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Introduction

A necessary function of all eukaryotic cells is the regulation of
intracellular pH. Because the typical cell has a large inside-neg-
ative membrane potential, a passive distribution of H" across
the plasma membrane would create an acid intracellular pH
(pH;)' that would be incompatible with normal metabolic func-
tion (1). Each cell therefore requires a mechanism for the uphill
extrusion of H* into the extracellular fluid. In some cells this
process of H* 'secretion is accomplished by an H*-ATPase di-
rectly coupling active H* secretion to ATP hydrolysis (2). In the
snail neuron (3) and giant axon of the squid (4) pH; regulation
involves a mechanism coupling Na* and HCOj transport into
the cell to the efflux of Cl-, a process stimulated by cellular
acidification and inhibited by anion transport inhibitors.

Another cellular mechanism for active H" secretion is Na*-
H™ countertransport. The Na* concentration in the cell is main-
tained well below that of the extracellular fluid by the active
removal of Na* via Na*-K* ATPase. The thermodynamic driv-
ing force for H* extrusion in coupled Na*-H* exchange is the
energy of the inwardly directed electrochemical Na* gradient.
This type of ion gradient-driven transport process, which has
only an indirect requirement for metabolic energy, is referred
to as secondary active transport (5).

The plasma membrane Na*-H* exchanger has three impor-
tant functions that are interrelated. First, the exchanger regulates
intracellular pH and thereby regulates those cellular metabolic
processes that are dependent on pH;. In this regard the Na*-H*
exchanger is an important intermediate between some extra-
cellular hormones and metabolic events such as protein and
DNA synthesis and glycolysis (1). Second, Na*-H* exchange
serves as an important cell entry mechanism for Na*. In addition
to the possible requirement of metabolic reactions for cell Na*,
the net solute influx will have important consequences on dis-
tribution of water between cells and the extracellular space, thus
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contributing to cell volume regulation (6). A third category of
functions attributed to Na*-H* exchange is found in epithelial
cells, specialized to accomplish net transport of solutes between
the extracellular fluid and a transcellular space, such as intestinal,
gall bladder, and renal tubular lumena (7-9). In this case, cellular
H* secretion may contribute to net H* excretion from the body
or to a change in pH of the transcellular fluid contents. Na*-H*
exchange may also contribute to net transepithelial Na* trans-
port. With net Na* transport, the process of Na* entry is often
accompanied by the simultaneous movement of an anionic spe-
cies. Hormones regulating urinary acid excretion or extracellular
fluid volume may work through Na*-H* exchange.

In addition to the roles of Na*-H* exchange in normal cell
function there is evidence for adaptive changes in transport ac-
tivity during pathophysiologic states of electrolyte, acid-base, or
hormonal imbalance of the organism. The purpose of this review
is to describe the properties of the Na*-H* exchanger; to sum-
marize its diverse contributions to normal cell function; to de-
scribe the mechanisms by which the activity of the Na*-H* ex-
changer is regulated, and to discuss a potential role for this
transporter in certain pathophysiologic states.

Properties of the Na*-H* exchanger. Na*-H* exchange has
been identified in many cell preparations and in cell culture,
and has been characterized with respect to such general transport
properties as stoichiometry for Na* and H* transfer, cation
specificity, and inhibitor sensitivity. The transport properties of
the exchanger have been most extensively determined in purified
microvillus membrane vesicles isolated from the renal cortex.
Na* influx in these vesicles is stimulated by outwardly directed
H* gradients and H* outflux is stimulated by inwardly directed
Na* gradients (7, 10). Both of these processes are unaltered by
membrane potential differences indicating electroneutral Na*
for H* exchange (7, 10). Imposition of outwardly directed Na*
gradients, thermodynamically balanced by outwardly directed
H" gradients of equivalent magnitude, abolishes net Na* uptake
suggesting a stoichiometric ratio of 1 Na*:1 H* (11). Vesicle Na*
uptake follows simple saturation kinetics with respect to external
Na* concentration, indicating a single external binding site for
Na*, consistent with a stoichiometry of 1 Na*:1 H* transported
(9). Na* uptake stimulated by outwardly directed H* gradients
is inhibited by external addition of Li* and NH; demonstrating
affinity for these cations, whereas K*, Rb*, and Cs* cannot sub-
stitute for Na* (12). In addition to Na*-H* exchange, the trans-
porter can operate in other modes involving these cations, such
as Li*-H* exchange, Na*-Na* exchange, and Na*-NHj ex-
change. The effect of external Li*, NH}, and H* on Na* uptake
is competitive in nature and can be explained by a single external
binding site for these cations. For example decreasing external
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pH from 7.5 to 6.6 results in an increase in apparent Michaelis
constant (K,,) for Na* from 13 to 54 mM without an effect on
maximum velocity (Vmay) (13). In contrast, rates of Na* uptake
do not increase as a simple function of increasing internal [H*]
(14). Instead, the rate of Na* influx at varied internal pH shows
greater than first-order dependence on internal [H*]. At constant
external pH of 7.5, net Na* efflux via Na*-H* exchange increases
threefold as internal pH is decreased from 7.5 to 6.9, despite a
decrease in the net thermodynamic driving force for Na* efflux
via countertransport. Given the stoichiometry of 1 Na*:1 H*
these results suggest an interaction between internal H* and a
modifier site on the exchanger independent of the H* translo-
cating site. The net effect of increasing internal H* is an allosteric
increase in the rate of countertransport.

Another property of Na*-H* exchange is its reversible in-
hibition by the pyrazine diuretic amiloride (15). Studies of 2?Na*
flux in renal microvillus membrane vesicles indicate that ami-
loride competitively inhibits the external Na* site of the anti-
porter, with an inhibition constant (K;) of 7-30 uM (15); this is
two to three orders of magnitude higher than the concentrations
required for amiloride inhibition of Na* channels in tight epi-
thelia such as the renal cortical collecting duct, the site of its
diuretic action (16). Quinidine, another reversible inhibitor of
the renal Na*-H* exchanger, not only increases the apparent
K., for Na* but decreases V., of Na* uptake indicating mixed-
type inhibition. Based on kinetic considerations, it is likely that
quinidine inhibits the exchanger through an interaction at an
external binding site distinct from the Na* transport site (17).

Studies in isolated membrane vesicles have contributed to
the elucidation of properties of the Na*-H* exchanger in well-
controlled conditions and have characterized thermodynamic
and kinetic properties of the transporter. It is noteworthy that
properties of the Nat-H* exchanger observed in a variety of
intact cells and tissues resemble closely those determined in renal
vesicles. For example, in thymocyte suspensions electroneutral
Na*-H* exchange in the plasma membrane has a stoichiometry
of 1 Na*:1 H*, can mediate Li*-H* exchange, and is competi-
tively inhibited by amiloride in micromolar concentrations (18).
In these cells Na*-H* exchange is undetectable at cellular pH
> 6.9, even in the presence of favorable electrochemical driving
forces, but can be activated by cellular acidification. This is con-
sistent with regulation of the Na*-H* exchange rate by an internal
H* modifier site, poised for maintenance of intracellular pH.

In plasma membrane vesicles derived from human epider-
moid carcinoma cells, Na*-H* exchange has affinity for Li* but
not K*, is inhibited by amiloride, and is allosterically activated
by acid intravesicular pH (19). Evidence in favor of an internal
H* modifier site has also been demonstrated in chick skeletal
muscle cells and human lymphocytes and fibroblasts (20). In
general,' amiloride inhibition is a characteristic of plasma mem-
brane Na*-H* exchangers. However, in thymic lymphocytes an
amiloride-insensitive cation exchanger mediating electroneutral
Na*-H* exchange has been described (21). As noted for renal
Nat-H* exchange, the transporter in cardiac sarcolemmal ves-
icles and dog red blood cells is also sensitive to quinidine
(22-23).

Although the protein mediating Na*-H* exchange has yet
to be isolated, preliminary characterization of chemical groups
critical to the activity of the renal Na*-H* exchanger has been
reported. First, there is evidence that the external H* binding
site of the Na*-H* exchanger in renal microvillus membrane
vesicles contains a histidine residue (24). The apparent pK for
interaction of external H* with the exchanger is in the pH range
of 7.3 to 7.5, consistent with titration of an imidazolium group.
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The histidine-reactive reagent diethylpyrocarbonate irreversibly
reduces the Vy,, for Na* uptake via Na*-H* exchange in the
renal vesicles. The effects of amiloride, Na* and pH; on the
process of inactivation by diethylpyrocarbonate suggest that the
critical histidine residue is at the external transport site. In thymic
lymphocytes diethylpyrocarbonate was similarly found to inhibit
Na*-H* exchange (25). Second, there is evidence for the in-
volvement of a critical carboxyl group in the functioning of the
renal Na*-H* exchanger. Transport activity in renal microvillus
membrane vesicles can be inactivated by the carboxyl-specific
reagents ethoxy-carbonyl-ethoxy-dihydroquinoline (EEDQ) (26,
27) and N,N'-dicyclohexylcarbodiimide (DCCD) (28). Amiloride
protects against the irreversible interaction of EEDQ or DCCD
with the exchanger (27, 28). Labeling vesicle proteins with
[“CIDCCD in the presence of amiloride prior to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis results in a marked
reduction in a 100-kD polypeptide, which may be a component
of the Na*-H"* exchange protein (28). Third, an internal sulfhy-
dryl (SH) group is involved in exchanger activity. In lymphocytes,
SH-reactive agents that permeate the cells give inhibition of the
exchanger, whereas impermeant analogues are without effect
(25). These data suggest that an internal SH group has impor-
tance in determining the transport rate of the carrier and that
SH-alkylating agents may have usefulness in the characterization
of the transport protein.

Roles of Na*-H* exchange in cell function. It is now clear
that diverse types of cells utilize a plasma membrane Na*-H*
antiporter to maintain pH;. It has been found in neuronal cells,
skeletal, cardiac, and vascular smooth muscle, endothelial cells,
fibroblasts, lymphocytes, and in numerous tumor cells in culture
(29-39). Because the investigators of these cell types have been
interested in the relationship between the ionic milieu (pH, Na*,
K*) and metabolic function, much has been learned about the
importance of Na*-H* exchange in the processes of hormone
action, cell growth regulation, and cell differentiation (Table I).

The interaction between Na*-H* exchange and cell function
was first examined in fertilized sea urchin eggs (40). Cytoplasmic
alkalinization, a requirement for the development of the fertilized
egg, is dependent on external Na* and inhibitable by amiloride.
Furthermore a peptide (speract) associated with the egg stimulates
sperm motility and respiration by activating Na*-H* exchange
in the sperm cell (41). Similarly, in frog sartorius muscle an
effect of insulin to stimulate glycolysis is related to the hormone’s
ability to alkalinize the cytoplasm by activating Na*-H* exchange
in the plasma membrane (42).

Perhaps the most extensively studied role of Na*-H* ex-
change as a signal for biochemical events is its relationship to
the process of cell growth. For example, cultured fibroblasts de-
prived of serum enter a quiescent phase and can be stimulated
to proliferate by readdition of serum or purified growth factors
(43-48). It was demonstrated that the growth phase is associated
with an increase in Na*-K*-ATPase activity. The time course
of ionic fluxes indicates that the initial event in pump stimulation
is the entry of Na* from the extracellular fluid (44, 48). The
increased cell Na* then stimulates Na*-K* pump activity, which
increases cell K*. Elevated cell Na* and K* have each been
considered important in the process of DNA and protein syn-
thesis. Growth does not occur when cells are placed in low Na*
media (49). It was subsequently demonstrated that the Na* influx
is via an electroneutral and amiloride-sensitive Na*-H* ex-
changer (43, 45-47). In addition to increasing cell Na*, there
are noted early elevations in intracellular pH as cells begin to
grow. The time course of intracellular pH change and DNA
synthesis measured by [*H]thymidine incorporation is most



Table 1. Examples of Tissues in Which External
Stimuli Regulate Na*-H* Exchange

Tissue Stimulus

Increased Na*-H* Exchange
Sea urchin egg Fertilization (40)
Sea urchin spermatozoa Sea urchin egg, speract (41)
Fibroblasts Serum (43-48), thrombin (47), insulin

(59), vasopressin (63), bradykinin
(62), EGF (39, 55, 59), PDGF (60),

phorbol esters (83)

Vascular smooth muscle Serum, PDGF, Ca** inophores (31),
angiotensin (61)

Frog skeletal muscle Insulin (42)

Cardiac muscle Intracellular acid load (105)

Neurons Intracellular acid load (106)

Red blood cells Osmotic shrinkage (6), catecholamines
(107)

Neutrophils Chemotactic factors (65, 66), phorbol
esters (84)

Lymphocytes Concanavalin A (34), osmotic shrink-
age (67), phorbol esters (85)

Platelets Thrombin (64)

Tumor cells

Epidermoid carcinoma EGF (39, 57)

Glioma Bradykinin (108)

Leukemia Phorbol esters (38)
Neuroblastoma Serum (109), phorbol esters (83)
Pheochromocytoma EGF (58)

Hepatocytes EGF (56)

Gallbladder epithelia Osmotic shrinkage (68)

Renal proximal tubule Metabolic acidosis (94-96), K* deple-
tion (97), partial renal ablation (98),
glucocorticoids (99), thyroid hor-
mone (100), renal failure (110),
parathyroidectomy (94), diabetes
mellitus (111).

Decreased Na*-H* Exchange

Gall bladder epithelia cAMP (90)
Renal proximal tubule Parathyroid hormone, cAMP (91,

112).

consistent with a link between pH; and the growth response (47).
Additional evidence favoring an important regulatory role of
Na*-H* exchange on pH; in cell growth comes from studies of
mutant fibroblasts lacking Na*-H* exchange. These cells do not
grow in neutral or acidic media. However, if extracellular pH is
raised so that intracellular pH becomes more alkaline, the mutant
cells lacking Na*-H* exchange can grow (50). The role of the
Na*-H* exchanger in the response to mitogenic factors thus is
to elevate pHi; to a level permissive for cell growth; cell uptake
of Na* or K* is apparently not required for cell growth in this
case. It is interesting that the mutant fibroblasts lacking Na*-H*
exchange can grow in neutral or acidic media if HCOj is present,
in which case intracellular pH is regulated by Na*-dependent
CI"-HCOj5 exchange in these cells (51).

The use of amiloride inhibition of cell growth to prove the
importance of Na*-H* exchange has been criticized because of
the ability of the drug to directly inhibit protein synthesis (52).
More potent amiloride analogues can be used in lower concen-
trations, however, that do not interfere with metabolic reactions
(53); these agents have confirmed the importance of Na*-H*
exchange to the process of cell growth. Fibroblasts either lacking

Na*-H* exchange (50) or treated with inhibitory concentrations
of amlioride (54) may still initiate DNA synthesis in response
to serum or growth factors if exposed to CO,-HCO3 media. In
these cells, Na*-H* exchange thus may not be a requirement
for growth; other pHi; regulating mechanisms may overcome the
loss of antiporter activity.

In view of the effect of serum on Na*-H* exchange and cell
growth, the effects of various purified growth factors, alone or
in combination, on cell Na*-H* antiport have been examined.
For example, the polypeptide epidermal growth factor (EGF)
stimulates amiloride-sensitive Na* uptake and causes intracel-
lular alkalinization prior to its known effect to increase DNA
synthesis in fibroblasts, hepatocytes, human epidermoid carci-
noma cells, and pheochromocytoma cells (39, 55-58). A study
in human fibroblasts suggests that EGF alters the internal H*
modifier site of the Na*-H* exchanger, thereby making the an-
tiporter more sensitive to pH; (59). Platelet-derived growth factor
(PDGF) has been shown to cause an increase in pH; of cultured
fibroblasts and vascular smooth muscle cells, an effect requiring
external Na* and inhibitable by amiloride (31, 60). Other mi-
togenic peptides known to stimulate Na*-H* exchange include
angiotensin in aortic smooth muscle cells, an effect blocked by
saralasin and amiloride (61), lys-bradykinin in human fibroblasts
(62), and vasopressin (63). Insulin has been observed to increase
Na*-H* countertransport in skeletal muscles cells (42); in fibro-
blasts it has synergistic actions with EGF suggesting a different
mechanism of action (59). Thrombin activation of platelets is
related to its function to increase Na* uptake by the platelet
(64), and this protein exerts a mitogenic effect and enhances
Na*-H* exchange in cultured fibroblasts (47). Finally, chemo-
tactic factors such as arachidonic acid and leukotriene B, stim-
ulate amiloride-sensitive Na* influx in neutrophils (65). Also in
neutrophils, the stimulation of the respiratory burst by f~Met-
Leu-Phe is related to intracellular alkalinization due to activation
of Na*-H* exchange (65, 66).

It is clear from these examples that stimulation of plasma
membrane Na*-H* exchange is an important intermediate step
between extracellular first messengers and biological responses,
particularly cell growth. It should be noted, however, that mi-
togenic factors also have effects that are clearly independent of
Na*-H* exchange or pH;. In fact, certain growth factors stimulate
Na* uptake without having mitogenic effects, particularly in tu-
mor cells (39). Furthermore, growth factor stimulation of the
cell may induce a series of biochemical changes despite inhibition
of the Na*-H"* exchanger (39). It is also possible that changes in
cell Na* and K* content as well as pH; are important to cell
function in some cases. Also, other transport processes such as
CI"-HCOj5 exchange may contribute to cellular pH regulation.

Na*-H* exchangers present in the plasma membranes of red
blood cells, lymphocytes, and gallbladder epithelia play an im-
portant role in cell volume regulation (6, 67, 68). Osmotic
shrinking of hypotonically pretreated lymphocytes is followed
by a reswelling associated with an increase in cell Na* content
and intracellular alkalinization (67). This process is dependent
on extracellular Na*, is electroneutral and is inhibited by ami-
loride, consistent with Na*-H* countertransport. Recovery of
cell volume after osmotic shrinkage in amphiuma red cells (6)
and Necturus gallbladder (68) is thought to result from parallel
activation of Na*-H* and CI"-HCOj exchangers in the cell
membranes.

Na*-H* exchange is a major transport pathway involved in
the transepithelial transport of Na*, HCOj3, and Cl” in diverse
epithelia. For example, the mammalian proximal tubule reab-
sorbs 80-90% of HCOj filtered at the glomerulus. The process
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responsible for acidification in the proximal nephron is secretion
of H* from cell to lumen (69). H* secretion has been shown to
be largely dependent on luminal Na* and to be inhibited by
amiloride. These findings are consistent with an important role
of luminal Na*-H* exchange (70, 71). Since HCO3 is one of the
principal solutes reabsorbed with Na* in the proximal convoluted
tubule, the Na*-H* antiporter also makes an important contri-
bution to net Na* reabsorption in this segment. Acid secretion
accomplished by luminal membrane Na*-H* exchangers also
contributes to the process of net HCO3 absorption in epithelial
cells of the renal thick ascending limb of Henle (72, 73), and
small intestine (7). Where present on the basolateral membrane,
as in cells of the exocrine pancreas (74, 75), choroid plexus (76),
and cornea (77), Na*-H* exchange represents a mechanism for
uphill entry of HCOj3 into cells from the extracellular fluid and
is therefore important for net HCOj3 secretion. In gallbladder
(8), small intestine (77a), renal cortical thick ascending limb of
Henle (72), and amphibian proximal tubule (77b) the parallel
operation of Na*-H* and C1"-HCOj exchangers on the luminal
membrane contributes to net NaCl absorption. In the mam-
malian proximal tubule electroneutral NaCl absorption may in
part occur by parallel processes of Na*-H* exchange and ClI™-
formate exchange across the luminal membrane (78). By this
mechanism, H* secretion acidifies the luminal fluid resulting in
an increase in formic acid transport into the cell by nonionic
diffusion. As cellular formate concentrations increase, Cl~ influx
coupled to formate efflux (Cl"-formate exchange) can take place.
The recycling of formic acid back into the cell may enable the
relatively small physiologic concentrations of this short-chain
fatty acid to stimulate absorption of larger amounts of ClI~.

Mechanisms of regulation of Na*-H* exchange. As a con-
sequence of the experimental evidence assigning importance to
monovalent ionic fluxes as a signal for biochemical events, recent
investigations have attempted to clarify the molecular mecha-
nisms involved in the regulation of Na*-H* exchange activity.
Of particular interest is the observation that several mitogens
and hormones induce phosphorylation of specific cell proteins
simultaneous to their effects on ion transport (79). Several lines
of evidence suggest an important role of membrane phospho-
lipids in initiating the response of Na*-H* exchange to mitogenic
stimulation (80). Several potent mitogens known to increase
antiporter activity (e.g., EGF, PDGF, angiotensin, and vaso-
pressin) are also known to mediate hydrolysis of phosphatidyl-
inositol to the products diacylglycerol and inositol trisphosphate
(80, 81). Diacylglycerol and cytosolic Ca?* synergistically activate
phospholipid-dependent C kinase (82). Since synthetic diacyl-
glycerols and tumor-promoting phorbol esters, known activators
of protein C kinase, also stimulate Na*-H* exchange in human
fibroblasts (83), neutrophils (84), lymphocytes (85), and human
leukemic cells (86), this biochemical pathway has been consid-
ered an important regulator of the antiporter in these cells.
However, it is not known whether the transport protein itself is
a substrate for C-kinase phosphorylation. In rat thymic lym-
phocytes, tumor-promoting phorbol esters and other C-kinase
activators alter the sensitivity of Na*-H* exchange to intracellular
pH consistent with an effect on the internal H* modifier site
(85). In this system, phorbol ester addition results in increased
Na* influx, cell swelling, and secondary increases in Na*-K*
pump activity. Since the stimulation of Na*-H* exchange by
phorbol esters in the neutrophil is also observed in degranulated
and enucleated cells (cytoplasts), the effect is probably indepen-
dent of recruitment of Na*-H* exchangers by exocytosis of in-
tracellular vesicles (84).
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Another mechanism proposed for regulation of Na*-H* ex-
change is activation of calmodulin-dependent protein kinases
by cytosolic Ca?*. It is thought that inositol trisphosphate can
mediate release of Ca?* from intracellular stores resulting in a
transient increase in cytosolic Ca?* concentration. Stimulation
of Na*-H* exchange by growth factors in Swiss 3T3 cells and
vascular smooth muscle is blocked by calcium antagonists and
nonspecific inhibitors of calmodulin (trifluoroperazine, chlor-
promazine, and imipramine), suggesting importance for this
pathway (87). Although an increase in cytosolic Ca®>* has been
noted after mitogenic stimulation of fibroblasts (88) and meta-
bolic activation of the fertilized sea urchin egg (89), others have
not observed changes in cytosolic Ca®* during growth (83) or
have dissociated increases in Ca®* concentration from antiporter
activation (39).

A third mechanism of regulation of Na*-H* exchange in-
volves cAMP-dependent pathways. In gallbladder epithelia,
cAMP analogues inhibit apical Na* entry via Na*-H* exchange
(90). This is associated with an increase in Cl~ permeability of
the luminal membrane, thereby increasing Cl~ backleak into the
lumen and decreasing net NaCl and water absorption. In the
renal proximal tubule, parathyroid hormone and cAMP ana-
logues decrease activity of the luminal membrane Na*-H* ex-
changer (91), consistent with known effects of the hormone to
decrease proximal acidification. '

EGF, known to have plasma membrane receptors on many
cell types, is closely linked to a tyrosine specific protein kinase
(92). Since EGF is a known activator of Na*-H* exchange it
remains possible that function of a tyrosine kinase is important
to regulation of the antiporter. Addition of EGF to target cells
stimulates this kinase activity resulting in phosphorylation of
several membrane proteins including the EGF receptor itself
(92). Phosphorylation of tyrosine residues is thought to play an
important role in the physiological effects of EGF. PDGF also
induces tyrosine phosphorylation in Swiss 3T3 cells within min-
utes of exposure (93). Both EGF and PDGF phosphorylate pro-
teins of similar molecular weight suggesting that these proteins
are involved in the common physiological effects of the peptides
(93). The importance of tyrosine kinase activity to cell prolif-
eration has also been implied by the observation that transform-
ing proteins of retroviruses and EGF induce phosphorylation of
identical proteins (92). Although the physiologic functions of
many of the phosphoproteins formed after addition to cells of
hormones and growth factors are presently unknown, it remains
possible that the protein mediating Na*-H* exchange, or other
transport regulating proteins, are directly modified. The role of
various protein kinases in regulating Na*-H* exchange activity
has been recently reviewed (93a).

Role of the Na*-H* exchanger in pathophysiologic states.
The presence of Na*-H* exchangers in a variety of tumor cells,
and the activating properties of mitogenic growth factors and
tumor-promoting phorbol esters on the antiporter suggest that
this transport process may have important functions in the con-
trol of tumor growth. It is also reasonable to expect that activation
of this transport system may be involved in nonmalignant forms
of tissue and organ development, growth, or hypertrophy.

The study of the renal Na*-H* exchanger in animal models
of acid-base and electrolyte disorders has provided insight into
the long-term regulation of the antiporter in the proximal tubule.
For example, in metabolic acidosis (94-96) and chronic dietary
K* depletion (97), increases in Na*-H* exchange activity in mi-
crovillus membrane vesicles correlate with the finding of in-
creased proximal tubule H* secretion in these conditions. In



chronic states produced by contralateral nephrectomy, high-
protein diets (98), and glucocorticoid and thyroid hormone
treatment (99, 100), increases in Na*-H* exchange correlate with
increases in single nephron glomerular filtration rate and prox-

imal Na* and HCOj reabsorption. Interestingly, each of these -

adaptations is associated with renal growth and biochemical ev-
idence for hypertrophy and hyperplasia. As discussed in the pre-
vious section, Na*-H* exchange in nonrenal cells plays an im-
portant role in the process of cell growth. It is of particular interest
that increased DNA synthesis in a cultured kidney cell line ex-
posed to low extracellular K* concentrations is associated with
increased cell Na* concentrations (101). These data suggest that
an increased Na* uptake mechanism induced by K* depletion
may precede cell proliferation. This may explain the enhanced
Nat-H* exchange activity observed in renal vesicles from K*-
depleted animals.

A role for defective jejunal Na*-H* exchange in the devel-
opment of congenital secretory diarrhea has been proposed (102).
This condition is associated with metabolic acidosis due to in-
creased content of HCO3 in the stool. Membrane vesicles derived
from tissue obtained by jejunal biopsy in a patient with this
disorder demonstrated decreased Na*-H" exchange suggesting
that a specific congenital membrane defect may be responsible
for the diarrhea.

Essential hypertension in humans has been correlated with
abnormalities in cellular transport of cations. For example, pa-
tients with essential hypertension and their family members have
increased Na*-Na* and Na*-Li* countertransport in circulating
blood cells (103). If cation countertransport in blood cells were
a marker for activity of Na*-H* exchange in the proximal tubule
or loop of Henle, increased activity would be associated with a
primary increase in NaCl reabsorption in some forms of human
hypertension. Consistent with this hypothesis is the observation
that increased red blood cell Na*-Li* countertransport in hy-
pertensives is correlated with increased proximal tubule Na*
reabsorption (104). Since angiotensin is a known stimulus to
Na*-H* exchange in vascular smooth muscle (61), it is also pos-
sible that a hormone-induced increase in cell Na* content or
pH; may result in increased vascular tone and/or vascular hy-
perplasia in hypertensive states. The role of cation transporters
in the expression or pathogenesis of human hypertension will
require further investigation.

Conclusion

In summary, plasma membrane Na*-H* exchangers have been
identified in a wide variety of animal cells. The common prop-
erties of the exchanger include 1:1 electroneutral Na*-H* coun-
tertransport, affinity for Li* in addition to Na* and H*, sensitivity
to the inhibitor amiloride, and an internal H* modifier site that
functions to allosterically increase the antiporter rate as a func-
tion of decreasing intracellular pH. The carrier serves a major
role in intracellular pH regulation and thereby mediates pH-
dependent metabolic responses such as those involved in cell
growth. Na*-H"* exchange affects cell Na* content and thus con-
tributes to the process of cell volume regulation. Several hor-
mones alter the activity of the exchanger and may therefore
influence biochemical events by changing cellular ionic content
or pH;. Membrane phosphorylation mediated by a spectrum of
protein kinases has been implicated in the regulation of antiporter
activity. Greater understanding of the mechanisms for regulation
of the Na*-H* exchanger will undoubtedly result from current
efforts directed at identifying the transport protein and cloning
its gene. Current work is also directed at evaluating the role of

this transport system in a variety of pathophysiologic states, such
as malignant and nonmalignant growth, hypertension, and dis-
orders of acid-base and electrolyte homeostasis.
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