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PREFACE

Sodium is concerned with the physiology, pathophysiology, and clinical conse-
quences of altered physiology involving the sodium ion.

The first section focuses on the presence and handling of sodium in the normal state.
In chapter one, Drs. Solomon and Galey deal with the fundamentals of transport and
energy metabolism as they relate to sodium. This is followed by a chapter in which
Drs. Gardenswartz and Schrier consider in detail the normal body economy of sodium,
and especially the factors (particularly extracellular fluid volume) that regulate the
renal handling of sodium and the responses of the various portions of the nephron to
these influences.

The rest of the book emphasizes departures from normal physiology. For conven-
ience we have divided these into three broad categories: sodium excess, sodium deficit,
and alterations in serum sodium concentration.

The section on sodium excess includes edematous conditions and hypertensive dis-
orders. In the former, Drs. Bernard and Alexander, Epstein, Czerwinski and Llach,
and Kem delineate the mechanisms of enhanced renal reabsorption of sodium in the
common edematous states. That sodium excess is somehow involved in the causation
of some hypertensive states is a fascinating and still incomplete story. Drs. Frohlich
and Messerli explore the evidence for the role of sodium and consider the mechanisms
whereby excess sodium may be a causative and preventive mechanism in the genesis
of hypertension. Finally, diuretic agents are considered by Drs. Whitsett and Chrysant
primarily from the pharmacological viewpoint.

Sodium deficit, i.e., extracellular fluid volume deficit, is presented by Dr. Vaamonde
in systematic fashion.

The book ends with detailed discourses on hypo- and hypernatremia by Drs. Llach
and Czerwinski, and Finberg, respectively.

In all sections there is a commitment to expounding the knowns and exploring the
unknowns, and the two are distinguished from each other carefully. There is repetition
in the book. Our efforts to maintain each section and chapter as a discrete entity led
in several instances to the judgment that repeating material found elsewhere made for
a more complete free-standing story.

I thank each author for sharing with skill his knowledge and expertise. As editor I
deeply valued and appreciated their cooperative and good natured spirit. Ms. Beverly
Clarke’s editorial assistance is gratefully acknowledged.

S.P.
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SODIUM TRANSPORT AND METABOLISM
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4 Sodium: Its Biologic Significance
[. INTRODUCTION

During the evolutionary development of cells, one of the early manifestations of
these biological units appears to have been the establishment of ionic gradients. Cel-
lular accumulation of potassium and extrusion of sodium became established. The
basis of biological actions depending on ionic gradients, i.e., action potential genera-
tion, was thereby created. With the evolution of metazoan species, changes in marine
environments, invasion of fresh water, and adaptation to a semiarid environment
(land), new problems had to be solved to allow for development and diversification
of species. A variety of adaptive measures developed. Most species excluded the exter-
nal environment and maintained the old surrounding for cells—the ‘‘internal environ-
ment’’ of Claude Bernard. The most common solution to the homeostasis problem
was accomplished through transport of electrolytes, and in particular, sodium. Sodium
transport systems serve to maintain ionic balance and cellular transmembrane ionic
gradients. On the other hand, some species responded by providing for osmotic equi-
libration through either the intracellular accumulation of amino acids,' or by accu-
mulating extracellular urea? or trimethyl amine.* In order to maintain functional integ-
rity, however, it remained necessary to keep ionic gradients and this need still persists.

Whenever compartments exist with differing ionic activities or capability for ex-
change of materials, energy has to be expended to maintain these gradients. Such is
the case, whether one is interested in single cells, metazoan cells in contact with the
internal environment, or in the interaction of the internal environment of metazoan
organisms with the external environment. Current evidence would indicate that trans-
port of sodium is one of the most ubiquitous mechanisms used for maintenance of
ionic gradients. As a result, the link between cellular metabolism as a source of energy
and sodium transport is an extremely intriguing question. Another consequence of the
maintenance of the sodium gradient is that the potential energy of the gradients can
be utilized for providing the driving force for movement of organic substrates. The
energetic events involved in establishing the sodium gradient, as well as the utilization
of the energy the gradient provides, form the basis of this chapter.

I1. IONIC MOVEMENTS AND THE NEED FOR ENERGY

Simple passive permeation across membranes is a movement down an electrochemi-
cal gradient for the solute being considered and requires no cellular energy. The elec-
trochemical gradient across a membrane has been defined by investigators*® and is
given formally by:

p = RTn-C,/C, +ZIE (1)

where R and T have their usual definitions of gas constant and absolute temperatures;
C, and C, are the concentrations of the solute under consideration on the two sides of
the membrane; Z is the valence of the ion in question (which in the case of sodium
has a value of one); F is the Faraday constant; and E is the potential difference between
the two compartments which the membrane separates. A simple expression relating
potential to concentration gradient is given by the Nernst equation:

RT a, 2)

It is easily seen that Equation 2 can be derived from Equation 1, when u is set equal
to zero.



When solutes permeate a membrane, there is movement in both directions. It was
shown by Ussing® that the relationships of passive fluxes (M) in each direction are
given by the following equation:

ZFE
Ml_,z _ Cy eRT

Mz"l C, (3)

where e is the base of the natural logarithms and all other symbols have the same
meanings as given. One can define a passive movement of a solute as one where the
ratio of fluxes M,_,, /M,_,, is predicted by Equation 3. If such a relationship is not
found, as a first assumption, active transport can be postulated. Active transport,
however, is not always required. A movement has been described wherein one ion
exchanges for another with no net permeation. This form of membrane transfer has
been called exchange diffusion.” If exchange diffusion is appreciable, the mathematical
ratio will not be observed and although the flux of the solute is not active, an error of
interpretation will be made by considering Equation 3 only.

From these considerations it becomes clear that additional criteria are needed for
definition when a solute is actively transported. Many current hypotheses hold that
for a solute to be transported actively, there must be combination of the solute with a
carrier. Metabolic energy is transformed to a mechanical energy so that the carrier
either moves or undergoes a conformational change, with the result that the solute is
carried to the opposite side of the membrane and then released. Hypothesized models*
of the transport process are shown in Figure 1.

Obviously, if the living cell is to maintain ionic disequilibrium between the environ-
ment and its internal milieu, energy must be expended. Hence, cells must utilize some
of their metabolic energy to accomplish the thermodynamically unfavorable ‘“uphill”’
transport of the ions against their electrochemical gradients. This, then, is one of the
two requirements for showing that the transport of a molecular species is ‘‘active’.
Specifically, the cell must use directly cellular metabolic energy to accomplish the
transport of the actively transported solute. As is well known, this energy source is in
the form adenosine triphosphate (ATP). The second requirement for active transport
has already been alluded to but not directly stated. The process for active transport of
a solute must be capable of moving the solute up its electrochemical gradient. These
two requirements,

1. The direct expenditure of cellular metabolic energy, and
2.  The capability of moving the solute against its electrochemical gradient,

are the necessary and sufficient prerequisites for stating that the solute in question is
actively transported. This transport has been called ‘“‘primary active transport’’ for
reasons that will be discussed later.

The fact that the movement of a solute, be it an electrolyte or nonelectrolyte, is
against its electrochemical gradient is not sufficient evidence to prove that it is actively
transported. It may be that a solute is being transported at the expense of the ionic
gradient that exists across the cell membrane as a result of a previous active transport
process. In this case cellular metabolic energy is not being used directly to accomplish
the transport and thus should not be considered ‘active’’ transport.

The frog skin has been extensively used for studies of sodium transport. In fact, it

* Some investigators do not believe that any cellular accumulation or extrusion of ions requires an active

process such as the one to be described (see Ling,* for example).
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FIGURE 1. Models of a conformational and mobile transport carrier. In the conformational system, the
carrier is fixed in place and transports sodium uphill only through a change in shape of the transporting
molecule (left panel). In the case of a mobile carrier, the transporting molecule becomes associated with
sodium on the side of low concentration, moves across the membrane, and then becomes dissociated from
the sodium (right panel). In both models ATP provides energy for doing the transport work.

was Huf who first coined the term ‘‘active transport’’ from an investigation on this
tissue.” He was first to show that the skin moved sodium chloride against a concentra-
tion and that the movement of the sodium ion was also against an electrical gradient.
He and others further established that these movements were suppressed by inhibitors
of both aerobic and anaerobic metabolism.'*'* Ussing and Zerahn carried out their
first “‘short circuit’’ studies on this tissue and were able to establish that sodium was
the ionic species being actively moved.'? Subsequent work involved studies of the quan-
titative relationship between metabolism (i.e., oxygen consumption) and active sodium
transport.'? Experiments with this tissue have been extensively used as a prototype for
investigation of sodium transport in other tissues.

Energy may be put directly into a system involved directly in the movement of a
solute — primary active transport — or a solute may be moved, even uphill, in con-
junction with the flow of another solute or of solvent. The movement of one solute
can be coupled to the flow of another solute either by having the solutes move in
opposite directions (exchange processes or antiport) or by the flux of solutes being in
the same direction (symport). An example of exchange is the movement of K* into a
cell secondary to the active extrusion of the Na* out of the cell. These types of exchange
reactions are very common, occurring in cells (red cells'® and muscle'®) and epithelial
sheets of cells (kidney'® and intestine'”). Another common form of antiport is that of
hydrogen exchanging for sodium.'*'*

Within the past decade or so, the significance of symport has been increasingly rec-
ognized as a mechanism for moving solutes. At a much earlier date, however, the basis
of the symport phenomenon was established when it was found that Na was required
for optimal transport of glucose by the intestine and that the presence of glucose also
increased the transport of sodium.?*® Current evidence indicates a linkage between so-
dium movement and that of a variety of organic solutes. This evidence will be reviewed
later in this chapter to indicate that energy is put into the system to create a sodium
gradient and that energy for transport of the organic solute is derived in whole or in
part through dissipation of this gradient.

In consideration of cell transport, it becomes important to define the localization
of the energetic steps. Two problems are encountered: the first is the question of what
transport process is involved in maintaining electrolyte gradients between a cell and
its environment. Since all cells maintain such gradients, it is likely that this process is
relatively primitive and ubiquitous. The second problem relates to cell sheets and
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FIGURE 2. Schematic diagram of different paths for sodium
movement. Inward passive diffusion of extracellular sodium is
indicated by the arrows pointing downward at the upper cor-
ners of the cell. Na—K exchange is represented by the loop
showing the movement of these two ions in opposite directions.
Both of these pathways may undergo membrane-localized
changes in density, but probably exist on all cell surfaces. The
outward active transport step for sodium is indicated by the
double arrow pointing upward and located in the serosal side
of the cell.

glands wherein unidirectional transport processes occur. The question is one of how
unidirectional transport across an epithelium can be accomplished. It seems likely that
the unidirectional processes arose as a modification of the mechanism responsible for
maintaining the cellular electrolyte gradients.

Figure 2 shows an idealized cell which illustrates both kinds of transport. It has
been shown for a variety of single cells (e.g., nerve,?’ muscle,?* and kidney*) that
sodium enters the cell by passive permeation, i.e., down its electrical and chemical
gradient. A membrane-localized process then actively extrudes sodium from the cell.
Evidence has accumulated that the extrusion of sodium can also be accompanied by
the entrance of potassium. When such an exchange process occurs, i.e., one ion of K
replacing one ion of Na, no net electrical charge is moved, and the process is considered
to be nonelectrogenic. Consequently, only concentrative work is required to move the
ions up their concentration gradients. No electrical work is done. However, in most
systems, the ratio is not a one-for-one exchange (e.g., 3 Na for 2 K in the red cell*).
Additional electrical energy is required for the fraction of sodium moving against the
electrical gradient, unaccompanied by another ion of like sign moving in the opposite
direction.

Transcellular transport involves the same steps, i.e., a passive leak of Na into the
cell followed by active extrusion. 1f, as seems to be the case, the same processes in-
volved in vectorial transport are involved in maintaining cellular electrolyte balance,
the question arises as to how directionality is achieved. Two mechanisms which have
been suggested are:

1. Infoldings of the membrane on the side to which the solute (usually Na) is to be
moved (usually the serosal side of cell sheets, the peritubular side of the renal
tubules) could provide for more transport sites on this side.

2. More ATP for energy may be made available on the serosal side through locali-
zation of mitochondria, the major ATP source. This kind of localization is well
demonstrated by the nephron.?®
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Another possibility which should be investigated is simply that there are more trans-
port sites on the serosal or peritubular membrane independent of membrane area.
Finally, the basic assumption may be incorrect and a separate pathway may exist for
vectorial transport unrelated to maintenance of the ionic balance of cells.

I11. THE ROLE OF METABOLISM IN ACTIVE TRANSPORT

There are several ways by which cellular metabolism may affect the transport of
ions across cell membranes. Primarily, cellular metabolism is necessary to provide en-
ergy for the active transport of the solute. Often, however, it is simply assumed that
if the transmembrane movement of a solute is dependent upon metabolism, that move-
ment of the solute must be active. Although the direct utilization of cellular energy is
a necessary condition, it is in itself not sufficient evidence for active transport. There
are other ways by which metabolism can influence solute movement without implicat-
ing active transport. The fact that the passive movement of ions down their electro-
chemical gradients requires specific structures within the cell membrane, whether they
be hydrophilic conductive channels or specific carriers, demands that such structures
must by necessity be produced and maintained functional through processes which
utilize energy.?® Thus, although metabolism is a requisite for the transport of these
solutes, it merely plays a facilitory role in providing the appropriate structure for trans-
port and is not directly involved in the translocation of the solute itself.

Another way by which metabolism may effect transmembrane solute movement is
through the active transport of some species other than the solute of interest. The other
species provides a concentration gradient (i.e., potential energy) for the carrier me-
diated but passive transport of the solute of interest. Although cellular metabolic en-
ergy is being utilized, it does not directly participate in the translocation of the solute.
This process is generally not thought of as being active transport. In some cases it is
called ‘‘secondary active transport’” since the movement of the solute is secondary to
the active transport of the driving solute which provides the energy gradient for the
“‘uphill transport’’.

Although one must be cautious not to couple nonactive transport processes erro-
neously with cellular metabolism, the necessary coupling between metabolism and ac-
tive transport has proven to be useful in understanding the energetics of the active
transport of Na* and K*.?7-?¢

In cells such as erythrocytes, which utilize glycolysis as their main metabolic source
of energy, numerous authors?’-*°-?? have shown that glucose utilization and lactate pro-
duction are coupled to active transport of sodium and potassium. Furthermore, as
early as 1928, Lund?®’ perceived the dependence of action transport on oxygen con-
sumption by frog skin. Since that time there have been numerous studies of the role
and stoichiometry of oxygen consumption with active ion transport.'*343% Clearly, for
several tissues it has been shown that the rate of oxygen consumption is related to the
rate of active sodium transport.?*%3¢ When care is taken to eliminate the contributions
of bacterial contamination to oxygen consumption, as well as the required ‘‘basal me-
tabolism’’ of cells, studies have shown not only that oxygen consumption by the var-
ious tissues parallels active transport, but also that there is an extremely tight coupling
stoichiometry between the utilization of oxygen and the amount of sodium transported
across the tissue.?”-*® While studies of the stoichiometry of catabolic metabolism to
active transport have been useful and have led to several unique and potentially useful
tools for studying active transport,?’-? their success is the direct result of the tight
coupling of both anaerobic and aerobic metabolism to the production of adenosine
triphosphate (ATP).
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IV. THE ROLE OF ATP

As is seen in Figure 3, whether the main metabolic source of energy is glycolysis,
oxidative phosphorylation, or even another less important metabolic pathway,* the
currency for energy is ATP. This ubiquitous molecule is found in virtually every mam-
malian cell which transports sodium and potassium. Clearly the transport machinery
of the cell cannot tell where the ATP it will utilize to bring about the translocation of
the ionic species came from. Thus, the production of ATP by whatever cellular meta-
bolic process and its hydrolysis by the ionic transporting mechanism are of paramount
importance in understanding the nature of active transport.

V. THE MOLECULAR BASIS FOR ACTIVE TRANSPORT —
Na-K-ATPase

It is clear that transport of sodium out of cells and the simultaneous transport of
potassium into cells is an active transport process. Not only are both ions moved
against their electrochemical gradients but also these movements require cellular energy
in the form of ATP.

Within the last 20 years numerous studies have provided overwhelming evidence that
the active transport of Na* and K* are associated with the K*- Na*-, Mg**-dependent
ATPase enzyme commonly called Na-K-ATPase (see Glynn and Karlish*' for a review
of this subject). From the earliest work of Skou*? on this subject to the most recent
papers,*'** parallels have been established between active Na* and K* transport and
this enzyme system. Not only are both the enzyme system and the active transport
“pump’’ associated with cell membranes, but also both require the same substrates,
Na*, K*, Mg**, and ATP,** and they are both poisoned by the same agents, ouabain,*’
and Ca**,*® as well as others.*” Furthermore, both systems have high activities in cells
and tissues*® where the active Na and K t'ransport is high.

In a recent excellent review, Glynn and Karlish*' survey much of the evidence for
the association of the sodium pump to Na-K-ATPase and discuss the mechanism by



