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PREFACE 

This is the third in a continuing series of Memoranda 

on the development of a mathematFca1 simulation of human 

blood biochemistry. The first--Dantzig, et al. [l]--was 

a feasibility study of the methods for mathematical anal- 

ysis and computer simulation; the second--DeHaven and 

DeLand [2]--added some details of hemoglobin chemistry 

and carefully described the behavior of that system under 

various conditions. 

The subsequent body of critical comment and addi- 

tional laboratory data enabled further elaboration and 

definition of the model. Professor F.J.W. Roughton, F.R.S., 

Cambridge University, particularly improved the hemoglobin 

chemistry. In addition, the quantitative aspects of the 

plasma proteins have been reviewed and their buffering 

properties incorporated. 

The present model. therefore approaches more closely 

the complexity of the real blood system. Properties of 

the mathematical model such as gas exchange, buffering, 

and response to chemical stress in the steady state are 

practically indistinguishable from those properties of 

real blood wLthFn the limits of our current validation 

program. 
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The program consists of two parts: detailed chemical 

analysis of human blood under a variety of chemical stresses; 

and further elaboration of the model, e.g., by including 

the phosphate system, double-valent ion binding by proteins, 

and red cell organic constituents other than hemoglobin. 

Laboratory experiments validating the model will be pub- 

lished in the doctoral thesis of Eugene Plagnier, M.D., 

Temple University Medical School. 

The research done with Dr. F.J.W. Roughton was sup- 

ported by the Department of Health, Education, and Welfare 

Grant HE-08665 (National Institutes of Health). 
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This Memorandum, one of a series on the modeling of 

blood biochemistry, describes? and examines the consequences 

of, the classical analysis of human blood. Classically, the 

macroscopic features of healthy blood--the principal fluid 

and electrolyte distributions--can be said eo be in a 

hemostatic steady state under the influence of several 

interacting constraints, e.g., the osmotic effects of the 

fixed proteins, the (fixed) charge of the proteins and 

the neutral electrostatic charge condition, and the active 

cation pumps, Chapter I examines these constraints from the 

vantage of a theoretical model, and shows them to be suf- 

ficient explanation for the steady state; whether they are 

also necessary has not been demonstrated. 

Chapter I1 considers the incorporation of the micro- 

scopic properties of the proteins in the model, particularly 

their buffering behavior. ThFs work is not complete, owing 

principally to the lack of firm data on hemoglobin. 

Chapter IXI discusses the validation of the mathematical 

model and the consequences of the previous biochemical struc- 

tural detail, testtng the model under various conditions-- 

changes in,gas pressure and pH, and additions of a few 



-Vi- 

chemical stresses. 

ments with the literature. 

except for certain interesting discrepancies, the model 

It compares several validation experi- 

The Memorandum shows that, 

satisfactorily agrees with the literature. 
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Chapter I 

A PRELIMINARY MODEL OF BLOOD BIOCHEMISTRY 

1. INTRODUCTION 

This is the third In a continuing series of Memoranda 

detailing the development of a mathematical simulation of 

human blood biochemistry. The first--Dantzig, et al. [l]-- 

was a feasibility study of a method for mathematical formu- 

lation and computer solution of a biochemical simulation 

problem, An example of a "simple" problem is, given the 

basic molecular components (reactant species) of a chemical 

milieu in a single phase, compute the concentration of all 

species in the equilibrium mixture for which the chemical 

reaction coefficients and mass action constants are also 

given. 

Such a system may, however, become complex if many re- 

actions are interrelated, if some of the molecules in the 

milieu (such as proteins) are themselves complex, or if 

the system is multiphasic, multicompartmented, or alive. 

These complexities complicate the computation; in particular , 

for viable systems, one speaks of the computations for a 

supposed "steady 

the "equflibrium 
d 

state" of the living organism, rather than 

state, It 
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The Dantzig Memorandum introduced the computer method 

for minimizing the Gibbs free energy function to compute 

the (unique) steady state of a multicompartmented blood 

system. The procedures are described in Ref. 1, and de- 

veloped Eurther in Shapiro and Shapley [33, Shapiro [4), 

and Clasen [5]. DeHaven and DeLand (the second Memo- 

randum on blood simulation) explore the computer method for 

determining a steady state in the three-compartment model 

(lung gas, plasma, and red cell), emphasizing the properties 

of the chemical systems themselves. Even that rudimentary 

model had many important characteristics of a blood system, 

e.g., the proper distribution of water and electrolytes, 

and a reasonable representation of normal physiologic 

functions. 

This Memorandum extends the previous results, docu- 

menting them in more detail, and initiates the validation 

of an improved model of the blood chemistry. 

analyzes the biochemical structure of the two-compartment 

blood system. The purpose of this chapter is to elucidate, 

with a rudimentary blood model. such as that: used in 

Dantzig el], the conventional roles oE the fixed proteins, 

the neutral electrostatic charge constraints, and the 

active cation pumps in determining the major physical 

Chapter I 



-3- 

characteristics of hemostatic blood. While these con- 

ventional roles, as is well known, yield a sufficient 

general explanation for the fluid and electrolyte distri- 

bution of normal blood, a mathematical model, which permits 

experiments impossible in the laboratory, shows their 

detailed interplay. 

Chapter I1 describes a special mathematical procedure 

for representing large chemical systems and discusses &he 

representation of the essential proteins. Finally, Chap. 

I11 discusses a model of the respiratory biochemistry of 

the blood, using the previously developed details, and 

shows some of the model's initial validation procedures. 
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2. ISOUTING AND DEFINING THE PHYSIOLOGICAL SYSTEM 

The blood, contained in the vascular system, may be 

regarded as a uniform and continuous subsystem of the body, 

Of course, it changes chemically in the circuit around 

the body, visibly changing color. However, conceptually 

isolating the blood as a subsystem and considering only 

the biochemistry of the respiratory function, this sub- 

system exhibits the following properties: 

The subsystem has natural boundaries; its extent 
is well-defined. It is, for practical purposes, 
contained within the vascular system. Important 
and interesting exceptions to this sometimes 
occur--e,g., protein may pass through the capil- 
lary walls to be returned to the vascular system 
by lymph flow. 
The function of the bounding membranes can be 
defined and the substances crossing these mem- 
branes analyzed--i.e. the inputs to and losses 
from the subsystem are measurable. The actual 
mechanisms and biochemical processes within the 
membranes themselves are, for the most part, 
still hypothetical, but only the net results of 
their functions are necessary to simulations 
of the steady-state. Transport of substances 
across these bounding membranes occurs prin- 
cipally--and perhaps only--in capillary beds 
either at the lung or other body tissues. 
Biochemical analyses of the blood can be made 
easily and quickly and, with care, thoroughness 
and accuracy is possible. Furthermore, samples 
from this subsystem are available. Thus, €or 
example, conservation of mass equations, funda- 
mental to the simulation, can be substantiated. 

4 
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d) The subdivisions of the subsystem bn the gross 
level are clear, e.g., the red cells taken to- 
gether as a compartment: constitute a subdivision 
of whole blood. However, the exterior environ- 
ment of the vascular system must also be examined 
for a model, since this environment largely de- 
termines the transfer of substances across the 
bounding membranes. Except in the interior of 
certain organs, the environment of the vascular 
system is interstitial fluid. However, in the 
lung (and perhaps the brain) the layer of inter- 
stitial fluid is negligibly thin. In the lung 
we may consider the environment of the capillary 
bed to be alveolar sac gas. 

e) The physiological function of respiration for 
the subsystem "blood" is well-defined; its 
purpose is clear. The biochemistry involved in 
accomplishing this purpose is, on the gross 
level, relatively well-understood. However, on 
the level of chemical detail, many unsolved 
problems still exist. For example, the explana- 
tions of the "chloride shift" phenomenon, or 
the "Bohr shift" phenomenon, or the "sodium pump" 
phenomena are, among many other such problems, 
still subjects of research. 

The chemical composition of blood varies, of course, 

according to the point in the body, the age and sex of 

the individual, his response to disease, etc. An average, 

resting, young, adult male human is the standard for this 

exposition. The relevant data come from many sources, but 

part ic alar Zy Dit tmer (Ref 6, Blood and Other Body Fluids) 

and Spector (Ref. 7, Handbook of Biological Data). 



Table 1 summarizes these data for three standard 

types of blood for the average, young, adult male. Table 

II shows the distribution of the substance from Table I 

for standard or average arterial blood between plasma and 

red cell compartments. These composition tables are 

generally concerned with electrolytes, water, and gases. 

This chapter does not detail the amino acids, lipids, 

carbohydrates, organic phosphates, or other secondary 

constituents. It mentions only the constituents which 

play a direct role in respiration. 

The plasma proteins and impermeable macromolecules , 

principally albumln and the various globulins, amount 

to about 8.7 x 10 moles per liter of blood. At pW 7.4, 

the average charge per molecule for the proteins is from 

-10 to -20, as can be determined by examining the titra- 

tion curves for albumin and globulin K83- For this first 

model where the prolceins are not yet buffering, the value 

of negatlve equivalents per mole will be fixed at -18, 

Thus, the number of negative equivalents of plasma pro- 

teins, used to determine that the solution is eZectricaLly 

neutral, is 8.7’ x EO . 

-4 

-3 

The red cell proteins present a much more complicated 

situation. Of course, hemoglobin activity is crucial to 



Table I 

STANDARD BLOOD COMPOSITION FOR RESTING YOUNG ADULT  MALE^ 



Table I1 

DISTRIBUTION OF SPECIES IN LITER OF STANDARD ARTERIAL 
BLOOD (A~?G?.C ?!ale) AND ALVEOLAR SAG GAS 

Item 

PW 

O2 

*ZO 
C1- 

3. Na 
+ K 
Ca ti- 

Mgti. 
so; 
wo; 

p.i;: 
HC03 

Lactic" 

Glucose 

Urea 

Misc PR 

Alveolar 
Sac (XI 

13.15 

5.26 

75.4 

6.11 

Plasma 

a.39 
6. 3 3 x 1 0 - ~  moles 

7 . 0 ~ 0 - ~  1 1  

2 . 2 0 ~ l 0 - ~  11  

28.50 !I 

56.65 meq 
76.45 'I 

2.310 " 

2.86 " 

0.935 
0.680 It  

1.83 I f  

1.30 'I 

0.054 " 

13.8'36 I' 

2.00 m o l e s  
1.73 

0.87 '' ---_- 

Red Cell 

7.19 

28.0 1 1  

23.40 meq 
8.37 I f  

42.75 I' 

0,344 I' 
2.295 

a 
----m 

----- 
"e--- 

-"--- 

6.025 I' 

----- 
1.40 m o l e s  

10.568 I' 

2.2725 I' 

indicates the value is either not reported 
or is reported in a form not pertinent to this representation. 



respiration, carrying CO as well as oxygen in combina- 

tion. In more complex models (Chap, III), the buffering 
2 

activity of hemoglobin also pertains, This preliminary, 

illustrative model treats hemoglobin simply as a protein 

combining with oxygen and contributing to the osmolarity 

and, hence, hematocrit of the blood. 

However, the red cells also contain miscellaneous 

proteins, complex phosphates, and other anionic species 

(excluding hemoglobin) generally represented in the Ikter- 

ature [73 by X-, ThLs symbol indicates an undetermined 

anion residue necessary to make the red cell milieu 

neutrally charged and to make the osmolarity of the red 

cell milieu equal. to that of plasma, Chapter 111 examines 

thFs assumption of equal osmolarity, but the preliminary 

model uses the undetermined anion residue to obtain the 

proper hematocrit and a neutral electrical charge. 

Neither the distributions of glucose and urea nor of 

the various sulphates and phosphates between plasma and 

red cell have been carefully detailed for this preliminary 

model. The diffusion of glucose through the red cell 

membrane is presumably an intricate process, while urea 

is thought to pass freely through the membrane. Table I1 

reflects neither of these facts. The species represented 
& 
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by SO; and HPO= are the acid-soluble sulphates and ghos- 

phates reported in the literature. Table II does not 
4 

indicate that these substances may also be intricately 

bound to the proteins of red cell and plasma. 

Cats and Plg* may be bound by protein. 

Similarly, 

Chapter III will. 

discuss these conditions. 

Most of the Na + and a large part of the Cl- are in 
3- plasma, while most of the K is in the red cell compart- 

ment, a consequence of the "sodium pump" and the Gibbs- 

Donnan phenomenon. The distribution of the species H 0 

in Table I1 requires some explanation. 
2 

When large proteins 

and other aggregated molecules are dissolved in water, the 

volume of the solution fs usually larger than the volume 

of solvent. This "volume factor" has been found to be 94 

percent for normal plasma; that is, in Table 11, the 28.50 

moles of H2Q, which is 516 cc at 3goC, represent 516/ 

0.94 = 549 cc of plasma per liter of blood. The red cell 

volume is, thus, 451 cc per liter of blood and the hemato- 

crit is 45.1 percent. Since, in the red cells, there are 

only 18.0 moles or 326 cc of H2Q, the volume factor is 

72.3 percent, which includes the volume occupied by the 

stroma. 
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3. DEVELOPMENT OF-THE BLOOD MQDEL 

GENERAL CONSIDERATIONS 

The data of the previous section enable the simula- 

tion of the average artertal blood of Table TI, which 

represents a liter of blood at the steady, resting state. 

We assume that metabolism conthues at a steady rate 

and, because metabolism in the red cells is principally 

anaerobic, gives a net production of H ions and lactate 

ion along with other minor products. We also assume a 

complex but undefined activlty (referred to as the "sodium 

pump") for the red cell membrane. One result is that all 

mobile ions, particularly Na+ and K+, acquire across this 

membrane steady concentration gradients different from 

those without the active membrane. Also, the system has 

a steady "membrane potential"--roughly, that electrical 

potential which is measured by suitable electrodes suit- 

ably placed (Chap. PI1 analyzes this definition). A 

steady pH exists in the plasma and, because of the activity 

of the cell, a different, lower pH holds in the "interior" 

of the red cell. 

+ 

The structure of the red cell is simpler than other 

body cells since the red cell is not nucleated and contains 
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but one principal protein. In the model, the interiors 

of all red cells in the liter of blood are taken together 

as a single "compartment ," uniformly mixed and separated 

from the plasma by an ideal semi-permeable, though active, 

rnembr ane . 

Conceptually, then, two distinct compartments, with 

chemical analyses given in Table 11, communicate with 

each other through the idealized membrane. Proteins and 

certain other Large molecules (e.g., complex phosphates) 

cannot penetrate, but other ions and molecules pass 

through regardless of the mechanism or of the time required. 

The membrane is flexible and will not support a pressure 

gradient, so the "red cell" may change volume by as much 

as 5 percent between arterial and venous blood. 

the temperature is supposed uniform throughout. 

Also, 

STATEMENT OF THE PRELIMINARY PROBLEM 

Given these basic hypotheses and assumptions (as well 

as further assumptions carefully defined as required), the 

essential problem of this simulation is to create Table I1 

from Table P by means of a mathematical model--that is, 

given the total composition of a liter of whole blood and 

using the general. mathematical program, distribute these 
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"input" substances into the compartment's plasma and red 

cell so that the "output" duplicates Table 11. 

FIRST APPROXIMATIONS 

The construction of a model of arterial blood could 

begin with the simulation of ordinary "soda water," a 

two-phase system of gas and liquid with both inter- and 

intraphase reactions. 

determined solubility constants at a given temperature 

t The gases, 02, COZY N2, have 

and pressure, and the solvent water has known vapor pres- 

sure. One could, therefore, compute the concentrations 

of each in the liquid phase as well as the partial pres- 

sures of H 0 vapor in the gaseous phase. In the liquid 

phase, the carbonate system reaction constants are well- 
2 

* documented, so with fixed partial pressures of the gases 

one could compute the concentrations of HCO- COY, H+, 3' 
OH-y and H 0 wilrh arbitrary accuracy. 2 

If the gas volume is finite, the formation of the 

species in solution will, by conservation of mass, alter 

the gas composition. Therefore, the preliminary model 

uses a very large gas phase, which also gives 

'Reference 2 further details this model. 
See, for example Edsall and Wyman, Ref. $ 

better 

8, Chap. 10. 



- 14- 
control of independent variables. Using, say, 1000 moles 

of gas phase at a determined cornposi."ron versus one liter 

of liquid phase causes the gas phase to remain almost 

constant, thus holding the gases in solution at constant 

concentration. The gas composition can be varied, of 

course, as required. t 

MODEL A--PRIMITIVE SYSTEGII, PLASMA 

The first model, Model A, only slightly enlarges the 

soda water model which consists of the gases 0 2' h'y 
N20, the solvent H 0, and two phases, gas and liquid. 2 
Adding more species to the liquid phase without adding 

intraphase reactions will change the results for soda 

water only sltghtly. 

Caw, Mg , SOiy urea, glucose, lactic acid, and protein 

up to the approximate concentrations of these substances 

+ Thus, adding Na , C1-, K+, HPO;, 
- $3 

in plasma, changes the concentrations of dissolved gases 

only slightly, although the pW may require adjustment 

with NaQH or HC1. The gas concentrations do change be- 

cause the solubility constant for the gases differs in 

'Previous studies--Refs. 1 through 5--describe the 
computation procedure employed here. 



plasma and in water, and because the actual number of 

moles of liquid phase, x, has increased. No new intra- 

phase reactions are introduced yet. Later the protein 

will buffer H ion and bind Ca 

Here, the protein makes the solution non-ideal. and 

increases the volume of plasma over the water volume 

by 6 percent. Otherwise, in the normal viable range, 

this two-phase preliminary system can be assumed to be 

well-behaved. Again, concentration curves could be 

- 
~ 

+ ti- , Mg*, and C1-. 

computed for this simple system, but it is not yet of 

much interest. 

MODEL B--OSMOLARITY 

A second model, Model €3, has a thFrd compartment 

called "red cells" and several additional conditions" 

For this model, the total amounts of substances added 

to the total system will be exactly those of Table I, 

arterial blood. The problem is to determine how much 

of each of these substances is distributed into the 

red cell compartment under various conditions. Such 

a determinatLon is a solution of the problem under 

those conditions. 
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First, for Model. B, let the membrane between plasma 

and red cells be permeable to all species--including 

protein. In this case, the mathematical solution is not 

unique, for the membrane could divide the two compartments 

arbitrarily, and the mixed composition of the two com- 

partments would be identical and uniform except for K 
and the total number of moles of all species in 

each. 

P1 

RC' 

Second, Model B a) supposes the membrane impermeable 

to proteins only, b) ignores the electrical charge on the 

ions and proteins, and c) supposes (as do subsequent 

models in Chap. I) that the gases have equal solubility 

in red cells and plasma. 

With the protein distributed and fixed in plasma and 

red cells, and with the membrane flexible so that hydro- 

static pressure gradients cannot arise, all species dis- 

tribute between the compartments in proportion to the 

amounts of impermeable proteins in each, a result of the 

elementary "osmotic" phenomenon: i. e., each substance, 

including water, will distribute so that it has the same 

concentratlon on each side of the membrane, independently 

of the other species. In addition, since the proteins 

are Lqermeable, all other speeies must move; i.e., th.e 



membrane must move, so that the proteins on each side are 

equally dilute. 

have the ratio 

Thus, the total moles in each compartment 

xPL’?kc 0 

= 8.706~10-4/(10.565~10-~ + 2.2725~10-~) = 0.0678 

where the numbers QII the right are the moles of protein 

on each side of the membrane. Table 1x1, a reproduction 

of the computer results for Model B, illustrates these 

comments, 

MODEL C--ELECTRICAL NEUTRALITY 

Model C involves an hypothetical experiment. Suppose 

that, in addition to the above conditions, each protein 

now has an electrical charge of -1 per molecule, and the 

other ions have their normal chemical valence. Suppose, 

further, that the sum of the charged input substances is 

such that the whole is neutrally charged. Now apply the 

mathematical condition that each compartment, plasma and 

red cells, be neutrally charged, i.e., that the sum over 

all charged species in each compartment is zero. Under 

these conditions, no change at all will occur in the 

computed distribution of the species and the resulks will 

be identical to Model B. That is, under the conditions 



Table 1x1 

ELENENVARY OSMOLARITY- -MODEL B 

X - R A R  

PH 

0 2  

GI11 

N i  

H?O 

ti+ 

OH- 

CL - 

N A  + 

u t  

L A + +  

HG*+ 

SO+= 

A I R  LIUT 

9.931tCE 02 

-0. 

Mfl L F S  1.31507F 02 
H F R A C  1.3lhl7F-01 

H n L F s  5.26022~ 01 
Y F  R A G  5.1b464 t -02 

HlJLtS 7.540006 0 2  
H F R A C  7.54634F-01 

M n L t s  h. 10509~ 0 1  

M O L E S  -n. 

M F R A C  b. llfl2Zt-02 

P F R A C  -0. 

HOLES -D. 
M F R A r  -0. 

MfltES -0. 
M F R A C  -0. 

YiJLFS -0. 
M F R A C  -0. 

H(1LtS -C. 
M F R A C  -?. 

HilLES -0. 
P F R A C  -0. 

HilLbS -0. 
M F R A C  -0. 

H n L F s  -n. 
M F R A C  -0. 

P L A S M A  

2.97125F 00 

7.34527E 00 

6.93539E-06 
7.3 34 16E-06 

7.15457F-05 
2.40793F-05 

2.27640E-05 
7.44314F-06 

2.93587F 00 
9.94807t-01 

2.41847E-09 
8. 1195L1E-IO 

2 . ~ 3 9 3 4 ~ - 0 8  
9.55h05F-09 

5.08309F-0 3 
I. 71076F-03 

4 - 2 n 9  36F-03 
1.44361E-03 

2.Rh063b-03 
4. h?769F-04 

I .O1916F-O4 
3.410Oh F-05 

1.013VZF-04 
3.44609t-05 

3.33370E-05 
1.12198F-05 

HPfl4. Miilk5 -0. 
M F R A C  -n. 

U P F A  MLlLtS -0. 
M F W A C  -0. 

cLucn5 H o L f s  -n. 

L A C T I C  HriLFs -P. 

M F R A C  -0. 

H F R A C  -0. 

N H 4 +  HilLES -0. 
HFRAC -fl. 

HCfl3- M O L F S  -0. 
M F R A C  -Tr. 

HILO3 H O L F S  -0. 
Y F R A C  -11. 

c n 3 =  w x E s  -0. 
Y F R A C  -0. 

H I S C P R  MflLFS -0. 
P F R A C  -0. 

H R ~  M O L F S  -n. 
M F R A C  -0. 

9.0e035t-05 
3.056O7f -05 

I - I) '4 5 14 t -04 
6.71480t-05 

2.327A7E-04 
7. R34hSF-05 

1.29093F-04 
4.14475F-05 

5.5180bF-05 
I. H S  T 15 E-05 

1.27953E-03 
4. 30636f-04 

1.017h7E-07 
3.42574E-08 

L .60538~-06 
5.40305E-07 

8.70600E-04 
2.93008E-04 

-0. 
-0 - 

Q F O  C F L L S  

4.36209E 01 

1.34527E 00 

i. n 2 ~ 8 5 ~ - 0 4  
2.33416E-06 

1. 0551 RF-03 
?. 40793E-05 

3.78356E-04 
7.49314E-06 

4.15933t 01 
9.94RO7E-01 

3.56682E-OR 
R.13955E-IO 

4.18755E-07 
9.55605E-09 

7.49hb?F-02 
1.71076E-03 

6.32607E-02 
1.44362E-03 

4.21R94E-02 
'?. 62 7b'lF-04 

I. 50308F-03 
3.43006E-05 

1.5101 1E-01 
3.44609E -05 

4.91663E-04 
l.12198E-05 

I. 3 3920E -03 
3.05601E-05 

2.94249E-03 
6.71480E-05 

3.43371F-03 
7.H3465E-05 

1.90391E-03 
4. 34475F-05 

R.1 3819t-04 
1. M57 I?E-OS 

1.4h708E-07 
4. 30636E-04 

1.50119E-06 
3.42574E-08 

2.16766E-05 
5.40305E-07 

1.05680E-02 
2.41164E-04 

1.7 775flE-03 
5. IBSHRE-05 



for B but with 211 protein II uniEorrnlX charged, all sub- 

stances are already distributed on both sides of .the 

membrane such that each cornpartmen2 is electrically 

neutral. 

- MODEL D--GIBBS-DONNAN AND HWURGEIP - SHIFT 
Model D supposes that the average charge of the 

protein molecules in plasina only is -10 per molecule. The 

moles of input substances are identical to Table I, and 

the average charges on hemoglobin and the miscellaneous 

fixed species in red cells are such that the total inpilts 

are neutrally charged. Applying the neutral charge re- 

straint now to plasma and to red cells, if the average 

charge per molecule of the red cell protein happens also 

to be -10, the results are again as in Model 13 or C. Any 

other charge on the average, red cell, protein molecule 

causes different results. 

The average charge for all red cell proteins in 

Table E is -3.5, and a cornFarison of this with -10 for 

the average charge of plasma prokein indicates that posi- 

tive ions should be displaced into plasma and the permeable 

negative ions displa-ced or repelled into red cells. Table 

IV, a reproduction of the computer results for Model D, 
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Table PV 

GIBBS-DQNNAN PHENOMENON--MODEL B 

X - R A R  

P H  

02 

G O 2  

N ?  

HZO 

Ht 

OH- 

CL- 

N A  t 

K t  

C A + +  

M G * +  

sn4= 

MOLFS 
H F R A C  

M O L E S  
M F R A C  

HflLFS 
H F R A C  

M O L  F 5 
H F R A C  

A I R  O U I  PLASMA 

9.9ql36F 07 5.95029F 00 

0. 7.28065F 00 

1.31507~ n i  1.38893~-05 
1. 31620E-01 2.33422t-06 

5.2h022F 01 1.43282E-04 
5.264 77t -02 2.40799E-05 

7.54noo~ 02 4.4587+~-05 
7.54652t-01 7.49332F-06 

6.10271F 01 5.91722E 00 
6. lJlY9f-07 9.94443F-01 

MOLtS -0. 
M F R A C  -0. 

MOLES -P. 
M F R A C  -n. 

M O L t S  -P. 
M F R A C  -0. 

MOLFS -0. 
M F R A C  -C. 

M U L F S  -fl. 
H F R A C  -0. 

M I X F S  -0. 
M F R A C  -1). 

MllLF S -0. 
M F R A C  -n. 

M O L F S  -0. 
M F R A C  -n. 

~ ~ n 4 =  H O L F S  -0. 
M F R A C  -n. 

U R E A  HOLFS -0. 
H F R A L  -0. 

GLUCO5 M D L f S  - t J .  
H F R A C  -n. 

L A C T I C  M U L E S  -0. 
M F R A C  -0. 

N H 4 +  MOLFS -0. 
F F R A C  -0. 

~ ~ 0 3 -  H ~ L E S  -0. 
M F H A C  -0. 

H7COl flOLFS -0. 
M F R A C  -n. 

CO3= HOLFS -0. 
M F R A C  -0. 

M I S C P R  M O L E S  -0. 
M F R A C  -0. 

HB4 MULtS -0. 
M F R A C  -n. 

5.h1819E-09 
9 . 4 4 1 ~ 8 ~ -  in 

4.900n4c-o~ 
8.2 34i)bt -39 

R.77348E-03 
I. 4 7446E-03 

1.24538E-02 
2.09298E-03 

6.61453E-01 
I. 1 1  163F-0 3 

7. 71376E-04 
4.56072F-05 

2.7/644E-04 
4.58203F-05 

4.950not-05 
R. 318976-flh 

1. 34Ri9F-04 
2.76592F-05 

3.99200t-04 
6. 7089lF-05 

4.65776F-04 
7.R2778E-05 

7.22817F-04 
3. 74464E-05 

1.27592E-04 
2.14430E-05 

2.20822F-U 3 
3.11111F-04 

7.03772F-01 
3.42457E-09 

2. 38843E-06 
4.01397F-07 

8. 7O6OOE-04 
1.40312E-04 

-0. 
-0. 

RFD C E L L S  

4.0flR29E 01 

7.35342E 00 

9.54297F-05 
2.33422E-06 

9.R4456E-04 
2.40799E-05 

3.36349E-04 
7.493 32E -06 

4.06557E 01 
9.94442E-01 

3.20460E-08 
7 .YR52 3E- 10 

3.9R084E -07 
9. 737166-09 

7.12765b-02 
1.74343E-03 

1.73662E-02 
1. 77008€-03 

3.84 355E-02 
9.401 35E-04 

I. 33362E-03 
3.26706E-05 

1.33986E-03 
3.177 30E-05 

4. 75500F-04 
l.lh3ORE-05 

1.29517F-03 
3.168DOF-05 

2. 74280E-03 
6.70flYlE-05 

3.2n022~-03 
7.92 778E-05 

1.HlOLBE-03 
4.427 73E-05 

7.41408~-04 
1. R1349F-05 

1.79397E-02 
4.3RROBE-04 

1.40006E-06 
3.42457E-08 

2.29434E-05 
5.61198E-07 

I. 05680F-02 
Z.SR494E-04 

2.27250E-03 
5.55856F-05 
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shows khis actually occurs e Table IV demonstrates that 

Na , say, -is ~ O V J  predominantly in plasma, and Cf_ is pre- 

dominantly in red cells. 

and red cell. compartments, xpLj~2Rc, has changed to 0.1455. 

- + 

The total mole ratio of plasma 
- 

Note thar. this novemerit of the positive and negative 

ions is anomalous. The directions of movement oE the Cl- 

ion and $1 ion here are opposite to the standard blood 

distribution. Thm the zero-charge restraint plus the 

impermeable f ixed-protein distribution alone are in- 

adequate to establish the desired (Table 11) electrolyte 

distribution. This observation is significant because 

Model. D contains both of the essential elements for the 

classical Cibbs-Donnan equilibrium [SI, i. e., the fixed- 

protein and the charge restraint. 

+ 

The Gibbs-Donnan phenomenon is usually explained 

with an hypothetical system cihere electrically charged 

protein is on only one side oL a rigid membrane in a 

water solution containing other electrolytes. The zero- 

charge eonstzraint is then applied to a compartnzen& o ~ ,  

one side of the membrane. Substances move across the 

rigid membyane, in response to bokh the osmotic effect of 

the protein and the charge condition, until 2 hydrostatic 
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pressure builds up on the protein side sufficient to stop 

further fhow. Sbu1taneous1y9 the electrolytes rearrange 

to satisfy the charge condition. 

sure thus acquired by the system is an empirical measure 

of the "osmotic pressure" of the system. 

The hydrostatic pres- 

In the present case, elie membrane is Ilexible so 

hydrostatic pressure cannot build up--t!re complementary 

compartments simply change size. Replacing the hydro- 

static pressure which balances the flow, a second protein 

is dissolved in tile second compartment. Osmotic re- 

distribution will cease when the two ?roteins are equally 

dilute, as in Model El. The chase restraint sinulltan- 

eously redistributes the electrolyte, 1s in Models C and D. 

The GibSs-Donnan phenomenon, however is basicall>- the 

same, and the above results show it is insufficient in 

itself to es"tb1ish the desired (Table IS) distribution 

of electrolytes for arterial blood, 

The Gibbs-Donnan equilibrium phenomenon does ~ how- 

ever, contribute an important characteristic to the blood 

model--namely, khe so-called "chloride" or "Hamburger 

shift" which takes place reversibly al; the lung surface 

and in the body tissue capillary beds [h]. At the body 

tissue level, CO dissolves in plasma and diffuses into 2 
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the red cell, where the enzyme carbonic anhydrase com- 

e 

.- 

bines it with a molecule of water to become HZC03. The 
+ 

consequent ions HCO- and EL are, of course, subject to 3 
the charge constraint of the Gibbs-Donnan phenomenon, 

just as any other ion. Conventionally, the charge con- 

straint affects the concentration of HCO- exactly as it 

does 61-, yielding 
3 

where square brackets indicate concentration. In this 

case k = 1; Nodel G below introduces a difference in 

solubility €or C02 between plasma and red cells, so k # I. 

As the concentration of bicarbonate increases in the red 

cell, the WCO- moves into the plasma under a diffusion 

gradient. 

tive charge in the red cell except that C1-, as well as 

other anions, then shifts into the red cell milieu (the 

chloride shift). 

to maintain Eq. (I). Exactly the opposite set of re- 

actions occurs at the lung surface. 

3 
This movement of MCOI would leave a net posi- 3 

The solvent species H 0 must also shift 2 
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Two important tentative assumptions derive from this 

discussion. First, since Eq. (1) is accepted in the 

literature [IO] and verified empirically [6,7], neither 

Cl' nor WCQ- is likely to be subject to active transport 

(see below, Model E) at or in the cell membrane. If the 

concentration ratios of either were effected, Eq. (1) 

could not hold over the range of the Hamburger shift un- 

less both were affected exactly equally by an active 

transport mechanism, which is unlikely, 

3 

The second assumption is that Eq. (1) may be made 

much stronger. Lndeed, any ion not subject to active 

transport must have the same chemical potential gradient 

given by the zero-charge constraint, i. e., 

where the hydrogen ratio is inverted because of its sign 

and the SO: ratio is reduced because of its valence. t 

The dots LndLeate stmilar ratios for other ions. For 

example, in the present Model D, Ha+ and K + are not subject 

'See Ref. 8, p. 227. 
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to active transport (see Model E) and therefore they, too, 

satisfy Eq. (2), as shown in Table IV. 

MODEL E--THE SODIUM P W  

Model E, again a hypothetical experiment, ignores 

the electrical charge of the species In order to simplify 

a first simulation of the sodium pump. Because the species 

subject to the sodium pump have electrical charge, the 

effects of the pump and the eEfects of the zero-charge 

restraint applied in D would otherwise interact. In 

order, then, to isolate the function of the sodium pump, 

the mathematical zero-charge restraint of the Gibbs- 

Donnan phenomena is temporarily suspended. All other 

conditions--semipermeable, flexible membrane, etc.--still 

apply 

"Sodium pump" is a generic name for the phenomena 

whereby living cells, via a biochemical and/or biophysical 

mechanism within or at the surface of the membrane of 

those cells, selectively excrete or absorb cations. The 

sodium pump is a subclass of the more general "active 

transport" processes , the exact mechanisms €or which are 

still generally obscure [11,12]. 
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The present Model E concerns not the biochemical or 

biophysical mechanism whereby the sodium pump is accom- 

plished, but only the net result. As may be seen in 

Table 11, the sodium pump acting in the erythrocyte mem- 
-5. 3-p branes causes most of the Na and Ca ions to concentrate 

+ U in plasma, and most of the K and Mg ions to concentrate 

in the interiors of the red cells. The above examples 

show clearly that the Gibbs-Donnan forcing functions, 

osmotic effects, and zero-charge condition cannot account 

for the disposition of cations in Table 11. Additional 

work on these cattons is necessary, 

In order to quantize the sodium pump phenomena, we 

<ED CELL and the species N + 
PLASMA assume that the species Na 

are not identical. It is convenient to say, instead, that 

$sF 
+ d  + 

RC ’ c Na NaPl (3) 

is a chemical reaction converting one species to the 

other, an interphase reaction, even though Eq. (3) is 

not a complete reaction in the thermodynamic sense. 

Further, the increment of free energy, AF, is proportional 

to the work done on the substance during conversion, al- 

though the actual work in vivo is difficult to measure 
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and may differ considerably from this theoretical minimum 

value required to maintain a gradient. Thus, though we 

do not represent the membrane or the mechanism, we postu- 

late a free energy parameter proportional to the dif- 

ference in concentrations or mole fractions of the two 

species in Eq. (3) at steady state. 

Tables V and VI respectively list the input data 

and reproduce the computer results for Model E. Table V 

lists the species to be expected in the three compartments, 

their respective free energy parameters, and the input 

components from which the output species originate, as in 

a chemical reaction. 

The "free energy parameters'' in Table Q have various 

appropriate meanings. The 8 species has a free energy 2 

parameter -10.94 in the "Afr Out" compartment, and zero 

fn ''Plasma.'' This number fs the log base e of the solu- 

bility constant in mole fractions for 0 in plasma, 

0.02089 cc/cc/atm. 

free energy parameter -21.35, which is the log base e 

2 
The species ECO; in plasma has the 

for the mass action cons&ant in mole fractions for the 

reaction t 

t See Ref. 2, p. 15. 
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Expected 
Species 
A I X r l l J  1 

r: 2 
c02 
N 2  
H 2 [I 

PLhSMA 
02 

Y 2  
ti+ 
OH- 
CL- 
NA+ 
K +  
CA++ 
HG++ 

HP04= 
URF4 
GLUCOS 
LACTIC 
NH4+ 
HCO3- 
H2C03 
C03: 
H20 
HISCPR 

cn2 

sn4= 

RED CELLS 
n7 
c02 
N2 
H+ 
OW- 
CL- 
NA+ 
I(+ 

C A + +  
W G + +  
504= 
HP04= 
U R E A  
GLUCOS 
LACTIC 
NH4+ 
HCfl3- 
H2CO3 
CO3= 
H20 
W I S C P R  
ti84 

Table V 

INPUT DATA- - ELmNTARY MODEL 

Free 
Energy 
Parameter 

_ i  
I .'?4UUi'3 
-7.690000 

- 11.520000 - 36.600000 

0. 
0. 
0. 
0. 
0. 
c. 
0. 
0. 
0. 
0. 
0 . 
0. 
0. 
0. 
0. 
0. 

-21.350000 
-32.840000 

6.26OOOO 
-3s. 390000 

I). 

-0. 
0. 

-C. 
0. 
n. 

2.1 1 z i  

_. J 

. % 5  f 

G. 
Q. 
0. 
0. 

-21.350000 
-32.840000 

6. ZhOOOO 
-39. 390000 

G. 
0. 

Input 
Components 

:.ooc L'i 
1.000 C O L  
1.000 N2 
1.000 H+ 1.000 OH- 

1.0cIo 02 
1.000 GO2 
1.000 Y2 
1.000 H+ 
1.000 OH- 
1.000 CL- 
1.000 NA+ 
1.900 K +  
1.000 C A + +  

1.000 S04= 
1.000 HPU4= 
1.000 UREA 
1.000 GLUCOS 
1.000 LACTIC 
1.000 NH4+ 
1.000 GO2 1.000 OH- 
l.SO0 c02 1.000 ti+ 1.000 OH- 

1.000 H+ 1.000 OH- 
1.000 MISCPL 

:.OOO M G + +  

1.000 coz -1.000 H+ 1.000 OH- 

1.000 nz 
1.000 CO2 
1.000 N2 
1.000 H+ 
1.000 OH- 
1.000 CL- 
1.000 N b +  
1 .OOO K +  
1.000 CAt+ 
1.000 HG+t 
1.000 S04= 
1.000 HP04= 
1.000 UREA 
1.000 GLUCUS 
1.000 LACTIC 
1.000 NH4+ 
1.000 GO2 1.009 OH- 

1.000 LO2 -1.000 H+ 1.000 OH- 
1.000 H+ 1 .OOO OH- 
1.000 I4ISCRE 
1.000 HI34 

1.000 coz 1.000 H+ 1.000 OH- 
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Table VI 

SODIUM PhTMP--MODEL E 

X-H A R  

P W  

02 

C O 2  

N 2  

HZO 

H+ 

OH- 

C L -  

N A *  

K t  

L A + +  

M G + +  

504. 

A I X  our 

7.9913bt 0 2  

-0. 

H O L F S  L.315OlE 02 
M F R A C  1. 3162OE-Ol 

M l l L f S  5 . 2 6 0 2 2 E  01 
M F R A C  5.26477f-02 

W O L F S  7.54OOCE 02 
W F R 4 C  7.54b>?E-01 

M U L F S  b . 1 1 2 7 1 E 01 
M F R A C  b.13194E-02 

H O L E S  -(,. 
M F R A C  -0. 

SOLES -( . 
U F R A C  -0. 

M l L f S  -0. 
M F R A C  -0. 

M O L E S  -P. 
M F R A C  -0. 

MIllFS -(. 
H F Q A C  -P. 

M O l F S  -('. 
S F R A C  -Q. 

MlJLFS -('. 
U F Q A C  -0. 

M U L F S  -'J. 
* F R A C  -r. 

HPI14= MllLFS -0. 
w F q n c  -I,. 

IIEFA M U L t S  -0. 
H F U A C  -(. 

GLUCO5 M q L F S  -0. 
P F R A C  - C .  

L A C T I C  PllLFS -r'. 
M F R A C  -0. 

N H + +  ~ r i t i s  -0. 
M F R A C  -0. 

H C 0 3 -  WilLFS -0- 
V F P A C  -C. 

H2C03 P111ES -0. 
#FHA( - r .  

cn3= HoIF5 -n. 
M F V A C  -iJ. 

LII5CPR H O L F S  -0. 
M F R A C  -0. 

H B 4  M P t F S  -7. 
M F R A C  -(. 

P L A S M A  

?.h9537E 01 

7.34487E 00 

b.19158E-05 
7. 33422E-06 

b.49042E-04 
I. 4 0 l W E - 0 5  

7.01973E-04 
1.49332E-06 

7.hRO39E 01 
9. 24442E-01 

2.19513E-08 
~.1440r~-io 

2.5 7 334E-0 I 
9.54725E-09 

4.b0708E-02 
t.inqzhE-oj 

7.R3728E-07 
2.907bRE-03 

3 .00870€-0 3 
1.11625E-04 

1.4R942E-03 
5.57586E-05 

7.44583F-04 
2.7b245t-35 

3.07lSlE-04 
1.12100E-05 

H.Z30(ll E-04 
3.053 39E-05 

1 .BOR3Of-O 3 
6.70891f-05 

2.10q8BE-03 
7. R2718E-05 

1.17004E-03 
4. 34094E-05 

5.001 31 F-04 
I. H5552t-05 

1.159tEF-02 
4.3024qE-04 

9.23047E-C7 
3.+2456E-08 

1.45421E-05 
5.39520F-07 

8. 70600E-04 
3.22998E-05 

0. 
0. 

R E D  C t L L S  

1.9R795E 01 

7.34487E 00 

4.64032E-05 
2.33422E-06 

4.78697F-04 
1.40799E-05 

1.4R964E-04 
7 -  49332E -06 

1.97690E 0 1  
q.q4442~-ai 

1.619OOf-08 
R. 14407E-IO 

1.89795E-07 
9.54725E-09 

3.39792E-02 
I. 7092bE-03 

b.44721F-03 
3.24314E-04 

4.2041 3E-01 
2.1148OE-03 

1.15576E-04 
5.81 380E-06 

R. 6791RE-04 
4. 36589E-05 

2.2284'4-04 
1.1210OF-05 

6.0h999E-04 
3.051 39E-05 

I. 3337OE-03 
6. 1ORqLF-05 

1.556 IZF-03 
I. 67 118E-05 

8. b2957E-04 
+.34094~-n5 

3.66869F-04 
1.85552E-05 

8-55315F-03 
4. 30249F-04 

6.8078lE-07 
3.42456F-08 

1.07254E-05 
5.3952OF-07 

1.0568Ot-02 
5.3 1602F-04 

2.21250E-03 
I - I4 3 1 4E -04 
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giving 

+ + 
PI. RC 

Using the free energy parameters for Na and Ne 

in Table V, we may compute from Table VI 

That is, the cations have acquired the gradienks given by 

their respective free energy parameters, c proportional 

to LS? of Eq. (3). Taking their valence into consideration, 
j 9  

the other cations satisfy sj-rnilar eq iations. References L 
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and 3 develop the detailed mathematical backgrosnd for 

the procedures and computations involved here. 

Note that the distribution of spec'hes i.n Table VI 

is not yet that of Table IT. From Table VI, because of 

the new disposition of the solute resulting from the cation 

pimps, the ratio of' 

The pT-i = 7.34 is the same for each comparkment slnce H 

m 

1s now 26.95/19.88 = 1.355. 
4- 

xPL%?c 

ion, a s s m e d  to be not s-ibject to an active p ~ ~ m p ,  is 

distributed Iinlr'ormly throughout ~ 

the charge constraint, cgusing the M ion to shift nearer 

to that of Table 11. 

Model F again applies 
9 

MODEL F- - SIWLTANEOUS CONDITIONS 
Model F finally applies the conditions of the previolis 

examples s%mLiltaneozsly, %.e., Eke cation p~rnps, the zero- 

charge restraint and the impermeable? protein with average 

charge -10 per molecule on the plasma proteins. 

The inpue da&a for this model are, therefore, es- 

sentially the same as Table V, except for the eqjatisn 

which computes and imposes the charge constraint, Table 

VI1 reproduces the computer resuhts for Model F. 

An anomalous shift of electrolyges has important re- 

sults. Compared with Table 1x1, &he charge equation 
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Table VI1 

NONLINEARITY--MODEL E: 

A I R  !lUT P L A S M A  K t D  C F L L S  

X - 9 A R  9.99136F 02 2.91541E 01 1.76?91€ 01 

PH 

02 

GO2 

N ?  

H20 

H* 

OH- 

C L -  

N A *  

K *  

L A + +  

M C + t  

sn4= 

HOLFS 
Y F R A C  

M O L E  s 
M F R A C  

M O L  F 5 
M F R A C  

M U L f  S 
MF H A C  

-0. 7.40003E 00 

1.31507E 02 6.R0521F-05 
1.31620E-01 2.33422E-06 

5.lhOliE 01 7.02028F-04 
5.26477t-02 2.40799E-05 

7.540UOE 02 2.18461t-04 
1.54h5ZE-01 7.49332t-06 

h.10271k 01 2.89921f 01 
h.ln7V9F-02 9.14442C-01 

M O L F S  -0. 
H F R A L  -n. 

MlllFS -0. 
Y F R A C  -P. 

YflLFS -11. 
H F R A C  -0. 

M U 1 6  5 -@. 
H F K A C  -0. 

H O L 6 5  -(t. 

M F R A C  -0. 

MflCFS -0. 
flFRAC -0. 

MI'LFS -0. 
H F R A C  -0. 

MOLES -0. 
M F R A C  -0. 

+iPfl4= M n L F S  -n. 
H F R A C  -n. 

i J R F A  H O L F S  -0. 
M F R A C  -0. 

GLUCCIS M O L F S  -0. 
V F H A C  -P. 

L A C T I C  f l O L F S  -0. 
M F R A C  -0. 

N h 4 t  wiiirs -c. 
M F R A C  -I?. 

11503- M O L E S  -i!. 
V F R A C  -0. 

t17c01 M ~ L F S  -n. 
H F R A C  -n. 

cn1= w i L F s  -0. 
M F R A C  -0. 

PISCPR M O L E S  -C. 
H F R A C  -0. 

H R 4  MflLtZ -0. 
M F R A C  -0. 

2 -091 1 1  F-OR 
7.17261f-IO 

3. l6040F-07 
I.OH4U3f-OH 

5.65862F-02 
1.94093F-03 

7.718>4F-02 
2.64 75Of--03 

2.53073t-03 
R.6ROSlF-05 

1.41230F-03 
4 .H4424F-05 

5.28 749E-04 
I .H1363€-05 

4 .OqO24F-04 
1.4nz97~-05 

I. I1410t-03 
3.82143F-05 

1.95593F-03 
6. 7ORYIF-OL, 

2.28212F-03 
7.M277Rt-05 

1.43710F-03 
4.92931F-05 

4.60566~-04 
1.5797hF-05 

I.41424t-02 
4.8H522t-04 

9.98402k-01 
3.42456E-05 

2.02785E-05 
6.95562f-07 

R . ~ O ~ O O E - O ~  
7.9A620F-05 

-0. 
-0. 

1.23496E 00 

4.12669E-05 
?.33422€-06 

4.25 71 IF-04 
7.40799E-05 

1.32475E-04 
7.49332F-Qb 

1.75ROBE 01 
9.94442E-01 

1.8544ZE-08 
1.04893E-09 

1.31048f-Or 
7.4126lE-09 

2.346 3 0F -02 
1.3272lE-03 

7.63458E -03 
4. 31842E-05 

4-25 193t-02 
2.40506f-03 

1.97703E-04 
1.09000E -05 

I .08375E-03 
b, 1301 3F-05 

1.15976t-04 
6.56005E-06 

3. 15R96E-04 
I. 7R683t-05 

1.18607E-03 
6.7089lE-05 

1. lfl388E-03 
7-R2778€-05 

5.95902E-04 
3. 37066€-05 

4.D8434E-04 
~ . 3 1 n 2 7 ~ - 0 5  

5.90572F-03 
3.3405lE-04 

6.05 4 32E -07 
3.42456t-OR 

5.14981E-06 
3.75732F-07 

L . O S ~ ~ O E - O ~  
5.97768E-04 

2.ZT750E-03 
1.28542F-04 
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effect of Table IV drives a small arnoirnt of ??a+ into the 

plasma compartment. On a;he other hand, compared with 

Table VI, the same chsrge equation effect of Table VI1 

drives a smtll amount of I\ia 

ment. That is, tne charge eqiiation applied to Model B 

results in a different direction of ion movemenk than 

would the same charge equation applied to Model E. 

_I__ 

3 into the red cell compart- 

Thus, it wouhd be convenient if a stress or forcing 

constraint applied to the system always gave the same re- 

sults. But 'khis wish is naive. The resxlt of a stress 

is clearly a function of the system to which it is applied. 

The hematocrit 06 Table VI$ is now 44 percent; the 

pH of plasma is nearly correct at 7.4, butr the pH of red 

cells is still alkaline (compzred to Table 11). The model 

requires further modification ~ 

MODEL G--EIILL'S EQUATIOK, ML'QGLQBBN 

Model G, the final nodel. in this preliminary ser-fes, 

applies three small modifications to Model F. The crude 

outlines of B simulation of Table %I are already apparent 

in Model F. 

live arterial blood at steady stlate have been deduced 

according to the classical principles ~f the biochemical 

The general- descriptive characteristfcs of 
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structure--i.e., using the fixed proteins and the charge 

constraint (Eo obtain the Gibbs-Donnan phenomena), and 

the sodium pump hypothesis. At this point, the model 

resembles that of Ref. P which was derived Erorn a dif- 

ferent point of view. 

The first kind of addition to be illustrated con- 

cerns additional interphase reacttons--or transport. As 

an example, consider the HPO= and SO= anions. The total 

of these ions, as acid-soluble phosphate and srilfate, 
4 4 

shown Fn Table I were computed from Edefmarn 1131; the 

distribution shown in Table II v7as estimated from Spector 

[7! and Edelman [13]. The anions considered here do not 

include the phosphates and sulfur bound, for example, in 

.the structure of the nucleoproteins and liptds. 

In Table VII, these acid-soluble anions, in response 

to the charge equation, have a greater mole fraction in 

plasma than in red cells, just as the chhorFde ion does. 

~n fact, however, most of the iiPo= in whole blood is in 

the red eell interior [a], and we presume khe same for 
SO; ~1.31, although the evidence for this is meager and 

somewhat contradictory. 

4 

Ion selectivity of the membrane may cause these 
- 

anians to appear mainly in the cell interior; H P O ~  tn 
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particular may become involved in barge complexes with 

low permeability, giving a choice of rneehods to insure 

the approximate distribution: An intraphase, red cell 

reaction to combine the XPOi and SO= with an impermeable 

species; or interphase, transport-forcing functions similar 

to the sodium pump. Either process would hold these red 

cell an%ons in a predetermined proportion--a proportion 

which would vary, however, with the number of other anions 

present because of the charge equation and Gibbs-Donnan 

effects 

I 

4 

We choose €or this example the interphase pump for 

distributing the WPO= and SO;. 

free energy parameters, c for these anions differ by 

2.0 between plasma and red cell. As in Eq. (6) this 

causes EI mole Eraction gradient between the two compart- 

nients: the mole fraction ra'tio is approximately three, 

the mole fraction being greater in red cells (Table 1x1. 

More detail will be added in later models where the phos- 

phate also ionizes in a buffering reaction. 

Thus, in Table VIII, the 4 

j' 

The second modification gives the atmospheric gases 

a d5fferen.e: solubility coefficient in the red cell rniiieu 

~ h a n  in plasma. Using the data from Rough~on LI.42, Table 

VIE1 shows the computed differences 5m solubility as 
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Expected 
Species 
A i E  '11'1 

11,' 
r-2 
N 2  
H20 

PLASMA 
0 2  
G O 2  
N? 
H+ 
OH- 
CL- 
NAt 
K +  
CAtt 
M G + t  
504. 
HP04= 
UREA 
GLUCflS 
LACTlC 
N H 4 +  
HCfl3- 
ti2C03 
co3= 
H20 
HI SCPR 

RED CELLS 
02 
CO? 
q 2  
ti+ 
OH- 
C' - 
N A +  
K t  
CA++ 
*GI+ 
504. 
trp04= 
UREA 

LACTIC 
N H 4 +  
HC03- 
H2C03 
C 0 3 =  
H Z O  
MISCPR 
H R 4  
HE402 

GLuCns 

Free 
Energy 
Parameter 

0. 
(J. 
c. 
0. 
0. 
0. 
0. 
3. 
u. 
0. 
0. 
3. 
0. 
0. 
0. 
n. 

-21. 350000 
-J2.840000 

b.260000 
-39.390000 

0. 

-li .4 900 00 
n. 

-0.5noono 
0. 
c. 
0. 
2.193399 

-2.941575 
2.?51790 

-0.457703 
-2.000000 
-2.000000 
0. 
0. 
0. 
0. 

-21.490000 
--42.840000 

b. 1 20000 - 3'4. $90000 
n. 
0. 

- 16- 2 30000 

Table VI11 

INPUT DATA- -NODEL G 

Input 
Species 

i.700 02 

1.000 ~2 
i.000 HI 

1.000 GO2 

1.r)flO OH- 
1.000 CL- 
1.000 N A +  
1.000 K t  

1.000 CA++ 
1.000 MG++ 
1.000 so4= 
1.000 HP04= 
1.000 UREA 
1.000 GLUCOS 

1.000 N H 4 r  
1.000 co2 
1.000 co2 
1.000 c02 

i.oon L A C T I C  

1.000 H+ 
1.000 UISCPL 

i.oon n2 
i.mo coz 
1.000 N2 
1.000 ti+ 
1.000 OH- 
1.000 CL- 
1.300 NA+ 
1.000 K +  
1.000 C A t r  
1.000 M G + t  
1.000 504. 
1.000 HP04= 
1.000 UREA 
1.000 GLUCOS 
1.000 LACTIC 
1.000 NH4+ 
1.000 C O Z  
1.000 coz 
1.000 c02 
1.000 ti+ 
1.000 MlSCRE 

1.000 02 
1.000 ti84 

1.000 OH- 

-0. 
-0. 
-0. 
-U. 
-0. 
-I). 
-u 
-9. 
-0 - 
-3. 
-0. 
1.000 OH- 
1.000 H+ 

-1.000 H+ 
i.oon OH- 

-0. 

1.000 nn- 
1.000 ti+ 

-1.000 H4 
1.000 OH- 

1.000 HR4 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
1.000 0H- 
1.000 rlH- 

-0. 

1.000 On- 
1.000 OH- 

1.000 .PLASM 
-1.000 .PLASM 
-1.000 .PLASM 
1.000 * P L A S M  
1.000 *PLASM 
2.000 *PLASM 
2.000 .PLAW 

-7.000 .PLASM 
-2.000 *PLASM 

-1.000 *PLASM 
1.000 *PLASM 

- 1 .OOO *PLASM 

-2.000 *PLASM 

-10.000 *PLASM 
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X-PAR 

PH 

02 

G O ?  

N 2  

ti20 

H1 

OH- 

CL- 

N A  + 

K t  

CA++ 

H G + +  

S O 4 =  

M O L  E 5 
M F R A C  

MOL F 5 
HFRAC 

MOLES 
HFRAC 

MllL F 5 
MFRAC 

A I R  c u r  PLASMA 

4.q9127E 02 2.88744F 01 

-0. 7. 39264E 00 

1. 3149RF 02 6. 73954E-05 
1.31613E-01 2.31409E-06 

5.2b022f 01 h.95300E-04 
5.26482F-02 2.408!31F-Q5 

7.54COOE 02 2.16367t-04 
7.54h59E-01 7.49339F-06 

6.107646 01 2.Y713Vt 01 
h.10797F-02 9.9444OE-01 

M:lLtS -0. 
M f Q A C  -0. 

MOLES -n. 
M F R A C  -c. 
H O L F S  -U. 
MFRAC -0. 

MlJLFS -n. 
H F R A C  -r. 

HflLES -0- 
HFRAC -(I. 

HoLfs -0. 
HFRAC -,O. 

W O L t  5 -l-'. 

MFRAC -r. 

M f l L f S  -0. 
M F R A C  -0. 

HPO4= MflLfS -P. 
MfKAC --. 

URFA HOLFS -0. 
MfRAC -0. 

G L U C O S  MiJLFS - I .  
M F R A C  -n. 

LACTIC M O L F S  -C. 
M F R A C  -0. 

N H + +  n[iLFs -n. 

~ c n 3 -  n m t s  -0. 
M F R A C  -0. 

MFPAC -C. 

H2CO3 M O L F S  -0. 
MFRAC -0. 

CG7= ML I L F S  -0. 
M F R A C  -0. 

M I S C P R  M O L t S  -0. 
H F R A C  -P. 

HE+ HOLES -n. 
H F R A C  -0. 

HB40Z M O L E S  -0. 
MFRAC -0. 

L.13661t-OR 
7. ?951bE- LO 

3.077/4f -01 
l.@6573f-OA 

5. 74290t-0Z 
1 -9H692F-03 

7. h4455E-02 
2.64752E-03 

2. ?9755€-03 
7.95704E-05 

1. 37985E-03 
4. ?7R78F-O5 

4.6 72 3 7 ~ - n 4  
1.61H17E-05 

1.A4653t-04 
6. 192OZE-00 

5.C2959F-04 
I. 7 4IHRF-05 

1.93713F-03 
6.70879E-05 

2.76019F-03 
7.At764t-05 

1.4585OF-03 
5.05119E-05 

4. JR409t -04 
1.51833F-05 

I. lR678t-02 
4.402ROF-04 

9.RflB31F-07 
3.4245VE-OR 

1.94118f-05 
6. 72284f-07 

R.70600E-04 
3.01512f-05 

-0. 
-0. 

-0. 
-0. 

R F O  C E L L S  

1.79596F 01 

7.19424E 00 

6.84255E-05 
3.80997E-06 

4. 32410F-04 
2.4090 I E -05 

2.21882E-04 
1.23545E-05 

1.78598t 01 
9.94440E-01 

2.06905E-OB 
1.157ObE-09 

1.21711E-G1 
6.74909E-09 

2.26210E-02 
1.25955E-03 

H.37448E-03 
4.66295E-04 

4.27525E-02 
2.38048E-03 

2.25154E-04 
I. 25367E-05 

I-14536f-03 
6. 37688E-05 

3.40347t-04 
I. R9507f -05 

9.27041E-04 
5.1618 IE-05 

1.2048 TE-03 
6.70R19E-05 

1.4058 L E  -03 
7.83764E-05 

5.74497E-04 
3- IqAR3E-05 

4.30592E-04 
?. 39755E-05 

6.283 3 3E -03 
3.49R59E-04 

6.15043E-07 
3.42459E-08 

5.56988f-06 
3.10133E-07 

3.7505OE-03 
2.0883OE-0'. 

3.35368E-04 
l.86734E-05 

R.75463E-03 
4.R7462E-04 
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modified, free energy parameters. The result is the 

solution oFsTtgiTzj-Ssrno-re 0 

than in plasma. Reference 2 computes these data. 

and N2 in the red cell milieu 2 

Finally, this preliminary model incorporates an 

illustrative reaction of hemoglobin with oxygen. 

globin oxygenation has an extensive literature (summarized 

in Ref. 14) and is, of course, still the subject of much 

research.. This preliminary, Fllustrative model incorporates 

one of the earlier theoretical structures of the oxygena- 

tion reactions. Studying a simpler theory and its short- 

comings clarifies some of the details of, and much of the 

motivation for the following ~ W O  chapters ~ 

Hemo- 

In 'L910, A. V. 5ill proposed thaS reaction a% a 

sslution of hemoglobin with oxygen could be written 

where bo h I< 2nd n were to be detenr~ned from empirical 

data from the laboratory, Using the Hill equation, as in 

Ref. 14, the percent saturation of hemoglobin with Q X Y ~ C X I ,  

y i  can be computed from 
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b 

c 

where p is the oxygen pressure in millimeters. 'She 

saturagisn can be measured in the laboratory at. various 

PO by a variety of means. Comparing the laboracory 2 
experimental curve to "cat given by Eq. (8) ~ one can 

attempt to "fit" the laboratory curve by adjusttng K and 

n S141. 

The discussFon in the literature centers around the 

fact that unique K arnd TP cannot be found to fit the ex- 

perimental curve over the entire range of oxygen pressure 

from zero to, say, 150 nbllimeters. A deterrent to fit- 

ting the curve under general conditions (i.e., physiologic) 

is ehe difficulty of determining a satisfactory laboratory 

experimental curve, particularly at the extreme values of 

oxygen pressure [14]. 

But, for pwposes of this comparison, the Dill cktrves 

[IG? are satisfactory. They have been the standard for 

many years [ T I ,  and were obtained under conditions reasan- 

ably well-controlled for the time. 

Table VIII has, in the red cell. compartaent, a reac- 

tion ~f oxygen wFth hemcagl_obism (cf. Table V). The re- 

action constant, K, ts determined in the model to give a 

normal satura~ion (97 percent) at 100 m 02. 

shows two cases (compueed by varying clze p0 >: two curves 2 

Figure f 
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for the case n = 2. (as in Tabbe VIXX> lrlnd a curve €or the 

case n = 2.5 as Mill originally determined. The normal 

Dill curve also appears. The Dill curve, of course, was 

determined under general. physiologic conditions. 

Hemoglobin has four binding sites for oxygen. So 

for the case n = 1, in order to bind one oxygen per 

molecule of hernoglobin, .the hemoglobin was conceptually 

broken into four parCs, each wikh a heme, as in Eq. (7). 

Thus, for the case n =. I, 9.09 rather than 2.2725 moles 

of hemsglobin combine with oxygen. 

for this case. is K = 4.98~10 

Reducing this constant immediately decreases the maximum 

The reaction constant 

-3 , or lneK = K' = -5.30. 

saturation without materially shifting c:he curve toward 
-3 the Dill curve, as for the curve wFth K = 6.74xEO , 

KI =) 5.0. The PI?; is 7.39 in plasma, 7.19 in red cells. 

The Hill. curve with n = 2.5 uses the proper average 

number of moles of hemoglobin, 2,2725, per liter sE blood, 

but eft@ fixed average number of oxygen molecules, 2.5, 

attach to each. molecule of hemoglobin. Thus, each hemo- 

globin, 1% has either 2.5 molecules oE 0 attached or 

none at all.. There are no intermediate stages. An equi- 

lfbriua constant uF K = 1.51~10 ~ M 9  = -11.1 is necessary 
to give 97 percent satura-kion at 100 m 0 and zhe same 

pH as before. 

L E 9  2 

-4 

2 
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Some of the data for Fig. 1 (the n = 2.5 and n = I, 

X. = 5.3 curyes) are verified in Ref. 14 where similar 

curves were computed by desk calculator (the values of 

K are not given). This reasonably validates the presene 

model under varying conditlons. But the discrepency 

between the empirical Dill curve and the IILl1. curves 

necessitates better hypothesis and an improved model. 

Subsequent biochemical hypotheses for the oxygenation 

reactions are increasingly sophisticated 123 and, also, 

the presence of CO and W are important. Fkmoglsbin 

binds 602 in the carbamino reactions as well as buffering 

the i-I ion; both of these reactions elr'ect oxygenation. 

Reference 2 discusses these problems. 

4- 
2 

+ 
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Chapter I1 

CONCEPTUAL COMPARTMENTS 

I. IWRODUCTIOM 

Chemically speaking, by far the most interesting 

constituents of the blood are the proteins. These species 

along with other complex constituents--the organic phos- 

phates, the lipids, the carbohydraees--can combine with 

other blood constituents potentially to create innumerable 

biochemical reaction products. However, such a model, with 

lists of possibly thousands of reactions, would be ex- 

tremely unwieldy; and the thousands of necessary micro- 

scopic reaction constants probably could not be determined. 

The problem then is to make a model which approximates 

the more complex real situation but, at the same time, has 

exactly the same characteristics as the large model wherever 

possible . 

The following elementary example illustrates this re- 

mark. Consider a polypeptide having two identical but in- 

dependent ionizing groups--i.e., the ionization of one does 

not affect the ionization of the other. Thus, a representa- 

tive molecule HRH has three ionization states and four 

reactions 
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-4 + HRH c- -RH + H , k2 

-@ + 
k3 HR- -R- + H , 

-4 + 
k4 -PSI + -R- + H , 

each with the intrinsic microscopic dissociation constant 

k. or intrinsic association constant l/k . But if the paths 

of ionization are immatertal, one can instead write 181 
L i 

+ r) 

K2 (-M + HR-) * (-R-) -4- H , 

with constants K1 and K2, respectively, where K 

are the apparent titration constants obtained from a 

and K2 1 

laboratory titration curve, and HR- and -RH are indis- 

tinguishable, i.e., a single species. The constants ki 

and K. can be related by the following reasoning: Con- 

sidering the several mass action equations for Eqs. (1) 

and (21, we may write, as in Ref. 8, 

1 



I 
Y 

and 

= kl + k2 

i I -1 

The two chemical systems, Eq. (1) and Eq. (21, are thus 

completely convertible, and equivalent in the sense that 

the computed ratios of concentrations for (--R-) / (HRI-I) at 

equilibrium are identical, as are the concentrations of 

(El+) and (-HR C HR--). The first case, however, requires 
i 

four reactions to represent the system; the second, only 

two. 

This and other types of reductions to be discussed 

have a common property: 

problem but not the simulation accuracy. Such reductions 

They reduce the - size of the 
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..- 

are important in the computer model, since both the com- 

puting time and the size of the computer required for 

a solution increase nonlinearly with the problem size. 

In biological systems, a problem could easily be too 

large--i.e. have too many chemical reactions in its 

representation--for even a reasonably large computer. 

In the blood, serum albumin has 190 sites for active 

hydrogen ionization, each of which falls into one of four 

classes. These classes are independent but not mutually 

exclusive; i.e., ionization in one class does not prohibit 

ionization in another. Because ionization can occur 

simultaneously in all four classes, they must be con- 

sidered as simultaneous events though not with equal 

probability. Since each site has two possible states and 

there are 99 sites in the first class, 16 in the second, 

57 in the third, and 18 in the fourth, then 299 x 2 

2ja x 2 

be represented in the model. Obviously, some reduetion 

is necessary. 

16 x 
18 = lo6* states are possible--each of which must 

WhFle an equivalent representation can reduce the 

size of complex systems, as in Eqa. (I) and (21, con- 

ceptual compartmentalization Its generally an even more 

economical device. As will be shown, the conceptual 
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compartments are artificial compartments created in the 

chemical milieu of the model to isolate classes of re- 

actions on complex molecules when these reactions can occur 

simultaneously. As in the example of serum albumin, the 

reactions of independent classes may occur simultaneously-- 

thus, the same molecule must have multiple representation 

to show all possible configurations. The procedure sug- 

gested here is to identify and characterize the myriad 

chemical reactions according to class (type of ligand) 

and interdependence (mutually exclusive, dependent, or 

independent), in order to represent each class of reaction 

as an isolated event rather than representing all possible 

mixed-class species. Since the classes of reactions are 

much fewer than the total possible number of species, the 

reduction can be considerable. 

-I 
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2. CONCEPTUAL COMF'ARTPWNTS 

PROTEIN XONIZATION--EXAMPLE 

The blood macromolecules of principal concern are 

serum albumin, the various globulins, and hemoglobin. 

Because serum albumin is perhaps the simplest, most 

stable, and best known, it will be used extensively as 

an example. This protein is the most abundant of the 

plasma proteins, about ten times more numerous than the 

next most abundant. 

serum albumin is its ability to buffer hydrogen ion in 

the physiologtcal range of pH, but its activity is by no 

means limited to proton binding. Serum albumin also binds 

small ions of either sign and even small neutral molecules. 

The pertinent characteristic of 

To simpliEy the description of serum albumin for the model, 

we will deal exclusively with the hydrogen binding activity. 

Tanford, et al. [17] and Tanford [I$] (sources for 

much of the factual data on albumin) list among the 

hydrogen-blnding sites of Berum albumin, 99 carboxyl 

radicals with average pK = 4.02 at: 25*C. The carboxyl 

groups alone have 99 configurations of the molecule in 

which it has lost just one hydrogen, 99x98/2 configura- 

t b n s  in which It has lost two hydrogens, and so on, in 

- 
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a .  

*'- 

all z9' species in the milieu. But several ways exist 

to reduce thFs variety to an approximate or an equivalent 

system. 

Assume first that the 99 sites are equivalent and 

independent, that the ionization of one site will not 

affect the probability of ionization of any other. 

equivalence can then be drawn between the ionizatlon of 

this polybasic acid and 99 monobasic acids, each with the 

same pK and the same concentration as the protein. But 

this equivalence is immediate if the protein is concep- 

tually split into n parts. If h is the nuder of moles 
of hydrogen released per mole of protein per site then, 

as for a monobasic acid, 

An 

or 

where k is the microscopic dissociation constant for that 

particular site. 

tion, then clearly the ideal titration constant: determined 

in the 'Laboratory would be k. For n identical, independent 

If this were the only site for Ioniza- 
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sites on each molecule of R, n times as many protons will. 

be released at the same pH, but of course the ionization 

pK remains the same, i.e., -log k. Also, = nh is the 
moles of protons fob- all sites per mole oE X. Therefore, 

Of 

where, again, the empirically observed titration constant 

in vitro would also be simply k. 

For the similar case of n moles of monovalent acid, 

each with the same concentration and pK as for R, the 

titration constant will equal that of the protein, i.e., 

either system will buffer maximally at the pK of the in- 

trinsic ionization groups. Then, in titration or buffering 

action, the two systems would be indistinguishable except 

5or electrostatic concentration effects. 
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We note €or future reference the difference between 

the titration constants and the dissociation constants. 

For the monovalent acids, these two constants are the 

same and are given by the mass action equation, i.e., the 

pK of the ionizing hydrogen. For the protein, the pR of 

the ionizing class (Eq. (6)) gives the titration constant; 

but the dissociation constant, given by mass action 

equations where the protein is not conceptually split, 

depend upon the number of hydrogens dissociated (and 

perhaps the particular configuration of their dissocia- 

tion). 

mass action equation constant for a protein may be dif- 

ficult to measure, whereas the titration constant can be 

determined from the in vitro titration curve. ’ 

This difference is important because the apparent 

This discussion implies that, under the strong assump- 

tion of equivalence and independence of the groups of a 

given class, for application to the computer model, the 

simulation of the protein could be obtained by wrlting down 

the chemical reaction, Eq. (5), and Lnserting this in the 

model with constant k and in amount n times RH, L.e., n 

monovalent acids. In fact, the simulation is not quite 

so simple: the milieu would contain n times too much 

protein and the osmolarity would be %n error. 

k e f .  8, Chap. 9. 



-52- 

However, in other respects--e.g., the buffering re- 

action--this simulation would be perfectly valid. There- 

fore, the model may reasonably contain an osmotically 

isolated compartment for the monovalent acids, This 

conceptual compartment will be impermeable to all species 

except H+ ion and will not be counted in the osmolarity-- 

it will be a sink or source of H ion, a place to store 

H ion effectively out of the milieu in proportion to the 

pM of the monovalent acids which are available only with- 

in the conceptual compartment. 

+ 

+ 

The example of serum albumin in Sec. 1 permits mare 

specificity. Table X gives five major classes of ionizing 

sites on the protein, each with a distinct number of sites. 

There are 17 imidazole groups, 57 6-amino groups, 19 phenolic 

groups, and 22 guanidine groups, so that, as on p. 46, 

approximately 10 species are possible and an equal number 

of intrinsic constants could be required for a chemical 

description, 

60 

The method of conceptual compartments replaces each 

ionizing class with a single mombasic acid having the 

”average” pR of that class, but with n times the mole 

number of the protein, where n is &he number of sites in 

the class, Then, to not disturb the osmolarity (or the 
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Table Xa 

TITRATABLE GROUPS FER 65,000 GRAMS SERUM ALBUMIN 

6, y-carboxyl. 
Imidazole 
a- amino 
E amino 

Phenolic 

Guanidine 

a Adapted from Tanford, et al. 1173. 

total mole count), an artificial compartment is created 

to contain the monobasic acid, This compartment has but 

two species, the ionized and un-ionized Eorms. The dis- 

tribution between these two species is determined by the 

pK of the acid and the H 4- ion concentratton of the liquid 

compartment. 

Thus, ehe serum albumin problem is reduced to a 

representation containing just eleven species: 

in the main compartment and two species in each bnization 

the protein 
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I 

class compartment. The remainder of this section shows 

in what respect this problem with eleven species (plus 
+ the remaining species in the liquid phase, such as Na , 

Cl- OH-, H 0, etc. is equivalent to the original problem 

of lo6' species ? where "equivalent" means that the solu- 

tions of these two problems will be indistinguishable. 

2 

Shapiro p47 develops and proves in general an 

equivalence theorem adaptable to the particular case of 

serum albumin. Suppose, first, that the ionizing sites 

on the protein are divisible into classes (e.g., carboxyl, 

alpha-amino, etc.) and that within each class each ionizing 

site is indistinguishable, the order of ionization im- 

material, and the free energy associated with ionization 

is strictly additive (i.e., the ionization of one site 

does not in any way affect the ionization of any other). 

Second, suppose this entire protein-carboxyl system 

is replaced in the mathematical model with a single ~ O ~ C I -  

basic acid having a pK identical to the equivalent hydrogens 

of the protein but 99 times the number of moles of the 

protein. Preserving the osmolality requires a new phase 

or conceptual compartment contafnfng only the monobasic 

acid in Its two states, ionized and un-ionized; the pro- 

tein itssllf remaims unreactlve in the original milieu 
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(again, to keep the osmolality correct). The protein and 

the monobasic acid are related by a conservation of mass 

equation. 

Shapiro then shows that under these conditions the 

total number of moles of ionized monobasic acid will 

equal. the number of ionized sites in the original large 

problem, although the number of species has decreased 

from Zg9 to just two. 

the protein and monobasic acid will be unaffected in 

concentration or distribution. Further, the total thermo- 

dynamic free energy of the system will be”unaffected. 

forego the details or proof of the more general theorem. 

The remaining species other than 

We 

This model then proceeds similarly for the other 

classes of ionizing sites on the protein (Table X). The 

pK of each class comes directly from Tanford, et al. 1171, 

who determine the pK from the titration curve with a 

correction for the static charge on the molecule and for 

the adsorbed chloride ion. Reference 19 discusses this 

computer model in detail and shows chat it: reproduces 

the gitratisn curve for serum albumin within two ionizing 

sites over the range of gH from 3.5 to 3.0, The extreme 

ends of the curve require a more complex model. 
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3. BLOOD PROTEINS: PUSMdh 

e- 

l- 

The power and flexibility o€ conceptual comgartmen- 

talization permits further developmemt of the elementary 

and insufficiently accurate blood model of Chap. I, The 

simulation will continue by incorporating further com- 

plexities of the hemoglobin reactions and certain buf- 

fering systems of the blood. 

From one view, the principal buffering system of the 

blood is the bicarbonate. 

molecule at the lung surface, a free hydrogen ion is ab- 

sorbed in solution by the OH- ion from the decomposing 

bicarbonate ion, thus making the blood more basic. At 

the tissue level, the absorption by the blood o €  each C02 

molecule creates hydrogen ions, making the blood more 

acid. 

With the loss of each %02 

These two systems--the production and consumption of 

ion by the bicarbonate reactions--need not be and per- + H 

haps seldom are in exact balance, thus causing respiratory 

acidosis or alkalosis. However, the very low CO 2 content 

of the atnosphere relative to the blood permits CO 2 to be 

easily released at the lungs; the autonomic controls over 

depth and rate of respiration and blood flow rate tend to 

balance production and absorptlon of €I+ ion. 
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The necessity for this buffering may be easily shown. 

At a steady resting state, blood coursing through the 

tissues picks up about 40 ml of CO 

from arterial to venous. This is equivalent to the re- 

lease of about 2 & of hydrogen ion, since CO either 

combines with H20 to form HCO- and liberate a H ion, 

or forms a carbamino compound with hemoglobin and again 

per liter in changing 2 

2 
+ 

3 

liberates almost one hydrogen per reaction. Since the 

-7 hydrogen ion concentration Is normally only about 10 

moles per liter of blood, this tremendous excess acidity 

must be buffered. The net change in pH during the normal 

trans€ormation from arterial to venous blood is only about 

0.03 pH units. 

Hemoglobin itself takes up approximately three- 

quarters of the excess hydrogen in the oxylabile binding 

of hydrogen on groups which become available on the molecule 

as the oxygen is removed at the tissue level. The oxygen- 

ation of hemoglobin yields this hydrogen at the lung level, 

thus preventing the blood from go ing bas ic from the loss 

The remaining excess hydrogen at the tissue level. is 

buffered principally by the plasma proteins, the phosphate 

ioniza-tzion systems, and by the non-oxylabile sites on the 
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hemoglobin [ZO]. Plasma proteins, however, may account 

for a major portion of the remaining excess, since the 

im5dazoI.e groups of the serum albumin are at their maxi- 

mum bufferfng power in t h b  important range of pH of the 

viable system. Referring again to Tanford [la], one 

millimole of serum albumin buffers approximately one 

millimole of hydrogen in a change of 0.1 pbp point. 

the pH changes about 0.03 points from arterial to venous 

blood and since there is approximately 0.5 KKIM of serum 

albumin per liter of blood, the serum albumin could buffer 

up to 0.15 tnM of H' during this change, 

Since 

Incorporating the plasma protein buffering system 

into the mathematical model requires modifying the gen- 

eralized model of plasma protein described in Chap. I. 

Serum albumin accounts normally for 80 or 90 percent by 

mole number of the total plasma protein, and the various 

globulins for most of the remainder. Fibrinogen is also 

present, but is not thought to be an important buffer. 

We assumed that the two principal proteins represent a11 

of the important buffering power of the plasma fraction, 

and have similar titration curves, particularly in the 

middle, viable range of pH. This latter assumption is 

not quite true [18921], but considering the small 



proportion of globulin and the reasonably small dif- 

ference in the titration curves in the viable range, the 

error will be insignificant--not more than 2 percent of 

the maxirmrn buffering power (sf the plasma proteins. 

Finally, the titration curve itself is more sophis- 

ticated than Indicated in the previous section. Tanford 

[17] used a solution of serum albumin with salt added to 

provide an ionic strength 0.15. Thus, the titration curve 

incorporates the electrostatic charge on the molecule of 

protein and the competitive binding of chloride ion. The 

pK of the hydrogen-binding sites thereby varies appro- 

priately through the range of pH, References 19 and 22 

detail this problem. Of course, the behavior of the 

protein in plasma may differ greatly Srom its behavior 

in the 0.15 molar NaCl titrating solution. However, this 

error can temporarily be dtscounted, since Chap. 111 will 

demonstrate with Astrup diagrams and mure stringent tests 

that the simulated blood does buffer properly. 

Serum albumin binds anLons, cations, and even un- 

charged particles by incompletely understood mechanisms [SJ e 

However, CI- probably binds to the posttively charged 

amine groups; this reaction is a function of the pH and 

the concentration of chloride ions. Scatchard, _et al. [23], 



for example;, discuss the binding of CP-, which is im- 

portant in the respiratory function of blood; Loken, 

et al. E241 treat the binding of calcium. These reac- 

tions change the net charge on the protein molecule and 

thus aEfect the buffering power sf the protein; but by 

tying up permeable ions, they also affect the Gibbs- 

Donnan equilibrium. Neither of these systems are ex- 

plicitly in effect in the model, where serum protein may 

bind up to 50 percent of the calcium, and up to 10 ions 

of @1- per molecule of protein, depending upon the gK. 

The binding of these Cons by other proteins has not 

been studied as closely; in particular, hemoglobin's role 

is not well understood. 

other complexes within the cell may also bind these small 

We presume that hemoglobin and 

ions. Although we may assume that none of the single- 

valent alkaline cations are bound, both the double-valent 

Mg* and the double-valent anions are tied up in various 

ways, The literature regarding these intracellular re- 

actions is not as defiinite as for 61- and Ca*, and no 

attempt has been made to account for them. 



4. BLOOD PROTEINS: RED CELL 

Hemoglobin is only one important constituent of the 

red cell. In fact, the water content is approximately 

99.45 percent of the total moles; hemoglobin is only 

about 1.5 percent of the remainder, or about 2.30 mM per 

liter of blood, However, hemoglobin is more prominent in 

terms of mass: each liter of blood eontains about 160 

grams of hemoglobin--all in the 450 cc occupied by red 

cells. The hemoglobin procein, minor impermeable con- 

stituents, and the membranes of the red cells (which are 

very thin) increase the volume of the cells over that of 

the pure water content by about 120 cc per liter of blood. 

The physical-chemical structure of the red cell 

interkor may orient the hemoglobin molecules with respect 

to each other, perhaps linked in a €luid crystalline 

lattice. In any case, we assume an homogeneous fluid 

throughout , with reasonably steady composition states 

(within measurable error) when the cell environment is 

constant. A change in the environment results in a change 

in the cell interior--i,e., in the rate Q €  its mechanisms-- 

and consequently a new steady state. 

Besides hemoglobin, inorganic electrolytes , organic 

permeable molecules and ions, and water, the red cell 
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contains a complex of interestlng and active substances, 

most of which are charged. The kinds of these particles 

(organic phosphates, enzymes, chelates, etc 1 are so 

numerous and their specific contributions so varied that 

they are usually lumped together in the electrolyte balance 

as simply XI. 

The milliequivalents of this total are more easily 

calculated than the actual millimoles. 

the red cell milieu of a given volume of arterial red 

cells fs neutrally charged, one can cornpute the total 

charge attributable to X---about 10 milliequivalents of 

negative charge per liter of blood. Then, since the 

osmolarity of the milieu should equal that of plasma, 

and the moles of each other substance are reported, one 

can determine that there should be about 7.5 milltmoles 

of X, only an approximate calculation. 

By assuming that 

From this, however, the average charge per average 

molecule is between one and two, about the average charge 

of inorganic phosphate or of a hemoglobin molecule near 

the viable pH. Accordingly, the mathematical. model carries 

7.5 of X- per liter, but (as Chap. 111 proves) for the 

present model the net charge need not be specified. This 
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is a temporary procedure for handling the mtxture of 

substances denoted by XI, whose details may be added 

gradually to the model as specific reactions data become 

available or important, 

hemoglobin differs considerably, since its details are 

important and relatively well-known. 

Hemoglobin's chemical reactions important to respira- 

However, the situation for 

tion are the reversible combinations formed with: 

Oxygen (via the four iron atoms in the heme 
groups 1 ; 
Carbon dioxide (via -NH groups, probably those 2 
in heme and lying near the iron atom); 

+ Hydrogen ion (via the --COOH, -crNH2, and -cNH3 
groups, a significant number of which are oxy- 
labile in their ionization; i.e., the oxygen 
attachment af feets the bonding energy). 

The Adair [25] equation for the oxygen dissociation 

of hemoglobin under standard conditions--viz., 

where 



y' CJ percent saturation of hemoglobin, 

p = oxygen pressure in millimeters, 

and 

--is used in this model, as in Re€. 2, for the generation 

of the empirical saturation curve. 

Given an empirical curve, y vs. p, from the labora- 

tory, the analytic problem is to find the unique set of 

four parameters, the ratios ao: al: aZ: a3: ah, or slmply 

the apparent K that enable Eq. (7) to reproduce the 

curve within the model. 
3' 

Because of the oxylability of 

the ancillary reactions of hemoglobin, however, these 

apparent K may differ from the intrinsic K of Eq. (9). 

In this circumstance, Pauling e261 correctly wrote K' j 
for the apparent constants in the milieu and K 

j j 

for the 
j 

htrinsic constants of "pure" hemoglobin. The solution 

of this Pmpasse lies in finding analytlical transformations, 
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based upon structural, physical, and chemical hypotheses, 

which will carry one set of constants into the other, 

The apparent macroscopic K' 
3' 

are not identical, and we have 

for the Adair Eq. (7). 

Reference 2 discusses the use of the computer Ln the 

derfvation of the oxygenation constants, 

utilizes the ratios derived independently on the computer 
and by Roughton, et al. [27,28], namely, Ki : Ki : K$ : 

KI :: 3. : 0.4 : 0.24 : 9.4. 

justed to give the proper saturation of hemog1obh-i at p50, 

the oxygen pressure for half-saturation. 

This study 

The absolute values are ad- 

Chapter IEI 



discusses the quantitative goodness-of-fit for these 

constants. 

This simulation assumes that the transformation T 

is affected only by the ancillary oxylabile carbamino 

and hydrogen ionization reactions. 

reasonably assume [L4 1 two oxylabile hydrogen ionization 
sites per heme group on hemoglobin, and 16 sites per heme 

for non-oxylabile ionization. 

position and kind of these sites on the actual molecule 

is not yet definite [143, but for convenient reference 

this simulation classifies the oxylabile sites as a 

carboxyl and an alpha-amino, the non-oxylabile as iden- 

tical ligands on histidine groups. Further, we assume 

that the pK's of the oxylabile groups are sufficiently 

far apart that only three species with respect to the 

oxylabile heme groups appear in the milieu: 

In derlwing T, we may 

Identiffcation of the 

RCooH z K 
4 coo- 

RmS 

where R is a heme group. 

Evidently, the CO molecule is bound only by the 2 -  
amphanion, the species on the right of Eq. (12), with the 



amino in the wEi2 condition. The apparent constants for 

oxygenated and reduced hemoglobin differ, and therefore 

the equations for the model are 

and 

where the symbol Hb indicates EL L/4 hemoglobin molecule, 

and/or a reactive group on an amphanionic heme. 

ilarly, the pKi for hydrogen ionization will have sub- 

scripts referring to oxygenated or reduced hemoglobin, 

and the apparent pKi may correspond to any number of K 

equivalents ionized. 

stage of oxygenation are: 

Sim- 

+ 

The equations relating to the first 

f Hb40z 2 HbLtOz + tic , pKoz = 5.75 
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where K1 in the first equation is the intrinsic reaction 

constant for the attachment of 0 2 on any of the four hemes. 

Ki is the apparent constant measured in the laboratory in 

the presence of H or C02 reactions, Equations (13), (14) 

and (15) specify the interrelated reactions with respect 

4- 

to the first oxygenation state. Computing the ratio (in 

moles) of oxygenated to reduced molecules yields (sup- 

pressing the square concentration brackets) 

Hb402 - f N O  3 1 2  %4 

Alternatively, using the equilibrium constants from the 

individual mass action equations, Eqs. (9), (131, (14), 

and (151, p02 in millimeters, and concentrations of each 

species (suppressing the square brackets), yields 
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or 

h 

where numerator and denominator are divided by [Wb 3 and 

multiplied by 760 mm. Thus, a complex ratio modifies the 
4 

intrinsic constant K to give K' the apparent constant a. 1 7  

for first-stage oxygenation in the presence of ancillary 

reacttons. This result, Eq. (171, resembles derivations 

elsewhere, e.g., Paulfng C261. 

Equation (In), corresponding. to the Adair formulation 

for the dissociation of hemoglobin--i.e., 

a s p  + 2a;p 2 + 3a;p 3 + 4alp 4 
1 
f 

u =  

.- 

--shows the constant a' = Ki' Now, if 1 
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a' = K' K' 2 1 2 '  

P 

/Y 

= K' K' I<' K' 1 2  3 4 '  

th where the K' are the apparent j -stage oxygenation con- 
j 

stants in the milieu of reactions, then 

gives a for j=1,..*,4, the intrinsic Adair constants, by 

an argument similar to that yielding Eq. (17). 
S 

This mathematical model incorporates Eqs. (19). A 

different model may result, however, if the relations sf 

the several reactions of hernoglobin are eventually de- 

termined to be dependent En other ways. Some of the H 

ionization must be oxylabile, but certsainly not all; and 

+ 
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the oxygen absorption will depend on H+ lability. 

larly,'remote areas of the protein and heme groups may 

bind CO as non-oxylabile carbamino, although carbamino 

formation always depends on the pH. Also, some of these 

reactions may be mutually exclusive--e.g., the CO and O2 

reactions, and the Ca* and H reactions, not considered 

here. 

Simi- 

2 

+ 

In the format of the mathemat&cal model, each stoi- 

chiometric chemical reaction requires a separate entry in 

the matrix of reactions. Thus, if five ways exist for 

0 ionization, 

and if these reactions are not mutually exclusive, then 

20 entries would represent the possible combinations. 

However, conceptual compartments convert this "multipli- 

cative" model into an equivalent "additive" model of nine 

4- to combine with Hb4 and four ways for H 2 

entries. In additim to the prLnz-Lpst:! red cell compart- 

ment, the latter model computes carbamino reactions and 

the H ionization of reduced and oxygenated heme in 

separate but dependent conceptual compartments. 

+ 

Equations (19) relate to a model which computes the 

carbamino reactions of oxygenated or reduced heme & the 
corresponding ionization compartments. This procedure 

is efficient and does not yield multipLicative combinations 
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P 

+ because Hb , Hb"; Hb-, and HbCO; are assumed to be 

mutually exclusive species, C02 combining only with the 

amphanion form. Also, the present model regards the 

product of Eqs. (13) and (14) as completely ionized, an 

assumption which is probably not muck in error at viable 

Finally, the computer program incorporates Eqs. (9), 

(13), (14), and (15) as lists of the expected chemical 

reactions and species Fn appropriate compartments. Table 

XI shows the red cell and subsidiary conceptual compart- 

ments for the current mathematical model. In the red 

cell, the Adair formulation has four stages of oxygena- 

tion of hemoglobin. The coefficients of the terms re- 

duced heme, oxy heme, and histidine give the number of 

equivalents assumed in n moles of hemoglobin for sub- 

sequent reactions in the conceptual compartments. Thus, 

the coefficients in the red cell compartment count the 

males of reduced and oxygenated hemes and the number of 

oxystable H ionization sites, which are assumed to be on 

histidines. The two subsidiary compartments each contain 

the ~ W Q  stages of ionization and a carbamino reaction. 

The amounts of reduced heme, oxy heme, and histidine 

j 

4- 
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species in the conceptual compartments derive from the 

red cell via conservation-of-mass equations called 

"transfer rows.'' In all cases, the free energy parameters 

are the! natural logs of the several pK's in the mole 

fraction scale which give the best fit to the hemoglobin 

titration curve and to the amount of carbamino formed 

in the oxygenated and reduced cases. 

It now remains to show that the results of the con- 

ceptual compartments and transfer rows in the model are 

simply mass action equations similar to Eqs. (15) and 

(17); i.e., that H 

have the hypothesized effect upon the oxygenation 

i- ion and C02 reactions with hemoglobin 

reactions. 

Write the mass action equations from the model 

treating the transfer coefficients as a species (see 

Table XI). 

the row "IZb402" in Table XI: 
4' Consider the first-stage oxygenation of Hb 
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where the symbol RHeme stands for a reduced heme of which 

Hb 0 contains three, and OHeme represents an oxygenated 4 2  
heme. The concentrations are in mole fractions and the 

exponent is log base e of the equilibrium constant, %.e, 

the intrinsic constant K' 1' 

first-stage oxygenation with extra terms which transform 

Equation (20) is, then, the 

the apparent oxygenation (as measured by the actual con- 

centrations) into the intrinsic equilibrium. Equation 

(20) shows this more clearly if wrftten 

1 
3 

@b402> - - 
(Hb4) "2) (RHeme) (QHeme) 

where the concentrations on the left are measured. 

Investigating the nature of the transformation on 

the right side of Eq. 

for the chemical equations in the conceptual compartments 

(Table XI) yields, comparing Eqs. 

(21) via the mass action equations 

(15) : 

-22.4397 + 
= e  Weme) (H ) - 

J 

where 
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x 

(RHeme) = (HHb+ -) (the zwitterion) , 

(Hb”) (H+l -21.0582 = e  - 
531 - (meme) 

-31.4723 = e  Y 

and a similar set from the oxyheme compartment. These 

exponents are in natural logs and mole fraction scale. 

Considering that the mole fractions oE a11 species 

in a conceptual compartment must sum to one, 

[&+I+- 5 1  

KRZ @+> 
(RHeme) 

and, similarly, 



-77- 

In addition, the condition that one hemoglobin yields 

four conceptual hemes with no change in free energy gives 

Substituting Eqs. (23) and (24) into Eq. (21) immediately 

results in Eq. (17). A similar development yields Eq. 

(19). 

the oxygenation reactions in the hypothesized way, i. e. , 

Eq. (19). 

The ancillary reactions in the model thus affect 
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Chapter 111 

VALIDATION OF THE MODEL 

The addition oE the serum albumin buffer-lng and 

hemoglobin reacttons permits further testing of the mathe- 

matical model begun in Chap. I. 

the improved model to varied chemical stresses and note 

in detail the qualitative and quantitative responses, 

Generally, these computer validation experiments will be 

similar to laboratory experiments, so that results in the 

two EacilitlLes may be compared. 

placed on reproducing laboratory conditions as nearly 

as possible, so that the experiments are comparable. 

The subsequent discussions of particular experiments will 

further Sllustrate this point. 

These tests will subject 

Emphasis is therefore 
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2. THE STANDARD STATE 

c 

The standard reference state for the blood simulation 

continues to be the arterial blood of a resting, adult 

male, as in Tables I and I1 of Chapter I, where various 

stages of an increasingly complex model approximated these 

reference data. 

fering and hemoglobin chemistry--the final stages in this 

series of experiments--requires another comparison of these 

standard data with those from the present model. 

The incorporation of serum protein buf- 

Tables XI1 and XI11 list the input for this model, 

called "Standard Model BFFR-1." In comparison to Model G, 

Chap. I, it contains several important additions. The 

species protein (PROTN) in the plasma compartment now has 

subcategories associated with the conceptual compartments 

Site 1, Site 2, Site 3, and Site 4, where the carboxyl, 

imidazole, €-amino, and phenolic groups, respectively, 

are ionized. The miscellaneous protein (sometimes called 

"X-") 

of 6,79. The hemoglobin is oxygenated in the four Adair 

stages and undergoes ionization and carbamino reactions 

according to the data developed in Chap. XI. (Table XI11 

also shows the subcompartments of the red cell.) 

in the red cells also is ionized at an average gK 
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Table XI11 

EXPECTED OUTPUT SPECIES 

Free 

Parameter Components 
Energy Input Expected 

Species 

P L * S M A  
02 
GO? 
ti2 
H2tI 
bit 
OH- 
CL- 
hA+ 
X I  
LA+* 
MLt+ 
5114; 

H2PLl4- 
NH4* 
NH 3 
LACTIC 
U R t A  
LLUCOS 
HC I1 I- 

w n 4 -  

o.oounou 
0.000000 
O.CiJOO00 

-39.390000 
0.00000tr 
o.ooooon 
o.onoonrr 

1.0ro 112 

I. noo NZ 
l.CO0 c02 

1.000 OH- 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.ooc 
-0.000 
-0.000 
1.000 w n 4 -  

-n.ooo 
1.000 N H 4 t  

-0.000 

1.000 n+ 
-0 .oou 
-0.000 
-0.000 
-0 .ooo 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 

-0.OOC 

1.000 *PLASM 
-1.000 *PLASM 
-1.000 *PLASM 
1.000 *PLASM 
1.000 *PLASM 
2.000 *PLASM 
2.000 *PLASM 

-2.000 *PLASM 
-2.000 *PLASM 
-1.000 *PLASM 
1.000 +P L A S M  

-1.000 +PLASM 

1.000 H+ 
1.000 OH- 
l.CO0 CL- 
1.000 N A r  
1.000 I(+ 
1.000 c 4 r t  
1.000 ut++ 
1.000 5041 

1.000 HI 
1.000 NH4+ 

-1.000 H+ 
1.000 LACTIC 
1.000 URtA 
1.000 GLUCIIS 
l.000 cc1 
1.000 cu2 

1.000 HIStPL 

1.oon tiw'r= 

i.non coz 
.i?.noo sr. 

0.cO00011 
o.ocooon 
0.011000c 
0.00000c 
0.000000 

-20.510000 
o.oooono 

o.onooco 
24.461 ooo 
0. oooono 
u.ooooor 
0. ou0000 

-?l.350000 
-37.84UOO11 

b.26000C 
0.000uu11 

-0.01~0001: 

-1.000 *PLASM 

-2.000 *PLASM 
-51.000 EHH3+ 

1.uou UH- 
1.000 Ht 

-1.000 U t  
-91.000 RCCII- 

-0.000 
1.000 UH- 
1.000 OH- 

-1b.000 ANH3+ 

R E O  CFLL) 
02 
cn 2 

-0.4qocnn 
o.oooonn 

- 3q.3~0000 
0. onooon 

- 0.5r10000 

0.000000 
0.0 do 0011 
2.112953 

-1.0'70Z0 

-0.671996 
-2.000000 
-2 .00000c 

-?Z. 5 loo00 

?4. 46 IUorJ 
o.ouoo0~' 
0.000000 
0.0u0000 

-? 1.4~3000<1 
- 32.840000 

h. 1?000L 
0. 000 000 
19. b 4 Y  )Or 

z.unr503 

0. cioonov 

0. oooorn 
-0.ocuoun 

-o.nooouo 
-I5.766>33 

-31.3704bb 
-0. 000u0'1 

-44.54bl99 
- o n 00 nii n 

-t.3.3nvo33 
-0.u0000~~ 

1.000 02 
1.000 c02 
1.000 N7 
i.noo HI I.0Cll OH- 
i.oon HI 
1.000 Oh- 
1.000 CL- 
1.000 N b +  
I.000 I(+ 

1.000 CA++ 
1.000 "L++ 
1.000 su4= 
I .ooo nw14- 
1.0ou HI 
1.000 NH4* 

-l.l,OO H+ 
1.000 L A C T ~ ~  

1.000 ciucns 
1.00~ cc12 
i.noo cui 

l.0OLJ llREA 

l.0011 C U I  
1.000 Y I S C P E  
1.000 U l S C n F  

-0.000 
-0.000 

-0.000 
1.000 nz 
2.000 n? 

3.000 n2 

c.000 01 

-0.000 

-0.000 

-0.000 

i.oo(i w a 4 =  

1.000 NH4+ 

1.uou UH- 
1.000 Ht 

-1.000 H* 
1.000 nn- 
1.000 UH- 

-1.000 H+ 
1.000 H R ~  

-0.oov 

-0.000 
1.000 HB4 

1.000 HR4 

-4.000 9t0 HE 
-16.000 HISTIO 
-3.000 R E O  HF 
-16.000 HISTID 
-2.0011 R E O  nE 

-16.000 nisrio 
-1.000 R E O  HE 

-1b.000 HISTlO 
-0.000 

-1b.000 HIS110 

-1.000 OXY HE 

-2.000 OXY HE 

-3.000 OXY HE 

-4.000 0xv HE 

-0.000 
1 .OOO H04 

1.000 H84 
-n.ooo 

-u.oou 

-?L. k 59 700 
0.0~0000 

1I.472300 
d1.05n200 

1 .ODD Ht -u. uoo 
-0.0011 
-0.000 
1.000 C02 

1.000 RED HE 

1.000 R E O  HF 
1.000 RtD Ht 

1.00~ R C O  HE 
.. ~ 

-0.000 
-1.000 H. 
-1.000 H+ 

- l9.4463Or 
-0.00000c 
21.5 18700 
3 I .9 12800 

1.000 H* 
-0.000 
-1.000 n+ 
-2.000 H+ 

-O.OO(J 
-0.0011 
-0.000 
1.000 c02 

-0.000 
-0.000 
-0. oou 
-0.000 

1.000 UXY HE 
1.000 OXY HE 
1.000 OXY nE 
1.000 OXY HE 

1.000 HlSTlO 
l.000 HISTIC 

- 0. o n  o 1 1 0 ~  
19. H4Y300 

-0.000 
-1.000 Ht 

-0.000 
-0.000 

- 17. *05030 
-0.000000 

I.0OC H+ 
-0.000 

1.000 ucun- 
1.000 RCUU- -0.000 -1.000 *PLASM 

-0.000 
1.000 H+ 

1.000 ANH3+ 
1.000 ANH3t -0.000 1.000 *PLASM 

1.000 *PLASM 
SITt3 SERIIW 

RtNH3+ 
RENH? 

-0.000000 
28.569210 

-0.000 
-1.000 ut 

1.000 ENH3+ 
1.000 ENH3+ 

-0.000 

S I T E 4  SERUP 
R 8  4 
Rt4- 

-0.000000 
30.2501 10 

-0.000 
-1.000 Ht 

-u.ooo 
-0.000 

1.000 s* 
1.000 54 

1.000 *PLASM 

L.. . - __ 
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Table XI1 gives the total of species in the liquid 

phase in moles-per-liter-of-blood. 

are combined in the model according to (K )(oH-)/(H 01 = K~ 
to give water. The total moles of miscellaneous macro- 

rnol_eeular species and protein for plasma and red cells 

come from Documenta Geigy [29]. Table XI1 also shows the 

gas phases for equilibration. 

The species H+ and OH- 
+ 

2 

The free energy parameters of Table XI11 resemble those 

of the previous models (Chap. I> e Ezeh additional chemical 

reaction, however, also requires a parameter, For example, 

consider the carboxyl ionization of serum protein given 

in Site I, Table XIII. The conceptual compartment Site 1. 

shows two reactions. 

site on a serum protein molecule. This site has two pos- 

sible expected states related by 

The symbol RCOO- represents a carboxyl 

= K (RCOOH) 

where ~ r z  K = -12.40503 with the concentrations in mole 

PKCOOH 

e 

= 3.64, a "best fit'l average fractions, or -logrOK = 

value from the titration data for carboxyl ionization sires. 

Similarly, the remaining ionization parameters are 

derived on a male fraetton scale from the best laboratory 

estimates as discussed in the previous chapter. 
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f 

The oxygenation equilibrium constants have the 

(Roughton) ratios derived in the previous chapter. 

XI11 expresses then in the mole fraction scale for all 

constituents of the mass action equations. While the 

ratios of the oxygenation constants are fixed, the 

absolute .values are adjusted empirically to give the 

correct oxygenation at p50, the oxygen pressure at half- 

saturation. This empirical fitting is the best procedure 

presently available. 

Table 

Table XIV prints the computer output for the standard 

arterial state. All species appear in moles, mole frac- 

tions, and moles-per-liter of water in each compartment. 

Similarly, Table XV is a computer solution €or the 

distribution of species in standard venous blood. The 

differences between arterial and venous result entirely 

from a change in gas pressures. For arterial blood, p 0  = 2 

LOO m, pC02 = 40 m; and for venous, PO2 = 40 mm, pcoz = 

46 mm. Table XVL summarizes these data for some of the 

important species, and compares them with similar data 

from the reference literature. 

Table XVL has few important discrepencies. The mathe- 

matical model uses a slightly higher (5 percent) solubility 
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tXPERIMEHTA1 I+UHlhi RLCl'lC 8fF9-I IIIII-OFLLNO '64 

1111) CtLLS IIQ llU1 

1.7989hE Ul 9.Y9128t 02 

7.I3255F 00 -0. PH 

O? 

GO2 

N2 

H2U 

n. 

IIW- 

CL- 

Y L I  

K. 

C... 

*G++ 

so+- 

h.853Y5f-05 1.3149Rt 02 
3. RO??bf-Oh I. 31bl3L-nl 
2.1Ik3*t-O& I.ld914t 02 

+.3ll7*f-O4 5.26002f 01 
7.*0792E-C5 5.20461F-02 
1.73hZEE-U3 4.15bblF 01 

2.22151E-04 1.5COOOF 02 
1,23Zs5E-U5 7.5bb58f-01 
~ , 9 5 h I ~ E - U 4  h.8186bC 02 

I.IRVn7f 01 h.IC307E 01 
9.9L5112F-01 b. lOB35F-02 
5,5100CC 01 5.5190Ut 01 

I.tI915YE-00 -0. 

5.85379F-00 -0. 

1.Ic'blZE-07 -0. 
1.37lb)F-09 -0. 
I.. nqoR9t- 0 r -0. 

i.n5487~-~9 -0. 

z.eot82r-1~2 -i). 
l.735hIf-03 -0. 
7.61?336-0? -11. 

A.3bhRhf-03 -4,. 
4.050V5L-Uk -0. 
/.58105E-02 -0. 

4.>7502f-02 -0. 
?.17539F-03 -0. 
I.3lbl8F-01 -0. 

2.?5?62t-Ok -0. 
I.?5101t-0s -0. 
h . 'I< 2 R4F -UL - 0. 
i.1e511f-01 -0. 
b. lhS19t-05 -0. 
3.5324Mf-03 -U. 

J.59971f-Ok -0. 
2.00107C-05 -0. 
I.IL0erf-03 -0. 

5. 198651-0'. -0. 
3.00"8Rt-n5 -u. 
l.Ch534f-03 -0. 

C.HM520f-04 -0. 
2. II562F-U5 -0. 
i.%rro?f-oi -n. 

'1.llb92f-O* -0. 
2.132Vlt-05 -0. 
1.IJYlbl-UI -0. 

9.0b53ht-Oh -0. 
5.0'979F-07 -0. 
2.71b86F-05 -0. 

Table XIV 

STANDARD ARTERIAL BLOOD 

H2HRLI1 MlII t I -0. I./P505f-C1 -0. 
Mtnbc -n. 1.45911~-"1 -0. 

6. ~ ~ 1 3 5 t - n ~  -0. 
3.1921ht-05 -0. 
I.AR248f-O1 -0. 

1.20II5+-07 -0. 
0. IOZZIL-U'I -0. 
1.12110f-U7 -0. 

I.GGl426-Ul -0. 

4.1*16lt-Ol -0. 

h.81%08t-01 -LI. 
l.Rd115E-Of9 -0. 

1.~235?k-n5 -0. 

z.izn55~-02 -0. 

0.l6084F-Ul -0. 
3.*24blE-OH -0. 
1.90U51t-Ob -0. 

6.hS520t-llh -0. 
3.bv9+RE-01 -0. 
1.05303b-05 -0. 

l.lCbB5f-03 -0. 
I.IO+k+F-Ok -0. 
6.12913F-03 -0. 

5.51 715F-03 -0. 
3.Oh467t-04 -0. 
I. ?0072F-02 -0. 

5. 7',063€-OI -0. 
3. IPbh5t-07 -0. 
l.11398F-05 -0. 

2.37521t-05 -0. 
1.37033F-06 -0. 
7.3IllbF-05 -0. 

R. 13820E-US -0. 
4.63502t-UI -0. 
2.57221E-06 -0. 

2.5811+E-05 -0. 
I.+J591t-06 -0. 
7.9bRhlE-05 -0. 

2.13719t-01 -0. 
l.lBh12F-04 -0. 
6.5€2+1F-03 -0. 

SfRUuC ALRIIMIN RtAClIONS 

511b1 StQUP IIlI/ SfRIlM SITFI SFSUM 8Ilt4 SERUM 

X-BAU 5-7?+2@+-G2 8.hOROOL-07 7.06660l-GZ I.0272Ot-OZ 

-0. 
-u . 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 

UANH2 POLES -0. 
MFRAC -0. 

h. 7r'UlBC-03 -0. 
7.801bOf-01 -0. 

RANH7* M O L E S  -0. l.9A722F-03 -0. -0. 
"FlldL -'. 2.I924OE-OI -0. -0, 

RtL(H3. "OLtS -0. -0. 3.06+95t-07 -0. 
9.994blt-01 -0. 

RENH2 WOLt5 -0. -0. l.hS201f-05 -0. 
5.38712f-04 -0. 

M F P A C  -0. -0. 

MFRIC -0. -0. 

R.4 "illt8 -0. 
MFRbC -C. 

Q*+- M O L E S  -0. 
MFRlC -0. 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 
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constant for oxygen than did the calculatTons of the 

standard reference. ' This slightly increased solubility 
causes a small rise in the saturation of hemoglobin, but 

the absolute level of the oxygenation constants for 

h.emoglobin are adjusted empirically to fit the saturation 

curve. The carbamino CO is also more abundant, in ac- 

cordance with what are believed to be better laboratory 

datx. The hematocrit is computed using volume factors 

2 

t 

Qcc of water per cc of plasma or red cells) of 94 percent 

for plasma and 72 percent for red cells. 

Ln addition to comparing the data of Table XVI with 

the literature, many other criteria exist for evaluating 

a model of blood chemistry. From Table XIV, one can 

compute, for example, the ratto of el ion mole-fractions -2. 

between plasma and red cell, 

while Bernstein 1301 gives 1.44 for this ratio. Since 

'The present data are from F.J.W. Roughton, F,R.S., 
Cambridge University, prj-vate correspondence, 1965 



P 

- 
CI 

is a measure 0% Lhe Gibbs-Donnan gradlent and of the 

specific ion potential across the cell membrane. 

connection, as in Chap. I, 

ions are assumed not actively pumped, the 61- gradient 

In this 

€or the ratio for all single-valent ions having the iden- 

tical apparent level of the active pump mechanism. This 

study assigns a zero-level active pump to species satis- 

fying Eq. (31, and names these ions the "free" ions in 

contrast to ions associated with a non-zero-level active 

pump. The simpler models of Chap. I could also show this 

ratio equal to the square root of the sulfate ratio, but 

it does not hold here, as will be demonstrated below. The 

constant before the bicarbonate ratio is, here, 1.15. The 

HCO" ratio is not the same as the C1-, owing to the 3 
.increased solubility of red cell. C02 over plasma and a 

slight difference in apparent pK for the red cell bicarbo- 

nate reackions. This Memorandum thus postulates a zero- 

level active pump for the bicarbonate ion and accounts 
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for the anomalous bicarbonate ratio by differences in 

intracellular iontc acti~ity--although these two phenomena 

may be difficult to distinguish. 

One of the major discrepancies in this nodel af human 

blood arises from an Fncons2stency in %he variable bio- 

Iogical data. Whereas the literature [29,307 gives the 

GI- ion concentration raciio as 1.44, it usually gives the 

H ion concentration ratio at around 1.57. This H ion 

ratio is computed from the difZerence fn pH between plasma 

(pB 7.39) and red cells (pR 7.19), a difference of 0.2 pH 

[7,31]. If neither of these ions is actively pumped, 

the cause of the difference in concentration ratios, if 

it exists, is n a ~  clear. Of course, a change in the 

activity of H+ ion or of CI- ion is possible, e.g., by 

interaction with the proteins ~ 

+ 4- 

IE Table XIV, the model has the "correct" CI.- ton 

concentration ratio 1303. In Table XWI, the model has 

che "correct" H ion ragto 179. an each cable, khe other 4- 

%on o €   he two bas an error Hn the quoted ratio. The 

change in gradiene of the free ions was obtained, in 

2'2-a.i~ case, by inereasFng or decreasing the average nega- 

tive charge on the serum protetns by 4 percent, the lower 

average negative charge glving the hcgher chloride ralio. 



EXPtRIf4rNlAl H U M A N  nt1113C BFtY-l NIH-DELANO 'b4 

P L A S M 4  Rfn C F L L S  A I R  nul 

X-RA1I 2.11621f 01 1.10939c 01 9.99130t 

4 

,z 

PH 

112 

Cll? 

N 2  

nzu 

"I 

Ult 

Cl- 

'IA+ 

K. 

CA*+ 

*I,*. 

,n*- 

7.3l*71t 0C 7.197251 00 -0 

UVltS ~.9*.47hE-05 b.5127lF-05 1.3IkCJBF 
WrPAC ?. 3IL08r-Cb 3.809951-06 1.3LblZt 

NILHITI -1.?9617* 01 -l.2?679f 01 -1.29b19E 

MOLII 7.16653F-OL 4.11hl?f-04 5.2b000F 
HFR1C ?.&U794F-05 1.4079Lf-05 5.26CbhF 
MILH2II -I.0h14?f 01 -I.Ob>k?r 01 -l.O4%4?t 

M U L  t 5  2.7 3ozof -04 2. I I 1nt.f -0'1 I. ~ ~ O O O F  
M F I A C  1.493311-06 1.?3545f-05 T.SCbT7f 

nltP?cI -1.l0015t GI -1.l8015F 01 -I.I8OI51 

02 

02 
01 
01 

01 
02 
01 02 

01 
01 

01 
02 
01 

Table XVII 

MODIFIED ARTERIAL BLOOD I 

-0. 
-0. 

I M I O  *UI*\ -G. 
*tQ*C -c. 

-0. .". 2.Lb099f-07 
h. lb839F-nl 

St RIJP b t  IillUl N UEACI I IlNS 

llANH2 UULFS -0. 
M F U A C  -0. 

RfNH3r MULfS -0. 
nfu.%c -0. 

-0. 
-0. 

1.817+OF-03 -0. -0. 
-0. 2.192b2~-01 -0. 

-0. 
-0. 

n f m z  uuifs -0. -0. 1.651RIE-05 -0. 
5.>8h44f-Ok -0. M F K A C  -n. -0. 

R.4 UOllS -0. 
MtPAC -0. 

R.4- MU118 -U. 
MFPAC -0. 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 

-0. 
-0. 

I.02209t-02 
9.9Y890F-01 

1.09895E-04 1.12335t-Ob 
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This small inconsistency has not been resolved. 

with the correct: chloride ion was chosen €or further corn- 

putatLon, since it also has the "correct" hematocrit [7]. 

The model 

For the Zree ions, Eq. (3) holds arid permits the 

foPlowing definition of specific free ion potentFa1: 

where: 

-1 -1 R = Gas constant = 1.987 cal deg mole , 

T = ~ b s o ~ u t e  temperacure = ~xo', 
2 = Valence sf ion = -1, 
C1- 

.3:. -1 -I 
F = One Faraday = 23,060 cah m E r  mole , 

E = Specific ion potential; 

(-1) (23 060) E =  

= -9.9 mhlli-ilolts 

for the red cell free specific ion potential. 
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The speciEie ion potential. as measured by 61- ion 

gradient d'lffers from k b t  which could be compuCed simt- 

larly from Ea or K gradients, because of the active 

cation pumps. Tl'ie dtrectior, of the observed Ha gradient, 

and hence the model gradient, is apposite to that given 

by the CI- specific. ion potential. 

potential would, in fact, concentrate the positive ions 

3. + 

3. 

That speci~ic con 

in  he interior of the cell (see Chap. I>, just a3 the 

negative CZ- %on is concentrated externally. 

the M a  pump must overcome the (Donnan) electrostatic 

gradient, as we11 as raise €$a+ ions up to the concentra- 

tion ratio observed. Analytically, 

Therefore, 

4- 

where the exponent: on the right is exac~ly the Eree energy 

parameter, in Table XIIX, for the 3a pump. Taking the 

Log of bseh sides, 

4- 
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Or, if we write 

then 

The interpretation of Eq. (8) in this context is actually 

not as clear as Eq. (9) would suggest. Thus AF” replaces 

the usual N, because the ideal equation (9) gives only 

the theoretical work required to move an infinitesimal 

increment of ~ a +  ions (plus the concomitant negative ions) 

€rom one concentration to the other while maintaining the 

system in the present state; but it ignores any energy 

Losses in the membrane, the concentration effects in each 

phase, or any mechanism which maintains the gradient. 

Particularly, Eq. (9) does no% measure the work required 

to obtain the present: distribution from classical equi- 

1 ibr iurn. 
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2 

P 

P 

The K+ ion is concentrated in the cell interior, so 

the Gibbs-Donnan gradient aids its active pump. There- 

fore, 

where -3.0220, from Table XITI, is the free energy param- 

eter representing the work per mole to maintain the ob- 

served potassium gradient. 

Computing the "potential'' of the K+ ion from Eq. (4) 

gives 

+ 
(K IPL 

R'E f n  = z  F ' E  , 
K+ K+ 

- 615.9(-3.3945) 
(+1)23,060 E + - -  

K 

= -9.07 rntllivolts ; 
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= 4-4.64 millivolts . 

However, neither of these last two "potentials" are 

significant for the activity of the cell, since the cation 

mobilities are so low in relation to those of the anions. 

For example, the "membrane potential" of the cell, given 

by Ref. 32, 

where the P are permeability coefficients, reduces to 
j 

just Eq. (4) since PNa Pk << Pcl. 

Tables XIV and XV show a somewhat misleading distribu- 

. tt. tion of the species SO= and HPO;, as well as Ca* and Ng 4 
These species represent the so-called acid-soluble phss- 

phates, the non-protein sulphate, and the dsuble-valent 

cations obtained by precipitation. While the distributions 

of these speeies in the model correspond to results quoted 

in the literature (cf. Table XVX), the '*distribution" as 



such is not well-defined. These species are much more 

likely to combine in various forms, as well as bind to 

the protein, than are the singly-charged species of either 

sign. But these reactions have not yet been incorporated 

into the present mathematical model, which imposes theo- 

retical concentration gradients on these ions to create 

in the two compartments the moles of each species observed 

in chemical analysis. 

While Tables XIV and XV give a detailed distribution 

of species for arterial and venous blood, Table XVILX 

graphically presents the differences between arterial and 

venous as percent change from the arterial standard for 

both the plasma and red cells. These data present several 

interesting facts requiring, for explanation, complex 

intercornpartmental relationships. For example, in changing 

to venous blood from arterial, the hydrogen ion concentra- 

tion increases proportionately more in the plasma than in 

the red cells, whereas Na K*, Ca and Mg move from 

red cells to plasma, and Cl- moves from plasma to red 

cells. Since in the model the gas pressure change alone 

initiates this pattern of movement, i.e., p02 changing 

from 100 ma to 40 and pCOz changing from 40 mm to 46, it 

requires explanation. 

+ * ++ 
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Table XVIIp1 

VENViS BLOOD STANDARD MODEL BFFR- 1, HIOLE FPJCTXQN 
CHANGE FROM ARTERIAL 

CUPPAHrULNl MOLE FRACllON PtRCFhil CHANGE F R O M  STANDLRO 
-40 -30 -20 -IO -0 LO 20 

PLASMA 

02 
cn2 
N2 
H2U 
HI 
riH- 
rL- 
NA. 
X t  
Cat+ 
P G + t  
504. 
*pu'I= 
ti2PLIL- 
N H 4 *  
NH3 
LAC1 IC 
U R t A  
i.LUCllS 
HClI3- 
H2CII 
c113= 
PRUIN 

?n= 7 . 3 1  VtlLH?I1= 0.518 L. VfIL= 0.551 L. 

MMILH2rl MILLIMLS D t R C t w l  

2.68Ut-0) 
7 .9k91-0 1 
2.356F-01 
1.ASlt c4 
2.2 IUF - 0 5  
2.9041 -04 
5.511t 01 
7 . 0 0 I t 0 I 
?.345F OC 
I. 3vnt 01, 
4.84bt-01 
I . S ~ ~ F - O I  
>. 31 3 s - 0 1  
1.52f.t-ni 
4.4HS t - 0 I 
1.3n~t-02 
I .4('5f Oil 
1.92ce D I  
2.7ZOt uo 
1.564) c1 
l.13!)k-O3 
I .997i -02 
2.3nnt-01 

-00.0 X X X X X X ~ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X O  
14.9 o x x x x x x x x x x x x x x x  

-0.0 0 

-5.6 x x x x x x o  

9.4 n x x x x x x x x x  

5.9 U X X X X X Y  

-0.7 x n  
0.1 ox 
2.5 o x x  
1.2 ox 
4. 2 n x x x x  

- L. 4 xxxxo 
-b. 1 x x x x x x n  

-4.1 x x x x n  
-0.1 x n  

-0.5 0 
1.h OX1 

0. I 11 
0. I 0 
8.5 IIxxxxxxxx 

2.4 o x x  
0.5 I1 

14.9 0xx.xxxxxxxxxxxxx 

2.0211 00 
5.471e 01 
1.599t-01 
2. h09t-01 
3.6191-01 

30 40 

PtRCfNl 

-00.0 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X O  
14.9 u x x x x x x x x x x x x x x x  

-0.0 n 
9.'. ox x x x x x x x x  

7.7 o x x x  

2.3 o x x  
-2.1 xxxrt 

-2.3 x x n  
-O.h x o  

-1.0 x x o  

-L. I rj 

-1.5 x o  
-4. I X X X X O  
2.3 O X X  
0. I n 
0.1 0 

-4.8 x x x x x n  

1.1 n x x  

2.6 IlXXX 

11.9 ~ i x x x x x x x x x x x x  
14.9 0 x x x x x x x x x x x x x x x  

o x x x x x x x x x  n.9 
1.5 o x  

-1.) xu 
lb05.7 n x X X x X X X X X X X x x X X X X x X x x x x x x x x x x x x x x x x x x x x x  
992.1 o x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  
311.7 o x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  
1U.h o x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  

-32.h x x x x x a x x x x x x x x x u x x x x x x x x x x x x x x x x o  
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Table XVIIT lists concentratians of species eonputed 

in millimales per liter of Fi 0, although the plot is in 

percent change in mole fractions. In either case, the 

change tn the water concentration appears as zero because, 

even on the mole fraction scale, the molal-fty of the solre- 

tion (and consequently the mole fraction of %,O> is 

practically constant and is the same in each compartment. 

Water moves, of course, under the inflilerice of various 

stresses applied to the blood; when ions cross the 

membrane, a proportionate amount of water goes along to 

maintain the equal osmolality. The changing eoncentrz- 

tion of fixed protein in both compartments shows that 

water meves from plasma to red cells in the change from 

arterial to venous; the concentration of plasma protein 

increases and that of red cell protein decreases. Tables 

XIV and XV, where the water movement is also evident, 

demonstrate this more clearly. 

2 

Blood plasma is less buffered khan the red cell 

milieu (evident also from the Astrup diagram studies of 

separated fractions K33j). When the pC02 rises, the pH 

of rhe plasma shifts proportionately more than that of 

red cells. Thus, as the CO accumulates in the blood and 2 
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(via carbonic anhydrase In the red cell) forms HC0- and 

H , the hydrogen ion is buffered--prlncipalEy by protein-- 

while the bicarbonate ion redistributes according to the 

3 
+ 

Gibbs-Donnan relations and in indirect response to CJhe 

cation pumps, 

In the system model, the bicarbonate ion is just 

another permeable, single-valent, negative ion, though 

subject to intraphase reactions, Hence, it finally ac- 

quires the gradient; of Eq. (31, i.e. ~ before and after 

the GO accumulation. ~n this view, the apparent CI- 

shift (Hamburger shift) is merely a redistribution of the 

total negative ion pool in response to an additional in- 

crement of permeable negative ion whose corresponding 

positive ion is buffered. Most of the additional RCO- 3 
ion, however. is found in the red cell because the 

increment in acidic pE3 shift Ls smaller than that of 

plasma. By the Henderson-Hasselbach quaelon, the product. 

(H )(H68-) is directly proportional to pG0 but with a 

posi.c%ve irrcrernent in pC0 if the (2 1 d ~ e s  not increase, 

then the (ECO;) must. TITUS, as Tables XIV and X’L’ denlon- 

strate, a large propor~ion of the produced E ~ C O ~  stays in 
4- the red cell where the FI ion is highly buffered, 

2 

+ 
3 2; 

-3- 
2’ 
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Actually, these statements depend more completely 

upon the intercompartmental mechanisms than has been 

suggested. Fixed prokeins in the red cell and plasma plus 

the active cation pumps are the principal, determinants of 

electrolyte and water distribution, because of the inter- 

play between the fixed charge on the protein and Che 

active pumps. As the p@Q changes, protein buffers the 2 

H ion, altering the net fixed charge. Now a propor- 

tionate change in the charge on the plasma versus the 

red cell protein exists for which ithe Donnan gradient 

would remain constant, 'out such an exact proportional 

change would be coincidental. Generally, in the physio- 

logical range, the hemoglobin 'buffers better than serurn 

albumin; the charge increment thus differs for the two 

prateins, and ions must move, As ions move across the 

membrane, taking along osrnotir: water, the cation gradients 

also shift (the Na gradient increasing and K+ decreasing) 

since the apparent activity of the caeion punips ts a 

3. 

-4- 

function of the ion reservoirs from and into which they 

transport ions. 

In addition, the hemoglobin oxygenatLon changes 

slightly with pH and pG0 (the ""Dohr effect"), causing 

a slighs shFft of all other species, Table x'JIZ% also 
2 



-101- 

shows the changes in the oxygenated spectes of hemoglobin 

in venous blood relative to arterial blood, although these 

changes exceed the graph boundaries. The fully oxygenated 

species lib408 decreases considerably while the remaining 

species, insignificant at high saturazion, increase greatly 

at low PO2. 

THE MATRIX OF PARTIAL DERIVATIVES 

B l ~ d  in a normal unchanging steady state is probably 

very rare. Blood is a viable system, so that even when 

held in a bottle it changes chemical composition as it 

inetabolizes. In the body, it also has .a constantly chang- 

ing cheniical composition, at least cyclic with fhe cir- 

cul.atian time, Blood composition reflects even small 

inputs or losses around the vascular tree, since every 

species in the blood is--at leasrtz via some series of mass 

action equations--related to every other. 

We may nevereheless assuzne instantaneous steady 

states at various and particular points in the cireezfa- 

tion and compute the chemical composition at these points. 

Ira addition, given a particular steady-state composition ~ 

and given an increment in any one of the i ~ p u t  components, 

the expected response of each output species is comput- 

able. If bi, i-1,. .) ,m are the input moles of spectes, 



-202- 

and x j = l , w * m > n  are the output molesj, then we compute 

the partial derivative, 3x./abi, for each i and all j's, 
j' 

3 
Tables X T M  and B compile these partlal derivatives. 

Tables XIXA show the expected change in the output species 

(left column) per unit change in the i n p u ~  species (column 

headings). Similarly, Table XIXE gives the expected 

change in total moles in each compartment. Generally 

speaking, small input increments cause additive responses, 

i.e,, the response to two small. simultaneous inputs equals 

the sum of the two respanses when ehe inputs are added 

separately to the same reference state. Consequently, 

this matrix may be used to predict the systematic re- 

sponse to small mixed inputs--e.g., che addition of WaCZ 

in water solution. 

As an example of Che matrix's use, first consider 

the addition of ]I me¶ of Na+ ion to a liter 05 arter-ial 

blood. Reading under the Na column, 9-13 x 10 meq of 

the added Ha will appear in plasma and the remainder, 

8.65 x I O y 2  meq, will appear in red cells. 

also causes 5.99 x lo meq sf Cl- Lori and 2.06 x LO nit4 

af water Ira move fron che red cells to the plasma. Every 

sther species will also change. E+ ion decreases in both 

compartments, b u ~  in the red c e ~ i  compartment the OH- ton 

-i- -I 

4- 

The addition 

-1 -2 
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Table XZXA 

OUTPUT SPECIES INCRENEWIS PER UNIT INCREASE 

JICOBIIN. C Y C L E  1 

02 

PLASM4 -3.86288E-02 
02 3.50443E-0 7 
GO2 -1.6105lE-Oh 
N2 -5.19958f-01 
H+ -5.8281lE-11 

CL- 7.486llE-06 
N A +  -1.76327E-06 
K +  -5.10370E-01 
C A + t  -1.10908E-07 
M G + *  -1.9032lE-07 
S o b -  8.01606E-08 
HP04= 2.71409E-07 
HZP04- -5.34453E-08 
NH4r -6.4090lE-00 
N H 3  1.88931E-08 
LACTIC 1.90122E-07 
U R E A  1.85131E-08 
GLUCOS 9.lbO70E-08 
HCD3- -1.3469lE-05 
HZCO3 -7.38207E-09 
C03= 9.31409E-09 
H20 -3.86190E-02 
PROTN -6.26315E-Ik 

REO CELLS -2.59742E-02 
02 3.49252E-07 
LO2 -1.08683E-06 
N2 -5.57732E-07 
Ht -k.83229E-11 
OH- -5.59559E-11 
CL- -1.k86lOE-06 
N A t  1.16321E-06 
K +  5.10369E-07 
C A + +  1.10908E-01 
MG ** I. 90 322 E-0 1 
504- -1.816OkE-00 
HPOk- 1.6178bE-07 
HZPOk- -3.86829E-07 
NHk+ 3.51813E-08 
N H 3  1.0815EE-00 
LACTIC -1.90122E-01 
UREA -7.85127E-08 
GLUCOS -9.16065E-00 
HC03- -9.10967E-06 
H2C03 -1.5501OE-09 
C03- -2.04k94E-09 

PROTll -1.61 264E-06 
PROTY- 1.61264E-06 
HBk -I.91183E-O1 
H8kO2 -5.633blE-01 

HBkOb -1.11107E-01 
HB408 2.16442E-06 

R E O H E M E  R H B  -5.103k7E-06 
H2HBt -3.UkIk3E-06 
MHO+- -6.1193lE-07 

R C A R B -  -2.63978E-01 

OXYHEME OHU 5.103klE-06 

HHBO+- 1.48577E-06 

O C A R B -  1.09869E-06 

OXISTABLE HD -9.86204E-I2 
IMIO* -0.52078E-06 
I N 1 0  8.52077E-06 

S I T E 1  SERUM -3.04213E-I1 
RCOOH -1.3614lE-08 
RCOO- 1.35839E-01 

SITE2 SERUM -2.09815E-I2 
RAMH3+ -2.1271IE-06 
RANHZ 2.12711E-06 

S I T E 3  SERUM 1.90023E-I1 
RENH3+ -2.38355E-00 
REYHZ 2.38555E-08 

SITE4 SERUM 3.56999E-I2 
il.4 -1.k7190E-09 
I.k- l.kllP8E-09 

A I R  OUT 1.06k62E 00 
02 9.9999kE-01 
KO2 2.k29k9E-05 
N 2  1.08624E-Ob 
H20 6.k5999E-02 

3n- 3.05833~-11 

HZO -2.59517~-02 

ne406 -I. 2 3 8 7 8 ~ - 0 6  

no- -3.86135~-07 

HZHBO+ -9. i7119~-07 

~ 0 0 2 -  2.69619~-06 

IN INPUT SPECIES 

co1 N2 Ht OH- CL- N 4 r  K +  

-4.57ZOBE-02 -3.87604E-02 
-1.78482E-01 -1.62267E-07 

I. 13718E-05 -1.6717lE-06 
-5.73010E-07 -2.340506-01 
I .9 1928E- 10 -6.02 888E- I 1  

-3.81737E-09 5.13912E-11 
-4.03765E-05 6.57637E-06 
9.0157lF-06 -1.5359kE-06 
2.8411OE-06 -4.44573E-07 
6.09940E-01 -9.69279E-08 
1.0466lE-06 -1.66332E-07 

-4.81023E-07 1.18162E-08 
-1.19495E-Ob 2.68013t-07 
5.31990E-07 -6.96338E-08 
3.94070E-07 -5.98643E-08 

-1.43507E-01 2.03068E-08 
- I  .02543E-06 I. 610184-07 
-4.08410E-01 6.96145E-08 
-4.16522E-01 8.1224kE-08 
7.81042E-05 -I.22613f-05 
I. 61629E-08 -7.38745E-09 

-1.00096E-07 1.20646F-08 
-k.57000€-02 -3.87510E-02 
1.5157UE- 1 3  -1.ZO2bZE-13 

3.23863E 01 -3.11048E 01 -4.k99BlE 01 
1.55178E-05 -7.41143E-05 -1.04953E-04 
7.86018F-04 -1.71542E-04 -1.08163E-03 
2.42415E-04 -2.31VOVE-04 -3.36936E-04 
4.36637E-01 -4.35932E-07 1.12196E-07 

-5.75058E-06 5.75310E-06 -3.51308E-06 
2.0033OE-01 -2.00392E-0 I 3.55664E-01 

-4.5 1779E-02 4.5 19ZZE-02 9.11119E-02 
-1-30765E-02 1.3OBOlE-02 2.63910E-02 
-2.89067E-03 2.89150E-03 5.48769E-03 
-4.960klE-03 4.96203E-03 9.41703E-03 
2.36019E-03 -2.36093E-03 -4.15588E-03 
1.6410bE-Ok -7.66456E-04 -6.2k98ZE-03 
3.51380E-03 -3.51336E-03 -2.3Uk30E-03 

-9.11045E-04 9.11585E-0k 2.51839E-03 
-3.19162E-04 3.1899kE-04 -5.176klE-05 
5.08770E-03 -5.08929E-03 -0.7390lE-03 
2.19995E-03 -2.20063E-03 -3.10976E-03 
7.56684E-03 -2.56163E-03 -3.62U39E-03 

-2-59020E-01 2.59133E-01 -1.58275E-01 
1.1278lE-06 -1~10111E-06 -1.55728E-06 

-1.51440E-04 1.513kBE-04 -k.Ik593E-04 
3.24955E 01 -3.18941E 01 -k.53003E 01 

-k.ZOl23E-08 3.19617E-08 7.3883lE-08 

2.08010E 02 -2.03113E 02 
4.85624E-04 -4.7552kE-04 
5.0086lE-03 -4.90601E-03 
I .55905E-03 -1.52663E-03 

-5.k0025E-08 -2.kk090E-07 
5.24010E-06 -1.5159*E-01 
5.99547E-01 -1  -975 15E-01 
9.13kl2E-01 -1.907k8E-01 
3.50309E-03 -k. 15557E-03 

- 2.91 245E-0 3 -6.20k2BE-03 
-5.11790E-03 -1.06k67E-02 
5.95858E-03 -5.62018E-W 
9.02335E-03 -9.4203kE-04 
k. IIOZZE-03 -1.29995E-03 
2.91kO7E-04 -5.32950E-03 
I .52183E-Ok - l.Olk31 E-04 
1.52265E-02 -5.OlbZ2E-03 
1.3Bk3IE-02 -1.37636E-02 
1.615I8E-02 -1.60590E-02 
2.36498E-01 -3.k12blE-02 
7.10032E-06 -6.99917E-06 
5.2klbVE-04 k.28352E-05 
2.06193E 02 -2.03219E 02 

-1.5935kE-08 -3.28369E-08 

-1.86066E-02 -2.58409E-02 -3.30729E 01 
-1.k3895E-07 -1.71k09E-07 -1.26082E-0k 
1.3250lE-06 -1.0836kE-06 -7.92516E-04 

-k.b6616€-07 -2.613OkE-01 -4.0887kE-04 
I. k9053E- IO -5.071 19E-I 1 5.008bOE-07 

-I. 3192OE-09 -2.7212lE-I 1 -k.OkEZLE-Ob 
k. 0 3 7 65 E -05 - b .5 16 3 lt -0 6 -2.00 3 30 E -0 I 

-9.11569E-Ob I. 535952-01 k- 51 779E-02 
-2.8kllOE-Ob 4.4457lE-01 1.30765E-02 
-b.09940E-07 9.69285E-08 2.89067E-03 - 1.0466lE-06 I. 663 32E-01 k. 960klE-0 3 
4.8lOZkE-07 -7.18161E-08 -2.36019E-03 

-1.62113E-Ob 2.1329kE-07 -9.60013E-03 
2.81809E-06 -k. 11133E-01 5.322k5E-03 

-1. bbIl5E-07 2.1622kE-08 I .52197E-03 
-1.kkk80E-09 1.18553E-08 -2.25lbOE-Ok 
1.025k3E-06 -1.bl017E-07 -5.08170E-03 
k.08k11E-01 -6.96113E-08 -2.19995E-03 
k.76522E-01 -8.122kOE-08 -2.5668kE-03 
5.50631E-05 -8.14145E-06 -2.09lllE-01 
I .Ok113E-OU -1.5k558E-09 -1.12099E-06 

-5.93853E-09 -2.1163OE-IO -3.9438bE-OI 
-1.86918E-02 -2.51257E-02 -3.2112OE 01 
1.29859E-05 -1.80740E-Ob 4. IBbZkE-02 

-1.29059E-05 1.807kOE-06 -k.1862kE-02 
I. 9056kE-0 1 I. k9005E-09 b .5 LZBLE-0 k 
5.61537F-07 4. 39014E-09 1.93389E-03 
1.23417E-06 9.65k8lE-09 4.252k3E-03 
1.10553E-07 1.3335lE-09 5.07369E-04 

-2.15740E-06 -1.bBb96E-00 -7.k2989E-03 

3.3kbkZE 01 
1.27512E-04 
0.01932E-04 
4.13106E-0k 

-5.00258E-07 
4.0k979E-06 
2.0039ZE-01 

-k.51922E-02 
-1.30801E-02 
-2.89158E-03 
-k196203E-O3 
2.36093E-03 
9.59883E-03 

-5.31901E-03 
-1.5222kE-03 
2.25663E-0k 
5.08929E -0 3 
2.20063E-03 
2.56163E-03 
2.09863E-01 
1.13+45E-06 
3.9k398E-04 
3.31031E 01 

-k.Llkl8E-02 
4.18410E-02 

-6.56056E-04 - 1.9332 I E-0 3 
-k.2509+E-03 - 5.8 11 64 E -0 4 
l.kZ730E-03 

k.12370E 01 -2.05481E 02 
1.80052E-04 - 1.027bOE-Ok 
I. 13062E-03 -4.94181E-03 
5.U3858E-Ok -2.53825E-03 

-1.34lOkE-00 -1.9318lE-08 
1.2OlZkE-06 -2.47972E-06 
6.kk335E-01 -5.995klE-01 

-9.11179E-02 E.65277E-02 
-2.63910E-02 -3.50308E-03 
-5. k8769E- 03 2.98246E -0 3 
-9 -4 1103E-03 S. I 1  798E-03 
k.15580E-03 -5.95151E-03 
6.200k3E-03 -1.75 3k8E-0 3 
2.k3369E-03 -4.380096-03 

-2.52259E-03 -3.1543lE-04 
1.96kkk€-Ob -1.k1525E-05 
U.1390lE-03 -1.52265E-02 
3.10916E-03 -1.38k31E-02 
3. 620396-03 -1. b1511E-02 
6.2 6 k8 1 E-02 - I - 2 I5 39E -0 1 
1. b0162E-06 -1.05157E-Ob 
1.0kOOBE-Ok - 1.12792E-04 
+.bb356E 01 -2.Ok171E 02 

-9.kE552E-03 1.05bU3E-02 
9.kU552E-03 -1.05613E-02 

-1.481kOE-04 1.65637E-04 
4 . 3  829kE-0 k 4.80083E-0 k 
-9.63165E-0k 1.07325E-03 
-1.33 12 I E-0 k I. 4824 3E -04 
1.68390E-03 -1.87519E-03 

2.06196E 02 
1.1569lE-M 
k.965-E-03 
2.SkllbF-03 
2.51996E-01 
1.23367E-06 
1.91515E-01 
1.901k8E-01 
1.OOk1bE 00 
6.20421E-03 
I .OM67E-02 
5.6207lE-M 
6.2142kE-0k 
I. 61 kSbE -03 
5.335-E-03 
1.01011E-0k 
5.OlbZZE-03 
1 - 316ME-02 
1.605 PO€- 02 
6.3955lE-02 
1.048b5E-06 
4.1 b 13 I E -OS 
2.M671E 02 
3.13053E-03 

-3.13052E-03 
k.90316E-05 
1 .kk5DOE-Ok 
3. Il7klE-W 
4.3E8EZE-05 

-5.5 5 I 6 2 E  -04 

5.08695E-Ob 3.97159E-08 1.15190E-02 -1.75129E-02 -3.97049E-03 k.k2153€-03 1.30902E-03 
4.k3915E-06 -8.92373E-01 1.58981E-02 -1.38926E-02 -3.b030kE-03 k.01269E-03 1.18809E-03 
k.IOk92E-01 3.29923E-01 1.59kOOE-03 -1.593kkE-03 -3.61303E-04 k.02266E-04 1.19OME-M 
k.3520lE-01 5.51112E-00 3.24053E-04 -3.23939E-04 -7.35091E-05 1.1llllE-05 Z.klk15E-05 
1.931 17E-01 4.09097E-08 -2.9 1 l85E-04 2.91082E-Ok 6.13616E-05 - 7.5 I3kbE-0 5 -2.2 2 U 12 E-05 

-5.0069kE-06 -3.91766E-08 -1.15190E-02 1.7Sl28E-02 3.97Ok8E-03 -k.k2 ISZE-03 - 1.30902E-03 
1.1313lE-05 -1.95906E-06 k.1283kE-02 -4.72669E-02 -1.071k6E-02 1.1937+€-02 3.53602E-03 

-k.07289E-01 -1.21363E-Ob 3.5991kE-02 -3.59118E-02 -8.15lllE-03 9.018ZlE-03 2.69182E-03 
-1.66050E-05 1.76326E-06 -3.80598E-02 3.00165E-02 8.62280E-03 -9.607396-03 -2.84602E-03 
1.051 12E-01 1. k2965E-06 -6.27339E-02 6.27120E-02 I. k22OlE-02 -1.58398E-02 -k.b908kE-03 

2.855866-11 -7.9322kE-12 1.03232E-07 -8.519klE-01 -2.31H8E-01 2.IZl33E-01 9.90501E-09 
6.86143E-05 -9.5498kE-06 2.2119OE-01 -2.21113E-01 -S.01191E-02 5.584002-02 1.65k09E-02 

-6.86142E-05 9.54903E-06 -2.ZlIPOE-01 Z.ZII13E-01 S.Oll9OE-02 -5.5WOM-02 -1.63k09E-02 

1.1361kE-IO -3.00095E-11 -1.ZIPO7E-Ob 1.2kkklE-06 1.98099E-Ob -2.IS117E-06 -8.00015€-01 
l.Ol3lSE-07 -1.kk753E-08 1.859kIf-Ok -1.85020E-04 9.2197kE-05 -9.22k07E-05 -k.36611€-05 

-1.Oll31E-07 L.kkk52E-08 -1.071k5E-Ok 1.87056E-04 -9.02333E-05 9.00931E-05 k.2869kt-05 

L.k5305+11 -2.18623E-12 -1.35452E-07 1.395S7E-01 2.05231E-07 -2.Zlbk9E-07 -8.OOkOO€-O.¶ 
1.58289E-05 -2.26157E-06 2.90507E-02 -2.903lPE-02 1.k404bE-02 -1.kkl13E-02 -6.82239E-03 

-1.58219E-05 2.26 15 1E-06 -2.90509E-02 2. 90320E-02 - 1. U 0 4 k E - 0 2  I .4k111E-02 6. 8223lE-03 

-1.08k39E-10 1.86127E-I1 S-BkPOEE-07 -5.55662E-01 -1.0382lE-06 1.03BZLE-06 k.S3303f-07 
1.7lkLIE-01 -2.534kkE-08 3.26392E-04 -3.2615lE-01 1.60k92E-04 -1.60573E-Ok -1.b053bE-05 

-1.11521E-01 2.53635E-01 -3.ZSIOkE-05 3.25592E-0k -1.61541E-04 1.61623E-Ok 1.65130E-(H 

-2.2163lE-11 3.11952E-12 7.3113kE-08 -1.3113kE-08 -1.5llOlE-07 I.kl353E-07 6.82392E-01 
1.lOOkbE-06 -1.51201E-09 2.01191E-05 -2.0306kE-05 9.8717bE-Ob -9.8815lE-06 -4.6175lE-06 

-1.lOZ0ZE-08 1.575bbE-09 -2.02400E-05 2.02268E-05 -1.00350E-05 1.OOkO5E-05 4.15323E-06 

1.ObkZOE 00 1.06462E 00 1.2310BE 00 -1.23000E 00 -1.16203E 00 -1.61124E 00 -1.k4684E 00 
5.40003E-06 3.71228E-07 1.75612E-02 -1.15bkOE-02 -4.04500E-03 4.1118%-03 9.91843E-04 
9.998k8E-01 2.22195E-05 5.32905E-01 -5.33181E-01 8.15927E-02 -9.2k563E-02 -2.5265kE-02 
1.03138E-06 1.00000E 00 l.kbk23E-04 -1.55793E-04 -2.42232E-04 9.733ObE-04 -1.02119E-03 
b1k3kk7E-02 6.k5977E-02 6.86359E-01 -6.19069E-01 -1.23932E 00 -1.5304% 00 -1.kZl56E 00 



Table XIXA--continued 

C A t +  *GI+ 504. HP04= NH4 f L A C t l C  U R f  A GLLiCJSf 

PLASMA 
02 
COZ 
Y2 
HI 
OH- 
C L -  
N A +  
I t  
C A * +  
YGII 
so+- 
HPO4. 
HZP04- 
NH4+ 
NH 3 

U R E A  
GLUCOS 

LACIIC 

~ c n 3 -  
H Z C O ~  
C03- 
H2 0 
PROTN 

2.8334bE 02 
6.61483E-04 
6.82 15lE-03 
2.12362E-03 

-2.30103E-07 
9.46236E-Ob 
1.02426E 00 

-7.59378E-02 
-2.19198E-02 
8.5 100bE-01 

-1.51232E-02 
1.09041E-02 
1.64681E-02 
7.04779E-03 

-2.19853E-03 
2.30665E-04 
2.60122E-02 
1.88881E-07 
2.20381E-02 
4.26381E-01 
9.67649E-06 
1.00813E-03 
2.8lO47E 02 

-1.19034E-01 

RED C E L L S  -2.l)ObbOE 02 
02 -1.0691lE-03 
C02 -6.15811E-03 
N2 -3.56699E-03 
HI -1.733ZlE-08 
OH- -6.02310E-06 
CL- -1.02424E 00 
N A t  1.593786-02 
K* 2.19798E-02 
LA*+ 1.48994E-01 
MGtt 1.51232E-02 
Soh- - 1.0904 I E- 02 
HP94- -1-61158E-02 
ti2~04- -7.60009~-03 
HH4* 2.05469E-03 
NH3 -8.60303E-05 
LACllC -2.60122E-02 
UREI -l.8888lE-O2 
GLUCOS -2.20381E-02 
HCO3- -2.08553E-01 

CO3. -2.9996 I E-04 
H Z C O ~  -9.62858~-06 

HZO -2.19518E 02 
PROTN 2.14417E-02 
PROlU- -2.14417F-02 
HB4 3,3b096€-04 
H8402 9.90318E-04 
H8404 2.17774E-03 

HB408 -3.80498E-03 
ti8406 3.0080~~-04 

-5.59031E 01 -1.8098bE 02 
-1.30314E-04 -4.22356E-04 
-1.34bOZE-03 -4.35b36E-03 
-4. 18561E- 04 - 1  - 35594E -03 
2.4495BE-Ob -3.84083E-06 
1.8276LE-01 -4.59135E-01 - 1. b0101E-01 -4.231 78E-02 

-4.634ZOE-02 -1.22481E-02 - 7.2121 3E-03 1.01 21 BE-03 
2.77556E-01 I. 13694E-03 
3.044836-03 3.09893E-01 
4.53209E-03 -6.5535 3E -03 
1.2996lE-03 -3.13593E-03 - 4.49 76bE-03 -I. 15 32 3E-03 

-3.75b092-06 -1.27034E-04 
4.64103E-03 -1. lb605E-02 

-3.05203E-03 -1.22297E-02 
-4.49445E-03 - 1.42b93E -02 

I. 10390E-01 -1.1305M-01 
-1.93722E-06 -6.2133 I E  -Ob 
3. k9154E-04 - 3.63 746€-0* 

-5.b2592E 01 -1.10557E 02 
-4.30985E-00 5.23339F-08 

-2.47501~-07 -~.980b7~-09 

5.8kIO7E 01 
2.22653E-04 
1.40653E-03 
7.21985E-04 
1.11579E-07 

-3.9114OE-07 
-1.82742E-01 

1. 60 lO7E-0 I 
4.6342OE-02 
7.21214E-03 
7.22444E-01 

-3.Ob483E-03 
-4.645011E-03 
-1. IBbb3E-03 
4.45blSE-03 
4.bb83VE-05 

-4.64103E-03 
3.85203E-03 
4.49445E-03 

-2.027436-02 
1 .98bZOE-Ob 

-6.07760E-05 
5.7b759E 01 
9.00909E-03 

-9.00909E-03 
1.41194E-04 
4.16058E-04 
9.1487OE-04 
l.Zb367E-04 

-1.59840E-03 

1.8326CE 02 
6.98311E-04 
4.41318E-03 
2.26441E-03 
I. 0311 BE-01 
1.97542E-Ob 
4.59 135E-01 
4.23 LIB€-02 
1.2248bE-02 

-1.01 2 19E-03 
-I. 13696E-03 
6. V0107E -01 
6.29112E-03 
3.3V13w-03 
I. 2 I01 bE -03 
7.012916-05 
I.lb605E-02 
1.22291E-02 
1.42693E-02 
1.02414E-01 
6.2655 It-06 
1.30 6 7 I E - 04 
1.81904E 02 

-b. 81675E-03 
6.886 14E -03 

-I. O 8 O O O E - M  
->.18244E-04 
-6.99788E-04 
-9.66587E-05 
1.22267E-03 

-1.88631E 0 2  
-4 -40 162E-04 
-6.54345E-03 
-1.4 1309E-03 
-2.46998E-07 
-4.02858E-07 
-4.68300E-0 1 

-1.+1536E-02 
8.11634E-04 
1.39279E-03 

-4 35829E-03 
I .61b78E-01 
1 .0357bF-O1 

-1. 4 128bE-0 3 
2.82OZlE-05 

-1.l8932E-02 
-1.27565E-02 
-1.48839E-02 
-1.81818E-02 
-6.48631E-Ob 
7. 75389E-0.I 

-1.B8303E 02 

-4.aa991~-02 

4. L O  72 3~ -0 n 

2.590bZf 01 -4.49981F 01 
6.0 5 7 0 3 E - 05 - 1 . 0 4 9 5 3 E - 0 6  
b.24231E-04 -1.08103F-03 
I. 94450E -04 - 3.369 37E-04 

-1.22043E-07 1.12196E-0 1 
2.3bZZbE-Ob -3.513OBE-Ob 
2 - 45 3 1 OE-0 I - 3.44 IO I E -'3 1 

-7.60284E-07 9.11719f-Ol 
-2.2237bE-02 L.b39IOE-02 
-+.3676lE-03 5.487b9E-03 - 1.4 950 3E-0 3 9.4 170 3E -0 3 
3.05205E-03 -4.15509E-03 

1.7637OE-03 -2.3043OE-03 

1.67199E-02 -5.77b4 LE-05 
6.23156E-03 b.91027t-01 
1.63543E-03 -3.1097bE-03 
1.908 LEE-0 3 -3.62839F-0 3 
l.Ob462E-01 -1.58215E-01 
8.6564OE-01 -1.55728E-06 

2.51198E 01 -4.53003E 01 

4.50627~-03 -b.>49a2~-03 

5. o 8442 E-o i 2.5 r839i-o 3 

z . B z + ~ ~ E - o+ -4.14593~-04 

-4. L O ~ ~ Z E - O B  6. i~t.972-0~ 

1.44943E d o  l.kkY43f 00 
3.47598t-06 3.47548€-06 
3.5 8553F -05 3.58 55 3 t  - 05 
1.11594E-O> I. I1594k-05 
I. 44 3IBt-09 I. 44 318t -09 
3. I V d  I bF-09 3.198 I bt -09 

-9.Ob984t-05 -9.Ob985t-05 
2.01226E-05 2.012246-05 
5. 02447E-00 5.81442E -Ob 
1.19598E-Ob 1.29597F-Oh 
2.2739bF-Ob Z.ZL395t-06 - 1 .ObbOflE-Ob - 1  .ObbO8€-Ob 

- 3.4 I369F - O b  - 3.4 1369E-06 
1.53146E-07 7.53144E-07 
1.66410€-07 7.66405t-Ul 

-2.46857f-07 -7.46857t-07 
-2.30344E-06 -2.30345F-06 
6. lbO65E-01 - 1.0 I L 36L-Ob 

- I .  181 LIE-Ob b. 1bOb5f-01 
1.63258E-04 1.63258t-04 
3.00500E-08 3.00500t-08 

- 1 .  36 ISBF-07 -1.36 I88F-07 
8.3322OE-01 8.33120E-01 
3.0063lF-12 6.01262E-12 

1.91253E 02 -2.34455E 01 
1.28185E--O4 -8.92215E-05 
6.60435E-03 -5.6428OE-04 
2.3b324E-03 -2.89323E-04 

-1.00bZOE-07 8.20012E-08 
3.5228lE-06 -9.22840E-01 
4.683OOE-01 -2.4537OE-01 
4.8099lE-02 7.60ZBSE-02 
1.4153bE-02 2.22376E-02 

-1.11636E-Ob 4.3b7blE-03 
-I. 39219E-03 7.+9503E-03 
4.35829E-03 -3.05205E-03 
3.861BLE-01 -4.13593E-03 
3.4 1964E -0 I - 1.53403 E-0 3 
1.211366-03 4.6434lE-01 
I. 13304E-04 1.04 373E-07 
I. 18932E-02 -6. 2 3156E-03 
1.27565E-02 -1.63543E-03 
1.4 88 39E -02 - I. 908 I 8 E-0 3 
1.82594E-01 -4.18319E-07 
6.53332E-Ob -8.16368E-01 
2.83147E-04 -8.38563E-05 

-2.32676E-02 8.21615E-03 
2.3267bE-02 -8.21615E-03 

-3. 64801 E-04 1.2 8 lb4E-04 
-1.07498f-03 3.19k30t-04 
-2.3b378E-03 8.3433OE-04 
-3.26498E-04 1.15242E-04 
4.13002E-03 -1.45175E-03 

1.89759~ 02 -2.37179~ 01 

4.72379F 01 9.27796E-01 9.27796f-01 
1.80052E-04 3.b2936E-Ob I.b~P31f-Ob 
1.13BbZE-03 2.29153E-05 2.29351t-05 
5.83058E-04 1. I7b89E-05 1.1 7bHqE-05 

1.20824E-06 2.08793E-09 2.087936-09 
3.44101E-01 9.0698lE-05 9.0b985t-05 

-9.11719E-02 -2.01230E-02 -2.01228f-05 
-2.639lOf-02 -5.82455F-Ob -5.82451E-06 
-5.48769E-03 -1.29600E-Ob -1.29599E-Ob 
-9.41703E-03 -2.2239bF-Ob -2.72396f -Ob 
4.15588E-03 L.Obb08E-Ob 1.ObbOBE-Ob 
6.20043E-03 -2.3b098E-06 -2.36091€-06 
2.43369E-03 5.OZ151f-Ob 5.02152F-Ob 

-2.527bOE-03 -3.78083E-07 -3.18Ul7t-01 
I .96444E-06 - I  .4 148lE-0 7 - 1.41481 t-07 
3.08973f-01 2.303422-06 2.30343f-Ob 
3.10976E-03 3.839 35E-0 I 1 .O IZ35E -06 
3.b2839f-03 1.18llbE-06 3.83935E-01 
b.26487E-02 I. I7674E-O+ I. I lb74E-04 
I.bO7bZE-06 1.95bb5E-08 1.95665E-08 
1.04008E-04 1.63395F-08 l.b3396€-08 
4.6635bE 01 >.43637E-01 5.4363lE-01 

-9.48552E-03 2.13934E-05 2.13934f-05 
9.48552E-03 -2. l3934E-05 -2.13934t-05 

-1.4874Of-04 2.968076-01 L.96807t-01 
-4.302942-04 H.74605E-07 8.74b05€-01 
-9.63765t-04 1.923IlE-Ob 1.97317E-Ob 
-1.3312 IF-04 2.656 39E-01 2.65639t -01 
1.6839OF-03 -3.3bOZOE-Ob -3.3bOIPE-06 

- 7.34 I o +E - o 8 I. 2 5 5 7 8 ~  -0 9 I. 25 5 i ~ t  -09 

REOHERE RH8 8.4718OE-03 3.76905E-03 -2.ddZ91E-03 -9.7382ZE-03 3.)1125€-03 -3.970+9€-03 1.9Z302E-06 1.97302t-Ob 
HZHB+ 1.14205E-03 3.42057E-03 -2.61612E-03 -8.8371OE-03 3.11944E-03 -3-b0304E-03 1.35223E-Ob 1.35223F-06 
HHB+- 8.16204E-04 3.420996-0+~-2.bZ35ZE-04 -8.06089E-04 3.12708E-06 -3.61303E-04 6.82914E-07 b.82914E-07 
HB- 1.65816E-06 6.96427E-05 -5.33942E-05 -1.80198E-04 6.350bOE-05 -7.J5092E-05 7.62218E-08 7.62278E-08 
R C A R E -  -L.524OIE-O4 -6.40545E-05 4.89012E-05 1.65113E-04 -5.84123E-05 6.13blbf-05 -1.88351f-0) -1.88351k-U7 

O X V H E M E  ilH8 -8.97118E-03 -3. 76905E-03 2.08296E-03 9.13819f-03 -3.43724E-03 3.97048f-03 -1.92300E-06 -7.92301I-Ob 
HZHBOI 

lSTABLE HB 
IMID+ 
1MID 

IEl S E R U U  

RCOO- 

TE2 SERU* 

RANHZ 

TE3 SERUM 
REYH3+ 
R E N H 2  

icoon 

RAHH3r 

2.6219IE-02 1.011bZE-02 -1.71714f-03 -2.b20IlE-O? 
1.84392E-02 1. 1613LF-03 -S.YZ2881-C3 -2.00058C-3? 

-1.9492 I t -  01 -1. 190012-33 b. 26034f -C3 ?. 1 1  536t -01 
-'.>I 38bE-02 -1. 3502bk-2/ I .03246F-32 3.6blIbt-C2 

4.17.j9l€-OR 1.2012 %f-38 - I.5310lt-OC -6.047lCC-08 
1.I32YIE-01 6.lbOllk-32 -3.b311Rf-02 1.22940c-01 

-1-1329ZE-OI -6.16017f-0.' I.b\lldC-02 1.??9kOt-O1 

-4.Lb615E-Ob -Z.03118F-Ob I. 39685f-OC 1.19685t-Ob 
-1.96104€-06 -9.31359E-05 5.17682F-CS -6.95bOSt-05 
I.P1843€-S6 9.10981€-05 -5.6584 11-95 5.J96+lt-O5 

-L.350196-01 -2. 134406-51 l.617hoF-01 I. 51 011E-31 
-3. Ob 185E -02 - 1.45511E -0) 9.32569f -03 - 1. lr 3 I5E -5 3 
3.2b340E -02 1. 45513f -02 -9.325 3 S C - 0 3  1.1.) l l f  -3 3 

2.31038E-Ob 9.62097C-07 -6.5832IE-31 -b. 126441-Cl 
-8. I 5  I I 1 F  -05 - $. 4 I2 1OF - 0 L  -1. 627IOE-(J4 I. 0055 I F  -24 

I.-3blOt-O6 L.63191f-04 -l.ll22lt-O* R.68193F-05 

S I T E 4  S E R U M  3.41196E-07 1.26130E-07 -8.20619f-08 
R.6 -2.09711E-05 -9.99bOLE-06 b. 19457E-Ob 
Q.4- 2.13461€-05 1.01380E-05 -6.28815E-06 

A111 OUT -1.06316E 00 -1.500b5E 00 -1.22019E 00 
02 9. 37804E-03 3.67b31E-03 - 3 -  15837E-03 
C07 -I.Bb315E-O1 -7.6897bE-02 6.04380E-02 
N2 1.3320bE -03 - 3.0 7472 E- 04 - 9.044 6 7E -04 
HZO -1.68817~ 00 - 1 . 5 0 7 1 3 ~  00 - 1 . 2 ~ 6 5 1 ~  00 

-8.17 361 E-08 
-5. 49027E -06 
5.3941bE-Ob 

-1.8$09LE 00 
-1.00254E-02 

-9.38338E-04 
-1.62004t 00 

-1.998ri~-oi 

9.28049E-03 -1.Oll4bt-02 2.405896-05 2.40589t-05 
7.06514E-03 -8.151712-03 1.8OlbZF-04 I.RO3bLE-05 

-7.46928E-03 0.b228OE-01 -1.9b029E-05 -1.96029E-05 
-1.2313t.E-02 1.42201E-02 -3.04152E-05 -3.04152t-05 

1.62570E-08 -2.b995bF-08 1.0216OE-10 5.98319E-I1 
4.3412OE-02 -5.01191f-07 1.13037E-O& 1.13037f-04 

-6. 34120E-02 5.01 19OE-02 - I. 13037E-04 -1. I. 3031F-04 

-1.57463E-06 2.00619E-Ob 4.15434F-LO 3.3327flt-LO 
-6.31493E-05 9.2197CE-05 I.lbl5bE-07 1.7b156E-01 
b.2187OE-05 -9.0220bE-05 -1.1574IE-07 -1.75822E-07 

-1.60080E-07 2.09335E-01 3.15661E-11 2.93115t-I1 
-9.95995E-03 1.44046F-02 2.15219E-05 2.75219t-05 
9.95979E-0 3 -1.44044t-OL -2.75219E-05 -7.752 19F -05 

7.7500 2 E -0 7 - 2.772 12 E- I 0 
-1.10919E-04 1.60529E-06 3.08+40€-01 3.003RlE-07 
1.117OLE-04 -1.61541F-04 -3.0865HE-01 -).08658E-07 

-1.0) 359E- 0 b - 2.2 1 3+0L - LO 

I. o 12 33+0 7 -1.364 ~tlc-or 
-6.82000E-Ob 9.88394+06 
b.93920E-Ob -1.0035BF-05 

-1.50369E 00 -1.lb203F 00 
3.4 65L2E-0 1 -4.04 50 1 E - 0 3 

-2.65162E-07 8.15921F-U> 
9.08603E-05 -2.4225kF-OL 

-1.46073E 00 -1.23933E V O  

-3.56999E-1 1 -6.21774k-11 
1.91344E-08 1.91080E-08 

-1.91 749E-08 - I  .91 148f-08 

-1.31747F 00 -1-31741f 00 
B.22025f-0 7 

-3.0904bf -04 -3.0904lE-04 

-1.31714F 03 -1.31114F 00 

8.24 7 39f -0 7 

-2.295 3 7 ~ - 0 5  -1.29 3 i a € - 0 5  



- 105- 
Table XI%- -cant inued 

JACOBIAN. C Y C L E  3 

S I T E 2  S E R U M  
UANH3r 
QAYHZ 

S I T E 3  S E R U M  
RENH3* 
REYHZ 

S I T E 4  SERUM 
R.4 
1.4- 

A I R  OUI 
02 
c02 
H2 
HZfl 

P L A S M 4  
02 
coz 
"12 

R E D  CFLLS 
02 
co2 
N 2  
n+ 
OH - 
CL- 
Y A +  
I(* 
C4+* 
MG++ 
504- 
HPO4- 
HZPOk- 
MHC* 
YH 3 
LbCTlC 
U R E h  
GLUCOS 
nco3- 
HZC03 
c o 3 -  
HZO 
P U O T Y  

ne4 
H8602 
H84OI 
H 8 4 O b  

Puorw- 

R E D H E M E  una 
HZHB+ 
n w + -  
HB- 
UCIRB- 

o x w E m E  OHB 
HZHRO+ 
HHBO+- 
HA02- 
OC4RB- 

OXYSTIBLE H B  
I M I O t  
Inlo 

*ISCPLAS*4 

-2.13419E 03 
-4.98 14 1E-0 3 
-5. 13850F-02 
-1.5992>F-O2 
7.42lbkt-06 
-8.14985E-03 
-1.10663t 01 
2.05690E 00 
5. P53bOF-01 
I.42199E-01 
2.450ibE-0 1 
-1.21087t-01 
-1-81b78€-01 
-8.39039F-02 
5.133b7t-02 
-0. 17988E-04 

-1.43147E-01 
-1.bl020t-01 
-1.612551 0') 
-1.30833E-02 
-8. 8llb83E-0 3 
-2.12248E O j  

1.00000F 00 

2.13526t 05 
0.11514E-03 
5.14101E-02 
7.63800€-02 
-2.90039E-06 
5.2364bt-05 
1.10663F 01 

-7.05690F 00 
-5.95 %Of -01 
-1.42199t-01 
-2.45046E-01 
1.21OB7E-01 
2.102181-01 
5.5363lE-02 

-5.76591E-01 
1.2003+1-0' 
2.01040E-01 
1.431+7E-01 
1.6702OE-01 
2.71441E 00 
7.3120PE-05 
4.kb88OE-03 
2.12350E 03 

-4.02169E-01 
k.02749E-01 

-6.3138BE-03 
-1.86052E-02 
-S.09110E-D1 
-5. b5086E-03 
7. 1480ZE-OL 

-1.68544E-01 - L. 52952E-01 
-1.53354E-02 
-3.11155E-03 
2.86019E-03 

1.68544E-01 
-4.54921E-01 
- 3.46325E-01 
3.6b140€-01 
6.03650€-01 

-7. ~ I O ~ ~ E - U  I 

MI\CREDCELL HHq 

-1.0468hE 02 1.73977F 02 
-4.17711t-04 4.03507E-04 
-4.9234Of-03 4.26248E-03 
-1.53367E-03 1.301bEE-03 
b.4bl93F-08 5. 1bl62E-Ob 

-5.34622E-Ob -7.2549ZE-05 
-9.80851F-02 2.24309E 00 
-2. 36 1  44E-01 -1.64 12 I €  -01 
-6.83501E-02 -2.ZlLIlF-01 
-8.52105E-03 -4.23052E-02 - 1.46158t-02 - 7.25969E-OZ 

2.83 b43F-07 7.8 1 b97E-04 
-9.78589F-04 
9.58732F-ti4 

-6. 38571F-03 - 3.5 7 6 10 €-04 
-2. 4910Of -03 
- I .  3803lE-02 
-1.61058E-02 
~ 2.40 8 I bF- 01 - 1.01 654f-Ob 
-5. 38587t-04 
-2.03913E 02 
-5.54 Id 3E-OB 

7.951 22E-03 
4.20241E-flZ 

-1.1004lE-02 
-4.00 76 1 E - 0 3  
5. 6%70F-O2 
1.19003F-01 
1.309lOE-OZ 

b. 16315E-Ob 
-?. 3203HE-03 
1.15965t 02 

-4.9255*t -07 

- 3 . 7 b i n a ~  00 

2.06590E 02 -1.79003E 02 
7.871 11 E-04 -6.875 13E-04 
+.91191€-03 -4.20385E-03 
2.55252E-03 -2.22342F-03 
6.5238lE-07 6.59935E-06 

9.80837E-02 -2.24309F 00 
2.3bl44E-01 1.64121E-01 
6.03501E-02 2.21IllE-01 

1.46250E-02 7.25969E-02 

-5.86190F-03 -1.100b5E-01 

6.79 7 79€ - 0 3 2.45 844E -02 
-5.43942E-05 -2.69216E-03 
2.k9099E-03 -5.696lOE-01 
1.30031E-02 -1.19063E-02 
1. bl058E-02 -1.30919E-02 

-7.87256E-02 -2.53036E 00 
7.0 1100E-06 -6.02951E-06 

-2.29056F-04 -4.83809E-03 
2.0520kE 02 -1.7bPTPE 02 
2.9822lE-01 5.22693E-01 
7.01 773t-01 -5.22693E-01 
5.24561E-04 1.1127OE-02 
1.54513E-03 3.51061E-02 
3. 39091E-03 9.2k958E-02 
4.69477E-04 1.900 3%-02 

- 1.519 ITF-OI -6- aa289~-05 

0.52306~-03 +..?~052€-02 

- 1. a I 698E-04 -2. a JC.C )E-02 

5. .sa 7 15 t -0 3 6.00 8 9 2 ~  -02 

-5.93862~-03 a.+i+n9~-0i 

1.10027E-02 3.5bOOlE-01 
1.2707kE-02 2.9902OF-01 
1.27403E-03 3.7OlOZt-02 
2.5894OE-04 1.56777E-02 

-2.37609E-04 4.262b3E-03 

-1.40027E-02 3.64400E 00 
3.77960E-02 1.15361E 00 
2.87699E-02 2.36566E 00 

-3.0423OE-02 3.45428E-01 
-5.0145bE-02 -2.20755E-01 

- I.9OkZ3E-07 I. 32760E-07 
-2. LZBOZE 00 I. lb808E-01 
2.12802E 00 -1.7600Bf-01 

9.90001E 01 -1.65OUZf-06 
I. 93146E-02 9.59597E-05 
9.a9aoit 0 1  -9.75912~-05 

1.60000E 01 -1.00603E-01 
3.70558E 00 1.4992kE-02 
1.Z2144E 01 -1.+9926E-O2 

5.70000E 01 1.33k93E-07 
5.69724E 01 1.61900E-04 
2.75918~-02 - I . ~ ~ L ~ O E - O +  

1.90000E 01 1.12107E-07 
1.19983E 01 1.05687E-05 
1.7132bE-03 -1.0445kE-05 

1. 22695E-01 -5.21070E-0 1 
-1.llbl3E-Ol I. 36915L-02 
3.560llE-01 3.10630E-01 

-1.0187OE-02 -1.03394E-03 
-5.09850E-02 -9.1039bE-01 

L.60000E 01 
1.64941E 00 
0.35059E 00 

- 1.504 79E-05 
2.26898E-03 - 2.2 0k69E -03 

-1. 77919E-06 
3.5k497E-01 

-3.54499E-01 

1.48602E-Ob 
3.911 32 LE-03 

-3.9756BE-03 

9.3585ZE -07 
2.48015E-04 

-2 - 46 9 8 ZE-04 
9.21070E 00 

-3.64374E 00 
6.028926 00 
6.12 b36E -04 
6.8231ZE 00 



Table XIXB 

XNCREMENTS IN TOTAL MOLES IN EAC9 C O P i F A R ~ E ~ ~  
PER UNIT INCREASE IN INPUT SPECiES 

JACDBII'I, C Y C L E  3 

U I S C P L A S Y l  * I 5 T R F F D C F L L  * R C  

P L A S M A  -2.13419t 01 -2.0460bE 02 1 . 1 3 Q l i F  71 

R t O  C E L L S  I.Il52bE 01 ?.06598E 02 -1.798016 02 

REDHEMF RHF! -I.bR544f-O1 I.4QO2If-Q? I.5b101E-01 

O X Y H F M F  n w  1.685b6~-01 -1.4c'nof 1.646'13f oc 

O X Y S T A P L E  3R - I . P O 4 2 ~ E - C I  I.31lbOfF~J 1.1) ,if - 1  

S 1 1 f 1  SERUM 9.9000lE 01 -L.bSO0ZF-Ob - I . > p i ' J *  0 5  

SITE2 ( € R U M  1.bOOOOE 01 -1.BObOlf-07 -L.l~liVF-ib 

S I T E 1  S E U U M  5.10000E 01 8. J3493t-01 7.48bfl2E-Ob 

S I I E k  S E R U M  1.90000t 01 1.12107E-01 9.35852E-01 

blll OUT l.22695k-01 -5.110lOE-01 9.2101OF 00 
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'I 

4- decreases considerably more. In response to Na alone, 

then, the red cells would go very acidic and the plasma 

alkaline. Also, partly in response to the pH change, 

hemoglobin oxygenation decreases. 

ThTs experiment cannot be performed in the laboratory 

since a negative ion must also be added. 

is added simultaneously, however, the toea1 response is 

the sum of khe two responses shown in the colunns headed 

~a and GI-. TPLUS, there is still a net ~a transfer to 

plasma; and although almost tw~-thIrd~ of the added Cl- 

remains in the red cell--including the Cl- transferred 

in the ~ a +  column (5.99 x 10'' meq) and the distribution 

If 1 meq of Cl- 

4 4- 

of the added C1- (6.44 x EOsL neq in plasma)--there is a 
c 

net increase of 9.57 x 10-l meq sf CX- in the plasma 

compartment as well as a net transfer of water PO plasma. 

These predicted effects will be proved when dry J- 

NaCl is added as an experimental stress. Other details 

sf the response CQ NaCI can be predicted from the matrLx 

as well as the response of the system 20 other small 

stresses, For large stresses, such calculations must be 

+ ~ n  the doctoral thesis of ~ u g e n e  Napier, M.D., 
Temple University Medical Center, Department of Physiology, 
Philadelphia (unpublished). 



validated, since the partial derivatives are valid for 

only that system state for which they were calculated. t 

OXYGEX DISSOCIATION CURVES 

Any simulation of the respiratory chemistry of blood 

should reproduce the standad oxygen dissociation curves-- 

the oxygen-loading and -r?nloading functions of normal 

blood--when the pressure of oxygen to which it is sub- 

jected varies from, say, L to 100 nm. This test is 

fundamental. 

Since 1942, the data of Dill [I61 on oxygen dis- 

sociation, from the Mayo Aero-Medical Unit have been the 

best available for human blood. 'dowearer, imprsved tech- 

niques (rhe pE and oxygen electrodes) and more careful 

attreialt-i~n to detail (especially at very low and very high 

hemaglobin saturation) may produce an -improved curve [341. k 

The new data may modify the presently best available 

saturation curve by as much as 2 percent of its value in 

some regicans of PO,. This amount is negligible for 

clinical applications where caJculations are seldorn within 

L 

"See Che discussion of Model F in Chap. I, Sec. 3, 
p. 31. 

2965. 
+- .t.J.W. Roughton, F,R.3., prfvake communication, 
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5 percent; but in biochemistry, a 2 percent saturation 

error in the curve-fitting procedure may modify the 

oxygen association constants by 300 percent or more, and 

lead to an entirely different hypothetical microchemistry, 

particularly in the associated reactions of hemoglobin. 

The present model, as Ref. 2, uses the Dill data for 

validation, The solid lines of Fig. 2 are the Dill. curves 

for human blood; the plotted points are various experiments 

with the model. The points marked by circles result from 

a series of computer experiments (described in detail 

below) wherein the pC0 

the stated pH of the Dill curves at LBO mm of 02. 

points reasonably fit the laboratory data--with less than 

was deternzined empirically to give 2 
These 

1 percent error. 

detectable clinically, but may be crucial for a research 

This order of error may not even be 

hypothesis. 

The "nsrrnal" curve (pC02 = 40 mm, plasma pH = 7.4) 

of Fig. 2 is, of course, generated with all "normal" 

values in rhe liter of simulated blood, e.g., normal buffer 

base, hemoglobin, and gas pressures--all variables with 

standard values from the literature. The circle data 

points show the standard computer results holding pH 

canstant over the range of p0 The laboratory report 6163 2" 



3 

s* 

0 



does not indicate whether the pH and pCQ were monitored 2 
throughout the range of p0 in the wet experiments. The 2 
maintenance of both these parameters is now known to be 

critical in obtaining an accurate saturation curve. 

Dill. computed the pCB for given pH values and vary- 

3 

2 
ing p02, assuming constant HCO- content. In fact, the 

HCO- varies uniformly with pH which, in turn, varies with 3 

p02. Consequently, to maintain a constant pH over the 

range of p02 in the saturation curve experiment, either 

the pCOz or the non-carbonate base must gradually change 

to hold pH and HCO; constant. If pCOz is held constant, 

either NaQW or KCl must be added to hold the pW. 

Conversely, to obtain the extreme pH ranges of ?.2 

and 7.6 indicated in Fig. 2 by varying pCQ2 only, pC02 

values different from those quoted by Dill are necessary. 

Whereas Dill computed a pC02 of 25.5 fur pH 7*6 and 61.3 

for a pK of 7.2, the corresponding pCO values are in 

fact closer to 20 mi and 85 mm, respectively. The 
2 

Hemderson-Hasselbaeh equation also verifies these latter 

figures, when HCO varies in the presence of a protein 

buEfer having pK 7.2. ' The crossed points lying on or 
3 

'See Edsall and Wyman, Ref. 8, p. 569. 
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near the corresponding Dill. curves were obtained by 

changing the pC02 to these new values and recalculating 

the saturation curves at pH 7.2 and 7.6. 

For all. three of the curves represented by the 

crossed points, the computer resullss are satisfactory, 

L.e., practically indistinguishable from the Dill curves. 

This is Important to several pertinent theoretical ques- 

tions. For example, the interactLon of CO and H with 

oxygenation is evidently sirnulatable, if not in exact 

detail than in overall effect. Again, note that the 

oxygenation parameters were determined for hemoglobin in 

solution and not for whole blood [2]. Yet when the 

parameters were incorporated in the whole blood, they 

gave the same curve; ?.e., probably unaccountable 

change occurs in the oxygenation of hemoglobin incorporated 

into whole blood compared to hemoglobin solution. 

-4- 
2 

A further implication of the goodness of fit concerns 

the effect of pH on the saturation curve. 

to p02 = 1 mm, the pH along the saturation curve drifts 

basic by about 0.1. pH unit. (This amount a€ drift is less 

than that predicted from hemoglobin solution experiments-- 

From p0 = 100 mm 2 

0.23 pK units [l4l--because the blood is mare highly buf- 

fered.) Rowever, the reasonable fic to the Dill curve 
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indicates that the pH was not controlled in the wet 

experiments, and must have drifted approximately the 

same amount. 

with constant non-carbonate base in the blood and 

constant pC8 the pH of normal blood goes basic when 

the blood deoxygenates, and vice-versa [l.4]. The exact 

amount of this effect varies both with the absolute 

saturation and the absolute p51. Beginning a% 100 m PO, 

and pH 7.4, deoxygenation causes the non-constant pH 

curve to deviate from the constant pW curve, but by an 

amount different than for the 7.2 or 7.6 curves c351. 

The oxylabile side reactions of the protetn produce this 

phenomenon, related to the Bohr effect. Certain ionizing 

groups, as yet not precisely specified, change pK ac- 

cording to the state of a nearby oxygen site. Generally 

speaking, the pK of nearby sites decreases as oxygen 

attaches, although for certain sites it may rise with 

oxygenation [3QJ, Also, some of these sLtes are evidently 

carbamino sites, since the absence of CO reduces the 

shift in pH effece [353. 

2' 

L 

2 

To test the difference between a curve run at: 

constant pH and one in which the pH drifted, HC1 or NaOH 

was added as though a laboratory pKStat had been used in 



the wet: experiment. The circle points plotted in Fig. 2 

indicate the results. 

While the error from the Dill curves is biochemically 

important. at low p02' tshe absolute amounts of these effects 

are difficult to verify in the literature, because of the 

absence of definitely comparable experiments. In several 

published experiments which study the pH effects on 

oxygenation, principal results are on hemoglobin solution 

%14,28,36,37]. Since the whole blood is buffered more 

heavily than hemoglobin solution, the quantitative values 

for whole blood are not evident from these experiments. 

Several other papers note that for whole blood the de- 

crease in pH shifts the saturation curve to the right, 

I.@., decreased oxygen saturation at the same PO (as 

expected); but generally this shift in pH is accomplished 
2 

by changing pGOz [38,391. 

this computer experiment would be interesting. 

In short, a careful test of 

THE "ASTRUP" EXPERIMENTS 

Figure 3 reproduces an Astrup-type chart' for clinical 

determinations of the state of whoke blood. The straight 

'copyright : RADIOMETER Copenhagen e 
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line A (from the literature c401) represents an experi- 

ment with normal adult male blood; D is a comparable 

experiment computed from the present model. 

Generally speaking,  he slope of the lines drawn on 

the Astrup chart from blood samples is proportional eo 

the buffer power of the blood in respiratory acidosis. 

The steeper the line, the better the blood wtll buffer 

or increase in PCO (i-e-, H+ ion), 

or the line D (since they differ insignificantly)--gives 

the normal buffer slope for bleod with the scaiidarpd 

amounts of buffering constituents. In Fig. 3, blood at; 

pti 7.38 and at 40 m pC0, contains the amount of “standard” 

bicarbonate given by the Henderson-Uasselbach equation, 

here 23.8 neq/L blood, With other conditions c ~ n s t a n t ,  

but changing pC0 the buffered blood will normally fallox 

ZPne A (or D) intersecting the hemoglobin content curve 

at 16 (17) grams percent. 

~ h u s ,  the line A-- 2 

I 

2’ 

The buffering constituents are, in decreasing order 

of importance, rhe carbon dioxide system ieself, heme- 

globin, plasma proteins, organic and inorganic phosphates, 

and scbsidiary systems. Together, these several con- 

stituents represent rhe anions capable of bindlrag hydrogen 

ion in the viable pl-i range and, except for the CO system, 2 
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are called the "buffer base" of the blood. The carbcmate 

system is not part of the bur'fer base because it is 

(indirectly) the CO which is to be buffered. "Buffer 

base'' is an imprecisely defined term, since the hydrogen- 

binding capacity of the proteinate and phosphate factors 

varies so considerably with pT6i9 thelr "buffer power" being 

directly proportiaml to the slope of kheir titration 

curves at a particular pH, Nevertheless, the term "buffer 

base" is useful for the narrow range of p 9  in clinical 

applications. At normal concentrations of protlein and 

af, viable pH and pCO2' the imidazole ionizing groups of 

protein plus the carbamino reactions and phosphate corn- 

plexes normally buffer as though about 45 to 48 meq per 

liter of ionizing sites existed. 

2 

AddFtions of acids or bases, as in metabolic acidosis 

or alkalosis without respiratory compensation, should 

change an available buffer base of the blood by just the 

amount af acid or base added. Because the solvent wa?ler 

has a law ionization constant, the added excess sf hydrogen 

or hydroxyl ion can not stay in solution in hnized form; 

these ions must esseneially either bind to a hydrogen- 

binding site or remove a bound hydrogen--thus redur-ing or 

increasing, respectively, the available buffer base. 
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When the buffer base is non-normal, indicating a 

metabolic aIka'Fosis or acidosis the buffering reactions 

of Che blood to increased pC0 are approximately the same 2 

as for the normal. However, the buffer line che Astrup 

diagram will shift to the new range of pH corresponding 

to the new value of the buffer base. Lines A' and D4 of 

Fig. 3 are, respectively, the ideal responses of whole 

blood in the Astrup experiment and the response of the 

computer model to changes in pC0 after addition of 10 

meq of WCS per liter. The slope of the buffer lines has 

steepened slightly because Che lower pH is closer to the 

middle of the range of imidazole ionization, so the 

buffering is more effFcient. The lines D s  did not move 

a full. ten units on the base excess curve, although 10 

2 

mq sf acid was added. 

This discrepancy is dif f i e u b ~  to rationalize ~ The 

literature notes that the standard curves are based on 

blood samples Erom 1.2 persons, and that the same titra- 

tion results were obtained wirh hydrochloric, lactic, 0r 

acetic acids c403. Yet ae constant pC0  be computer 

Zsl~od buffers HC1, better khan real blood; toe. far 

constant pC0 a0 meq of EC1 changes the pK less in the 

modal khan the same amount added to human blood. 

2' 

2' 
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The discrepancy is large--about 10 percent of the 

buffering capacity in this central pH range; and its 

direction indicates that the madel is already buffering 

too well--i.e. ~ the model does not need an additional 

buffer system. On the other hand, the blood used $0 con- 

struct the chart was probably not viable blood; it was 

probably damaged by centrifugation, changes in temperature 

and gas pressures, and by Che addition of a fluoride 

stabilizing agent e401. Some denaturation of the protein 

by physical forces, plus slight hernolosis, plus fluoride 

agents* interference with cell glycolysis could easily 

Line B in Fig. 3 is the iso-bicarbonate l-Lne, :.e,? 

the line along which piri 3- log pC03 = K is constant, and 

the E C O ~  concentratian is consequently also constant. 

EdsaPl and Wyman [S) give line E for t;he pC0 /pH relation- 

I 

2 
Ship in 0.02 Sodium biCaX‘bOna%e SQlUkFOn; the ACQ’- 3 
concentration is nearly constant:. They also remark that, 

for this simple solution case, the total CO T, carried 

is relatively invariant iqith pGB the change bchg only 

from 17.1 to 22.0 mit?: per liter, with a change in $0 

2’ 

2’ 

2 
froin 8.45 to 63.0 rllm. 
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Blood, however, for efficient action must have a 

2. different property. Relatively large amounts of GO 

must be picked up or lost with small. increments of pC0 

between venous and arterial blood ~ Th-Ls is accomplished 

through better buffering of the blood than the s b p l e  

solution affords. If the pE lis almost constant, then, by 

the Henderson-Hasselbach equatLon, as pC0 increases 

HCO- must increase proportionately. 

2 

2 

TINS ~ buffering the 3 
hydrogen ior? is essential to CQ transport. 2 

From an earlier mathematicaZ model of human blood [Z] 

not containing the imidazole reactions in plasma and red 

cell protein, line C Ln Fig, 3 indicates the bufEer power-- 

and hence CO -transport capacity. Rotating this line 20 

the present increased bufzer capacity (Line D> was a matter 

of including the titrakion reactions or‘ plasma protein and 

of hemoglobin. Of these two groups sf proteins, tha@ af 

the red cell is more important because of Che carbamino 

reactions of hemoglobin with 60 oxylabile ionizing 

groups, and the large group of non-oxylabile sites. 

2 

2> 
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