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Problems in the regulation of the composition
and volume of body fluids in health and in disease
states fall into three general groups which involve
either a) maintenance of the status quo, assuming
it is not far removed from normal, or b) replace-
ment of depleted body stores of water, electrolytes,
or colloids, or ¢) removal of constituents present
in excess. Judicious prescription or interdiction
of extracellular and cellular ions and water, based
on a knowledge of external and internal exchanges,
will often suffice in the first two categories (1-8).
On the other hand even marked restriction of in-
take may not lower, for example, body sodium or
potassium in the third group. In these instances
limitation of intake will be effective only if nega-
tive external balances of sufficient magnitude are
achieved by losses of these ions in urine, sweat,
gastrointestinal secretions, or stools (9-13). In
many clinical situations this can be accomplished
with relative ease. Thus edema of varied etiology
can be controlled or actually cleared through so-
dium and water diuresis during salt restriction
(14-17). In other instances of congestive failure,
cirrhosis, or renal disease with or without signifi-
cant hypoalbuminemia this regimen proves inef-
fective, even when sodium ingestion has been
reduced essentially to zero and even though simul-
taneous diuretic measures may be employed (18-
20). Similarly in renal disease, as in anuria, the
kidney can no longer jettison excesses of ions such
as potassium, sodium, or chloride (21-23).

Under such circumstances only a limited num-
ber of therapeutic procedures have been available
prior to the introduction of cation exchange resins,
all relatively complicated. The various dialyzers
which can be used to remove electrolytes from
blood require complex apparatus and constant at-
tention (24-28). Also untoward reactions re-
lated either to cellophane or to inadequacies of
the dialyzing fluid are not uncommon. The latter

limitation is likewise present in the alternatives of
intestinal or peritoneal lavage together with the
additional disadvantage of relative inefficiency and,
in the second of these two, the risk of uncontrollable
infection (12, 29-32). Finally, the growing body
of evidence that sodium restriction may be bene-
ficial in certain vascular diseases (33) will extend
to a wider segment of the population the burden of
the unpalatability of the truly salt-free diet.

Preliminary studies with cation exchange resins
indicate that these substances offer a new approach
to the control and correction of excessive retention
of cations in body fluids (13, 34-37). They can
interfere with the absorption of sodium, potassium,
and probably calcium and magnesium from the
gastrointestinal tract. Furthermore, they may also
remove endogenous stores of some of these ions
since under ordinary physiological circumstances
relatively huge amounts of these body electrolytes
are secreted into the gastrointestinal tract and
subsequently reabsorbed (3). Once attached to
the resin they may be excreted via stools, produc-
ing desired, or at times undesirable, negative bal-
ances. In the latter instance the problem is simple
since, as indicated earlier, replacement of body
constituents is possible.

One additional point should be made in view
of the findings to be presented in subsequent papers
of this study : the removal of positive ions by resins
must inevitably be accompanied by a release of
some other cation in equivalent amounts. It is
obvious that if these particles are in turn absorbed
they may of themselves produce distinct effects.
The experimental findings to be presented in this
series of studies substantiate this.

An understanding of the properties of the syn-
thetic cation exchange resins in general and of the
carboxylic type in particular will help in the in-
terpretation and explanation of many of the bio-
chemical effects which we have noted in our ex-
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CHEMICAL FoRMULA OF A SYNTHETIC CAR-
BOXYLIC CATION EXCHANGER

A schematic representation of a segment of a car-
boxylic cation exchange resin in the hydrogen form or
cycle. One of its hydrogen ions has been replaced by
sodium after exposure to a sodium chloride solution. Ex-
changer — COOH + Na(Cl € , Exchanger-COONA

+ HCL. The CH, groups unite the benzene rings of
" the polymer in chains and cross linkages which limit the
swelling of the resin in aqueous or organic solvents. The
degree of this swelling is governed by their frequency
in the molecular unit.

Fie. 1.

perimental subjects. These agents are polymers
of aromatic hydrocarbons such as phenolsulfonic
acid or benzoic acid linked and cross linked by
short, stable, and virtually indestructible carbon
chains contributed by the condensing agent, usually
formaldehyde (38-40) (Fig.1). Chemical groups
available for the cation exchange process, such as
the sulfonic (— SOH), carboxylic (— COOH),
or phenolic (— OH), are attached to the benzene
ring. In aqueous and other solutions these resins
take in water or the particular organic solvent in
which they may be suspended and increase in
bulk. In this state they can properly be spoken
of as gels. The swelling is attributable to the

fact that the hydrogen ion or any other cation as-

sociated with the acid radical ionizes and exerts
an osmotic pressure. The exchange resin when
wet therefore has many of the properties of an
acid or of a concentrated salt solution. In the
transformation from the dry to the wet state water
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or other solvents penetrate the surface and enter
the interstices of the resin structure until the os-
motic pressure of the fluid inside the resin par-
ticle, together with the resistance exerted by the
linkages and cross linkages, exactly equals the os-
motic pressure on the outside (41, 42). Insofar
as the distribution of electrolytes is concerned,
equilibria are attained which are quite in keeping
with the Gibbs-Donnan effect, at least in the more
concentrated solutions. Hence anions common to
both the gel and the circumambient solution will
always be present in lower concentration in the
resin, whereas the reverse will be true of the as-
sociated cations. It is obvious therefore that the
exchange processes cannot be explained by simple
adsorption.

The property which permits the exchange of one
cation attached to a resin for another in its en-
vironment is fundamentally based upon the fact
that resins have different degrees of affinity for
the different cations. Thus the same exchanger
under the same physical conditions exposed to a
dilute solution containing identical concentrations-
of magnesium, calcium, and sodium will prefer-
entially bind larger amounts of magnesium than
of calcium, and more calcium than sodium. The
characteristics of the cations themselves which are
known to show a positive correlation with the
affinity of the exchanger for a particular cation in-
clude valence, atomic weight, and the radius of the
unhydrated ion. These orders of preference recur
irrespective of the attending anions, with the
proviso that they not be of the type which form
complex salts (38-42). The hierarchy of affinities
evident in dilute solutions is readily upset, however,
by increases in the concentration of one of the
competing cations, by alterations in the pH of the
solution, by replacement of water with other sol-
vents, and, finally, by increased swelling of the
resin (43).

The carboxylic cation exchangers employed in
our studies in general share with the sulfonic and
phenolic resins all of the above-described features.
In their acid properties, however, the carboxylic
resins differ from the other two types of resin, oc-
cupying an intermediate position. Thus with pH
values greater than 3.5, replacement of the car-
boxylic group hydrogen by other cations occurs
to a progressively greater extent and ultimately
reaches a maximum. The sulfonic resins on the
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other hand are strongly acidic and can function
maximally at any pH value; the phenolic ex-
changers are weakly acidic, ionize only to a slight
degree and remain relatively inert until pH values
high in the alkaline range are attained. It is ob-
vious that of these three groups of agents the pH
range over which the carboxylic resin functions
as an exchanger and its relatively weak acidic
properties which can be readily buffered in body
fluids render it most suitable for biological adminis-
tration. Further theoretical advantages of the car-
boxylic resins over the sulfonic acid derivatives in-
clude the fact that the latter have a lower ex-
change capacity and that they may produce abrupt
changes in local and systemic acid-base balances
(3844).

As the ‘lower pH ranges are approached the
greater affinity of the carboxylic cation exchangers
for the hydrogen ion becomes more and more
manifest and other cations are progressively dis-
placed until at pH values of 3.5 or less the ex-
changer reverts entirely to the hydrogen form. It
is probable that irrespective of the form or cycle in
which the resin is given, it is converted in the
stomach to the hydrogen form. Therefore, the
net effect of giving the sodium derivative of the
resin is that of administering a cation with an un-
absorbable anion.

The studies to be presented reveal a relatively
low in wvivo capacity of this particular resin for
sodium and potassium compared to those demon-
strable at similar pH values i vitro. This should
not be surprising since it is obvious that other ca-
tions, particularly calcium, magnesium, iron, and
organic cations, can preferentially assume positions
in the resin. Furthermore, interference of or-
ganic substances such as lipids, steroids, and pro-
teins with the exchange process has not been
defined.

The arrangement and sequence of this and of
the papers which follow arose from a combination
of necessity and predetermined plan. The studies
in animals using large per kilogram dosage pre-
ceded the administration of these agents to hu-
man subjects. . The second paper, therefore, de-
scribes serum, urine, stool and balance findings
during the administration to dogs of a carboxylic
cation exchanger in one of two cycles or forms
(45). Human studies in which resins were in-
gested in a variety of cycles make up the third
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paper (46). In these investigations sodium usu-
ally was not markedly restricted; control stool
data were obtained from a large group of subjects
maintained on either whole milk, a diabetic diet,
a regular diet or a so-called ‘“‘salt-free” regular diet.
These data are presented in the tables and figures
of the papers which follow; when necessary, they
have been supplemented by acceptable control ma-
terial. In the fourth paper, attributes of the indi-
vidual cycles of the resin evident in the preceding
paper have been measured during the simultaneous
administration of two or more of the polymers in
varying proportions, and employed in attempts to
cancel certain toxic effects of ACTH and cortisone
(47). The results have been evaluated against the
control background described in the preceding
paper. The possible influences of the steroids and
of the trophic hormone or hormones of the adrenal
on stool composition have been defined elsewhere
(48). The fifth unit reports the events which
occur in nephrotic children to whom an acidifying
exchanger is administered during the course
of essentially complete sodium restriction (49). In
the sixth and final paper attempts are made to sum-
marize and interconnect the findings of all the
studies, to list logical sequellar investigations, and
to predict the probable clinical utilities of the resins
(50).

A word about the cooperative character of these
studies is in order. Examination of the tabulated
material in the papers which follow will reveal
that the bulk of the work embodied in this collec-
tion is based on a substantial number of balance

_ periods in dogs and in patients. These data were

gathered in a period of 16 months, and their col-
lection and completion would have been quite im-
possible without the active and time-consuming
cooperation of many others besides the individuals
appearing as co-authors. The people and organiza-
tions who have generously given time, effort, and
frequently funds to support this investigation are
listed in the following section. A special mention
should be made, however, of the contribution of
the patients themselves who not only cooperated,
but often participated actively in assisting us to as-
sure complete and accurate collections.
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