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PREFACE

This study is related to a continuing Project RAND effort
exploring the use of mathematical models to investigate the chemical
aspects of pﬁysiological systems.

The objective of the overall project is to attempt the detailed
quantification and synthesis of the chemistry of hufnan physiological
functions with the aid of advanced electronic computer and programming
techniques. The emerging space age presents an especially difficult
challenge to biological science and medical art. The results of
stresses that may be placed on organisms by the new and stringent
environments associated with space travel are largely unknown.
Progress in understanding the effects of these environments on the
human organism will be difficult and slow, if not impossible, unless
the present quantitative aspects of the biological arts and sciences
can be greatly advanced. It was decided that the techniques used in
this project should be pushed to the biological or mathematical limit,
whichever came first, in the hope that adequate mathematical models
of increasingly large portions of the human system could be constructed.

The present Memorandum represents a survey of just such a re—
gion of biological and mathematical limitation. Previously, we construc—
ted models of compartmented whole bodies in which simulated real time
was introduced and in which renal and extrarenal excretory pathways

were related to dietary inputs and to certain types of chemical stresses.
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These models did a pretty good job of reflecting acute and chronic
alterations in body fluid and electrolyte distributions for healthy,
resting individuals subject only to moderate physiological stress.
Such a state probably represents conditions under which most
individuals exist much of the time. These models, however, are
defective in that they cahnot as yet respond properly to certain kinds
of psychological and pharmaceutical stresses.

It is known, for example, that various classes of chemical
substances have different steady—state concentration gradients
between various intracellular and extracellular media. When
relatively large amounts of some o.f these substances are added to
the system, the concentration gradients of other substances may be
altered in one way or another, or not at all. Fluxes of such
substances into or out of cells, sometimes to regions of higher
concentration, are similarly affected. Substances of greatest
interest include metabolic fuels, intermediates, and products—
various carbohydrates, amines, amides, and amino acids. The
mutual antagonistic or augmentative influences of such substances
are noted in many parts of t.he body: for example, between blood
and gastrointestinal fluid, cerébrospinal fluid, urine, saliva, sweat,
bile, and aqueous humor. The most widely accepted explanation
for these phenomena is based entirely on the characteristics of the

membranes separating the compartments. Such an explanation
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postulates membrane carriers that supposedly combine differentially,
or not at all, with the large number of substances involved. As many
as 50 separate carriers need to be postulated for some systems.
Inasmuch as few, if any, carriers have yet been identified, and hundreds
or thousands of kinetic and diffusion constants (few now known and
varying from system to system) must somehow be estimated in order
to construct whole-body models incorporating the membrane~carrier
hypothesis, this hypothesis entails grave difficulties for the model
builder.

Whatever the present deficiencies of chemical solution theory
for application to complex body fluids, physicechemical experience
with somewhat similar types of nonbiological solutions enables one
to state with a great deal of certainty that the properties of the fluids
will affect fluxes and concentration gradients. The only question is
whether their influence will be of a significant degree.

As so often happens, we found upon further investigation that
our concern for the influence of body—fluid properties in physiological
regulation was not unique. There are scientists in the Soviet Union
who have been advocating the ''phase'’ theory of regulation with
emphasis on the characteristics of body fluids for a decade or more.
As far as we can determine, the propositions of this school have
not appeared in western literature nor have been accepted or even

discussed by western physiologists. = Although we have obtained
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papers that describe the general hypotheses of this school, we have
had difficulties (possibly because of distance and the language
barrier) in obtaining papers that describe experiments in detail
and contain data useful for corroborating the hypothesis. For this
reason, it has been difficult to find appropriate data for our
evaluation of body—fluid effects; the experiments described in the
literature upon which we drew were mainly designed for other
purposes.

Of all chemicals that influence body composition, the hormones
are among the most potent. Although they exist in tiny amounts in
the body, changes in their levels—as brought about by various
psychological or pharmaceutical stresses or disease—-can exert
major acute and chronic chemical changes in the body. Hormones
react both antagonistically and augmentatively with each other.
There is no generalized theory of hormonal action; the science is
still largely at the level of qualitative classification of hormonal
effects. Any quantitative model of hormonal action must of necessity,
then, be limited in nature, empirical, and inflexible. If, however,
an important mode of hormonal action can be shown to occur through
its effects on body fluids, then one might hope to call on solution
theory to help provide the basis for a moré generalized predictive
model. The present study indicates that there may be some basis

for this hope.
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SUMMARY

The authors of this study examine the proposition that certain
physicochemical properties of biological fluids contribute to main—
taining the steady-—state concentration gradients that occur in
physiological systems. In particular, simple electrostatic solution
theory is used to demonstrate that differences in ionic strength and
dielectric constants of fluids separated by simple membranes can
produce large concentration gradients for uncharged organic
substances between the fluids. The magnitude of the gradients,
and whether they are greater or less than one, is shown to depend
on the electrostatic characteristics of the fluids and on the size
and signs of the dielectric increments of the substances.

Examples selected from the literature of systems ranging in
complexity from gels and agueous media to plasma and urine are
used to demonstrate that there is a statistically significant relation-—
ship between dielectric increments and concenfcration gradients for
a variety of organic substances. Neither the lipoid solubilities of
these substances nor their molecular weights are significantly
related to their concentration gradients.

A model of species interaction is derived from simple solution
electrostatics. The relevance of this model to the explanation of
the known antagonistic and augmentative effects of certain chemical

species upon each other's concentration gradients between
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physiological compartments is examined in the context of the renal
excretory system. The model is weakly supported by the rather
sparse data available.

Hormones are among the most potent chemicals to affect the
distribution of substances between body compartments. With anti—
diuretic hormone as an example, computations are made that show
that it is feasible for this hormone, by complexing with B8 globulin,
to alter the dielectric constant of plasma so as to change the activity
of water from that of diuretic urine to that of concentrated urine in
the hydropenic state. This protein—interactive, bulk fluid mode of
hormonal influence is suggested as a basis for explaining certain

presently unexplained hormonal actions and interactions.
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SPECULATIONS ON PHYSICOCHEMICAIL
FLUID PROPERTIES IN PHYSIOLOGICAL REGULATION

1. THE POSSIBLE INFLUENCE OF THE BULK ELECTROSTATIC
PROPERTIES OF BIOLOGICAL FLUIDS IN ESTABLISHING
CONCENTRATION GRADIENTS BETWEEN BODY COM PART—
MENTS.

In considering the mechanisms by which concentration gradients
of various chemical species are maintained and controlled across
membranes separating biological fluids in living systems, most
biologists place great emphasis on the role of the membrane.
However, little attention is paid to the possible influence upon these
gradients of the properties of the separated fluids interacting with
the substances. The study of membrane transport mechanisms
occupies the attention of a great many biologists, who conduct
investigations with different biological systems both in vivo and
in vitro. Membrane transport phenomena for many different
chemical species are hypothesized and investigated in diverse areas,
including renal clearances, -intestinal absorption, gall bladder
function, cerebrospinal fluid clearance, cultured tissue—slice
studies, toad bladder experiments, red—cell transport and plant—
rooti exchanges.

The lack of concern with the bulk characteristics of biological

fluids was brought to the authors' attention during some recent



studies of the physicochemical characteristics of certain physiolog—
ical subsystems. It appeared to us that the very large gradients
maintained across membranes must at least be influenced by the
properties of the fluids bathing the membranes. We could find few
investigations of this subject reported in the literature. Certain
small, relatively simple, ‘uncharged but diffusible highly water—
soluble substances for which no satisfactory transport mechanisms
have been formulated often have large concentration gradients
between fluids separated by membranes. Urea and glucose are
examples of compounds that frequently demonstrate large gradients

of opposing sign.

1.1. A Basis for Evaluation

One might ask what physicochemical characteristics urea and
glucose possess that might interact with the fluid properties to
prﬁduce concentration gradients. An obvious property to examine
in this connectign is the dielectric increment for the two species
in aqueous solution. The dielectric increment is defined as BD/Bmi,
where D is the dielectric constant of the solution and m, is the
concentration of the solute in moles per kilogram of water. The
values for the dielectric increment at 20°C for urea and glucoée in
aqueous solution computed from data in [ 1] (Vol. VI, pp. 100 aﬂd

101) are 2.6 kg mole = and —24. 32 kg mole“1 respectively.



According to Harned and Owen (Ref. [2] pp. 531-534) and
Edsall and Wyman (Ref. [3]pp. 265-275), the activity coefficients
of neutral molecules having negative dielectric increments increase
with increasing ionic strength of the solution and thereby tend to be
"salted—out' of solution. The reverse is true for molecules having
positive dielectric increments. Thus, if we imagine two saline_
solutions with differing ionic strengths (maintained by external
processes) on opposite sides of a membrane permeable to both urea
and glucose, urea will tend to be salted out of the solution having
the lower ionic strength and salted into the solution having the
higher ionic strength. Glucose will be partitioned in an opposite
fashion, so that concentration gradients for the two species (the
one greater than one, the other less) should be established between
the two solutions.

Similar concentration gradien’cs will occur between SQlutions
having identical ionic strengths but different dielectric constants.
Generally, substances having negative dielectric increments will
be salted out of such electrolytic solutions (activity coefficients
greater than one) and substances having positive dielectric increments
will be salted—in (activity coefficients less than on€). The manner
in which this phenomena can cause concentration gradients is

illustrated in the next section.



We wish first to demonstrate the qualitative relations that exist
between the concentration gradients and the following factors: ionic
strength, dielectric constant and dielectric increment. To this end
we make use of the following expression (developed by Edsall and
Wyman [3], page 270), that relates the activity coefficient of a

neutral species in electrolytic solution to the electrostatic parameters

ABN1 N3

RT 1——N3

in f2 = (1)

Here f2 denotes the activity coefficient (on the mole—fraction scale)
for an uncharged species; R and T have their usual meanings as the
gas constant and absolute temperature; NT is the mole fraction of
the solvent assuming that only the uncharged species but not the
electrolyte are present; and N3 is the mole fraction of the un—ionized
electrolyte. A and B in (1) represent an aggregation of parameters

which for a particular system may be assumed to be constant.

2
—Ne¢ \)Z+Z_

24
In the above definition of A, N is Avogadro's number 0.6024 x 10
-1 . —-10 . .
mole ; € is the proton charge, 4.8 x10 franklins; v is
the number of ions produced by the ionization of the electrolyte;
Z+ and Z-— are the valences of the cation and anion respectively;
and b is a "'mean radius' associated with the ions of the electrolyte

such that



1
b Z - Z 2%  2b ’ (3)

where b _and b_ are the conceptualized "radii' of the cation and
anion respectively, and the other symbols are as defined above.
B, the factor reflecting the dielectric increment of the uncharged

species, is defined as

* 1
BN2—- -5 - (4)

0

gi=

DO is the dielectric constant of the solvent (here, water in all cases),

and D is the dielectric constant of a solution containing n, moles of

* *
water and n, moles of the uncharged species. Also, N_ =1 — Nl'

2 2
The assumptions used in deriving (1) are technically inapplicable
to the situations in which we will use it. However, it has been shown
to yield qualitatively correct results in other situations to which it is
formally inapplicable ( [2] pp. 531-534, [3] pp. 265-275). Also,
(1) may be rewritten in a form in which the various parameters that
affect f2 are more readily apparent. Thus ionic strength, w, is

usually defined by

mq

_ 2 2. 1
W= — (\)+Z+ +v Z ) =— 3 MgvZ. Z (5)

2

where m., is the concentration of salt in moles per kilogram of water.

We have approximately from (4) ,



B=- — = (6)

where g is the molecular weight of pure water in kilograms per
mole and D is the dielectric constant of the solution, and, to a

very good approximation,

=1. (7)
Finally, we may combine (1), (2), (5), (6), and (7) to obtain

Ne2 1 oD

w . (8)
RT || 52, 3m, |

Lnf2=——

The first factor on the right of (8) is a constant at constant
temperature. The second factor reflects the effect of the differing
dielectric increments of the uncharged species, the dielectric
constant of the system, and the "mean radius' of the electrolytes
in the system.

Keeping in mind that (8) reflects only the electrostatic parameters
affecting f2, the activity coefficient of the uncharged species, and
is at best an approximate model of real solutions, it is instructive
to examine the directional effects indicated by (8). Thus, if BD/arn2

is positive, f_ is less than one; such a compound is said to be salted

2

into solution. An example is HCN, which raises the dielectric

constant of water. In this case, aD/Bm2 for HCN is therefore



positive, and the compound HCN is salted into solution by most
electrolytes ([3], p. 271). If aD/'Eam2 is negative, i.e., if it
reduces the dielectric constant of the solution, fz is alway greater
than one and the compound is said to be salted out of solution (see
acetone in Ref. [3] p. 271).

If aD/am2 is positive, then f_ is less than one and will decrease

2

with D, the dielectric constant of the solution. When BD/Bm2 is

negative, f_ is greater than one and increases with decreasing D.

2
The influence of b on f2 is directionally the same as for D. The

directional effects of w, the ionic strength, are the opposite of those

of D and b. Thus, for a negative B_D/ami, f.

, 1s greater than one and

increases in size with increasingw . When aD/ami is positive,
f2 is less than one and decreases with increasing ionic strength.

To obtain an appreciation for the numerical magnitude of the
values of f2 that result from the use of (8), we have prepared
Table 1 using this equation for solutions having dielectric constants
of 300, 80, 60, 40, and 25, and for uncharged species having
dielectric increments of 3.4, 25, 60, —3.4, —-25, and —60. In all
cases shown in Table 1 the mean ionic radiuﬂs was held constant at
2 X 10_8 cm, the temperature at BOOOK, ionic strength at 0. 166 moles
per kilogram of HZO (N3 = 0. 006 according to definitipn of [3], p. 266).

As we shall attempt to demonstrate by subsequent examples, the

activity coefficients and concentration gradients listed in this table
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Note:

&The dielectric increments listed in this column were
determined in aqueous solutions and are intended to be
appropriate for solutions having a dielectric constant near
that for water, as does the standard comparison solution of
Column 1. The question arises as to what corresponding
dielectric increment should be assumed for solutions having
dielectric constants widely differing from the standard.

A common assumption (in the absence of actual measurements)
is that the dielectric increment of a substance is independ—
ent of the solution to which it is added. This assumption
is obviously incorrect in the 1imit. Another possible
assumption, and the one used in these computations, is that
the dielectric constant of a mixture is the sum of the
products of the dielectric constants of the individual
substances in the mixture and their mole fractions, thus,

Based on this assumption it can be shown that

IT _ ol _ pllyg

5 (D + ol

and

1 I1 IT

8- = (D°7 — DI)e + 8

where DI ig the standard dielectric constant of Column 1,
DII is the varying dielectric constant of Column 2, 51
is the dielectric increment of Column 3 representing that

in the standard solution, 5II is the dielectric increment
computed by the formula above. These values (not shown
in the Table) were used in Equation (8) to compute £,.



encorﬂpass those for uncharged species in biological systems with
reasonable assumptions being made regarding dielectric constants
and ionic strengths. There are more sophisticated formulations of
the electrostatic effects on activity coefficients of substances in
solutions. * However, the biological data pertinent for evaluating
these formulations are so few and uncertain that the use of these
more detailed formulations is not warranted at this time. For
example, there are no data on the dielectric constants or ionic
strengfhs of biological fluids suitable for directly evaluating the
worth of the hypothesis that electrostatic solution effects contribute
to concentration gradients. Measurement of the electrical properties
(including dielectric constants) of biological materials has largely
been directed at understanding the electrical potentials generated
by the heart, the mode of action of clinical electrical treatments,
diagnosis, and the structure of membranes and complex molecules
[4] . The measured dielectric constant of whole blood, for example,
gives no pertinént information as to the dielectric constants of plasma
or of cell protéplasm because of the overriding influence of the
suspended red cell in determining the values for blood.

A few sets of experiments are available, however, that permit

evaluating f, (the activity coefficient) in terms of changes in aD/am.l

*
The reader interested in these developments, particularly as

they involve complex polyelectrolytes like proteins, may consult
references such as [2, 3, 69, 71, 72] .



(the dielectric increment) without explicitly evaluating all of the

other terms of equation (8).

1. 2. Experiments with Chemical Models

Troshin [ 5] reports experiments on the distribution of
galactose and sucrose between an equilibrium aqueous solution
and the water of a complex gel. The concentration gradients
between external solution and intracoacervate water are within the
limits predicted by (8) for substances having negative dielectric
increments in an environment containing one—tenth normal HC1{
as the electrolyte. See Table 2.

The gradients of galactose and sucrose change as the concen—
trations of these substances are changed in the mixture. Troshin
explains the gradients as occurring because of a combination of
two factors: the lowered solubility of the substance in the water
of the coacervate as compared with its solubility in the water of
the equilibrium solution, and the absorption of the nonelectrolyte
on the surfaces of the colloidal particles. These combined effects,
operating differentially, can explain the changes in gradients that
occur with concentration. Troshin reports having conducted many
experiments with muscle, erythrocytes and yeast in studying the
distribution of various substances (sugars, amino acids, creatinine,
urea, acid and basic dyes), and he maintains that the same pattern

exisis for these systems as for the coacervates.
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In a later work [6] , Troshin says "

at the present time the
lower solubility of substances in protoplasm is not linked to the
solvation of water. Its mechanism is still unclear...nevertheless,
the actual fact of the lower solubility is indisputable. "

We propose that the different solubilities in protoplasm and
external fluid are importantly affected by the electrostatic properties
of the protoplasm (or coacervate) and of the dissolved substances.

In addition, we suggest that the variation in solubility with concen—
tration is not necessarily due only to absorption but may be caused
by changes in dielectric increments with concentration for the
uncharged species. The dielectiric increments for very few
substances have been measured in.the concentration range of

typical biological occurrence. Thus, the least concentrated solution
for which the dielectric constant is typically measured is 5 gm percent
so that the increments of dielectric constant and concentration must
be calculated over a wide range to establish aD/Bmi . The. con—
centration range of biological interest is more typically 0 gm percent
to 0. 10 or 0.5 gm percent. Saccharin is one compound for which
dielectric measurements are reported in this low range of concen—
tration ([1], Vol. VI, p. 101). At 20°C the dielectric increment

for saccharin computed between 0 gm percent and 0.1 gm percent

is +732 kg—mole-l; between 0 gm percent and 2 gm percent the

value is —745 kg——mole_l. Calculated between 0 gm percent and



and 10 gm percent saccharin, a not unusual lower value reported

in the literature for substances of interest, the dielectric increment
is only —39 kg mole—l. Here, then, is a compound whose dielectric
increment changes sign between 0. 25 gm percent and 0. 50 gm percent
.saccharin.

The predicted large influence of such major changes in aD/Bm.l
on concentration gradients in biological systems can be appreciated
through examination of Eq. (8) and Table 1. Unfortunately, we
could not locate reports of studies of saccharin concentration
gradients in biological systems to determine if such gradients
might éctually be altered with changes in saccharin concentration.

Glucose is also a candidate to suspect of having anomalous
dielectric increments in that the substance exhibits '""threshold"
concentrations in biological systems (suggesting large changes in
BD/Bm.l with concentration) and its concentration gradients do not
correspond to its reported dielectric increment as determined
between 0 gm percent and 5 gm percent, the lowest concentration
of glucose in solution for which the dielectric constant has been
determined [7]. This feature of glucose will be examined

subsequently.



1. 3. Experiments With Biological Models

1.3.1. Dielectric Increments of Diffusible Organic Substances

in Relation to Their Concentration Gradients in Yeast Cultures.

Lindenberg et al., have reported studies of the distribution of a
number of organic substances between intracellular water ;and
extracellular water in baker's yeast [8,9]. The results are listed
in Table 3. The intracellular—extracellular concentration ratios

reported by Lindenberg et al., c /c1 = f1/f2, have been converted

2
to activity coefficients by assuming that the activity coefficients

in the dilute bathing solutions are one (f1 = 1); these are listed

in column two of Table 3.

The results of statistical analysis, given in Table 3, indicate
that the correlation coefficient between {n f, and aD/ami is
extremely high. By the Student ''t''test there is less than one
chance in a thousand that the estimate of in f2(i) from BD/ami is
accidental. Lindenberg et al., attribute the gradients to the
electrostatic solution phenomena we have described. In contrast
to our analysis these investigators treat thiourea and sulfanilamide
separately from the other compounds and attribute a portion of their
gradients to more spe-cific‘chemical affinities of these compounds

for certain cellular components. This latter effect is analogous

to the absorption proposed by Troshin.
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Table 3

ACTIVITY COEFFIGIENTS AND DIELECTRIC INCREMENTS
OF ORGANIC SUBSTANCES IN RELATION TO BAKER'S YFAST CULTURES
(After Lindenberg et al.[9])

T

Intracellular® Dielectric
Activity Coefficient b Increment
Substancel of Substance, £, In £, (kg_mole~l)
Isoproponol 1.449 0.37156 4.3
Ethanol 1.315 0.273 —2.6
Glycerol 1.30 0.262 —2.6
Glycol 1.242 0.218 —1.8
Methanol 1.205 0.184 —1.4
Acetamide 1.156 0.144 0.8
Formamide 1.064 0.062 +0.5
Urea 0.926 —0.07688 +2.7
Thiourea . 0.746 -0.293 +4.0
Sulfanila—
mide 0.588 —0.53103 +7.0

4The intracellular activity coefficients of the substances,
f2’ are computed by assuming that the activity coefficients in
the dilute extracellular liquid is one.

bThe regression equation for estimating 1n f2 in terms of
BD/Bmi is 1In f2(i)= 0.06136 — 0.08032 [BD/Bmi~ 0.07]; correlation
coefficient, r = 0.992; standard error, SE = 0,0053; Student
"t'" — test, t = 22.22, P < 0.00L.



1. 3. 2. Concentration Gradients of Organic Substances Between

Erythrocytes and Aqueous Media (Ringer—Locke's Solution or Serum).

A study of mammalian erythrocytes by Parpart and Shull [66] is of
greater pertinence to animal physiology than the previous examples.
These investigators measured the equilibrium distribution of ethylene
glycol, glycerol, urea and water between erythrocytes and suspending
media (Ringer—Locke and serum gave similar results). They usea
bloods from a large number of animals of different -SpecieS: beef,
dog, man, and sheep. They assumed that the activity coefficients

of the organic substances were the same within the erythrocytes

and in the media and that differences in concentrations, in and out,
were due to differences in ''solvent power" or "osmotic activity"

of ther cellular water. *

It is of interest to determine if the concentration gradients
between cell water and media of ethylene glycol, glycerol and urea
are related to the dielectric increment of these species in water.
For this purpose the values of gradients for beef blood, computed
from Parpart and Shull [66] are plotted against the dielectric

increments of these species as computed from Akerlof [70]. The

results are shown in Figure 1. The dielectric increments for these

*
The concept that bound or otherwise sequestered intracellular

water is a cause of concentration gradients is still current among
physiologists (e.g., [67]and [68]), although modern physicochemical
analysis appears to deny the validity of this idea [69].
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substances as determined by Lindenberg and Zuili [8] are similar
and show the same excellent agreement with concentration gradients.
Unfortunately, too few substances are measured and reported to say
that the relation shown in Figure 1 is conclusive proof that the
interaction of dielectric increment and bulk electrostatic properties
causes the gradients. On the other hand, these data do not deny the
hypothesis, but rather add weight to the evidence for it presented

in previous and following sections. The values for beef blood were
selected because they represent the averages of analyses of the

gradients for thirty—three animals, the most for any species reported.

1. 3. 3. Gradients of Organic Substances Between Plasma and

Urine in Humans in Relation to Dielectric Increments. For certain

purposes it is convenient and appropriate to consider urine and
plasma to be two phases separated from each other by a phase
boundary [10, 11]. This conceptual boundary combines the
properties attributed to the several real membranes involved in

the separation of plasma and urine and allows us to consider the
characteristics of concentration gradients of a number of chemical
-substances as they exist in both plasma and urine and as they may
relate ’to the electrostatic characteristics of the substances and of
these fluids. To this end, we have collected data from the literature
relating to the compositional gradients of substances for which there

are also data on dielectric increments, aD/?ﬁmi . The relatively



few such substances for which the two sorts of information could

be located are listed in Table 4. Figure 2 shows 4n gu/p , or 4n fp/fu
plotted versus the dielectric increment and the computed best fit

line. In spite of the uncertainty imposed by some of the original

data, the relation between the ''resting'' urine—plasma concentration
gradients of the listed substances and the dielectric increments of .
these substances is surprisingly good. The correlation coefficient
between 4n Eu/p and aD/ami is —0.9061.

The negative sign of this coefficient indicates that as the
dielectric increment becomes less positive the concentration éf the
substance becomes higher in urine with respect to plasma. Inasmuch
as positive dielectric increments are associated with more polar
compounds and negative dielectric increments with less polar
corr;pounds, the resulting gradients indicate that the body tends to
differentially excrete less polar substances (e. g., mannitol) and
conserve the more polar substances (e. g., amino acids).

As mentioned earlier, the presently available data indicate
that the dielectric increment for glucose (calculated between 0.0
and 5 gm percent) is —24. 3 kg..mole_-l. This value and the gu/p
for glucose at normal human plasma concentration levels are not
compatible with the above hypothesis. This incompatibility plus
the "threshold" excretion characteristics of glucose indicates that,

as is the case for saccharin, the dielectric increment for glucose
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Table 4

URINE—PLASMA CONCENTRATION GRADIENTS AND DIELECTRIC INCREMENTS
FOR SOME ORGANIC SUBSTANCES

Concentration
Gradient, In g a Dielectric Molecular
Urine—Plasma, u/p - Increment Weight
Substance Su/p (1n fp/fu) (kg mole— 1) | (g-mole ™)
Arginine 1.49 0.3988 62° 174.2
Ornithine 1.04 0.03922 51° 132.6
Taurine 0.82 ~0.19845 41° 125.14
Creatine 8.88 2.1838 32.2° 149.15
Glycine 21.1 3.0493 37.3° 75.07
Glutamic Acid 31.4 3.4468 26° 147.13
Sulfanilamide 45, 3.8067° 7t 172.2
Urea 53.03 3.90708 3.4° 60.06
Manni tol 135. 4.9053P —2.62% 182.17
Sucrose 134. 4.8978° _7.228 342.3
1

8Unless otherwise indicated, concentration data for urine and
plasma are from Ref. [12].

Concentration gradients for these species were derived from
clearance data at low urine flow from Ref. [13].

“Dielectric increment from Refs. {14, 32].

dFrom Ref. [1].

CFrom Ref. [7].

fFrom Ref. [9].

8The regression equation estimating In & /p (In fp/fu) from
°D/%m; is ln g; = 2.650 — 0.074 (BD/Bmi — 25.006); correlation
coefficient, r = —0.9061; standard error, SE = 0.063; Student 't"
— test, t = 6.06, p < 0.00L.
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is highly dependent on concentration and that at the normal plasma
level of 0.1 gm percent the dielectric increment is likely to be
much less negative. The similar "threshold" excretion charac—
teristics of creatine [13]and its 8u/p at elevated plasma levels
make one suspect that its relation between concentration and
dielectric increment at low, physiological concentration levels

is highly nonlinear.

1. 3. 4. Lack of Relation of Gradients to Other Properties of

Organic Substances. It has been suggested that gradients of organic

substances occurring between body fluids separated by membranes
are strongly influencéd by the relative lipoid/water solubility of
the substance. The conventional rationale is that since substances
with high lipoid solubility can more readily penetrate the lipoid
substance of the membrane, they are not greatly hindered in
pass'mg from one compartment to another. In this connection,
it has frequently been suggested that the renal reabsorption of these
‘organic compounds, which ultimately affects their clearance, is
determined by their lipoid/water solubility* ratios (see, for example,
Ref. [15]).

In the case of some thirteen organic compounds for which we

could locate data for both renal clearance and lipoid solubility,

X
The lipoid/water solubility ratio is usually approximated by

measuring the diethyl ether/water or olive oil/water solubility
ratios [16], [17].
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there was no meaningful statistical correlation between the two
phenomena (correlation coefficient, —0. (¢75).

In the case of seven organic substances for which direct data
on urine—plasma concentration gradients and lipoid solubility could
be located, there was no apparent relation between these gradients
and the relative lipoid solubility (ether—water concentration ratios)
of these substances (correlation coefficient, —0. 30 for gu/p; —0. 35
for 4n gu/p'

Additionally, to demonstrate that the relation between urine—
plasma concentration gradients and the dielectric increments of
organic substances is not a ubiquitous relation hetween these
gradients and just any other physical property of the molecule, we
examined the relation with the molecular weights listed in Table 4.
Here the correlation coefficient between 4in gu/p and molecular
weight is 0. 32, which, for the size of the sample, indicates that

no relation exists.
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2. ANTAGONISTIC AND AUGMENTATIVE INTERACTIONS OF
CHEMICAL SUBSTANCES IN BIOLOGICAL SYSTEMS AS RELATED
TO THEIR RESPECTIVE EFFECTS ON THE BULK CHARACTER-
ISTICS OF THE SEVERAL FLUIDS INVOLVED

For a number of years biologists and physiologists have noted
and studied the effects of certain added species on the concentration
gradients of other species occurring across natural membranes.
Certain added substances increase the gradients of classes of
chemicals and decrease or leave unaffected the gradients of others.
These effects have been studied mainly in relation to renal clearance
[13, 18—20. 23] ,*in toad bladder [21] and in kidney slice experiments
[22] . However, similar interactive effects are noted in connection
with bile formation and gall bladder function [23, 24], between
muscle and its media [25], between cerebrospinal fluid and aqueous
humor and blood [26, 27, 597, and across the placenta [28].

In renal physiology, as mentioned, these mutual effects on
concentration gradients have béen investigated in terms of the
relative influence on the "clearance' of various substances upon
the addition to the blood stream of other substances [ 13, 297,

11 . .
Clearance' is defined as

X /[®.-V=C,
il

*
These references and those just following are selected as

representative of the literature or are of a review nature and are
not intended to be all—inclusive.
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~

where :?cj is the concentration of the j—th species in urine, X;'j its
concentration in plasma, and V the volume flow of urine. Clearance,
C, divided by urine flow, V, therefore yields the urine—plasma
concentration gradient for the species in question.

With the present emphasis on kinetics, current attempts to
explain the phenomena in question are usually couched in terms of
changes in one—way absorption or secretion of the various substances
in the kidney tubules. In toad bladder, kidney slice, intestinal wall
and gall bladder experiments, the interactions are usually examined
in terms of the mutual effects on one—way fluxes of the various
substances under examination.

The types of substances studied include the pentoses, hexoses,
and higher sugars; nitrogenous compounds, including amines,
amides, and amino acids; organic dyes; and other classes of
compounds that importantly alter fluxes or that have been found
empirically to have diuretic or antidiuretic effects. The most
widely accepted hypothesis as to the mode by which these compounds
interfere with others is that there are membrane carriers which
transport these substances, and that certain of the substances
differentially compete for the carrier substrates and thus compete
for transport across the membrane. Because various substances
seem to compete with some but not with other substances, it has

been necessary to postulate a number of different carrier mechanisms



for various classes of substances. Other differentiations among
the classes of competing and noncompeting compounds are based
on their relative water—lipoid solubility or their general chemical
structure [30]. The implication of the latter classification is
that only compounds having certain structures can combine with
the substrates of the various carrier systems. The present
explanations for these competitive—noncompetitive transport
interactions and their influences on the steady—state concentration
gradients leave much to be desired. For example, few if any of
the many carrier substrates postulated to exist in various membranes
have yet been identified in the laboratory.

The present exercise is a preliminary attempt to exémine the
speculation that the alterations in gradients or fluxes that occur
when certain substances are added to biological systems result
from changes in the bulk characteristics, especially the electrostatic
characteristics, of the biological fluids on either or both sides of
membranes. This process differentially alters the activity
coefficients of all of the other species present and causes a
redistribution of these species between the several fluids. We
propose that just as for the simpler systems described earlier,
the main mode of action on the electrostatic state of the fluids
arises through the effects of the added substances on the dielectric

constant of the fluids. Thus, compounds that have a high or low
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dielectric increment should be expected to have a large influence
in altering concentration gradients and in causing a redistribution

of species between fluids.

2.1. A Model of Speciesv Interaction Derived from Chemical

Thermodynamics

To test the hypothesis of interaction described above, it will
first be useful to derive an expression for the gradients of uncharged
species between two fluids of different bulk characteristics. This
model can then be checked against appropriate experiments to
determine how well it predicts the interactive effects of species on
one another.

Consider a two—phase, aqueous, electrolytic system containing

X X . in both phases.

similar uncharged substances, Xl’ o X ey Xy

Let Sl’ Ceey Si’ Cee SI be equilibrium states in which the system

is placed as the result of various stresses. Let gj . be the ratio,

b
5% ; i;Ii , of the mole fractions of the species Xj when the system
b b

is in the state Si' Let DIl and D[lI be the dielectric constants of

phases I and II when the system is in state Si' Let

L

2 ) (9)
1

w)
o
Ul"‘
o

Define Aj to be the quantity A of equation (2) of Sec. 1.1, associated

with the species Xj. It is important to observe that Aj does not



depend on the state of the system; that is, we are assuming that
. . I I
Aj is independent of composition. Let uj i and uj : be the
b >
chemical potentials of Xj in phases I and I respectively, when the

system is in the state Si'

Liet us write:

1 I I 1 1 a1
- . .=c. tA, | —— — }+4n x, . (10)
RT uJ,l CJ ] DI DI iy L
i 1
and
Lol ia Lo Ll md!t . (11)
RT "j, i j j DII DII jy i

Here we have used the result from Edsall and Wyman, quoted in

Sec. 1.1, that RTA, (—% - —%)and RTA, (—lﬁ - -II—I) are the
\p? D i b

electrostatic componentls of tllle chemical poténtial of X] in phases I

and II respectively when the system is in state Si' We have also

-

assumed that the system is "ideal' except for the electrostatic
components and thus we have assumed that the quantities CI. and
I . s
c§ are independent of composition and hence do not depend on the
state S5,.
i
*

At equilibrium

1 o
i1 T Yy (12)

*
See equation 14. 11, p. 100, ref. [74].
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If we combine equations (9) through (12) and the definition of

g. ., we obtain
51

fng, .= ¢, +A. X 13)
£,i 5 jhi (
N S L S
c . = . -
wher ] j ]

2. 2. Evaluating the Model of Chemical Interaction

The most complete data for evaluating the model represented
by (13) above was found in a report of a series of experiments byv
Pitts [31] in which he examined changes in clearances of xylose,
sucrose, creatine, and creatinine as solutions of these substances
and water were administered by mouth or given subcutaneously to
dogs or human subjects. Pitts' original data are too extensive
to warrant reproduction here; the inferested reader is referred to
the original paper [31]. From these data, gu/p and 4n gu/p were
computed using the clearance and urine flow.

The model represented by (13) was fitted by least squares
techniques to these data derived from Pitts. The results of this
least squares computation is shown in Table 5. As can be seen,
the results supply a weak confirmation of the model. We grant
that other models could conceivably produce the same functional

relationship, (13), among the gradients.

* X ¥ X X X ¥
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However sparse the data suitable for evaluating the hypothesis
that the bulk electrostatic properties of body fluids are important
in establishing and controlling concentration gradients, we believe
that the several cases presented, ranging from synthetic clathrates
to mammalian renal function, support and certainly do not deny
the hypothesis. We believe the membrane also serves important
purposes in physiological regulation, and do not intend by our
emphasis on fluid properties to deny the importance of membranes

in this function.
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3. THE ROLE OF THE MEMBRANE

Advocates of the ''phase'' hypothesis of biological permeability
in the Soviet Union originally tended to deny that the membrane
played any role in the kind of phenomena we have described.
Rather, they held that the bulk characteristics of body fluids were
the controlling determinants. This attitude undoubtedly reflected
overcompensation for the otherwise widely—held impression that
membrane properties could explain almost everything in biology.
The current philosophy of the Soviet ''phase theorists' is the
eminently reasonable one that a combination of the classical
membrane theories with the ''phase' hypothesis provides the
basis for a much more realistic explanation of the facts {6, 73].

It would be unrealistic to deny that membranes separate many
types of body fluids from others, and thus prevent large molecules,
like proteins, from migrating between these fluids or between
certain body compartments. This characteristic plus membrane
permeability to smaller charged species and the ionization of the
impermeable macromolecules provides a firm basis for explaining
the Gibbs—Donnan gradients of charged species that occur between
compartments in nature.

If the mefnbrane contains small, molecular—sized channels,
sites which can differentially bind Na+, K+, H+ and a source of

-+
H as from metabolic processes, then, as elegantly demonstrated




by Dantzig and Pace [ 33, 34], one may derive a statistical basis
for explaining the "sodium pump'' mechanism. These relatively
simple requirements, that can easily be provided in synthetic
membranes, do not stretch one's credulity in respect to membrane
structure as do some of the other hypotheses of membrane functions.
Even for the cases of structurally more complex membranes
(e. g., isolated anuran skins), a combination of membrane—associated
and fluid—associated properties appears to provide a better basis for
explaining certain behavior than does the conventional emphasis on
membrane alone. For example, the high flux of water through these
membranes and the large alteration of this flux with additions of
antidiuretic hormone to the bathing media has been attributed to the
bulk flow of water through molecular—sized pores and the change of
size of the pores with the addition of hormone [ 35]. The membrane
cells have been observed to swell and to shrink as levels of hormone
and other substances in the media are altered, thus supposedly
changing the effective diameters of the flow channels [36]. It seems
reasonable to believe that the alterations in cellular size in these
circumstances could result from alterations in the activity coefficients
of the various chemical species and in the bulk characteristics of the
intracellular, extracellular or of both fluids, resulting in a net

movement of substance to or from the membrane cells.

*
In some cases, changing hormone levels may alter the

permeability of the intercellular cement of membranes [60—65, 75].



Studies of the isolated toad bladder show that this complex
membrane also demonstrates the same type of flux behavior as
described above [21]. Orloff and Handler ([37] page 260), however,
point out that the inequality of the logarithms of the flux and activity
ratios for water and the phenomenon of solvent drag* cannot be
accepted unquestioningly as evidence of varying sized pores and
nondiffusional flow. For example, Sidel and Hoffman [ 39] observed
entirely similar behavior in a nonliving system made from a homo—
geneous 1iquidvmembrane' separating two. sodium chloride solutions
having different concentrations. Orloff and Handler [ 37] propose
that vasopressin (and certain other substances) imposes its influence
on membrane permeability by initiating a series of biochemical
changes, 1argev1y enzymadtic in nature, within the membrane cellular
medium. We suggest that hormones can influence these reactions
by altering the bulk electrostatic properties of the medium. Under
in vitro conditions, it is known that changes in medium dielectric
constant can exert a major inﬂ(uence in altering both the rate of en—
zymatic reactions and their equilibrium state [40—42]. It seems rea—
sonable to expéct that the same electrostatic effect may pertain for in

vivo situations. The manner in which hormones could alter the elec—

trostatic properties of the medium will be discussed in the next section.

*
Solvent drag is defined as a flux of a particular solute in the
direction of net water flow that is greater than the flux of the same
solute in the opposite direction [38].




4. A POSSIBLE MEANS BY WHICH HORMONES MAY ALTER
PERMEABILITY AND CONCENTRATION GRADIENTS

From the brief discussion above it is apparent that a combination

of relatively simple membrane properties and alterations in the
physicochemical properties of chemical substances and of body
fluids can provide an attractive basis for explaining many physio—
logical phenomena. As mentioned earlier, however, it is not
conventional, at least among western physiologists, to attribute
importance to other than the membrane in connection with these
phenomena. The complexity assigned to the membrane functions
is illustrated by the following statement:
The columnar absorptive cell of the small intestine

must transport from the lumen of the intestine all of the

nutrients required for the survival of all of the cells of

the animal body. The variety and complexity of transport

processes in this cell is quite staggering. One could

name 25 transport systems from available data, and there

may well be an equal number more. The plasma mem—

brane of this versatile cell possesses the potential for

virtually every type of transport mechanism known. [43]

Most of these multitudes of postulated membrane transport
processes involve supposed carriers (few if any of which have been
positively identified), even for synthetic substances that did not
exist as the animal evolved and are purported to be transported by
carriers against concentration gradients. We find it more intellec—

tually satisfying (if not yet proved) to consider that many of these

substances move from one body compartment to another as dictated
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by their relative electrochemical potentials in the two compartments.
We find it not at all surprising that substances move in a direction
toward a higher concentration; as demonstrated earlier, concentra—
tion can be an unreliable indicator of activity in complex electrolytic
solutions. In nonliving systems, in fact, such a movement is taken
as a demonstration that the activity of the substance is higher in the
phase with the lesser concentration.

‘Then, too, the measurement of the activity of substances in
biological fluids is a task of great difficulty, bordering on the
fringe of present technical feasibility. Consider the changes that
may occur in the activity or activity coefficient of water in plasma
and urine during normal nondiuretic conditions and during dilution
diuresis. In order to illustrate the magnitude of the change, we
may assume that urine and plasma are in equilibirum under both
cdnditions. The activity coefficient of water need change by only
0.8 percent to provide the change in urine concentration that occurs
between a normal resting state and in dilution diuresis (e. g., in
going from a molality of, say, 0.9 moles kg__1 to 0. 33 moles kg—l).
This is equivalent to a change in partial pressure of water vapor in
the fluids of only about 0.4 mm Hg between the two‘ states.

The fact that alterations in concentration 1evels of hormones
cause changes in both the fluxes and steady—state gradients of a

wide variety of charged and uncharged chemical substances in
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biological systems seems well authenticated and not questioned.
Alterations in hormonal levels also selectively influence intra—
cellular reactions, especially those involving enzymes [44]. As
is usual for explanations of intercompartmental flows, the hormones
are postulated to influence the cell membranes by (1) affecting the
carrier reaction mechanisms, and (2) affecting physical barriers
to permeation through alteration. of the membrane structure.
Knowledge of the modes of action of different hormones on intra—
cellular reactions appears to be in an early, speculative, state.

It is generally agreed that very tiny amounts of different hormones
can exert large and often opposite effects on biological systems.
This extreme potency of hormones has dissuaded explanations of
their actions based on gross chemical effects.

The only general hypothesis encompassing hormonal action
that has come to our attention is that put forward by Ling [ 45, 46].
This hypothesis, which Ling calls the "association—induction" theory,
postulates that intracellular solutes are strongly associated with
protein complexes that are joined in a three—dimensional lattice—
work, thus providing a fixed—charge system. By "induction, "
various counter ions influence the fixed charge arrangement and
binding energies of the protein lattice. Because hormones are
known to be strongly absorbed onto proteins, the association—

induction hypothesis predicts that they (hormones) will alter the
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charge distribution and binding energies of the protein lattice,
thereby changing the distribution of ionic and other polar species
between the cell and the exterior medium ([45] page 458).

Ling denies the applicability of modern solution theory to the
cellular medium. This denial is importantly based on Weakr}esses
of the Liinderstrom-Lang theory for characterizing solutions .. :
containing proteins. - We would point out that in more recent years
improvements have been made over the old L.—L theory in models
of solutions containing proteins. Secondly, no differences in
reaction kinetics or in equilibrium states have been noted in:many
situations involving reactions of proteins that occur in.the cell and
~-in-equivalently concentrated solutions. Hemoglobin solutions.and
the red cell are perhaps the most carefully studied examples [47,
48]. Thirdly, many fluids whose properties may be altered by -
changing levels of hormones are not intracellular fluids. Examples
are blood plasma, cerebrospinal fluid, aqueous humor, bile, etc.
Thus, for reasons like those given above, we believe that Ling's
- proposal to discard the not inconsiderable physicochemical theory
relating to solutions containing macromolecules is premature.

We are impressed, however, by the implications of the
strong chemical attraction of hormones for a wide variety of
proteins. In addition to the references to this phenomenon given

by Ling ([ 45] p. 458), we add that of Talalay et al.([49] p. 881)



for the specific cases of the steroid hormones. Talalay et al.

propose that the physiologically effective result of hormone—

protein association is iranshydrogenation. More importantly, we

believe, Talalay et al. propose a selective attraction of the hormones

for particular proteins that are tissue specific. Thus, vafious

tissues would respond in different degree, or not at all, to changes

in the level of hormones, depending upon their content of the specific

associative proteins (hydroxysteroid dehydrogenases in this case).
These associative characteristics of hormones and proteins

are not necessarily limited to enzymatic proteins ([507, p. 215).

The change in hormonal concentration can elicit a large number of

different biological actions. Tata ([51], p. 92) raises the important

question as to ''whether this multiplici"ry of action [of thyroid hormones]

results from different and independent interaciinns with various cellu—

lar sites or whether it represents multiple secondary manifestations

" He concludes that "recent

of a fundamental biochemical effect.
work favors the second possibility at least for the major physiological
actions.'" We propose that this fundamental biochemical effect of hor—
mones is realized through (1) their influence in altering the polar
nature of specific proteins and (2) the resulting change in the bulk
electrostatic characteristics of the various physiological fluids

containing them. This influence of hormones on proteins may be

accomplished through strong chemical association or actual chemical
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binding. The ensuing effects on the fluid bulk characteristics can
result from changes in the affected protein structural geometry
and/or binding site energies which then exert influences on the

polarity of the molecule.

4.1. Justification for the Protein—Interactive, Bulk—Fluid Mode

of Hormonal Influence

Far more questions are raised by this hypothesis of hormonal
action than the available data can answer. In attempting to justify
consideration of the hypothesis, we assume that our previous
examples of the influence of the bulk electrostatic characteristics
upon concentration gradients of chemical substances between
physiological compariments have been sufficiently convincing so
that our present task is only to examine the possibilities for hormonal
alteration of thése bulk elecirostatic characteristics. If so, one of
tﬁé first questions that arises is whether the hypothesis cérresponds
with the findings that very small amounts of hormones can have large
effects on concentration gradients and on the amounts of substances
in various body compartments. We find in the literature no reports
in which the dielectric constants of body fluids are measured under
conditions such that ;the influence of proteins are apparent. The
several .dielectric studies of blood serum have been made at very
high frequencies, to avoid measurement losses due to conduction

so that anomalous dispersion of the protein molecules occurs and



the measured dielectric constant reflects mostly the properties

of the solvent at high frequencies and not those of the total fluid at
*

in vivo conditions.

The dielectric constant of blood plasma and the possible
contributions of plasma proteins to this value may be computed,
however, if certain simplifying assumptions are made. These
assumptions are indicated in Table 6. where the basis for this
computation is given.

The rather remarkable result of the computations shown in
Table 6 is that, within the limitations of the assumptions, the
plasma proteins appear to have the potential for establishing the
dielectric constant of plasma at a very high value with respect to
water or with respect to other body fluids that do not contain much
protein. Noticing from Table 6 that electrolytes (represented by
NaCl) and other nonelectrolytes (represented by urea) are not-of
great importance in establishing the dielectric constant of the fluid,
we compute, for example, that the dielectric constant of urine is
probably close to that for water.

Good evidence exists that the antidiuretic hormone circulates

in the blood bound to plasma protein [54]. More specifically, the

hormone appears to circulate as a definite protein—peptide complex

*
Because of the very large effect of the suspended red cells on

the dielectric constant of whole blood, reported values of the
dielectric constant of whole blood are useless for establishing a
value for plasma.
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with the B globulins [55]. The question now is, if when combining
with the B globulins the hormone alters the dielectric increment

of the B globulins, could this alteration significantly change the

dielectric constant of plasma? There appear to be about 10 gm kg_1

of B8 globulins in normal plasma ([53] pp. 554—555). If it is assumed
that the dielectric increment of these porteins (not complexed with

- ADH) in plasma is the same as that measured in water for purified
pseudoglobulins [57], then, as indicated in Table 6, the computed
dielectric constant of the plasma is 231. Upon complexing with
ADH, the dielectric increment of these B globulins is assumed to
increase by the same factor (3. 8) as does hemoglobin in complexing
with oxygen [56]. " As a result of this combination we compute an
increase in the dielectric constant of plasma to 622. Using the
simplified equation of Edsall and Wyman [ 3] as described in the
early part of this paper, we compute a 0. 22 percent increase in

fl’ the activity coefficient of water, as a result of this change in
dielectric properties. This alteration in activity coefficient of

water is of the same order of magnitude as the 0.8 percent increase

we previously computed as required to change the osmolarity of

*Hemoglobin is the only protein for which we could find any
data on the effect of chemical combination on the dielectric incre—
ment. The assumed value of 4. 1 as 3D/3dg for the complexed
globulin—hormone is small compared to values ranging up to 2200
as the dielectric increment on the same scale, for macromolecules
whose shape may be other than globular [58].



urine from that of a hydropenic state to that of frank dilution
diureses. In spite of the many assumptions made in these
computations, it is somewhat encouraging to note that it appears
feasible for alterations in small amounts of hormone, operating
by changing electrostatic properties of fluids, to exert a large
effect on the system.

Alterations in the degree of complexing of ADH, operating
through its effects on the bulk electrostatic properties of plasma
as described, could also affect the distribution between plasma
and tubular fluid of substances other than water. Thus at least
some of the changes in clearances and rates of excretion observed
between the diuretic and nondiuretic states may result from this
phenomenon.

Even more generally, this mode of action for hormones could
provide a rich basis for explaining some hormonal phenomena that
otherwise appear rather mysterious. The localized action of
specific hormones can be explained by their selectivity in complexing
with macromolecules that are segregated in specific inter— or intra—
cellular compartments. Mutually antagonistic effects of certain
hormones could result from competition for complexing sites;
differing solution effects would depend upon which hormone complexed
more completely. The similar effects of certain hormones (differing

only in degree) could result from complexing with the same or other



sites that result in comparable fluid—property alterations. Changes
in the extent or velocity of enzymatic reactions with hormonal levels
can be the reflection of changed electrostatic fluid properties on
these biochemical reactions.

Modern solution theory and practice leave litﬂe doubt that the
fluid properties discussed here influence reaction rates and the
distribution of chemical substances between phases. The important
uncertainty is whether in biological systems these fluid phenomena
exert significant, quantitative effects. This survey, admittedly
imperfect for practical and theoretical reasons, has convinced the
authors that these fluid phenomena may be quantitatively important

in physiological regulation.
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