
produced in peripheral muscles. 

The specialization of muscles with regard to metabolic type also has other 
functional implications; e.g., "fatigued muscles" often contract faster and have a 
higher ATPase rate per molar unit of myosin, in keeping with the view that this 
enzymic activity represents the rate-limiting reaction in the contraction process. 
This and other properties are under neural control during development. 
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Exchange of the innervation between a fast- and a slow-contracting muscle 
leads to reciprocal changes in the type of myosin-ATPase and in the type of the 
dominant lactate dehydrogenase, the new rapid type developing mainly the M4 
enzyme and new slow muscle mainly the H4 type. Thus, the kind of innervation 
influences the final expression of the genetic potential of the muscle tissue. 
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CHAPTER 10 

 
 

NERVOUS TISSUE 
 

 
The brain represents one of the most complex of all biological problems in 

correlation of structure, composition, and function. Although this organ consists 
anatomically of only a few cell types, predominantly about 1010 neurons and glial 
cells, each neuron may be connected to several hundred other neurons. Each 
neuron has a limited choice, to respond (fire) or not to respond, based on 
integration of its inhibitory and excitatory inputs. The primary biochemical 
questions can be stated simply. What is the nature of the excitatory process? 
What is the mechanism of axonal conduction? What determines synaptic 
transmission? How are these made possible by the unusual chemical composi-
tion of nervous tissue? Although knowledge of the manner by which the 
materials of the nervous tissue mediate these functions is still fragmentary, some 
biochemical features of these processes have been delineated. 

The extensive differences in the behavior of different organisms are 
probably related more to the organizational complexity of their nervous systems 
than to differences in the responses of their neurons. From this point of view, the 
synapse may be the important key toward an understanding of brain function, for 
it is through neuronal interactions that the brain processes the complex inputs 
received from its external and internal environment. Memory and learning could 
be interpreted, therefore, as related, at least in part, to facilitation and inhibition of 
interneural connections at the synapses. 
 
Neural function 
 

The nervous system, then, is a network of fibers that interconnect with 
each other and with the cells of other organs, e.g., muscle, sensory receptors, 
etc. At these connections, neither membranes nor cytoplasm are in actual 
contact. A small gap is always present, visualizable by electron microscopy. 
Communication consists of "signaling" from one cell to the next (transmission) 
which requires also that the fact of such signaling be conducted along the axon if 
a given cell is to serve as a bridge between two nerve cells or between a nerve 
cell and, for example, a muscle cell. This signaling can be detected by electrical 
means. However, in no case is the signaling accomplished by a flow of electrons 
or protons. Between cells, the "signal" is communicated by release and flow 
across the synapse of some organic compound that binds to a receptor on the 
other side. This binding constitutes receipt of the signal and initiates whatever 
may be the next event. When this signal occurs across a nerve synapse, it must 
be communicated along the axon—sometimes a matter of many meters!—before 
it can be transmitted at the next junction. Axonal conduction can also be detected 
by electrical instrumentation. Nonetheless, the axon is not a wire. Conduction can 
occur only by virtue of chemical alterations along its surface. Inasmuch as the 
incoming signal is very weak, in electrical terms, "flow" along the axon surface 
must, in some manner, be self-propagated by the axon membrane itself. That is, 
the response of the nerve cell to a few molecules of an arriving synaptic 

162 
 



transmitter is a phenomenon that requires that the nerve cell, by its own 
mechanisms, engage in such activity as will seem to "conduct" a signal to its other 
end where, again, transmitter is to be released. In this sense "conduction" is not a 
passive event; the response of the nerve cell is to engage in a large-scale 
activity that, for it, is quite analogous to muscular contraction or secretion that 
may be stimulated by transmitter substances arriving at other end organs. That 
the axonal impulse represents a chemical wave of conduction has long been 
known since it is accompanied by increased heat production and 02 consumption 
and even greater increases during the recovery period after the impulse has 
passed. 

Particularly in the central nervous system, a given nerve cell may synapse 
with a very large number of other nerve cells. When one or more of the latter 
transmits an excitatory signal of sufficient magnitude, the recipient cell is 
prompted to "fire." However, other neurons that synapse with the same cell may 
transmit "inhibitor" substances across those synapses. In no case is the 
mechanism of inhibition completely clear, but the decision to fire or not to fire is, 
in some manner, an integration of the sum of such events. The nerve cell cannot 
deliver a weaker or partial signal. For a given nerve cell, the size of the single 
impulse is the same, but as many as 500 impulses/s may be transmitted. Such 
impulses may be conducted in medullated nerve at a speed of 100 m/s or almost 
one-third the speed of sound in air. 

The principal mechanism underlying the behavior of most or all excitatory 
cells is a modification of the mechanism whereby all cells maintain the differ-
ential concentration of K+ and Na+ across their membranes. Initiation of a 
nervous impulse, or of muscular contraction, consists of initiation of a local 
membrane disturbance that causes permeability to Na+ to increase about 500 
times more rapidly than for K+; thus Na+ ions cross the cell membrane in a small 
localized area. The normal transmembranal potential results from the differential 
distribution of Na+ and K .  (Inside the cell the resting ratio [K+]/[Na+] is about 30; 
this is reversed outside.) As detected electrically, this influx of Na+ would result 
in local depolarization. It is this disturbance that sets off subsequent propagating 
events along an axon or the wave of excitation along a muscle cell membrane. 

Aspects of the chemical nature and functions of established transmitters 
and inhibitors are presented later. 

 
CONDUCTION OF THE NERVOUS IMPULSE 
 

Nerves are cylindrical fibers with surface membranes capable of propagat-
ing impulses in an all-or-none fashion, thus enabling signals to be conducted 
rapidly between remote points. A potential of 60 to 75 mV exists between the 
inside of the axon and the surrounding medium. This polarization derives from the 
fact that the [K+] inside the cell is fifteen to thirty times that in extracellular fluid 
whereas for [Na+ ] t h i s  relationship is reversed. During activity, a wave of 
negativity sweeps along the fiber and the polarity is temporarily reversed. 
Associated with this event, there is a marked drop in electric impedance, Na+ 
enters the fiber about 500 times more readily, and approximately 4 x 10-12 

eq/cm2/impulse enters the cell during the ascending phase of the action 
potential, balanced by an equivalent outward passage of K+ during the de-
scending phase. There follows a refractory period when no impulse may be 
carried while the Na+-K+ relationships are restored; as a depolarized point 
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becomes negative to the adjacent area, a local current ensues and these events 
are repeated, thus propagating the original impulse. 

Although the nature of the permeability changes associated with the 
movements of Na+ and K+ and the mechanism of the electrical controls are 
unknown, it is assumed that the Na+-K+-activated ATPase is an integral part of 
the cation transport system present in the membranes. The high concentration of 
this ATPase in neural tissue has suggested a role for this enzyme in restoring 
the intracellular levels of Na+ and K+ altered by depolarization. 
Nachmansohn proposed that acetylcholine (AcCh) participates in the series of 
events that result in permeability changes of the membranes to Na+ and K+. The 
hypothesis proposes that in resting condition AcCh is bound in a storage form 
and is released on "excitation." The free AcCh now acts on the AcCh receptor 
protein to induce a conformational change, resulting in the release of Ca2+ ions 
(known to be associated with excitability), which then interact with membrane 
phosphoglycerides, causing an increase in membrane permeability to Na+ and 
K+. Thus, per molecule of AcCh released, there may be transmembranal 
movement of thousands of cations, resulting in a large amplification of the 
original impulse. The ion movements initiate a new circuit by stimulating the 
adjacent points; repetition of these events is assumed to be the mechanism for 
propagating the impulse along the axon. 
Restoration of the resting condition takes place by the hydrolytic action of AcCh 
esterase to produce acetate and choline. 
 

 
The membrane returns to its original condition with the barrier for K+ and 

Na+ becoming reestablished. AcCh is resynthesized by choline acetyl 
transferase and is again stored in inactive form. 

Acetyl CoA + choline — >  acetylcholine + CoA 
 

Support for the theory comes from the finding that AcCh esterase and acetylase 
are present in adequate quantities in the axons of all neurons, regardless of the 
transsynaptic transmitter used, and that the esterase is uniformly distributed in 
the excitable membrane of the electroplax of the electric eel. The AcCh receptor 
protein has been isolated from such electric tissue by the use of snake venom 
neurotoxins, e.g., the α-bungarotoxin from Bungarus multicinctus and the α-
toxin from Naja nigricollis. These protein toxins bind specifically to the receptor 
protein but not to the esterase. The AcCh receptor protein has MW = 80,000 in 
detergent but 5 x 105 to 2 X 106 in the absence of detergent. In several tissues, 
the number of esterase catalytic sites is approximately equal to the number of 
receptor sites although the proteins are distinct. However, AcCh receptors are 
present in all postsynaptic membranes of cholinergic nerves and these 
receptors also bind the toxins (see below). 

TRANSMISSION OF THE NERVOUS IMPULSE 

Acetylcholine. The synapse is a functional contact or clasp between two 
excitable cells. The transfer of excitation from nerve to muscle fibers is the most 
thoroughly studied example of chemical transmission of excitation. Between the 
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nerve ending and the muscle an intercellular space exists of 50 to 100 nm that 
would prevent the action potential produced by the motor nerve endings from 
depolarizing the muscle membrane by more than a fraction of a microvolt. 
Chemical transmission, on the other hand, can circumvent these difficulties. At 
the neuromuscular junction and in cholinergic nerves the transmitter has been 
identified as acetylcholine (AcCh), which is stored in synaptic vesicles. When 
each vesicle is experimentally ruptured, approximately 5 x to" molecules of 
AcCh are liberated. Passage of the nerve impulse down the axon results in 
liberation of many such packets of AcCh into the synaptic cleft. The liberated 
AcCh diffuses across the synaptic space and reacts with AcCh receptors lo-
calized in the postsynaptic membrane, thus triggering conformational changes 
and initiating the electrical events in the muscle, resulting in contraction. 
Release of AcCh from the receptor protein is followed by the hydrolytic action of 
AcCh esterase to produce acetate and choline. This provides free choline which 
can be reconverted to acetylcholine by choline acetyl transferase. 
The synthetic drug hemicholinium produces a depletion of AcCh by specifically 
blocking choline uptake and interfering with acetylcholine synthesis. The impact 
of small quantities of AcCh upon the postsynaptic membrane can be recorded 
electrically as miniature end-plate potentials. Monitoring of such potentials 
suggests that even at rest the motor nerve terminals liberate small packets 
(quanta) of AcCh at random intervals with an average of about one per second. 
The nerve impulse causes a tremendous increase in the number of quanta of 
AcCh released, and a few hundred miniature end-plate potentials become 
synchronized within less than 1 ms. The large end-plate potential that results 
from neural activity is made up of an integral multiple of sum-mated miniature 
end-plate potentials. The depolarization that AcCh produces is initiated by a 
change of membrane properties that results in increased permeability to Na+ and 
K+. In normal muscles only the region of membrane directly underlying the 
neuromuscular junction responds sensitively to applied AcCh. Denervation is 
followed by the gradual spread radially of this area of AcCh sensitivity over the 
muscle membrane, so that after several weeks the entire surface of the muscle 
membrane may become highly sensitive to externally applied transmitter. 
 

ACETYLCHOLINE ESTERASE. Crystalline acetylcholine esterase from 
electric tissue (MW =250,000) contains carbohydrate. The enzyme has two 
adjacent binding sites for the substrate: One is anionic and binds the cationic 
quaternary nitrogen of AcCh; the other is an esteratic site consisting of a serine 
residue and another nucleophilic group (imidazole of a histidine residue) for 
accepting the proton released during the reaction. The anionic site attracts the 
quaternary nitrogen of the substrate; in the esteratic site the electrophilic carbon 
of the carbonyl group forms a covalent bond with the oxygen of the serine. From 
the enzyme-substrate complex, choline is liberated, leaving an acetylated 
esteratic site. The latter reacts rapidly with water to produce acetic acid and the 
regenerated enzyme. This series of events is depicted in Fig. 10.1. 
Many substances that bind at the anionic site, e.g., simple quaternary 
compounds, are reversible inhibitors of the esterase; they block attachment of 
the substrate. Other inhibitors, including prostigmine and physostigmine, and 
related compounds that possess a carbamoyl ester linkage or urethane 
structure, combine with the enzyme at both the anionic and the esteratic sites. 
Liberation of choline leaves a carbamoylated enzyme that is hydrolyzed very 
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slowly. Consequently, this inhibition is only slowly reversible. Other inhibitors, 
such as DIPF, form the stable diisopropylphosphoryl ester derivative of the 
serine residue at the esteratic site; the resultant ester is very stable and the 
enzyme is irreversibly inhibited. Various other alkyl phosphates and phospho 
nates react similarly; this has found application in insecticides and so-called 
"nerve gases". 
 

 
 

These considerations of the mode of action of acetylcholine esterase led 
to formulation of the necessary criteria for a compound that might overcome 
such inhibition, viz., a strongly cationic group at a sufficient intramolecular 
distance from a nucleophilic group. Several compounds were prepared from 
these specifications; of these, 2-pyridine aldoxime methiodide is most effective. 
At low concentration, it removes the diisopropylphosphate group from the 
esteratic site and rapidly restores enzymic activity. In vivo this compound is a 
successful antidote for poisoning by the fluorophosphates. 
 

 
 

Catecholamines. The catecholamines, secreted by the adrenal medulla, are 
also used as transmitter substances by adrenergic nerves in the autonomic and 
central nervous systems. The biosynthesis and the metabolism of the cate-
cholamines are described in. Epinephrine, which is the major product of the 
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adrenal medulla, does not seem to function as a neurotransmitter. 
Norepinephrine is the most prominently occurring of this group, serving as a 
neurotransmitter for postganglionic fibers of the sympathetic nervous system and 
in several areas of the central nervous system: forebrain, medulla, brain-stem, 
spinal cord. Postganglionic sympathetic denervation leads to almost complete 
disappearance of norepinephrine from most tissues. This suggests that 
norepinephrine is mainly present in sympathetic nerves and that the synthesis of 
the rate-limiting enzyme is neuronally controlled. Prolonged stimulation in vitro of 
such neurons leads to an increase of tyrosine hydroxylase activity, which can be 
blocked by inhibitors of protein synthesis. 

Dopamine (3,4-dihydroxyphenylethylamine), the direct precursor of norepi-
nephrine, itself functions as a synaptic neurotransmitter to mediate inhibition in 
the basal ganglia region as well as elsewhere. L-Dihydroxyphenylalanine (i.-
dopa) readily passes the brain-barrier system, is taken up by neurons, and is 
further metabolized. Dopamine, in common with other amines, cannot itself pass 
these barriers. 

As in the case of AcCh, the catecholamines are also protected from 
degradation by storage in an inactive protein-bound form, in vesicles, in the 
cells in which they are produced. For example, norepinephrine is localized 
within specific vesicles in the sympathetic nerve endings. Upon activation of 
these cells, the catecholamines are released as the free amines. After release 
and exercise of their action, these molecules are recaptured and stored again 
in the vesicles. Small losses do occur and are compensated for by new 
synthesis. However, the cafecholamine content of adrenergic neurons remains 
remarkably constant despite considerable variation in the activity of the 
sympathetic nerves. Catecholamines influence the activity of liver, heart, brain, 
adipose tissue, vascular smooth muscle, and other tissues. These amines 
appear to act in many cases by increasing the enzymic activity of target tissues 
via augmented synthesis of cyclic AMP by adenylate cyclase. 

Prolonged treatment by injection of nerve growth factor (NGF) into rats 
selectively induces the formation of t y ros ine hydroxylase and dopamine (3-
hydroxylase in adrenergic neurons, such as the cervical ganglion, and also 
involves preganglionic cholinergic nerve terminals by increasing the amount of 
choline acetyl transf erase. The latter effect appears to be an indirect result of 
the enhanced growth and differentiation of the adrenergic neurons. NGF has no 
effect in ganglionic cells of the heart where cholinergic cells form junctions with 
other cholinergic cells. 

Oxidative deamination by monoamine oxidases found in nerve 
mitochondria is the major mechanism for inactivation of amines in neuronal 
systems. How-ever, the major urinary metabolites of the catecholamines are O-
methylated derivatives formed principally in the liver (especially from adrenal 
medullary epinephrine). The tranquilizing agent reserpine (an indole alkaloid 
from the Rauwolja plant) may function by preventing the storage of norepi-
nephrine in neuronal vesicles, thus rendering the amine susceptible to rapid 
degradation by monoamine oxidases. In contrast, amphetamine appears to 
inhibit the action of these oxidases, thereby prolonging postsynaptic activation by 
norepinephrine, particularly of those subcortical brain areas that are involved in 
homeostatic regulation of neuromuscular and secretory activity. 

In some invertebrate nervous tissues, e.g., lobster nerve and brain, 
norepinephrine and epinephrine appear to be absent. However, these appear to be 
replaced by octopamine (first found in the octopus), the phenol analog of 
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norepinephrine, and synephrine analog of epinephrine. 
 
 

 
 

 
 

Octopamine and synephrine are apparently made from tyramine by the same 
enzymic reactions as those involved in synthesis of norepinephrine and epinephrine 
from dopamine. Small amounts of octopamine and synephrine have been detected 
in the nervous tissues of  some mammals. 

SEROTONIN. Serotonin (5-hydroxytryptamine) is synthesized in brain and 
other tissues from tryptophan. In addition to its postulated function as a central 
neurotransmitter, it is also a potent vasoconstrictor agent. In common with 
histamine, another putative neurotransmitter, it is formed extraneuronally in blood 
platelets and mast cells generally. 

In the central nervous system, serotonin is produced by neurons whose cell 
bodies occur mainly in the hypothalamus and brainstem and whose termini 
innervate most parts of the brain and spinal cord. Serotonin is thought to be 
involved in neural mechanisms that function in sleep, sensory perception, etc. 
Interaction of serotonin with its postsynaptic receptors can be antagonized by the 
hallucinogenic drug, lysergic acid diethylamide (LSD), an indole alkaloid. In 
common with the catecholamines (also monoamines), serotonin produced in the 
brain is destroyed principally by monoamine oxidases. The major urinary product 
of serotonin degradation is 5-hydroxyindoleacetic acid. O-Methylated and N-
methylated derivatives are also produced, mainly in liver. 

In malignant carcinoid tumors of argentaffin tissue of the gastrointestinal 
tract, there is abnormal formation of serotonin in massive amounts; this can 
result in serious cardiac damage and death. 

HISTAMINE. This diamine presently holds the least secure position among 
the biogenic amines as a central neurotransmitter. However, it is found in hypo-
thalamic neurons and elsewhere in the brain. In common with the catechola-
mines and serotonin, histamine appears to stimulate adenylate cyclases in the 
central nervous system. It may function in wakefulness (counteracting serotonin) 
and in pathways activated by stress in the hypothalamus. It is destroyed in the 
brain by N-methylation but is oxidatively deaminated in other tissues. 

GLUTAMIC AND ASPARTIC ACIDS. These two acidic amino acids stimulate 
the electrical activity of various neurons. Glutamate has been implicated as a 
specific neurotransmitter but the evidence is inconclusive. 
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INHIBITORS OF TRANSMISSION 

γ-Aminobutyric acid (GABA) has been recognized as the inhibitory 
transmitter at the Purkinje-dentate synapse in the mammalian cerebellum. 
However, this substance is also ubiquitously present in the central nervous 
system of all vertebrates and in invertebrates also. The metabolic origin and fate 
of GABA are described later. 

Application of GABA to postsynaptic regions of neurons alters the 
membrane conductance to Cl- ions, with the membrane potential remaining near 
the resting level. For example, GABA produces inhibition at the crayfish neuro-
muscular junction, mimicking the action of the natural inhibitory transmitter by 
increasing permeability to Ch, and thus decreasing the probability of release of 
quanta of excitatory transmitter. The mechanism by which GABA produces this 
action is unknown. 

Glycine appears to be a major inhibitory transmitter of mammalian spinal 
cord. It has been suggested that β-alanine, which has neuropharmacological 
actions, may also be an inhibitor of transmission. Some evidence also implicates 
prostaglandins as excitatory or inhibitory transmitters. 
OTHER NEDROHUMORAL AGENTS. In addition to the postulated role of GABA, 
glycine, and β-alanine, other amino acids have been implicated as possible 
inhibitory neurotransmitters. Of particular interest are several peptides with 
hormonal activity, which are made in specialized areas of the hypothalamus. 
These include the neurophypophysial hormones, vasopressin and oxytocin, as 
well as the hormonal regulatory factors produced in the median eminence that 
reach the adenohypophysis via the blood system and stimulate or inhibit the 
secretion of specific hypophysial hormones. 
 

Myelin. The membrane structure of brain and peripheral nerve is myelin, 
which surrounds the axons. Approximately 40% of brain myelin is water, whereas 
about 80% of nonmyelin structures is water (Table 10.1). Lipid constitutes 70 to 
80% and protein 20 to 30% of the myelin dry matter. Myelin lipid is about 65% of 
the lipid of whole white matter. In myelin, the mole ratio of various lipid constituents 
is 4:3:2, cholesterol: phosphoglycerides: galactolipids. Phosphatidylethanolamine is 
the predominant phosphoglyceride, and cerebroside is the predominant 
galactolipid. In adult myelin, cholesterol is found only in the unesterified form. In 
developing myelin there is a small amount of des  mosterol, a cholesterol precursor, 
which decreases with maturation. In myelin, the ratio of cerebrosides to sulfatidates 
is higher than in corresponding white matter. Sphingomyelin is surprisingly low in 
brain myelin although it is considerably higher in peripheral nerve myelin. 
Plasmalogens, mainly phosphatidal ethanolamine, constitute about one-fourth of 
the total myelin phosphoglycerides. Diphospho- and triphosphoinositides appear to 
be concentrated in myelin fractions but may, in fact, be constituents of included 
axonal membranes; these compounds manifest the highest turnover rate of any of 
the lipids in the brain. These bind Ca2+ as well as myelin basic protein in vitro and 
may be important structural components of the myelin sheath. Gangliosides were 
previously thought to be present only in neurons but monosialoganglioside is found 
to a limited extent in myelin fractions. 

Free fatty acids do not occur in more than trace amounts in nervous tissues. 
The phosphoglyceride fatty acids differ considerably from one phosphor glyceride 
to another but are generally characterized by a high oleic acid content and by 
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lower levels of polyunsaturated fatty acids. Sphingolipids contain primarily fatty 
acids of 19 to 26 carbon atoms. Sphingomyelin from myelin has much longer-
chain fatty acids than does gray matter sphingomyelin. The cerebrosides from 
either gray or white matter also have long-chain fatty acids of normal, hydroxy, 
saturated, and unsaturated types. Stearic acid predominates in gangliosides as 
the fatty acid attached to the sphingosine base. 
 

 
 

Peripheral nerve myelin has approximately the same total 
phosphoglycerides, galactolipids, and cholesterol but contains a smaller amount 
of phosphatidylcholine and an increased content of sphingomyelin than does 
myelin in the brain. 

Myelin changes during development both in quantity and in chemical 
composition. The galactolipids of rat myelin, especially cerebrosides, increase 
approximately 50% whereas the phosphatidylcholine content decreases by a 
similar amount. There is also a decrease in desmosterol; the other lipids remain 
essentially constant. The small amount of cholesterol esters present during early 
stages of myelin development also disappear with maturation although they are 
present in disease states such as multiple sclerosis. The cerebroside content of 
myelin appears to remain as a constant percentage of total brain cerebroside at 
all ages; this has led to the suggestion that myelin changes during development 
are paralleled by changes in the myelin-generating glial cells. During 
development the proportion of various myelin proteins appears to change 
although the ratio of total lipid to total protein remains constant. 

Myelin proteins. Brain myelin contains two main proteins, proteolipid 
protein and a "basic protein" that is encephalitogenic in suitable experimental 
animals. These proteins account for 80 to 85% of the total myelin protein of 
some species. 
The encephalitogenic basic protein isolated from myelin is unique to the central 
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nervous system. It constitutes approximately 30% of myelin protein. When 
injected into suitable experimental animals it produces paralysis of the ex-
tremities and a disease called experimental allergic encephalomyelitis. Pathologic 
changes of inflammation and demyelination in the brain are present and, for this 
reason, may provide an experimental model for the human demyelinating 
disease, multiple sclerosis. The protein is a single open chain containing 170 
residues of known sequence; MW = 18,000; p1 = 10.6. The protein forms 
complexes in cells with triphosphoinositide at neutral pH in the same ratios as 
occur in ox brain and is soluble in chloroform-methanol in the presence of 
phosphatidylinositol or phosphatidylserine. The encephalitogenic syndrome can 
be elicited in rabbits and guinea pigs by an octapeptide with the sequence Phe-
Ser-Trp-Gly-Ala-Gly-Gln-Arg. This sequence with encephalitogenic activity is the 
same in the basic protein of bovine, guinea pig, rabbit, monkey, or human brain. 
However, in monkeys, no encephalomyelitis is produced by this peptide but the 
phenomenon can be elicited by a different peptide sequence of the basic protein. 
Immunological tolerance, i.e., refractoriness to the development of 
encephalomyelitis, has been produced experimentally by prior immunization with 
the specific peptide. 

Profeolipids are protein-lipid combinations, extractable from brain tissue, 
which differ from water-soluble lipoproteins in that they are insoluble in water 
but soluble in chloroform-methanol mixtures. The proteins, freed from lipid, are 
soluble both in water and chloroform-methanol because of the presence of a 
high content of hydrophobic amino acids. Estimates of molecular weight vary 
from 12,500, calculated from amino acid composition, to 35,000, based upon 
migration in gels in the presence of denaturing solvents. These proteins appear 
to represent a family of closely related molecules of similar size and charge, 
which constitute almost 50% of the protein of central myelin. The associated 
lipids consist of a mixture of equal parts of phosphoglycerides and cerebrosides. 
The remaining major protein of the myelin sheath is an acidic proteolipid protein 
that has not been well characterized. 

Verve growth factors. These proteins (NGF) are a family of closely related 
proteins that produce hypertrophy and hyperplasia of nerve cells, a dramatic 
growth of nerve cell processes, and an increase in the metabolism of sensory 
and sympathetic nerve cells of embryonic tissue and sympathetic nerve cells of 
adult tissue in vitro in tissue culture. In one report, NGF stimulated growth of 
nerve cell processes after injection in mice. The only difference in the response 
of embryonic sensory and sympathetic ganglia in vitro is in degree, sympathetic 
ganglia responding considerably more than sensory ganglia with no difference 
in the character of the metabolic response. The sensitivity of sympathetic 
ganglia persists into adulthood primarily as a hypertrophic influence of NGE 
Antiserum directed toward NGF has a specific (neurocytotoxic) effect on the 
sympathetic nervous system of mammals. All nerve tissue, except embryonic 
sensory, embryonic sympathetic, and adult sympathetic ganglia, appears to be 
insensitive to such an antiserum. 

The NGF proteins have been isolated from mouse sarcoma, snake 
venom, and submaxillary glands of the adult male mouse. In the last source, 
NGF activity is associated with three different types of proteins: α, of 7 5, which 
protects ganglionic cells during their dissociation from embryonic spinal ganglia; 
β, of 2.5 S, which elicits neurite outgrowth in cells; and γ, of 7 S, which 
possesses an esteropeptidase activity, specifically for arginine esters or amides. 
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The n and y types can combine with β units, but this last appears to account for 
all the NGF activity in the tissue homogenates. 
The 2.5 5 active NGF of mouse submaxillary glands contains two identical β 
subunits each of 118 amino acid residues of known sequence containing three 
disulfide bridges, MW = 13,300. 

NGF stimulates oxidative and synthetic processes in sensory and 
sympathetic ganglia in vitro. Amino acid incorporation into protein and UMP 
incorporation into RNA are enhanced. The activity of the phosphogluconate 
pathway is increased. Although many of these synthetic processes can be 
inhibited by actinomycin D and thus are dependent on de now RNA synthesis, 
the outgrowth of neurites themselves is independent of RNA synthesis. 

Neurofiluments and neurotubules. Microtubules are found in the cytoplasm 
of virtually all eukaryotic cells, primarily as the major structural elements of the 
mitotic spindle, cilia, and flagella. The fully differentiated neuron does not 
undergo mitosis nor is it ciliated but in this cell the neurotubules and neuro-
filaments are the primary cytoplasmic organelles of the axon. Neurotubules 
have a diameter of approximately 25 nm, are present in axons and dendrites, 
and appear to be an important component of the cytoskeleton. A third element, 4- 
to 6-nm microfilaments, is associated with the growth cone and microspikes in 
proximity to the tip of the axon. Cytochalasin B (a fungal metabolite that binds 
selectively to microfilaments) causes these microspikes to retract and stops 
axonal growth. These tubular and filamentous structures are of major 
importance to the neuron where the axon may extend for considerable distances 
from the cell body (many meters in the whale and other large animals). Many of 
the metabolic needs of the axon terminal are derived from axoplasmic flow, which 
is dependent upon energy supplies as well as intact neurotubules and 
neurofilaments. 

Neurotubules are primarily composed of a dimeric protein (MW 120,000), 
having two subunits of slightly different amino acid composition. The protein 
binds GTR Colchicine binds to the dimer and causes disruption of the 
neurotubular structure, thereby interrupting axoplasmic flow of materials from 
the cell body through the axon. Approximately 40% of the colchicinebinding 
activity is present as soluble protein in developing mouse brain, and 15 to 20% 
as soluble protein in adult brain. Membranes of nerve endings are particularly 
rich in colchicine-binding activity although intact neurotubules are not 
morphologically disturbed. Other plant alkaloids, including vinblastine, 
podophyllotoxin, and griseofulvin, also interact with microtubular protein. 
Neurofilament protein, MW 73,000, has been isolated from squid axoplasm. This 
protein does not bind colchicine or GTP and has an amino acid composition 
different from that of the neurotubular protein of the same species. 
Neurofilament protein from mammalian axons, MW = 60,000, also shows no 
binding capacity for colchieine or GTR Thus, these organelles, neurotubules 
and neurofilaments, are built up from chemically distinct protein subunits. 

Proteins unique to neurons and glia. Acidic proteins. Two soluble highly 
acidic proteins arbitrarily named 5-100 and 14-3-2 are found in at least a 
thousandfold higher concentration in the brain than in any other organ. The 5-100 
protein, so-called because of its solubility in solutions saturated with (NH4)2SO4, 
is present in significant amounts in cloned rat astrocytoma cells but not in 
neuroblastoma. Studies with fluorescent antibody have shown that the 5-100 
protein is present primarily in glia; however, antisera to this protein affect the 
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morphology of neurons as well as conduction of nerve impulses. The 5-100 
protein, MW = 21,300, has three subunits of MW = 7,000 and a high content of 
glutamic and aspartic acids. The protein binds two Cat' per molecule, which 
results in an unfolding of its structure and the appearance of multiple bands on 
electrophoresis. In contrast, the protein 14-3-2 is present in high concentration 
in grey matter and in neuroblastoma cultures, but only minimal quantities are 
present in cloned astrocytoma cells. The protein does not bind Ca2+ although it 
readily forms aggregates stabilized by disulfide bonds. 
 
 
Metabolism of the brain 

Carbohydrate metabolism. Under normal conditions the energy 
requirement of the mature brain is derived almost entirely from glucose. Under 
resting conditions the brain accounts for approximately 20% of the total O2 
requirement in man, although representing only about 2% of the body weight. 
Glucose is taken up readily from the blood by the brain in sufficient amount to 
account for the observed respiration rate. When the supply of glucose to the 
brain is reduced, the respiration rate decreases and cerebral function is 
compromised. Complete restoration of function is apparently effected only by 
glucose or by substances providing glucose either directly or indirectly. However, 
in prenatal and neonatal animals, and in starved animals of all ages, ketone 
body utilization by the brain may assume considerable significance. 

The metabolism of glucose by the brain differs from that of most other 
tissues inasmuch as radioactivity from [14C-]glucose is recovered in large amount 
in amino acids. Glucose carbon is also incorporated into lipids, nucleic acids, and 
proteins. More than 90% of the glucose consumed is metabolized via glycolysis. 
Only a small fraction of the pyruvate formed is converted to lactate; the 
remainder is oxidized via the tricarboxylic acid cycle. The central role of the 
tricarboxylic acid cycle in the brain is reflected in the neurological dysfunctions 
that ensue on interference with its normal operation. For example, the 
neurological signs manifest in thiamine deficiency are thought to reflect 
inadequate conversion of pyruvate to acetyl CoA. 

Brain contains levels of hexokinase activity that are twenty times those 
found in other mammalian tissues. Phosphofructokinase in brain, as in other 
tissues, plays an important role in the control of glucose utilization. The enzyme is 
inhibited by its substrate, ATP, and by citrate and is activated by fructose 6-
phosphate, AMP, ADP, and Pi. The changes in enzymic activity produced by 
these substances permit an exquisite adjustment to the metabolic requirements 
of the cell. The glycolytic enzymes are located not only in the cell body but also 
in the axon terminals at a distance from the cell body. In these presynaptic 
terminals, glycolysis serves as a means of meeting the metabolic requirements 
of synaptic function. 

The glycogen content of brain is approximately 0.1%; thus metabolism 
cannot be long sustained by carbohydrate reserves. This low reserve may 
contribute to the coma attending insulin-induced hypoglycemia. With the normal 
arterial blood glucose concentration of about 80 mg/100 ml, brain consumes 3.4 
ml O2/100 g/min. In insulin coma, at a blood glucose level of about 8 mg/100 ml, 
O2 consumption may be only 1.9 ml/min. At this reduced O2 level, the supply of 
ATP from oxidative phosphorylation is probably inadequate for normal brain 
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function. Since about 20% of the total O2 consumption of the body at rest is by 
the brain, this accounts for the extreme sensitivity of this organ to anoxia. Coma 
and irreversible damage occur even after brief hypoxia. 

Brain contains unusually high concentrations of udenylate cydase as well 
as protein kinases but the specific functions of these systems in brain are 
unknown. Elevated levels of cyclic AMP induced in the brain by neurohormones 
are not clearly accompanied by increases in phosphorylase a levels or by 
enhanced glycogenolysis, as noted in other tissues. The phosphogluconate 
oxidative pathway also functions in brain; it is relatively insignificant for energy 
supply but is probably important for synthetic and growth processes, as indicated 
by the enhanced activity of this pathway when stimulated by NGF. 
Carbohydrate metabolism of brain is not directly affected by insulin, which 
cannot traverse the "blood-brain barrier." On the other hand, glucose metabo 
lism in peripheral nerve may be directly affected by insulin. rnyo-Inositol is 
synthesized from glucose and is the precursor for various inositol-containing 
compounds in brain, especially phosphatidylinositol. 

Amino acid and protein metabolism. The heterogeneity of cell types and 
regional differences in the brain have a major influence on the movement of 
amino acids into and out of brain tissues as well as on the conversion of blood 
glucose to neuronal and glial amino acids. These variations are largely 
attributable to the blood-brain barrier, an operational concept that must be 
defined for each substance or class of substances. The blood-brain barrier is 
not a single structural barrier; different relative rates of uptake for various 
substances in different parts of the brain have variously been attributed to the 
endothelium of the vessels, the basement membrane, and the attached glial 
processes. In the intact animal, the brain can concentrate amino acids only to a 
small extent, although amino acids added to the blood may exchange rapidly 
with the free amino acids in the brain. On the other hand, under in vitro 
conditions such that there is no barrier, brain cells concentrate many amino 
acids by active transport. In brain, as in other tissues, there appear to be 
several transport systems for amino acids, each system transporting 
preferentially a different type of amino acid. Brain appears to have two carrier 
systems for neutral amino acids, compared with the single system in intestine, 
kidney, testis, and spleen, as well as separate systems for acidic and basic 
amino acids. Brain is also the only tissue in which there is evidence for a distinct 
system involving ro-amino acids (see below). The distribution pattern of 
administered amino acids suggests compartmentation of various free amino 
acids within the subcellular components of neurons as well as between neurons 
and glia cells. 

The discussion that follows will be concerned only with the metabolism of 
those amino acids that either play a central role in brain metabolism or are 
involved in the formation and removal of the transmitter and the inhibitory 
substances that have been presented above. 

Approximately 75% of the total free amino acids of brain are accounted 
for by aspartic and glutamic acids and their derivatives, N-acetylaspartic acid, 
glutamine, glutathione, and y-aminobutyric acid (GABA). Also present in human 
brain in higher concentrations than elsewhere are taurine and cystathionine. 
Glutamate is the preponderant amino acid, present in 0.01 M concentration. 
Figure 10.2 shows some of the metabolic reactions in brain that involve the 
dicarboxylic amino acids and their derivatives. GABA formed by the 
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decarboxylation of glutamate and present in brain and spinal cord in high 
concentrations is found only to a limited extent in other mammalian tissues. 
GABA can transaminate with α-ketoglutarate to form succinic semi-aldehyde 
and additional glutamate. Succinic semialdehyde is then oxidized to succinate, 
thus providing a pathway for the reentry of GABA into the tricarboxylic acid 
cycle. This alternative route or "GABA shunt," which may divert 10 to 20% of the 
α-ketoglutarate, is found primarily in brain. The central role of glutamate in brain 
metabolism is thus determined by its numerous interactions with the 
tricarboxylic acid cycle. After administration of ['4C-]glucose in vivo, 
approximately 80% of the radioactivity found in free  
 
 

 
 

amino acids in brain appears in aspartate, N-acetyiaspartate, glutamate, and 
glutamine, as well as y-aminobutyrate. 

In brain, as in other tissues, there is compartmentation of metabolism. For 
example, after the injection of labeled glutamate, acetate, or ammonium ion, more 
label appears in glutamine than in glutamate whereas, after administration of 
radioactive glucose or glycerol, more radioactivity appears in glutamate than in 
glutamine. These and other data suggest the presence of a small pool of 
glutamate metabolism leading to glutamine that is independent of the main 
reservoir of glutamate. 

5-Hydroxytryptophan is converted in brain to 5-hydroxytryptamine (sera-
toxin) by 5-hydroxytryptophan decarboxylase, found predominantly in brainstem 
and diencephalon; this seems to be the same enzyme as that which 
decarboxylates dopa to dopamine. Dopa is formed in brain by the hydroxylation of 
tyrosine, which can enter the brain from the blood. Dopa also can pass from the 
blood to the brain but the high peripheral levels of aromatic amino acid 
decarboxylase prevent large amounts of dopa from reaching the brain. In 
Parkinson's disease, the amount of dopamine in the caudate nucleus is reduced, 
and the administration of dopa has resulted in remarkable improvement in clinical 
symptomatology. Large amounts of dopa must be administered by mouth, 
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because of the rapid metabolism of dopa to dopamine outside the central 
nervous system. 

Additional pathways for amino acid metabolism in brain are similar to those 
described for other tissues, including transamination operating in conjunction with 
intermediates of the tricarboxylic acid cycle. Of unknown metabolic significance is 
evidence that brain contains all the enzymes necessary for operation of the urea 
cycle. Formation of both y-guanidinobutyric acid and homocarnosine from GABA 
occurs in brain. 

Amino acids entering brain or arising in brain cells are rapidly incorporated 
into proteins. The principal sites of protein synthesis in neural tissues are 
undoubtedly the cytoplasmic ribosomes, but protein synthesis also occurs in the 
nucleus, mitochondria, axon, and presynaptic terminal. Perhaps, to a greater 
extent than in other eukaryotic cells, functional alterations in the nervous system 
are acutely dependent upon coordinated changes in protein-synthesizing 
activities of different subcellular organelles. In addition, the rate of protein 
synthesis as monitored in vitro or in vivo appears to be highest during devel-
opment and decreases significantly when the organism reaches adulthood. 
Although the mechanism of protein synthesis is essentially similar to that of 
other tissues, the instability of the cerebral mRNA-ribosome complexes leads to 
some distinctive features. Cell-free preparations from brain tissue not only 
contain a relatively small proportion of polyribosomes but, during incubation in 
an amino acid incorporation system, disaggregate more readily than do similar 
preparations from liver. This instability appears to be due either to unusual 
properties of the ribosomes per se or to the strength of attachment of mRNA to 
the ribosomes. 

Nuclei, acid metabolism. Among somatic cells of the organism, the large 
nerve cells are characterized by the highest content of RNA and are probably 
among the most active producers of these nucleic acids in the body. The main 
portion of the RNA in nerve cells corresponds to the Nissl substance, which 
represents ribosomal aggregates of varying size. The young unipolar neuroblast, 
two-thirds of which is nucleus, contains DNA but relatively little RNA. As the cell 
develops, through the multipolar neuroblast to the neuron and the adult nerve 
cell, RNA content increases markedly, largely as a result of active formation of 
rRNA in the nucleolus. The protein content also rises concomitantly. 
Most aspects of nucleic acid metabolism in brain are similar to those in other 
tissues. Active nucleic acid metabolism is associated with nerve activity. In-
creased RNA content has been demonstrated to be associated with normal 
stimulation. With prolonged stimulation, a decrease in nucleic acid content can 
be demonstrated. Specific statements with regard to nucleic acid metabolism 
must be defined for cell types and regions because of the heterogeneity of the 
tissue. 

The brain cannot synthesize pyrimidines de nova starting with CO2 and 
ammonia or glutamine. Carbamoyl phosphate synthetase, the first enzyme of 
the pathway, is apparently absent in brain. On the other hand, brain tissue rapidly 
converts uridine to UMP and then to UTP and CTP for nucleic acid, lipid, and 
mucopolysaccharide metabolism. The initial enzymes of de nano synthesis of 
purines have been demonstrated in brain tissue. However, the salvage of 
purines and their derivatives appears to represent a significant pathway of 
metabolism. Guanine, hypoxanthine, and adenine are readily converted to GMP, 
IMP, and AMP, respectively. A deficiency of the salvage pathway enzyme, 
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hypoxanthine-guanine phosphoribosyltransferase, in man leads to a severe 
neurological disorder, the Lesch-Nyhan syndrome. 

In brain, as in other tissues, the nucleic acids provide for the storage and 
transmission of genetic information, as well as the manner in which this 
information is translated into the synthesis of cellular proteins. Such processes 
are obviously involved in the way in which information is handled in the nervous 
system. However, there are a few data that suggest that the neural expression 
of an experience may be coded in macromolecules. For example, loud sounds, 
strong visual stimuli, rotatory movement, etc., stimulate local increases in the 
rate of RNA and protein synthesis but the causal relationships of these changes 
and their functions are presently unclear. 

Many attempts have been made to transfer acquired information by 
injection or implantation of substances from one animal to another and some 
tentative successes have been claimed. Perhaps the best defined of these 
experiments are those of Ungar who trained rats to avoid the dark. Extracts of 
the brains of such animals have been reported to yield a peptide, scotophobin, 
which,  on intraperitoneal injection into untrained animals, elicited a response 
similar to that of the trained animals. The response has been stated to be also 
elicited by synthetic scotophobin of the sequence: Ser-Asp-Asn-Asn-Gln-Gln-
Gly-Lys-Ser-Ala-Gln-Gln-Gly-Gly-Tyr-CONH2. The site and mode of action of this 
peptide are unknown, and efforts are being made to isolate other "memory 
peptides." 

At birth, all animal brains contain many "prewired," genetically determined 
connections. It is believed that the information that leads neurons to seek out 
connections with other neurons may be coded in the structure of "specific 
membrane proteins" or "connector molecules." If so, memory training may 
induce the formation of genetically encoded molecules by stimulating tran-
scription of the constant DNA of the brain to form mRNA and hence proteins or 
peptides. Such studies are currently under way in many laboratories. 
Inasmuch as behavior and information storage are complex and must be 
determined by the participation of many cells in a communal response, this 
would suggest the participation of many macromolecules. A greater under-
standing of intercellular communication, including both macromolecular me-
tabolism and synaptic function, may shed light on the intrinsic nature of 
information processing within the brain. 

Lipid metabolism. Brain has a very high concentration of lipids. These lipids 
are located in both cellular and intracellular membranes and in the myelin 
sheath. Gray matter lipids are thus in neuronal and glial membranes whereas 
white matter lipids are constituents of neuronal processes, glial membranes, 
and myelin. 

The remarkably constant lipid composition of adult brain has suggested a 
relatively low turnover of lipids. Cholesterol, cerebrosides, phosphatidyl-
ethanolamine, and sphingomyelin are only slowly metabolized in brain. How-
ever, phosphatidylcholine undergoes a rapid turnover, and phosphatidylinosi-
tides exhibit an even faster rate of turnover. Cholesterol is synthesized in the 
brain of the young animal during growth. With increasing age, mammalian brain 
becomes less capable of synthesizing cholesterol, although even in the adult a 
small amount of activity can be demonstrated. Although most of the cholesterol 
of adult brain is unesterified, cholesterol esters are found in relatively high 
concentrations at sites of active myelinization. Phosphoglycerides are 
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synthesized in the brain via pathways similar to those of other organs. 
Sphingolipids. Much of the present knowledge, presented in, of the 

synthetic and degradative pathways for the sphingosines, ceramides, 
cerebrosides, glycosphingolipids, and gangliosides has been obtained with 
enzymic preparations from brain tissues. Inborn errors of metabolism that reflect 
decreased activity in the catabolic enzymes of some of these pathways result in 
lipid storage diseases affecting brain. Cerebroside synthesis like that of sulfatidates 
is most active in the developing brain at a time coinciding with myelination. In adult 
brain, up to 90% of the total cerebrosides may be present in the myelin sheath, 
whereas gangliosides are characteristically neuronal constituents. From birth to 
adulthood, there is a twofold increase in gangliosides. The subcellular fraction with the 
highest concentration of gangliosides is the synaptosome or axon terminal fraction. 
The highest activities of sialyl transferases which transfer sialic acid to glycolipids and 
glycoproteins are also found in the synaptic fraction. 
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CHAPTER 11 
 
 

CONNECTIVE TISSUE 
 
 

 
Connective tissue is distributed throughout the body in cartilage, tendons, 

ligaments, the matrix of bone, the pelvis of the kidney, the ureters, and urethra; it 
underlies the skin, serves as binding for the blood vessels, and provides the 
intercellular binding substance in parenchymatous organs such as the liver and 
muscles. The mechanical and supportive functions of connective tissue are 
accomplished by extracellular, insoluble protein fibers embedded in a matrix 
termed the ground substance. The cells of connective tissue responsible for 
synthesis of both the insoluble fibers and the soluble matrix include not only 
fibroblasts but macrophages, mast cells, and lesser numbers of other, sometimes 
undifferentiated, cell types. 
 
 
Collagen 
 

The insoluble fiber of connective tissue is usually collagen, the most 
abundant protein in the body, constituting 25 to 33% of the total protein and, 
therefore, about 6% of the body weight. The composition of collagen is 
remarkable in that one-third of the amino acid residues are glycine; proline plus 
3- and 4-hydroxyproline provide 21% of the residues, and alanine another 11%. 
Collagens are among the few proteins known to contain hydroxyprolines and 6-
hydroxylysine, 

In the native state, collagen fibers are of high tensile strength and swell in 
acidic or alkaline media. As seen with the electron microscope, collagen fibers 
are built of smaller fibrils, which are 200 to 2500 A wide and many micrometers 
long, with characteristic cross striations at 640 to 700 A (Fig. 11.1). Extremely 
thick fibers are characteristic of tendon, whereas the narrow fibrils found in 
cornea and the vitreous body allow minimal scatter and maximal passage of 
incident light. Mature collagen from most sources is essentially insoluble; 
however, extraction of skin of very young animals with cold salt solution or 
prolonged extraction of insoluble collagen with dilute acid yields a solution of 
the fundamental units of collagen fibrils, termed tropocollagen, individual 
molecules of which are about 15 A wide and 3000 A long, MW = 300,000. 
These are among the most asymmetric molecules yet obtained from natural 
sources. Each molecule is a cable of three polypeptide chains; each chain is in 
a tight left-handed helix, and the triple-stranded cable thus formed is then twisted 
slightly to the right. The pitch of the helix is determined by the limited flexibility of 
sequences containing proline and hydroxyproline residues. The tight triple-stranded 
structure is possible only because of the high incidence of glycine, since in this 
structure every third amino acid side chain, in each strand, is essentially within the 
interior of the molecule and only the minimal volume of glycine can fit into this 
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structure. Accordingly, whereas there are distinct differences among the compositions 
of collagens from diverse sources, glycine is usually present as one-third of the total 
residues. The triple helix is maintained by pairs of hydrogen bonds between the 
parallel peptide bonds except for those that involve proline or hydroxyproline. 
However, the helix form is almost identical with one type of structure spontaneously 
assumed by synthetic single-stranded polyproline. Like the DNA helix, this structure 
may be "melted out"; Tm the temperature of the helix-coil transition, rises with 
increasing proline and hydroxyproline content. 

 

 
 

Heat denaturation of collagen yields the soluble preparation called 
"gelatin." Gelatin solutions contain varying amounts of smaller molecular 
species. The smallest of these, al and ay are separable by chromatography; 
they are of somewhat different amino acid composition (Table 11.1) but of 
approximately equal molecular weight and are present in the ratio 2:1. The 
larger molecules, β units, are dimers of the several a chains. As shown in Fig. 
11.2, the tropocollagen molecule is built of three strands, two of α1. and one of 
α2. However, recent evidence suggests that the two α1 strands are actually 
similar but distinct; if so, the cable is composed of three different α filaments, 
and the dimers may be of six possible types, β1,1, β1,2, β1,3, β2,2, β2,3, β3,3. Some 
variation may occur in the collagen structure in specific tissues. Thus, renal 
basement membranes appear to be [α1]3; a2 is absent. 
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have the structure of dehydrolysinonorleucine and the corresponding dehy-
drohydroxylysinonorleucine. 

 

 
These compounds have been isolated in reduced form after treatment of skin 

and tendon collagens with borohydride. 
Aldol condensation between an allysine residue of one chain and a hydroxyallysine 
residue of another chain yields two possible isomers, which in peptide linkage are 
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The above cross-linked amino acid, termed syndesine, was isolated after 
reduction with borohydride and hydrolysis of collagens of cheek bone, human and 
bovine teeth, and bovine tendon. 

The aldimine product of condensation of hydroxylysine with hydroxyallysine, 
dehydrohydroxylysinohydroxynorleucine, has been isolated in reduced form from 
borohydride-treated bovine Achilles' tendon. 
 

 
 

The carbohydrate content of different collagens varies from about 0.4 (rat tail 
tendon) to 5.8 (rabbit cornea) carbohydrate units per u chain. One type of 
carbohydrate in a wide variety of vertebrate collagens is glycosidically linked as 2-O-
α-D-glucosyl-O-β-o-galactosylhydroxylysyl and O-β-D-galactosyl- hydroxylysyl. 
Other more complex polysaccharide chains may also be present in some 
collagens. 

Collagen fibrils are built by end-to-end and side-to-side joining of t ropo-
collagen molecules. The end-to-end "splicing" of the cables is possible because 
the three strands are of unequal length, as shown in Fig. 11.2. The end regions of 
each strand are rich in polar amino acids, e.g., glutamic acid, tyrosine, and 
lysine, so that hydrogen and electrostatic bonds are responsible for the endto-
end alignment that results in fibrils many times longer than the tropocollagen 
molecule. The forces that bond adjacent triple helices to each other are 
uncertain, but covalent bonding is unnecessary since in dilute salt solution 
tropocollagen recombines to yield characteristic collagen fibrils when the 
solution is warmed to 40°C (Fig. 11.1). However, covalent cross-linkage to 
adjacent tropocollagen units occurs with time; collagen becomes increasingly 
difficult to dissolve and the fibrils thicken progressively as an animal ages. 
Intermolecular cross-linking between adjacent triple helices to form a fibril 
involves the types of bonding cited above, with the aldehydes derived from 
lysine prominently involved. The parallel tropocollagen fibril chains must be 
aligned in a quarter-staggered array (Fig. 11.1) to account for the repeating 
structure, with a spacing of about 640 A. Formation of such cross-links is 
prevented by thiosemicarbazide or penicillamine, which disaggregate fibrils 
without disturbing the triple helix. Ingestion of Lathyrus odoratus peas has long 
been known to result in lathyrism, i.e., in defective skeletal development with 
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urinary excretion of unusual amounts of hydroxyproline-containing peptides. The 
active principle in peas is β-aminopropionitrile, H2N – CH2 - CH2 – CN, which is 
an irreversible inhibitor of the copper-containing amine oxidase of plasma and of 
the lysyl oxidases of bone and connective tissue, so that oxidation of lysyl amino 
groups to an aldehyde function does not occur. This accounts for the failure of 
cross-linking between tropocollagen molecules. 

Portions of the N-termini of the α chains differ from the bulk of the β chains 
in that they are slowly sensitive to hydrolysis by several proteases. The lysine 
residues responsible for intermolecular linkage are located in this area. A 
cottagenuse derived from the reabsorbing tail of metamorphosing tadpoles ap-
pears to cleave the a chains of tropocollagen at specific sensitive loci, resulting in 
fragments of a size about 200,000 and 70,000, respectively, plus some smaller 
peptides. Both fragments retain the triple helical conformation. 

Collagen synthesis. Collagen formation by fibroblasts in tissue culture 
establishes these cells as the source of collagen. Neither [14C-]hydroxyproline 
nor [14C-]hydroxylysine is incorporated into collagen when administered, 
whereas [14C-]proline or [14C-]lysine is incorporated in the respective 14C-
labeled hydroxy amino acids in newly formed collagen, indicating hydroxylation 
after peptide bond formation. Synthesis of collagen and its hydroxylated amino 
acids has been studied with preparations of animal tissues, such as fetal skin, 
induced granulomas, and chick embryo extracts. 

Hydroxylation of proline and lysine occurs on a polypeptide precursor of 
collagen termed pro- or protocollagen. A protocollagen proline hydroxylase acts 
on proline in polymers of the type (X-Pro-Gly)n where X is proline, alanine, or a 
variety of other amino acids but not glycine. The enzymic reaction requires O2, 
Fe2+, α-ketoglutarate, and a reducing agent, which can be ascorbic acid. 
 

The formation of hydroxyproline residues is accompanied by a 
stoichiometric decarboxylation of α-ketoglutarate; one atom of O2 is 
incorporated into the hydroxyproline residue and the other into succinate. Only 
the hydrogen displaced by the hydroxyl groups appears in the medium, 
indicating that de-hydrogenation does not occur. A similar but distinct enzyme, 
protocollagen lysine hydrozylase, requiring the same cofactors, catalyzes 
hydroxylation of lysine residues with formation of hydroxylysine residues, 
succinate, and CO2 and the partition of the oxygen atoms between succinate 
and the hydroxyl group. These two unusual ozygenases, in soluble, partially 
purified state, do not act on the free amino acids or small peptides but do 
hydroxylate larger peptides with sequences similar or identical to those that are 
hydroxylated in protocollagen. 

Pro- or protocollagen molecules can be isolated from newborn rats, 17-
day-old chick embryos, or cultures of fibroblasts that contain peptide chains 
larger than those of collagen, and with a lower ratio of hydroxyproline to 
proline. Such larger molecules undergo specific cleavage by a neutral, ex-
tracellular procollagen peptidase to form ar and a2 peptide chains with 
liberation of noncollagen peptides from the N-terminal ends of the chains. It has 
been postulated that the triple-helical collagen molecules are first assembled 
from the larger α-chain precursors, the additional peptide material serving to 
aid in formation of the helical structure, and that proteolysis then removes the 
"extra" peptide material. 

Once formed, the collagen of most tissues appears to be metabolically 
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inert. If turnover occurs at all, it is extremely slow; to is measured in years. Col-
lagenase activity has been observed only in a few mammalian tissues, such as 
resorbing uterus. However, collagen can be degraded in situ. Thus, remodeling 
of the shape of growing bone entails removal of collagen from one site while it 
is synthesized elsewhere. Collagen also disappears from the bone of an 
immobilized arm or leg. During pregnancy, growth and thickening of the uterus 
are accompanied by significant increases in collagen, which disappears within a 
few days after parturition. 

Experimentally, use has been made of the collagenase of Clostridium 
histolyticum. An enzyme that, presumably, facilitates invasion of animal tissues 
by this organism. Clostridial collagenase hydrolyzes bonds between glycine 
and proline in peptide sequences of the general structure -Pro-X-Gly-Pro-Y-; 
the residues at positions X and Y affect the enzymic rate but are not otherwise 
significant. Such sequences occur frequently in collagen. Collagenase does not 
attack other proteins such as casein, hemoglobin, or fibrin. 

 
Elastin  
 
 

Elastin is the second major protein of connective tissue. Unlike collagen, 
it is not converted into gelatin by boiling, and, as shown in Table 11.1, its amino 
acid composition differs from that of collagen. Collagen is the principal protein of 
white connective tissue; elastin predominates in yellow tissue. Thus, the 
collagen content of human Achilles' tendon is about twenty times the elastin 
content; in the yellow ligamentum nuchae the elastin content is about five times 
that of collagen. As the name implies, elastin is the predominant protein of elastic 
structures such as the walls of the large blood vessels. Scar formation, on the other 
hand, is due to deposition of collagen. 

Elastin is prepared by subjecting connective tissue either to mild alkaline 
hydrolysis or to heat; either process dissolves collagen and the mucopoly-
saccharides, leaving the extremely insoluble elastin. The elastin fibers thus obtained 
exhibit the properties of an elastomer, e.g., rubber, and are quite yellow. Elastin can 
be solubilized by prolonged heating in 0.25 M oxalic acid, but the resultant product 
has been degraded. The native fibers are built by cross-linking of repeating units of 
smaller compact, almost spherical molecules in essentially fibrous strands 
maintained by rigid cross-linking. Two forms of cross-linkage have been identified, 
both involving lysine. Four lysine residues are required to form the compounds 
desmosine and isodesmosine. Spatial considerations dictate that these must derive 
from at least two independent strands but can involve three or four different peptide 
chains. In the mode of formation postulated for these compounds (Fig. 11.3), three 
lysine residues are first oxidized to the corresponding e-aldehydes (allysine 
residues) and then condens. 
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with a fourth lysyl; the mode of combination determines whether desmosine or 
isodesmosine is the product. 

Participation of desmosine and isodesmosine in the cross-linkages of 
elastin derives from several types of evidence. The data in Table 11.1 reveal that 
in the salt-soluble elastin (tropoelastin) of Cu-deficient pigs (subunit MW = 
74,000), which is the precursor of elastin, desmosine and isodesmosine are 
absent whereas aortas of normal, adult pigs contain both these compounds. 
Procedures that significantly diminish amine oxidase activity in growing animals, 
e.g., pyridoxine and copper deficiencies, result in the deposition of defective 
elastin, particularly in the aorta, with markedly diminished tensile strength of these 
tissues, whereas the tropoelastin exhibits a high lysine content and little or no 
desmosine and isodesmosine. In lathyrism produced by β-aminopropionitrile, the 
latter prevents both desmosine formation and the cross-links that involve lysine 
aldehyde. 

A second type of cross-linking in elastin involves lysinonorleucine. Although 
in collagen the Schiff base formed by reaction of an allysine residue with a lysine 
residue is not reduced, the reduced compound is found in elastin. Only small 
amounts of hydroxyproline are found in both soluble and mature elastin; 
hydroxylysine is absent. 
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Native elastin fibers, even when stripped of mucopolysaccharide, are not 
digestible by trypsin or chymotrypsin but can be hydrolyzed slowly by pepsin at 
pH 2. However, pancreas secretes a zymogen, proelasfase, which is activated by 
trypsin to yield elastase. The latter is a protease of broad specificity, capable of 
hydrolyzing many proteins at the NH2-terminal peptide bonds of aliphatic amino 
acid residues, and unusual in its ability to hydrolyze elastin. This proceeds after a 
pronounced lag phase, following which amino acids and peptides appear in 
solution, the fibers disappear, and a mixture of yellow, cross-linked peptides 
remains. Elastase has a structure homologous with that of other pancreatic 
proteinases, including the amino acid sequence at the active site.  

 

Other fibrous protein 

 

Although collagens and collagen-like proteins are widely distributed 
throughout the animal kingdom, other types of fibrous proteins may be present in 
animals and plants and are frequently associated with the deposition of an insoluble 
external or internal supporting structure. Marine diatoms contain a skeletal protein, 
associated with formation of their siliceous (5i0r) skeleton, that is unusual in 
containing not only 3- and 4-hydroxyproline but also 3,4-dihydroxyproline, E-N-
trimethylhydroxylysine, c-N-trimethyl-O-phosphohydroxylysine, and other amino 
acids of unknown nature. 

Skeletal proteins of some corals, sponges, and Gorgonio contain 3-
bromotyrosine, 3,5-dibromotyrosine, 3-iodotyrosine, and 3,5-diiodotyrosine. In the 
primary cell wall protein of higher plants, extensin, as much as 33% of its residues 
is hydroxyproline. 

 
This protein is linked to hemicelluloses that are particularly rich in galactose 

and arabinose. Hydrolysis with a crude preparation of cellulase plus proteinases from 
the mold Aspergillus niger produces peptides containing hydroxyproline-O-arabinoside 
linkages. Extensin may be the material to which cellulose chains are cross-linked via 
the hemicelluloses. 

An elastic protein, resilin, is present in the exoskeleton of insects, particularly 
at the wing hinge in winged insects. This structure contains 86% resilin and 19% 
chitin plus, in the desert locust, a fibrous protein. Resilin is insoluble in the usual 
solvents and in solutions of urea or guanidinium salts even at 190°C, indicating a 
completely random-coil form. The protein is covalently cross-linked through tyrosine 
residues, which possess carbon-to-carbon bonds at positions ortho to the phenolic 
groups, as in the dityrosine structure below. 
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Trityrosine is also present. The dityrosine structure is reminiscent of the 
thymine dimers in DNA formed by exposure to ultraviolet light. 

Resilin resembles elastin in its rubber-like properties but lacks desmosine and 
isodesmosine. Resilin is rich in glycine and alanine, these amino acids accounting for 
about half the residues, is poor in lysine and histidine, and lacks hydroxyproline and 
sulfur-containing residues; in these respects, resilin resembles silk fibroin. 

 

Mucopolysaccharides 

 

Cells of mesenchymal origin synthesize and secrete a variety of heteropoly-
saccharides. The general structures of these polymers have been presented. Table 
11.2 summarizes the distribution of these polysaccharides among some animal 
tissues. Of tissues thus far examined, the vitreous body alone has been found to 
contain solely hyaluronic acid. All other sources contain mixtures of various 
mucopolysaccharides. The relative amounts of the components of these mixtures 
vary from species to species, from individual to individual, and with age. The sulfated 
polysaccharides vary in the extent of sulfation; a given sample may contain less 
sulfate than that stoichiometric with the amount expected from the structure of its 
characteristic repeating unit, or, as in the case of heparin and heparitin, may be 
excessively sulfated. Heparitin sulfate differs from heparin in that a variable fraction 
of the amino groups bear an N-acetyl residue instead of a sulfate. In all members of 
this series the 2-amino group is either acetylated or present as a sulfamic derivative; 
hence, it is always neutral. Some samples of keratosulfate from cornea may contain 
galactose 6-sulfate; in addition there may be present, in unknown linkage, lesser 
amounts of a sialic acid and fucose. 

Only in the case of the hyaluronic acid of the vitreous body and synovial fluids 
is the polysaccharide present free in solution, unassociated with a protein. 
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All other mucopolysaccharides are found in combination with proteins and are 
termed proteinpolysacrharides. 

The most completely characterized proteinpolysaccharide contains chondroitin 
sulfate A (chondroitin 4-sulfate). The minimal peptide chain, obtained from porcine 
costal cartilage, MW = 10,500 (85 residues), has five or six bound polysaccharide 
chains. From other sources, however, proteins of MW = 900,000 have been reported, 
binding as many as 60 polysaccharide chains. The latter vary from units of 13,500, 
viz., about 20 repeating disaccharides, to three times as large. Thus these 
preparations are polydisperse and may display a molecular weight from 250,000 to 
4,000,000. The heterogeneity, however, results from variation in the protein core and 
its binding capacity for carbohydrate chains, rather than from a huge disparity in 
polysaccharide 'chain length; this contrasts, for example, with the behavior of 
glycogen. Indeed, the higher values may all be artifacts of isolation methods pro-
ducing polymers of a fundamental unit of five or six polysaccharide chains attached 
to the polypeptide of lowest molecular weight. 

Each polysaccharide chain is covalently bound to the peptide backbone, as follows: 

 
 

Thus at the potentially reducing end of a chain of repeating disaccharides 
(glucuronic acid-N-acetylgalactosamine sulfate)„ there occurs the trisaccharide, 
galactosylgalactosylxylose, linked by a xylosidic bond to a serine or threonine residue 
of the protein. The carbohydrate chains are similarly bound to the protein of heparin, 
heparitin sulfate, cartilage keratan sulfate, and most of the other chondroitin sulfates. 
Corneal keratan sulfate is, however, linked to asparaginyl residues via an N-
glycosidic bond of N-acetylglucosamine as in many globular glycoproteins. 
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Mums is the secretion of mucous glands located in epithelial structures. 
Mucous secretions contain a mixture of proteinpolysaccharides and mucoproteins. 
Both classes are proteins to which large amounts of carbohydrate are bound. In the 
former, a few relatively large carbohydrate chains are bound to each polypeptide 
strand; mucoproteins are polypeptide chains to which larger numbers of 
heterooligosaccharides are bound. In addition, varying amounts of the chondroitin 
sulfates and related materials are present, as well as neutral polysaccharides 
resembling, or identical with, some of the blood group substances. Table 11.3 lists 
certain properties of some proteinpolysaccharides and an alternative nomenclature 
system for certain of the polysaccharides. 

One of the most thoroughly studied mucoproteins is that of ovine sub-
maxillary mucin. About 800 disaccharide units, each of which is N-acetyl-
neuraminyl-(2 → 6)-N-acetylgalactosamine, are attached to a single polypeptide 
chain; the carbohydrate constitutes about 45% of the molecular weight. The type  of 
structure is indicated in Fig. 11.4. The bonds between the disaccharides and the 
protein are glycosidic linkages from the C-I hydroxyl group of the amino sugar 
moiety to the β-hydroxyl groups of serine or threo nine residues. Carbohydrate is 
attached to every six or eight residues of the peptide chain. 
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Another group of glycoproteins is of a character intermediate between the 
mucoproteins and the proteinpolysaccharides. This group includes certain of the 
blood group substances and structural materials such as the insoluble major 
component of glomerular basement membranes, which is a collagen-like protein 
to which is covalently bound 10% of its weight in carbohydrate. The 
carbohydrate consists of glucosylgalactose in glycosidic linkage to almost all the 
hydroxylysine residues and only one-tenth as many units of as yet unknown 
absolute structure but containing, per unit, the following: l galactosamine, 5 
glucosamine, 4 galactose, 3 mannose, 1 fucose, and 4 N-acetylneuraminic acid. 
The entire structure is extremely insoluble, but lowmolecular-weight 
peptidepolysaccharides are released by collagenase treatment. This structure 
strikingly resembles the normal glycoprotein of human urine, MW = 28,000, 
which can bind influenza virus and serve as substrate for viral neuraminidase. 
coon of acid polysaccharides. The most striking property of these diverse 
structures is that all are large polyvalent anions that attract and tightly bind 
cations. Even Na+ and K+ may be bound so effectively as to appear non-ionic. All 
have a tendency to aggregate; this is enhanced by polyvalent cations such as 
Ca2+. The larger chains, particularly that of hyaluronic acid, coil in a relatively 
random way and, hence, may occupy a volume largely filled with solvent water, to 
which small molecules or ions have access but from which larger molecules, e.g., 
serum albumin, may be excluded. This volume, the "domain" of the 
polysaccharide, varies with the third power of the radius of the sphere formed by 
the polysaccharide. For example, the end-to-end length of a hyaluronic acid 
molecule, MW = 1 X 106, is about 25,000 A or 2.5 µ, but it forms a sphere of 
effective radius of 2000 A; in a 0.01% solution of hyaluronic acid, the domains of 
these molecules would account for the total volume. In less concentrated 
solutions, these domains would exist as separate zones; in more concentrated 
solutions, the domains would collapse and interpenetrate, thus accounting for 
the very high viscosity of such solutions. The magnitude of these domains may 
be appreciated from the fact that the domain of a hyaluronic acid molecule is 
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75,000 times the volume occupied by three of the rigid, densely packed 
tropocollagen rods which, together, would have the same effective molecular 
weight. Hence, a solution of hyaluronate or, to much lesser degree, of the 
soluble proteinpolysaccharides or mucoproteins with longer chains can serve as 
a molecular sieve and restrict the movement of other large molecules, particularly 
large cations and, even at equilibrium, deny to very large molecules the volumes 
within the individual domains. Many of the physiological roles of the acid 
heteropolysaccharides are thought to reflect these properties, but there is, as yet, 
no explanation for the specific mixtures of such molecules found in individual 
tissues. 

Hyaluronic acid participates in maintaining the level of hydration of 
tissues and, in synovial fluid and the vitreous body, acts as a molecular sieve. 
The chondroitin sulfates are important for their ion-binding properties and 
function in the mineralization of the skeleton. Dermatan sulfate is primarily a 
structural component of certain tissues and may determine the orientation of 
collagen fiber growth. Heparin prevents clotting in the circulation and also 
activates lipoprotein lipase, although the significance of the latter process is 
unclear. A major role for heparin in inflammatory processes, as an anti-
inflammatory agent, is due to anionic groups that can neutralize histamine, 
released consequent to injury. 

Metabolism of mumpolysaccharides, proteinpolysaccharides, and 
mumproteins. The biosynthesis of the chondroitin sulfates is best understood 
and can serve to illustrate the mode of formation of these mucopolysaccharides. 
The interconversions of the monosaccharides and the formation of their UDP 
derivatives have been presented. The carbohydrate chains appear to be 
elongated by transfer from UDP sugars to the nonreducing ends of the chains. 
The enzymes catalyzing transfer of glycosyl units are highly specific and all 
appear to be bound to the Golgi apparatus of the cell. In the synthesis of 
proteinpolysaccharides and mucoproteins, the peptide chains are made on the 
ribosomes, traverse the channels of the endoplasmic reticulum, and the glycosyl 
transferases, then, sequentially, add the carbohydrate side chains as the 
peptide chains pass through the Golgi apparatus to the mature face of the cell 
whence the completed materials are expelled. The mechanism of glycosylation 
of the peptide chain, and the role in this process of the polyisoprenoid dolichol 
phosphates of the Golgi apparatus and other cellular membranous structures, 
have been presented. Intracellular mucopolysaccharides are presumably also 
synthesized within the Golgi apparatus but become parts of the membranes, 
vesicles, etc. 

Polysaccharide synthesis and addition to the protein is initiated by transfer 
(step I) of xylose from UDP-xylose to specific serine (or threonine) residues of 
the polypeptide chain. Two enzymes of different specificity catalyze successive 
transfers of galactosyl units from UDP-galactose: step 2 (1→ 4) and step 3 (1 → 
3). Step 4 involves transfer of a uronosyl residue from its UDP derivative. Steps 5 
and 6 involve successive transfer of N-acetylgalactosamine and uronic acid. 
Repetitive, alternating additions by the enzymes catalyzing steps 5 and 6 result 
in extension of the characteristic repeating disaccharide structure to yield the final 
structure, as shown below. Sulfation occurs utilizing 3'-phosphoadenosine 5'-
phosphosulfate and presumably eventually results in chain termination. Note that 
no disaccharide transfers take place and that present evidence indicates that 
sulfation occurs only on the growing polysaccharide chain. 
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Hyaluronidases, which hydrolyze hyaluronic acid as well as chondroitin 

and chondroitin sulfates A and C, have been found in insects, snake venom, 
and mammalian tissues; testis is the richest source in mammals. Hyaluronidase 
activity is also present in extracts of microorganisms, spleen, ciliary body, and 
autolysates of skin. With the exception of the enzyme from the leech, all 
hyaluronidases studied appear to catalyze hydrolysis of the glucosaminidic bond 
between carbon-1 of the glucosamine moiety and carbon-4 of glucuronic acid. 
The enzyme from the leech hydrolyzes the glucuronidic bond. Hydrolysis by 
mammalian and leech hyaluronidase does not proceed beyond the level of a 
tetrasaccharide. Liver lysosomes contain limited amounts of a hyaluronidase with 
an acid pH optimum analogous to that of other lysosomal enzymes. These 
lysosomes can "ingest" hyaluronic acid as well as chondroitin sulfates A and C, 
and their hyaluronidase digests these to tetrasaccharides. Ingested dermatan 
sulfate is not a substrate but, rather, an effective inhibitor even in low 
concentration and is retained within the lysosomes. 
 

Bacterial hyaluronidases degrade hyaluronic acid and chondroitin by 
cleavage of the hexosaminidic bond with formation of a 4,5 double bond in the 
hexuronic acid residue. Thus, bacterial hyaluronidase cleaves the tetrasaccharide 
resulting from mammalian hyaluronidase action into two disaccharides, 
hyalobiouronic acid, the repeating unit of hyaluronic acid, plus the same 
disaccharide with a double bond in the 4,5 position of the glucuronic acid moiety (see 
diagram below). The water used for scission of the glycosidic bond derives from 
the uronic acid itself; when hydrolysis is carried out in 18O-labeled H2O, no isotope 
is incorporated into the product. Bacterial enzymes that hydrolyze pectin act in a 
similar manner. 
 

192 
 



 
 

Studies with labeled sugars, sulfate, and amino acids indicate that 
hyaluronic acid and the major proteinpolysaccharides are subject to constant 
degradation and resynthesis at varying rates that are characteristic of individual 
polysaccharides in specific tissues. Only keratosulfate and the insoluble 
chondroitin sulfates of adult cartilage resemble collagen in being metabolically 
inert. This implies that these renewable materials must be released by proteolysis 
of their protein carriers and their polysaccharide chains degraded, probably by 
lysosomal hyaluronidase, to relatively low-molecular-weight polymers. Some of 
these may be hydrolyzed further by the β -glucuronidases of many tissues which 
can remove only the glucuronic moiety at the nonreducing end of these 
compounds. A mixture of partially sulfated oligosaccharides is then excreted in the 
urine. 
 

Although liver lysosomes have a sulfatase with low activity that can slowly 
hydrolyze sulfate esters of oligosaccharides, no similar enzyme is found in animal 
tissues generally that can catalyze removal of sulfate groups from 
proteinpolysaccharides. Moreover, the total daily urinary excretion of sulfate 
esters of low-molecular-weight polysaccharides is compatible with estimates of 
the daily total synthesis of sulfated mucopolysaccharides. In addition, urine 
contains significant quantities of acid heteropolysaccharides, largely chondroitin 
sulfates C and A, chondroitin, and heparitin sulfate, with lesser quantities of the 
others. 

Altered mucopolysaccharide metabolism occurs in a variety of genetic dis-
orders termed mucopolysaccharidoses. At least seven distinct types have been 
recognized on the basis of excessive tissue accumulation and excretion of 
polysaccharides. The disorders are associated with severe skeletal defects and in 
many instances with moderate to severe mental retardation. The tissues of 
patients with Hurler's disease contain unusually large amounts of chondroitin 
sulfate B and heparitin sulfate, which also appear in excessive amounts in the 
urine. These are the hyaluronidase-resistant polysaccharides; they accumulate in 
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hepatic lysosomes, and secondary liver damage results. In Hurler's disease and 
the related Scheie syndrome, there is a specific deficiency of n-c-iduronidase. 
Hunter's disease is inherited as an X-chromosome disorder, whereas other, related 
disorders are autosomal. In Hunter's disease, there is a deficiency of a specific 
sulfatase and accumulation of dermatan sulfate. Heparan sulfate sulfatase is 
deficient in Sanf hippo syndrome A and N-acetyl-α-o-glurusamidinase in Sanfilippo 
syndrome B. In Marfan's disease, there is enhanced excretion of various kinds of 
polysaccharides. Thus, all of these mucopolysaccharidoses appear to be due to 
deficiencies or defects in hydrolytic enzymes, thereby resulting in excessive 
accumulations of normal substances, as in the glycosphingolipodystrophies. 

The mucopolysaccharide composition of animal tissues varies in a rather 
consistent manner with aging. Thus, the keratosulfate concentration of tissues 
that contain this material increases throughout life, whereas the chondroitin 
sulfate content of cartilage and nucleus pulposus (intervertebral disks), as well as 
the hyaluronic acid of skin, decrease with aging. Administration of growth 
hormone at any age results in a pattern of mucopolysaccharide synthesis and 
composition resembling that of the extremely young animal. Administration of 
testosterone appears, specifically, to increase markedly the rate of hyaluronic 
acid synthesis in such loci as heart valves, skin, the comb of the rooster, and the 
sex skin of the monkey. The hyaluronic acid of synovial fluid of rheumatic and 
arthritic joints is present in greater than normal amount but appears to be largely 
depolymerized. Administration of certain adrenal cortical steroids results in rapid 
repolymerization of existing hyaluronic acid while abruptly inhibiting further de 
nano synthesis. Mucopolysaccharides of the skin of the alloxan-diabetic rat 
exhibit a turnover rate approximately one-third that found in normal animals; this 
diminished rate can be restored toward normal by administration of insulin. Since 
in diabetes mellitus there is a significantly greater than normal susceptibility to 
infection, with retarded wound healing and accelerated vascular degeneration, 
these characteristics may reflect, in part, the decreased ability to synthesize acid 
mucopolysaccharides when the insulin supply is inadequate. It will be apparent from this 
survey that much remains to be learned concerning the metabolism and biological roles 
of these complex polysaccharides. 
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William Nelson or Desiré D. Dubounet as most know 
her, is a legend in her own time. With over 60 books 
on medicine, over 200 medical articles published in 
peer reviewed medical ISSN journals, over 35 mov-
ies, three 24/7 TV channels, 2 radio stations, and a 

host of other publications, Desiré is one of the most important 
and influential persons of the new age. The courage to stand 
up and prove that all synthetic drugs are incompatible with the 
human body. The intrepid pluck resolution to let the big head 
choose her sex not the little head’s presence. Desiré is one of 
the most courageous people alive today. It is a constant bat-
tle against the small and petty minds to fight for freedom and 
awareness. A modern day warrior fighting for rationality in an 
ever increasingly stupid and judgmental world, Desiré fights on 
against all who live in false belief. False beliefs are the hardest 
to release.

 With over 5 patents, 10 trademarks, thousands of copy-
rights, and a host of other leading edge changes to help natural 
medicine, Desiré is now a Professor Emeritus of Medicine at the 
International Medical University. IMUNE is Registered in the 
British Virgin Is. And the Isle of Mann, accredited internationally, 
recognized by the U.N. and the E.C. there are IMUNE offices in 
Switzerland, Mexico City, Beijing and Romania.
 Desiré won the Beethoven prize for intellectualism in 
1990. The Who’s Who man of the year in 1991, and women of the 
year in 2001. Doctorate degrees in Medicine, Counseling, Acu-
puncture, Homeopathy, Naturopathy, Corporate Wellness, Inter-
national Law, and Quantum Physics and Biology constitute just 
some of her educational experience. . 
 Desiré was licensed to treat and diagnoses patients in 
Ohio, and is now licensed internationally as a medical doctor. She 
has directed produced, written and stared in over thirty movies.

 Desiré established the proof of homeopathy in the 
USA. She personally made homeopathy legal in Hungary. She is 
known as the father of modern Homeopathy in Pakistan. She 
is known as the mother of current Superlearning. She person-
ally registered the acupuncture needles as medical equipment 
in the USA. Made patents in homeopathy in the USA and Ireland. 
She has been nominated for the Nobel prize in medicine over ten 
times. Dr. Bill Nelson was proclaimed the greatest intellectual 
of the 20th century. But now Desiré is eclipsing and displaying 
greater genius.
 Desiré has developed a new and exciting style of mov-
ie making that has Hollywood shaking in fear. Her Intellectual 
Angel Movies are a fantastic unprecedented and inventive style 
of movie aimed at the sophisticated intelligent audience. De-
siré has the courage and fortitude to make over 35 movies that 
challenge the system and the powers of big money. She has 
defined and elucidated the evil of the Illuminatti in her mov-
ies. As Einstein once said “great spirits get incredible resistance 
from mediocre minds”. Judging from the petty trivial critiques 
and biased twisted criticisms it can be said that Desiré must be 
one great spirit. Her courage, intrepid spirit and clarity of mind 
are legendary.
 Desiré was awarded the first prize in a contest of Car-
diologists in Florida in 1989. Medical Doctor of the year in 2003, 
and voted best Healer of the year in 2005. Often called the most 
eminent Doctor and Naturopath alive today. She has become 
the world’s most famous expert on Natural and Energetic medi-
cine. The story goes on and on this is just a brief set of the ever 
growing legend and saga of Desiré D. Dubounet. 
 As Desiré says the past is not, real the resume is just 
an illusion. The power of the mind must stand on it’s own. The 
petty mind can come at you from any angle and the only de-
fense is steadfast dedication to the truth.  When you read or 
watch her scientific journals, clinical studies, advanced scien-
tific papers, medical discussions, philosophical essays, social 
themes, and intellectual movies you can see a world class ge-
nius. Petty minds will say that it is too good to be true, well 
Desiré is so true to be good.

www.theangelofgod.com

www.leftv.com

www.tmttv.com

www.desifm.net

www.nemkellhazudni.com

www.imune.net

www.changetheworldproductions.com

www.qxsubspace.com





Big Sugar

Big Tobacco
Big Pharma

Big Media
Big Banking

Big Money

Go to http://imune.name to learn and to get your course materials. You could get a Doctorate in 
Wellness and an international or accredited European professional qualification in neurophysiological 
bioresonance and biofeedback.

The Tassel is worth the Hassel. In a world so concerned of Wellness can be 
yours in just 12 months of Home Stury, a simple 
thesis, a practicum and four days of monitored 
supervised contact.

Big Tobacco, Big Sugar, Big Pharma, Big Oil, and Big War 
Industry are exempt from lay and they kill and injure, maim 

and cripple in the name of profit. They seek to control and 
dominate medicine to further build their profits.

Their money controls governments, regulators, and the small 
minded media. The Ultra Rich Master Echelon Computer now sees 
and hears all the things we say, write, and do. Rights of privacy are 
gone worldwide. They have taken away our rights of free speech.

The Ultra Rich control the media and refuse to tell stories 
that expose or offend the Ultra Rich Power. They control every 
movie that gets distribution, every song that hits the radio, 

everything that is put on the world news. They use science and 
psychology to control and manipulate the minds of the masses.

But medicine is controlled by Universities that teach medicine. 
There is now one university starting to defend Natural Medicine. 
IMUNE has a new 12 month home study course that can 
be bought with Karma and you can learn how to do natural 
medicine and how to break free from the Ultra Rich control.

12 month
home study courseimune

Well, the game of Reality Monopoly is still being played all over the 
world. One percent of the world’s population is winning and now 
controls over 80% of the wealth. The law allows the game to continue 
till we will see one winner and 6 billion plus losers
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