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Sodium-Lithium Exchange
and Sodium-Proton Exchange Are Mediated
by the Same Transport System in
Sarcolemmal Vesicles From Bovine
Superior Mesenteric Artery

Andrew M. Kahn, Julius C. Allen, Edward J. Cragoe Jr., and Harnath Shelat

Several laboratories have reported that Na*-Li* countertransport activities are increased in red
blood cells from patients with essential hypertension. It has been proposed that the activity of
this red blood cell transport system might reflect the activity of a similar system in vascular
smooth muscle. We previously demonstrated Na*-Li* exchange in sarcolemmal vesicles from
canine artery and proposed that this transport function might be mediated by the Na*-H*
exchanger. In the present studies, however, we were unable to demonstrate Na*-Li* counter-
transport in canine red blood cells. Since bovine red blood cells have a vigorous Na*-Li*
exchanger and we previously demonstrated Na*-H* exchange in sarcolemmal vesicles from
bovine artery, we wished to determine whether bovine sarcolemmal vesicles mediate Na*-Li*
exchange and whether this transport function is mediated via the Na*-H* exchanger. We found
that an outwardly directed proton or Li* gradient stimulated *Na* uptake in sarcolémmal
vesicles from bovine superior mesenteric artery. Li* gradient—stimulated Na* uptake was not
due to electrical coupling between the two ions, was not affected by a change in membrane
potential, and could not be explained by the parallel operation of Li*-H* and Na*-H* exchange.
External Li* inhibited proton gradient—stimulated Na* uptake, and external protons inhiblted
Li* gradient-stimulated Na* uptake. Na* efflux from vesicles was stimulated by inwardly
directed gradients for Li* or protons, and these effects were not additive. Proton efflux from
vesicles was stimulated by inwardly directed gradients for Na* or Li*, and these effects were not
additive. Finally, Na*-H* exchange and Na*-Li* exchange in sarcolemmal vesicles were inhibited
by 5-(N-ethyl-N-isopropyl)amiloride in an identical dose-dependent manner. In conclusion,
Na*-Li* countertransport could not be demonstrated in canine red blood cells, but as is the case
with bovine red blood cells, sarcolemmal vesicles from bovine artery mediate Na*-Li* counter-
transport. This transport function and sarcolemmal Na*.H* exchange are mediated via a single
5-(N-ethyl-N-isopropyl)amiloride—sensitive cation exchanger with affinity for Na*, Li*, and
protons. The cow, as opposed to the dog, may be a good animal model to test whether the activity
of red blood cell Na*-Li* countertransport is predictive of the activity of Na*-Li* (and Na*-H")
exchange in vascular smooth muscle. (Circulation Research 1989;65:818—-828)

any laboratories have looked for Na* trans-

port abnormalities in red blood cells from

patients with essential hypertension in

the hope of finding a defect that, if present in other
tissues such as kidney or vascular smooth muscle,
could account for increased blood pressure.!-¢ Of
the several red blood cell Na* transport defects that

have been reported in hypertensive patients,
increased Na*-Li* countertransport activity has
been one of the most consistently reported obser-
vations.25:6 This transport system, in the presence
of the very low physiological concentrations of Li*,
would be expected to mediate Na*-Na* exchange,’
which would not affect net Na* transport in any
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tissue, Thus, the relation between red blood cell
Na*-Li* countertransport and the hypertensive pro-
cess is obscure.

Several authors have suggested that red blood
cell Na*-Li* countertransport may be an operative
mode of a Na*-H* exchangers and that increased
activity of the former in patients with essential
hypertension may be a marker for increased Na*-
H* exchange activity in the kidney or vascular
smooth muscle.%-! This attractive hypothesis has
gained support by data demonstrating reduced renal
Li* clearance, which is an indication of increased
proximal tubular Na*-H* exchange activity, in a
group of patients with essential hypertension.!!
Other studies have shown that Na*-H* exchange
activity in red blood cells from hypertensive
patients'213 and lymphocytes* and neutrophils!?
from hypertensive rats is increased. Nevertheless,
there are data that detract from this hypothesis.
Whereas Na*-Li* countertransport is easily demon-
strable in human red blood cells under control
conditions,25-7 Na*-H"* exchange can only be elic-
ited under special experimental conditions.!s:!7 In
addition, Na*-Li* countertransport in human red
blood cells is insensitive to amiloride,!® whereas
this drug readily inhibits Na*-H* exchange in these
cells.!”

To assess whether red blood cell Nat-Li* coun-
tertransport activity might be predictive of the
activity of a similar transport system in vascular
smooth muscle, we previously performed studies
that demonstrated the presence of a Na*-Li*
exchange transport process in sarcolemmal vesicles
from the superior mesenteric artery of the dog.'?
This exchanger shared several properties with the
human red blood cell Na*-Li* countertransport
system, and the data suggested that canine sarcolem-
mal Na*-Li* exchange may be mediated by the
Na*-H* exchanger in that tissue.!® In the present
study, we wished to see if the canine sarcolemmal
Na*-Li* exchanger was homologous with a putative
Na*-Li* countertransport system in the canine red
blood cell. As opposed to red blood cells from
humans or rabbits, however, we were not able to
demonstrate the presence of Na*-Li* countertrans-
port in canine red blood cells.

If the activity of a particular transport system in
the red blood cell is to be considered a marker for
transport activity in vascular smooth muscle, it is
obviously important that both tissues contain the
same transport system in question. Unlike the canine
red blood cell, the bovine red blood cell has a very
vigorous Na*-Li* countertransport system,?.9.20.21
and we have previously demonstrated that bovine
sarcolemmal vesicles from the superior mesenteric
artery contain a Na*-H" exchanger.22 Therefore,
we wished to document the presence of Na*-Li*
exchange in bovine sarcolemmal vesicles. Further-
more, due to the confusion over whether Na*-Li*
countertransport in any tissue is truly an operative
mode of a Na*-H" exchanger, we wished to deter-

mine whether Na*-Li* exchange and Na*-H*
exchange in bovine sarcolemmal vesicles are medi-
ated by the same transport system.

Materials and Methods
Red Blood Cell Na*-Li* Countertransport

Fresh blood was drawn into a heparinized syringe
from the antecubital vein of a human volunteer, from
the central ear artery of an adult male New Zealand
White rabbit, or from a foreleg vein of a male
mongrel dog. The whole blood was centrifuged at
5,000g for 5 minutes at 4° C, and the plasma and
buffy coat were removed. The efflux of Li* from red
blood cells was measured by methods modified from
Canessa et al2 and are described as follows. One
volume of packed red blood cells was incubated in a
shaking water bath for 3 hours at 37° C with five
volumes of (mM) LiCl 150, glucose 10, ouabain 0.1,
and Tris-3-(N-morpholino)propanesulfonic acid
(MOPS) 10, pH 7.4. The cells were centrifuged at
5,000g for 5 minutes at 4° C, and the packed cells
were resuspended in ice-cold washing solution that
contained (mM) MgCl, 75, sucrose 85, glucose 10,
and Tris-MOPS 10, pH 7.4. This suspension was
centrifuged at 5,000g for 5 minutes at 4° C, and five
successive identical washing and centrifuging steps
were performed to remove extracellular Li*. The
hematocrit of the washed suspension was measured.
The efflux of Li* from the preloaded washed red
blood cells was initiated by incubating cells at 37° C
with different external media. At time zero and at
specified intervals thereafter, three 1-ml aliquots from
each suspension were pipetted into individual ice-cold
plastic tubes and centrifuged at 5,000 for 3 minutes at
4° C, and the supemnatants were removed and stored
in plastic tubes. The Li* concentrations of the super-
natants were measured with a flame photometer (mod-
el 450, Corning, Medfield, Massachusetts). The mean
concentration of Li* in the initial supernatants was
subtracted from the mean concentrations in the sub-
sequent supernatants, and the efflux of Li* into the
different external media was calculated and expressed
as millimoles per liter of red blood cells. Each red
blood cell transport experiment was performed on at
least three separate occasions.

Membrane Vesicles

Fresh bovine superior mesenteric arteries were
obtained from a local slaughterhouse. Adhering
connective tissue, fat, veins, and nervous tissue
were removed in the cold. A sarcolemmal-enriched
vesicle preparation was obtained by previously
described methods,22 which are outlined as follows.
The arteries were thoroughly minced with scissors,
suspended in 10 ml/g wet wt in (mM) mannitol 200,
Tris 10, and N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES) 16, pH 7.5 at 4° C,
and homogenized with a Polytron homogenizer.
Magnesium sulfate was added to the homogenate to
a final concentration of 10 mM, and the homogenate
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was incubated on ice for 30 minutes. The suspen-
sion was centrifuged at 1,035g for 4 minutes, and
the resultant supernatant was filtered through four
layers of gauze and centrifuged at 48,000g for 30
minutes. The resultant pellet was resuspended in
homogenizing medium with 10 mM MgSO, and
incubated on ice for an additional 30 minutes. This
suspension was centrifuged at 1,035g for 4 minutes.
The resultant supernatant was centrifuged at 48,000g
for 30 minutes to yield the final pellet, which was
resuspended and recentrifuged twice in the original
homogenizing medium without MgSQO, and resus-
pended to a protein concentration of about 10
mg/ml. Protein was measured by the method of
Lowry using bovine serum albumen as a standard.
These methods yield a membrane vesicle prepara-
tion that is enriched in the sarcolemmal marker,
ouabain-sensitive K* phosphatase, 20-fold and four-
fold relative to arterial homogenate and a microso-
mal fraction, respectively.?2 The final membranes
were not enriched relative to the microsomal frac-
tion in the sarcoplasmic reticular marker, NADPH
cytochrome c¢ reductase, or the mitochondrial mem-
brane marker, cytochrome ¢ oxidase.2

Brush border membrane vesicles were prepared
from the renal cortexes of New Zealand White
rabbits by a Mg?* aggregation and differential cen-
trifugation technique, as previously described.2
These vesicles were enriched more than 10 times
relative to the cortical homogenate in the brush
border membrane enzyme, alkaline phosphatase,
but not enriched in the basolateral membrane marker
enzyme, Na*, K*-ATPase.

Sodium Transport

The transport of Na* by the vesicle preparation
was studied using ?Na* and a rapid Millipore filtra-
tion technique (Millipore, Bedford, Massachusetts).
In general, the transport of ?Na* was measured
under conditions in which the external and intrave-
sicular ion concentrations had been preset to cer-
tain values according to the goals of each particular
experiment. Aliquots of membranes (about 100 pg
protein) that had been preincubated in the desired
solutions at 22° C for 90 minutes were incubated
with 1 mM 2Na* at 22° C as described in the figure
legends. Uptake was terminated at the desired time
points by rapidly diluting the incubating membranes
with 3.5 ml cold (0-4° C) ““stop solution’ that
contained (mM) MgSO, 112, Tris 1, and HEPES
1.6, pH 7.5. The membranes were separated from
external media by Millipore filtration (0.65 pm,
DAWP filter) and washed three times with 3.5-ml
aliquots of cold stop solution. The filters were
immersed in scintillation cocktail and counted.
Sodium uptake by the membranes was determined
by subtracting a filter blank, which was obtained in
the absence of membranes. Sodium efflux studies
were performed by preincubating vesicles with 1
mM ZNa* for 90 minutes at 22° C and diluting them
50-fold in sodium-free media at 22° C. At 0- and

30-second time points, the sodium content of the
vesicles was determined by the same cold stop,
Millipore filtration, and washing technique just
described. Sodium efflux was calculated as the
difference in the sodium content between the 0- and
30-second time points. In all experiments, each
determination was performed in triplicate.

Proton Transport

The transport of protons by vesicles was mea-
sured by monitoring the fluorescence quenching of
acridine orange as previously described.2# Acridine
orange is a fluorescent weak base that rapidly enters
the intravesicular space and is trapped in its proton-
ated form if the intravesicular pH (pH,,) is lower
than external pH (pH,,,). This results in quenching
of acridine orange fluorescence.

To see whether an outwardly directed Li* gradi-
ent resulted in acidification of sarcolemmal vesi-
cles, 15 ul vesicle suspension (about 150 pg pro-
tein), which had been preincubated with buffer
containing 25 mM LiCl or choline chloride, pH 7.5,
was rapidly mixed with 1 ml external media con-
taining 6 uM acridine orange plus 5 mM LiCl, pH
7.5. Fluorescence was recorded over time by acti-
vating at 493 nm and recording the emission at 530
nm with a fluorescent spectrophotometer (model
650-10S, Perkin-Elmer, Norwalk, Connecticut)
attached to a chart recorder. The addition of the
vesicles to the cuvette resulted inimmediate quench-
ing of fluorescence, even though no initial pH
gradient was present across the membranes. This
finding is presumably due to increased turbidity of
the solution caused by the membranes per se. It was
determined whether Li*-preloaded vesicles, as com-
pared with choline-preloaded vesicles, would result
in further fluorescence quenching and whether the
subsequent imposition of an inwardly directed Na*
gradient would reverse the fluorescence quenching.
Such a result would indicate that Li*-H* exchange
acidified the intravesicular space and that Na*-H*
exchange realkalinized it. A similar experiment was
performed with rabbit renal brush border vesicles,
which were preloaded with 100 mM sodium glu-
conate, pH 7.5, and mixed with external media
containing 6 pM acridine orange plus 100 mM
gluconate salt of N-methyl-D-glucamine (NMG™, a
control cation), pH 7.5.

To see the effects of inwardly directed Na* and/or
Li* gradients on the dissipation of an outwardly
directed proton gradient, 10 ul sarcolemmal vesicle
suspension (about 100 ug protein), which had been
preincubated with buffer at pH 5.0, was rapidly
mixed with 1 ml external media containing 6 uM
acridine orange plus the desired salts at pH 7.5 as
previously described.?* Fluorescence was measured
over time as described above. The fluorescence
signal was immediately quenched to low values due
to the sequestration of acridine orange in the rela-
tively acidic intravesicular space. As the pH gradi-
ent dissipated, acridine orange left the vesicles,
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FIGURE 1. Graphs showing effects of external Na* on
Li* efflux from red blood cells (RBCs). Human, rabbit, or
dog RBCs were preloaded with Li*, and the efflux of Li*
at 37° C was assayed by incubating the cells in media
containing (mM) MgCl, 4, sucrose 4, glucose 10, ouabain
0.1, and Tris-MOPS 10, pH 7.4, plus NaCl (Na,) or
choline chloride (Choline,) 150. Data presented are the
results of representative experiments.

thereby reducing fluorescence quenching. The flu-
orescence signal increased with time until a steady-
state level was achieved, at which point protons
were in electrochemical equilibrium across the mem-
brane. The fluorescence data were fitted by com-
puter analysis to the general equation: F=cxe™,
where F is the difference between final fluorescence
(at 20 minutes) and fluorescence at time, t, after
mixing (3-20 seconds), and c and k are constants. In
each experiment, the data fitted the above equation
with a regression coefficient of 0.99 or greater. The
value for & was taken to represent the first-order
rate constant for proton gradient dissipation.

ZNa* (200 Ci/g) was obtained from Amersham
(Arlington Heights, Illinois), and acridine orange
and valinomycin were obtained from Sigma (St.
Louis, Missouri). 5-(N-Ethyl-N-isopropyl)amiloride
(ethylisopropylamiloride) was synthesized as previ-
ously described.?s Statistical analysis was per-
formed with paired data using Student’s ¢ test.

Results
Li* Transport in Red Blood Cells

To determine whether canine red blood cells
mediate Na*-Li* countertransport, red blood cells
were preloaded with Li*, and the efflux of Li* was
measured into external media containing 150 mM
NaCl or choline chloride. For comparison, the same
experiment was performed with human and rabbit
red blood cells. As shown in Figure 1, the efflux of
Li* from human and rabbit red blood cells was
faster into Na* media than choline® media. The
increment in Li* efflux due to external Na* (Na*,,,)
can be taken as the activity of Na*-Li* countertrans-
port. However, the efflux of Li* from canine red
blood cells into Na* and choline media was the
same. Thus, Na*-Li* countertransport in canine red
blood cells is either absent or is quiescent under
conditions where the transport system is demonstra-
ble in red blood cells from humans and rabbits. It
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= .
K] ao} o 30 $
g_ 4 <
20p 201
g
=
%’10_ yolb 25 L
Q
=)
gw 25 Choline,

0 15 30 45 80 ,_9'0 QDO 15 30 45 @80 ,-_9‘0

58C min sec min
FIGURE2. Graphs showing effects of outwardly directed
proton (panel A) or Li* (panel B) gradients on Na* uptake
in bovine sarcolemmal vesicles. Panel A: Vesicles were
preincubated with (mM) mannitol 181, Tris 17, HEPES
28, pH 7.5 (®; 7.5,/7.5,, external and internal pH, respec-
tively), or mannitol 181, MES 40, Tris 2, and HEPES 3.2,
pH 5.0 (o; 7.5,/5.0; external and intemal pH, respec-
tively) for 90 minutes at 22° C, and the uptake of 1 mM
ZNa* was assayed at 22° C in the presence of (mM} CI~
1; mannitol 104, MES 8, Tris 47, and HEPES 65, pH 7.5.
Panel B: Vesicles were preincubated with (mM) mannitol
150, choline chloride (®; choline) or LiCl (O; Li) 25, plus
Tris 10, and HEPES 16, pH 7.5, for 90 minutes at 22° C,
and the uptake of 1 mM ®Na* was assayed at 22° C in the
presence of (mM) choline* 5, Li* 5, Cl~ 11, mannitol 178,
Tris 10, and HEPES 16, pH 7.5. Data presented are the
results of representative experiments.

would seem, then, that the dog is an unsuitable
animal model to test whether the activity of red
blood cell Na*-Li* countertransport is predictive of
the activity of Na*-Li* (or Na*-H*) exchange in
vascular smooth muscle. Bovine red blood cells,
on the other hand, do mediate Na*-Li* counter-
transport.”-%:20.21 Thus, the presence of Na*-Li*
exchange was assessed in vascular smooth muscle
sarcolemmal vesicles from this species.

Na*-H* and Na*-Li* Exchange
in Sarcolemmal Vesicles

The presence of Na*-H" exchange in bovine
sarcolemmal vesicles was confirmed by demonstrat-
ing that an outwardly directed proton gradient stim-
ulated the uptake of Na*. As shown in Figure 2A,
the presence of an inside acidic pH gradient (pH,,,
5.0; pHoy, 7.5) increased the uptake of Na* at early
time points relative to the absence of a pH gradient
(pH, and pH,., 7.5). The presence of Na*-Li*
exchange in the vesicles was assessed by demon-
strating that an outwardly directed Li* gradient (25
mM intravesicular Li* [Li*;], 5 mM Li*,,) stimu-
lated the uptake of Na™ at early time points relative
to the absence of such a gradient (0 Li*y,, 5 mM
Li*,). These data are shown in Figure 2B. Since an
initial outwardly directed proton or Li* gradient did
not affect Na* uptake at the 90-minute equilibrium
time points, the effects of proton or Li* gradients on
Na* uptake could not be explained by increased
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Na® binding to the membranes or by increased
intravesicular space. Thus, the data in Figures 2A
and 2B indicate that the vesicles can mediate both
Na*-H* exchange and Na*-Li* exchange.

We have previously demonstrated the presence
of Na*-H* exchange in sarcolemmal vesicles from
bovine superior mesenteric artery by showing that
gradients for Na* or protons stimulated the trans-
port of the counter ion in the opposite direction.22 In
that study, we showed that the link between Na®
and proton transport was not merely due to electri-
cal coupling between the two ions via separate
conductive pathways. This was demonstrated by
showing that an inwardly directed Na* gradient
stimulated proton efflux in vesicles where mem-
brane voltage was clamped to zero by setting equal
the internal and external K* concentration (K*,, and
K* .. respectively) in the presence of the K* iono-
phore, valinomycin. In the present study, we wished
to show that the stimulation of Na* uptake by an
outwardly directed Li* gradient in bovine sarcolem-
mal vesicles was not merely due to stimulation of
conductive Na* influx by a relatively inside nega-
tive Li* diffusion potential. We also wished to
assess the effect of a change in membrane potential
on Li* gradient-stimulated Na* uptake in these
vesicles.

The 30-second uptake of 1 mM “Na* was mea-
sured in vesicles preloaded with 25 mM choline* or
Li*, in the presence of valinomycin and equal K*,
and K*,,, (55 mM), or in an outwardly directed K*
gradient (K*;, 55 mM; K*,, 11 mM). The former
condition should clamp membrane potential to zero,
whereas the latter condition should clamp potential
to an inside electronegative value. As shown in
Figure 3, either in the presence of zero membrane
potential (K*,,=K*_,) or in an inside negative mem-
brane potential (K*;,>K*,,), Li*;, stimulated Na*
uptake relative to intravesicular choline. Thus, the
stimulation of Na* uptake by an outwardly directed
Li* gradient cannot be explained by a relatively
inside negative Li* diffusion potential since trans-
port was assessed under voltage-clamped condi-
tions. Although Na™ uptake by Li*- or choline™-
preloaded vesicles was stimulated when the
intravesicular space was rendered electronegative
compared with electroneutral vesicles (Figure 3), it
is noteworthy that the Li* gradient-stimulated com-
ponent of Na® uptake was the same under both
voltage conditions (0.27 and 0.28 nmol Na*/mg
protein - 30 sec for electroneutral and electronega-
tive vesicles, respectively). These data suggest that
Na*-Li* exchange in bovine sarcolemmal vesicles
is an electroneutral process.

Prior reports have shown that the Na*-H*
exchanger in several different tissues has affinity for
Li".26-2 It was possible that the stimulation of Na*
uptake in sarcolemmal vesicles via an outwardly
directed Li* gradient was actually the result of
intravesicular acidification via Li*-H* exchange fol-
lowed by proton gradient-stimulated Na* uptake
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FIGURE 3. Bar charts showing effect of membrane
voltage on Na*-Li* exchange in bovine sarcolemmal ves-
icles. Vesicles were preincubated with (mM) LiCl (Li) or
choline chloride (Choline;) 25, KCl 55, mannitol 40, and
HEPES-Tris 16, pH 7.5, plus 50 pg/ml valinomycin for 90
minutes at 22° C. Left panel: 30-second uptake of I mM
ZNa* was assayed at 22° C in the presence of (mM) Li* 5,
choline* 5, K* 55, Cl~ 66, mannitol 68, and HEPES-Tris
16, pH 7.5. Right panel: 30-second uptake of 1 mM *?Na*
was assayed at 22° C in the presence of (mM) Li* 3,
choline* 49, K* 11, CI~ 66, mannitol 68, and HEPES-Tris
16, pH 7.5. Values are the mean+SEM of a representative
experiment done in quadruplicate. K, internal K* concen-
tration; K, external K* concentration.

via Na*-H* exchange. In other words, it was pos-
sible that a direct Na*-Li* exchange process was
not present in the vesicles but that the paraliel
operation of Li*-H* and Na*-H* exchange gave rise
to Li* gradient-stimulated Na* uptake. This sce-
nario would be ruled out if it could be shown that an
outwardly directed Li* gradient, under conditions
where it stimulated Na* uptake, did not in fact
acidify the intravesicular space.

Sarcolemmal vesicles were preloaded with 25
mM LiCl or choline chloride, pH 7.5, mixed with
media containing 5 mM LiCl, pH 7.5, and pH,,
monitored by measuring the fluorescence quench-
ing of acridine orange. The intravesicular and
extravesicular ion and buffer concentrations were
the same as those used in the experiment shown in
Figure 2B. As shown in Figure 4, after addition of
Li*-preloaded vesicles to external media, the fluo-
rescence tracing was relatively flat and was not
different from the tracing obtained after adding
choline*-preloaded vesicles to external media. Fur-
thermore, as also shown on these tracings, the
addition of 25 mM Na™,, was without effect on the
fluorescence tracings. If an outwardly directed Li*
gradient had resulted in intravesicular acidification,
imposition of an inwardly directed Na* gradient
should have collapsed the pH gradient via Na*-H*
exchange, resulting in a rise in fluorescence. As a
positive control, a similar experiment was per-
formed with rabbit renal brush border wesicles,
which have very vigorous Na*-H* exchange activ-
ity relative to bovine sarcolemmal vesicles.22.30 As
shown on the left side of Figure 4, after renal brush
border vesicles, which had been preloaded with 100
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FIGURE 4. Tracings showing effect of an outwardly
directed cation gradient on intravesicular pH. Sarcolem-
mal vesicles (SL) were preincubated with (mM) mannitol
150, LiCl 25 (Li,, right tracing) or choline chloride
(Choline,,, middle tracing), plus Tris 10, and HEPES 16,
pH 7.5, for 90 minutes at 22° C. Fifteen microliters of
vesicles (about 150 ug protein) were rapidly mixed (at SL
arrow) with 1 ml buffer containing (mM) acridine orange
0.006, choline* 5, Li* 5, Cl~ 10, mannitol 170, Tris 10, and
HEPES 16, pH 7.5. Fluorescence was measured by
activating at 493 nm and recording the emission at 530
nm with a chart recorder (right to left). Sodium gluconate
(Na,) (25 mM) was added to the cuvette where indicated
from a 1 M stock. Rabbit renal brush border vesicles (BB)
(left tracing) were incubated with (mM) sodium gluconate
(Nay,) 100, Tris 10, and HEPES 16, pH 7.5, for 90 minutes
at 22° C. Ten microliters of vesicles (about 100 ug pro-
tein) were rapidly mixed (at BB arrow) with 1 ml buffer
containing (mM) acridine orange 0.006, NMG gluconate
100, Tris 10, and HEPES 16, pH 7.5, and fluorescence
was recorded as described above. Na, (25 mM) was
added to the cuvette where indicated. Tracings are rep-
resentative experiments that were performed at least five
times with two separate sarcolemmal and brush border
preparations.

mM sodium gluconate, pH 7.5, were suspended in
external media containing 6 puM acridine orange
plus 100 mM NMG gluconate, pH 7.5, there was
rapid acridine orange fluorescence quenching that
was reversed by adding 25 mM external sodium
gluconate. Thus, the methods used in Figure 4 can
detect acidification of a membrane vesicle prepara-
tion due to an outwardly directed cation gradient.

These data indicate that under the conditions
used, an outwardly directed Li* gradient did not
measurably acidify the inside of sarcolemmal ves-
icles. Therefore, the stimulation of Na' uptake by
an outwardly directed Li* gradient under identical
conditions (Figure 2B) cannot be explained by
parallel operation of Li*-H" exchange and Na*-H™*
exchange but was probably due to Na*-Li*
exchange per se.

Relation Between Na*-H* and Na*-Li* Exchange
in Sarcolemmal Vesicles

If Na*-H* exchange and Na"-Li* exchange in
these vesicles are mediated by the same transport

B B
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FIGURE 5. Bar charts showing effect of external Li* on
Na*-H* exchange in bovine sarcolemmal vesicles. Vesi-
cles were preincubated with buffer at pH 7.5 or 5.0 as
described in the legend of Figure 24. pH,,, internal pH;
pH,,,, extemal pH. The 30-second uptake of 1 mM *Na*
was assayed at 22° C in the presence of (mM) mannitol
54, Cl~ 26, choline* or Li* 25, plus MES 8, Tris 47, and
HEPES 65 pH 7.5. In each expeniment, data are
expressed as a percent of uptake by vesicles preincubated
at pH 7.5 and incubated with 2Na* in the presence of
choline*. In the presence of external choline* (Choline,)
or Li* (Li,), Na*-H* exchange activity is calculated as
the uptake of Na* by vesicles preincubated at pH 5.0
minus uptake by vesicles preincubated at pH 7.5. Data
represent the mean+SEM of four separate experiments.

system, it would be expected that Li*,, would
inhibit proton gradient-stimulated Na* uptake and
external acidity would inhibit Li* gradient—
stimulated Na* uptake. These predictions were
tested in the following two experiments. As shown
in Figure 5, vesicles were preloaded to pHy, 7.5 (left
panel) or 5.0 (middle panel), and the 30-second
uptake of 1 mM Na* was assayed in external media
at pH 7.5. These measurements were made in the
presence of 25 mM Li,,, or external choline®. As
expected, in the presence of external choline®,
preloading vesicles at pH;, 5.0 stimulated Na* uptake
by over 100%. However, in the presence of Li*,,,,
the stimulation of Na* uptake by internal acidity
was markedly attenuated. As shown in the right
panel of Figure 5, Na*-H* exchange activity, which
is taken as the proton gradient-stimulated compo-
nent of Na* uptake, was inhibited 87% by 25 mM
Li*,,. These data are in keeping with the possibility
that Li* competes with Na* for the Na* binding site
of the Na*-H* exchanger in these vesicles.

As shown in Figure 6, vesicles were preloaded at
pH;, 7.5 with 25 mM choline® (left panel) or Li*
(middle panel), and the 30-second uptake of 1 mM
Na* was assayed. These measurements were made
at pH,, 7.5 or 6.0. Li*, stimulated the uptake of
Na* by about 100% at pH,,, 7.5, but this stimulation
was attenuated at pH,, 6.0. Na*-Li* exchange
activity, which is taken as the Li* gradient-
stimulated component of Na* uptake (right panel),
was inhibited 61% by pH,, 6.0. These data are
consistent with the idea that protons compere with
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Na-Li Exchange

LICTL L =

pH, 7.5 pH, 6.0 pH,75 pH,B6.0 pHo, 75 pH, ﬁ(}‘

FIGURE 6. Bar charts showing effect of external acidity
on Na*-Li* exchange in bovine sarcolemmal vesicles.
Vesicles were preincubated with Li* (Liy) or choline®
(Choline,,) as described in the legend of Figure 2B, and
the 30-second uptake of 1 mM ¥Na* was assayed at 22° C
in the presence of (mM) choline* 5, Li* 5, ClI~ 11,
mannitol 178, plus Tris 10, and HEPES 16, pH 7.5, or Tris
6, HEPES 3.2, and MES 16.8, pH 6.0. In each experi-
ment, data are expressed as a percent of uptake by
choline*-preloaded vesicles, external pH (pH,) 7.5. At
PH,7.50r 6.0, Na*-Li* exchange activity is calculated as
the uptake of Na* by Li*-preloaded vesicles minus uptake
by choline*-preloaded vesicles. Data represent the
mean+SEM of three separate experiments.

Na* for the Na* binding site of the Na*-Li*
exchanger.

Another prediction that would be expected if
Na*-H* and Na*-Li* exchange were mediated by
the same transport pathway is that the stimulation
of Na* efflux induced by high concentrations of
Li*,, or external protons would not be additive.
This was tested in the following experiment. The
30-second efflux of Na* at pH,, 7.5 was measured in
external media at pH 7.5 containing 25 mM NMG or
25 mM Li*. Na* efflux was also measured in exter-
nal media at pH 5.5 containing 25 mM NMG"* or 25
mM Li*. Compared with control conditions where
the external media contained NMG™ at pH 7.5, the
presence of Li*,,, pH 7.5, stimulated the eflux of
Na*. These data, which are shown in Figure 7, are
in keeping with the presence of Na*-Li* exchange
in the vesicles. As also shown, the presence of
external acidity (pH,, 5.5) also stimulated Na*
efflux compared with control condittons, consistent
with the presence of Na*-H* exchange. However,
when both Li*,,, and external acidity were present,
Na* efflux was not faster than when either Li*,, or
external acidity alone was present. These data
suggest that Na* efflux via Na™-Li* exchange was
saturated at 25 mM Li*,,, that Na* efflux via
Na*-H* exchange was saturated at pH,, 5.5, and
that Li* and protons occupy the same external
transport site when exchanging for internal Na“*.

Relation Between Na*-H™ and Li*-H"* Exchange
in Sarcolemmal Vesicles

The data presented thus far with bovine sarcolem-
mal vesicles indicate that Na*-H* exchange and

o 1 0§

pH, 7.5

» 25NMG.,.

““Na Efflux (

25 NMG, 25Li 25 NMG, 251 |_
pH, 7.5 pH, 7.5 pH, 5.5 pH, 5.5

FIGURE 7. Bar charts showing effects of external Li*
and protons on Na* efflux from bovine sarcolemmal
vesicles. Vesicles were preincubated for %) minutes at
22 C with (mM) NaCl 1, NMG,S0, 12.5, mannitol
160.5, Tris 10, and HEPES 16, pH 7.5. The 30-second
efflux of ?Na* was assayed at 22° C by incubating a 10-ul
vesicle suspension preloaded with *Na* with a 0.5-ml
solution containing (mM) NMG SO, (NMG,) or Li;SO,
(Li*,) 12.5, mannitol 114.5, plus Tris 28.5, and HEPES
45.5, pH 7.5, or Tris 10 and MES 64, pH 5.5. In each
experiment, data are expressed as a percent of efflux into
media containing NMG*, pH 7.5, which was significantly
less (p<0.05) than efflux into the other three media. Data
represent the mean+SEM of four separate experiments.

Na*-Li* exchange are mediated via a single cation
exchange transport system with affinity for Na*,
Li*, and protons. If this is the case, Li*-H*
exchange, as well as Na*-H™ exchange, should be
demonstrable, and the efflux of protons that is
stimulated by high external concentrations of Li* or
Na™ should not be additive. These predictions were
tested in the following experiment. Vesicles were
preloaded to pH,, 5.0 and rapidly mixed with exter-
nal media at pH 7.5 containing 100 mM NMG™, 50
mM Na* plus 50 mM NMG?*, 50 mM Li* plus 50
mM NMG*, or 50 mM Na* plus 50 mM Li*. The
dissipation of the outwardly directed proton gradi-
ent was measured by monitoring the fluorescence
quenching of the pH probe, acridine orange. As
shown in Figure 8, in the presence of external
NMG™ (control), the fluorescence signal gradually
rose, indicating a leak of protons from the vesicles.
The first-order rate constant for this process (k) was
0.011+0.0005 sec™' (n=4). When the external media
contained Na*, the inside acidic pH gradient col-
lapsed faster, indicating the presence of Na*-H*
exchange (k=0.018+0.001 sec™', n=4) (p<0.01).
When the external media contained Li*, proton
efflux was also faster than under control conditions,
indicating the presence of Li*-H* exchange
(k=0.019+0.001 sec™', n=4) (p<0.01). When exter-
nal media contained both Na™ and Li*, the efflux of
protons was not faster than efflux in the presence of
external Na* or Li* alone (k=0.018+0.001 sec™,
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n=4) (p<0.01 vs. control; p=NS vs. Na*,, or
Li*..). These data indicate that the vesicles can
mediate Na*-H* exchange and Li*-H* exchange.
They also indicate that Na*™-H" exchange was sat-
urated at 50 mM Na*,,, that Li*-H* exchange was
saturated at 50 mM Li*,,, and that Na* and Li*
occupy the same external transport site when
exchanging for internal protons.

Inhibitor Studies

As a final test to determine whether Na*-H*
exchange and Na*-Li* exchange are mediated by
the same transport system in bovine sarcolemmal
vesicles, we tested whether ethylisopropylamiloride
would inhibit both transport processes with identi-
cal potency. Na*-H" exchange and Na*-Li*
exchange activities were taken as the proton gradi-
ent— and Li* gradient-stimulated components of
Na* uptake, respectively, and were measured under
identical cis conditions. These measurements were
made in the absence or presence of 1072, 107%, or
107 M ethylisopropylamiloride. As shown in Figure
9, the drug had exactly the same dose-response
effect for inhibiting Na*-H* exchange and Na*-Li*
exchange. These data provide further evidence that
both sarcolemmal transport functions are mediated
by the same mechanism.

Discussion

Several laboratories have demonstrated that Na*-
Li" countertransport is increased in red blood cells
from patients with essential hypertension.2.5.6 In the
absence of Li*, this transport system mediates
Na*-Na* exchange.” Increased Na*-Na* exchange
activity would not affect net Na* transport in the
red blood cell or any other tissue. Thus, the relation

FIGURE 8. Tracings showing effects of exter-
nal Na* and Li* on proton efflux from bovine
sarcolemmal vesicles. Vesicles were preincu-
bated for 90 minutes at 22° C with (mM)
mannitol 181, MES 40, Tris 2, and HEPES
3.2, pH 5.0. Ten microliters of vesicles (about
100 pg protein) were rapidly mixed with 1 ml
solution containing (mM) acridine orange
0.006, Tris 10, and HEPES 16, pH 7.5, plus
NMG chloride 100, or NaCl 50 and NMG
chloride 50, or LiCl 50 and NMG chloride 50,
or NaCl 50 and LiCl 50. Fluorescence was
measured over time (right to left) immediately
after mixing by activating at 493 nm and
recording the emission at 530 nm. Data are
from a representative experiment. pH,,, inter-
nal pH; NMG,, external NMG; Na,, external
sodiumn; Li,, external lithium; pH,,, external

pH. Inset: The first-order rate constants for
proton gradient dissipation were calculated as
described in “‘Materials and Methods.”’ Data
represent the meanxSEM from four separate

experiments.

PH,,
=75

between increased red blood cell Na™-Li* counter-
transport activity and the hypertensive process is
obscure.

.
i

Ethylisopropylamiloride (M)

FIGURE 9. Bar charts showing effects of ethylisopropyil-
amiloride on Na*-H* exchange and Na*-Li* exchange in
bovine sarcolemmal vesicles. Vesicles were preincubated
with buffer at pH 7.5 or 5.0, as described in the legend of
Figure 24, and with buffer containing 25 mM choline
chloride or LiCl as described in the legend of Figure 2B. In
all cases, the 30-second uptake of 1 mM ZNa* was
assayed in the presence of (mM) choline* 5, Li* 5, Cl~ 11,
mannitol 84, MES 8, Tris 47, and HEPES 65, pH 7.5, with
or without the indicated concentrations of ethylisopropyl-
amiloride. In the presence of a given concentration of
inhibitor, Na*-H* exchange and Na*-Li* exchange activ-
ities were calculated as the differences in ?Na* uptake
between vesicles preincubated with solution at pH 5.0 and
7.5 and between vesicles preincubated with solution con-
taining 25 mM Li* or choline”, respectively. Na*-H* and
Na™*-Li* exchange in the presence of ethylisopropyl-
amiloride are expressed as percent inhibition relative to
these transport rates in the absence of inhibitor. Data
represent the mean*SEM of six separate experiments.
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Aronson8 and Funder et al® have proposed that
red blood cell Na*-Li* countertransport may be an
operative mode of a Na*-H* exchanger. This was
based on the many similarities between human red
blood cell Na*-Li* countertransport and rabbit renal
brush border Na*-H"* exchange. Both are quinidine
inhibitable,18.31 electroneutral monovalent cation
exchangers?.30.32 with affinities for Na* and
Li*,7-183032-34 greater affinity for Li* than Na*,32.33
and no affinity for K*, Rb*, Cs* or choline™.7.18:3032-34
It is an attractive hypothesis that the elevated Na*-Li*
countertransport activity in red blood cells from hyper-
tensive patients may be a marker for increased Na*-
H* exchange activity in renal proximal tubular or
vascular smooth muscle cells.®!© Increased Na*™-H*
exchange activity in the kidney could lead to enhanced
reabsorption of filtered salt and water, thereby con-
tributing to the generation or maintenance of
hypertension.35-3 Increased Na*-H* exchange activ-
ity in vascular smooth muscle could lead to increased
intracellular Na* concentration or cell pH. Both of
these abnormalities have been linked to increased
vascular smooth muscle tone.37-38

It is well known that the Na™-H" exchanger from
several different sources has affinity for Li*.26-29 It is
controversial, however, whether the red blood cell
Na*-Li* countertransporter can mediate Na*-H*
exchange. Funder et al° found that Na*-Na* exchange
in bovine red blood cells, which is an operative mode
of the Na*-Li* countertransporter, is competitively
inhibited by external protons. They found that Na*-
Li* exchange in these cells is also inhibited by
protons.2! Canessa and colleagues!6.1%.39-43 have
reported that human red blood cells mediate Na*-Li*,
Na*-H*, and Li*-H* exchange and that internal H*
can stimulate both Na*-H* and Na*-Li* exchange in
a manner consistent with its operation as an allosteric
modifier.3-4243 A similar role for internal H* has been
described for Na*-H* exchangers in other cell
types.+4 The data of Canessa and coworkers are
consistent with the concept that, under conditions of
pH equilibrium higher than 7.0, human red blood cell
Na*-H* exchange is in a different conformational
state that promotes amiloride-insensitive Na*-Li*
exchange.3 On the other hand, Jennings et al*
reported that Na*-Na* exchange in rabbit red blood
cells could not function appreciably in a Na*-H*
exchange mode. In addition, Na*-Li* countertrans-
port can be easily demonstrated in human red blood
cells under control conditions,26.7 but Na*-H*
exchange can only be seen under special experimental
conditions, such as raising intracellular Ca®*
concentration. 517 Additional studies have shown that
Na*-Li* countertransport in human red blood cells is
insensitive to amiloride,!® whereas this drug readity
inhibits Na*-H"* exchange activity in the red blood
cell'? and other tissues.4?

To determine whether Na*-Li* countertransport
in the red blood cell might be a marker for a similar
transport system in vascular smooth muscle, we
previously demonstrated Na*-Li* exchange in sar-

colemmal vesicles from canine superior mesenteric
artery.!® This canine sarcolemmal Na*-Li* exchange
process has several features in common with the
human red blood cell Na*-Li* countertransport
system. Both are ouabain-insensitive electroneutral
transport mechanisms,!8.19.32 demonstrate half-
maximal activity at about 2 mM Li*,!%22 and are
inhibited by phloretin and quinidine.”-18.!9 We have
also previously shown that the Na*-H* exchanger
in sarcolemmal vesicles from canine superior mes-
enteric artery is inhibited by phloretin and quinidine!?
and that proton gradient-stimulated Na* efflux and
Li* gradient-stimulated Na* efflux from these ves-
icles are not additive.!® Finally, we showed that
Na*-H* and Na*-Li* exchange are inhibited by
ethylisopropylamiloride in canine vesicles.!® Unfor-
tunately, the relative effects of the drug on the two
modes of Na* transport could not be determined in
those experiments because Na* uptake was not
assayed under the same cis conditions. Neverthe-
less, these previous studies suggested that Na*-Li*
exchange in canine sarcolemmal vesicles might be
homologous with the human red blood cell Na*-Li*
countertransporter and that sarcolemmal Na*-Li*
and Na*-H* exchange might be mediated by a
common transport system.

To see whether the activity of the canine sar-
colemmal Na*-Li* exchanger might reflect the activ-
ity of a putative Na*-Li* countertransport system in
the red blood cell from this species, we attempted to
demonstrate the latter by determining whether an
inwardly directed Na* gradient would stimulate Li*
efflux from canine red blood cells. As opposed to
results with human and rabbit red blood cells, an
inwardly directed Na* gradient failed to stimulate
Li* efflux from canine red blood cells (Figure 1).
These results agreed with previous studies that
demonstrated the presence of Na*-Li* countertrans-
port in red blood cells from humans2.5-7.18,32,34 and
rabbit.”4¢6 The present studies are also in accord
with those of Parker,*8.4° who was unable to dem-
onstrate transstimulation of Na* or Li* efflux by
Na*,, in canine red blood cells. It would seem,
then, that either canine red blood cells do not
contain a Na*-Li* countertransport system or that
the system is not operational under conditions where
Na*-Li* countertransport is readily demonstrable
in red blood cells from other species.

Clearly, if the activity of a given Na* transport
system in the red blood cell is to be a reflection of
the activity of that transport system in vascular
smooth muscle, both tissues must possess the trans-
port system in question. The cow, unlike the dog,
has an easily demonstrable red blood cell Na*-Li*
countertransport system.?.9.20.21 In addition, we have
previously demonstrated that sarcolemmal vesicles
from bovine superior mesenteric artery can mediate
Na*-H* exchange.22 We therefore sought to dem-
onstrate Na*-Li* exchange in these vesicles. In
addition, due to the confusion over whether Na*-
Li* exchange is an operative mode of Na*-H*
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exchange in any tissue, we wished to determine
whether Na*-Li* exchange and Na™-H" exchange
in bovine sarcolemmal vesicles are mediated by the
same transport system.

In agreement with previous results,2 the present
studies showed that bovine sarcolemmal vesicles
contain a Na*-H* exchanger (Figures 2A, 5, 7, and
8). The present studies also showed that a Li*
gradient directed in one direction stimulated the
transport of Na* in the opposite direction (Figures
2B, 3, 6, and 7). Li* gradient-stimulated Na* uptake
could not be explained by an alteration in mem-
brane potential (Figure 3) or by indirect coupling
between the outwardly directed Li* gradient and
Na™ uptake via intravesicular acidification (Figure
4). Thus, the data suggest that the sarcolemmal
vesicles contain a Na*-Li* exchange transport sys-
tem. Since a change in membrane potential did not
affect the Li* gradient-stimulated component of
Na* uptake (Figure 3), the data are consistent with
electroneutral operation of Na*-Li* exchange in
these vesicles.

We have demonstrated that Na*-H* exchange
activity is inhibited by Li*,, (Figure 5) and that
Na*-Li* exchange activity is inhibited by external
H* (Figure 6). The present studies have shown that
Na* efflux via Na*-Li* exchange and via Na*-H*
exchange are not additive (Figure 7). We have
shown that Li*-H* exchange is demonstrable in
these vesicles and that proton efflux via Na*-H"*
exchange and via Li"-H* exchange are not additive
(Figure 8). Taken together, the data strongly sug-
gest that Na*-H* exchange and Na*-Li* exchange
in bovine sarcolemmal vesicles are mediated via a
single cation exchanger with affinity for Na*, Li*,
and protons, Finally, we have obtained additional
evidence to support this possibility by showing that
ethylisopropylamiloride has identical potency for
inhibiting Na*-H* exchange and Na*-Li* exchange
(Figure 4).

It is noteworthy that in the absence of a pH
gradient, an outwardly directed Li* gradient did not
measurably acidify sarcolemmal vesicles (Figure 4).
Although the data in Figure 8 support the presence
of Li*-H* exchange activity in bovine sarcolemmal
vesicles, the data in Figure 4 do not demonstrate it.
This apparent discrepancy may be explicable on the
basis of relatively low Li*-H™* exchange activity in
sarcolemmal vesicles, effective buffering of the intra-
vesicular space, and a relatively large proton leak
rate. As a result, Li*-H* exchange activity was not
able to generate a measurable pH gradient.

It should be pointed out that the apparent K; of
ethylisopropylamiloride for inhibiting Na*-H* or
Na*-Li* exchange in these studies was about 107*
M. This value is over three orders of magnitude
higher than the apparent K; of this drug for inhibit-
ing Na*-H* exchange activity in other tissues.50:5!
The reason for the relatively low sensitivity of
Na*-H* and Na*.Li* exchange to ethylisopropyl-
amiloride in these studies is not known. Although

Na*-H" and Na*-Li" exchange activities were clearly
inhibited by ethylisopropylamiloride, the drug lacks
specificity in other tissues when used at these
concentrations.2

It would seem reasonable to conclude from pre-
vious studies that either the red blood cell Na*-Li*
exchanger is distinct from the Na*-H* exchanger or
that both transport functions are mediated by a
common carrier but are observable under different
experimental conditions and have different inhibitor
sensitivities.!6-18.39-43 The present studies, on the
other hand, demonstrate that in at least one tissue
both Na*-H" exchange and Na*-Li* exchange are
mediated by a common carrier, are observable
under similar experimental conditions, and have the
same sensitivity to at least one inhibitor.

Whether Na*-Li* exchange and Na*-H* exchange
are mediated by the same transport system in
bovine red blood cells or whether bovine red blood
cell Na*-Li* countertransport activity is indeed a
marker for Na*-Li* (and Na*-H") exchange activity
in vascular smooth muscle from this species is not
currently known. Additional studies are needed to
answer these questions and to determine whether
increased vascular smooth muscle Na*-H* exchange
activity could, in fact, give rise to increased vascu-
lar smooth muscle tone.
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exchange in any tissue, we wished to determine
whether Na*-Li* exchange and Na*-H* exchange
in bovine sarcolemmal vesicles are mediated by the
same transport system.

In agreement with previous results,? the present
studies showed that bovine sarcolemmal vesicles
contain a Na*-H* exchanger (Figures 24, 5, 7, and
8). The present studies also showed that a Li*
gradient directed in one direction stimulated the
transport of Na* in the opposite direction (Figures
2B, 3, 6, and 7). Li* gradient-stimulated Na* uptake
could not be explained by an alteration in mem-
brane potential (Figure 3) or by indirect coupling
between the outwardly directed Li* gradient and
Na* uptake via intravesicular acidification (Figure
4). Thus, the data suggest that the sarcolemmal
vesicles contain a Na*-Li* exchange transport sys-
tem. Since a change in membrane potential did not
affect the Li* gradient-stimulated component of
Na* uptake (Figure 3), the data are consistent with
electroneutral operation of Na*-Li* exchange in
these vesicles.

We have demonstrated that Na*-H* exchange
activity is inhibited by Li*,, (Figure 5) and that
Na*-Li* exchange activity is inhibited by external
H* (Figure 6). The present studies have shown that
Na* efflux via Na*-Li* exchange and via Na*-H*
exchange are not additive (Figure 7). We have
shown that Li*-H* exchange is demonstrable in
these vesicles and that proton efflux via Na*-H*
exchange and via Li"-H"* exchange are not additive
(Figure 8). Taken together, the data strongly sug-
gest that Na*-H* exchange and Na*-Li* exchange
in bovine sarcolemmal vesicles are mediated via a
single cation exchanger with affinity for Na*, Li*,
and protons. Finally, we have obtained additional
evidence to support this possibility by showing that
ethylisopropylamiloride has identical potency for
inhibiting Na*-H* exchange and Na*-Li* exchange
(Figure 4).

It is noteworthy that in the absence of a pH
gradient, an outwardly directed Li* gradient did not
measurably acidify sarcolemmal vesicles (Figure 4).
Although the data in Figure 8 support the presence
of Li*-H" exchange activity in bovine sarcolemmal
vesicles, the data in Figure 4 do not demonstrate it.
This apparent discrepancy may be explicable on the
basis of relatively low Li*-H* exchange activity in
sarcolemmal vesicles, effective buffering of the intra-
vesicular space, and a relatively large proton leak
rate. As a result, Li*-H* exchange activity was not
able to generate a measurable pH gradient.

It should be pointed out that the apparent K; of
ethylisopropylamiloride for inhibiting Na*-H* or
Na*-Li* exchange in these studies was about 107
M. This value is over three orders of magnitude
higher than the apparent K; of this drug for inhibit-
ing Na*-H™* exchange activity in other tissues.50.5!
The reason for the relatively low sensitivity of
Na*-H* and Na*-Li* exchange to ethylisopropyl-
amiloride in these studies is not known. Although

Na*-H* and Na*-Li* exchange activities were clearly
inhibited by ethylisopropylamiloride, the drug lacks
specificity in other tissues when used at these
concentrations.52

It would seem reasonable to conclude from pre-
vious studies that either the red blood cell Na*-Li*
exchanger is distinct from the Na*-H* exchanger or
that both transport functions are mediated by a
common carrier but are observable under different
experimental conditions and have different inhibitor
sensitivities.16-18:39-43 The present studies, on the
other hand, demonstrate that in at least one tissue
both Na*-H* exchange and Na*-Li* exchange are
mediated by a common carrier, are observable
under similar experimental conditions, and have the
same sensitivity to at least one inhibitor.

Whether Na*-Li* exchange and Na*-H* exchange
are mediated by the same transport system in
bovine red blood cells or whether bovine red blood
cell Na*-Li* countertransport activity is indeed a
marker for Na*-Li* (and Na*-H*) exchange activity
in vascular smooth muscle from this species is not
currently known. Additional studies are needed to
answer these questions and to determine whether
increased vascular smooth muscle Na*-H* exchange
activity could, in fact, give rise to increased vascu-
lar smooth muscle tone.

Acknowledgments

The authors acknowledge the excellent secre-
tarial assistance of Ana Thannoun and Tess Robin.

References

1. Blaustein MP: Sodium transport and hypertension: Where
are we going? Hypertension 1984;6:445-453
2. Canessa M, Adragna N, Solomon H, Connolly T, Tosteson
DC: Increased sodium-lithium countertransport in red cells
of patients with essential hypertension. N Engl J Med 1980;
302:772-776
3. Davidson J, Opie L, Keding B: Sodium-potassium cotrans-
port activity as a genetic marker in essential hypertension.
Br Med J 1982;284:539-541
4. Garay R, Meyer P: A new test showing abnormal net Na*
and K* fluxes in erythrocytes of essential hypertensive
patients. Lancer 1979;1:349-352
5. Smith JB, Ash KO, Hunt SC, Hentschel WM, Sprowell W,
Dadone MM, Williams RR: Three red cell sodium transport
systems in hypertensive and normotensive Utah adults.
Hypertension 1984;6:159-166
6. Woods JW, Falk RJ, Pittman AW, Klemmer PJ, Watson BS,
Namboodiri K: Increased red-cell sodium-lithium counter-
transport in normotensive sons of hypertensive parents. N
Engl J Med 1982;306:593-595
7. Duhm J, Becker BF: Studies on lithium transport across the
red cell membrane: On the nature of the Na*-dependent Li*
countertransport system of mammalian erythrocytes. J
Membr Biol 1979;51:263-286
8. Aronson PS: Red-cell sodium-lithium countertransport and
essential hypertension (letter). N Engl J Med 1983;307:317
9. Funder J, Wieth JO, Jensen HA, Ibsen KK: The sodium/
lithium exchange mechanism in essential hypertension: Is it
a sodium/proton exchanger? in Villarcal H, Sambhi MP
(eds): Topics in Pathophysiology of Hypertension. The Hague,
Martinus Nijhoff Publishing, 1984, pp 147-161
10. Mahnensmith RL, Aronson PS: The plasma membranc
sodium-hydrogen exchanger and its role in physiological and
pathophysiological processes. Circ Res 1985;57:773-778



2202 ‘€T YoLe |\ uo Aq Bio'sfeuinoleue//:dny woly papeojumod

828

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

22.

24.

27.

31.

Circulation Research Vol 65, No 3, September 1989

Weder AB: Red cell lithium-sodium countertransport and
renal lithium clearance in hypertension. N Engl J Med 1986;
314:198-201

Semplicini M, Canessa M, Mozzato MG, Ceolotto G, Mar-
zola M, Pessina AC, Dal Palu C: Red blood cell Na/H and
Li/Na exchange in subjects with essential hypertension
(abstract). Am J Hypertens 1988;1:61A

Semplicini A, Mozzato MG, Sama B, Nosadini R, Fioretto
P, Trevisan R, Pessina AC: Red blood cell (RBC) Na/H and
Li/Na exchange (CTT) in insulin dependent diabetics (IDDM)
with hypertension and clinical nephropathy (abstract). .Am J
Hypertens 1988;1:62A

Feig PU, D’Occhio MA, Boylan JW: Lymphocyte mem-
brane sodium-proton exchange in spontaneously hyperten-
sive rats. Hypertension 1987,9:282-288

Feig PU, D’Occhio MA, Boylan JW: Increased sodium-
proton exchange activity in neutrophils of spontanecousty
hypertensive rats. Hypertension 1986;4:S224_5226
Escobales N, Canessa M: Ca?*-activated Na* fluxes in
human red cells. Amiloride sensitivity. J Biol Chemn 1985;
260:11914-11923

Escobales N, Canessa M: Amiloride sensitive Na* transport
in human red cells: Evidence for a Na‘H exchange system.
J Membr Biol 1986;90:21-28

Panday GN, Sarkadi B, Haas M, Gunn RB, Davis JM,
Tosteson DC: Lithium transport pathways in human red
blood cells. J Gen Physiol 1978;72:233-247

Kahn AM, Allen JC, Cragoe EJ Jr, Zimmer R, Shelat H:
Sodium-lithium exchange in sarcolemmal vesicles from canine
superior mesenteric artery. Circ Res 1988,62:478—485

. Motais R: Sodium movements in high-sodium beef red cells:

Properties of an ouabain-insensitive exchange diffusion. J
Physiol (London) 1973;233:395-422

Funder J, Wieth JO: Coupled lithium-sodium exchange in
bovine red blood cells, in Straub RW, Bolis L (eds): Cell
Membrane Receptors for Drugs and Hormones: A Multidis-
ciplinary Approach. New York, Raven Press, Publishers,
1978, pp 271-279

Kahn AM, Allen JC, Shelat H: Nat*-Ca’* exchange in
sarcolemmal vesicles from bovine superior mesenteric artery.
Am J Physiol 1988;254:C441-C449

. Weinman EJ, Shenolikar S, Kahn AM: cAMP associated

inhibition of Na*-H* exchanger in rabbit kidney brush
border membranes. Am J Physiol 1987;252:F19-F25

Kahn AM, Shelat H, Allen JC: Na*-H* exchange is present
in sarcolemmal vesicles from dog superior mesenteric artery.
Am J Physiol 1986;250:H313-H319

. Cragoe EJ Jr, Woltersdorf OW Jr, Bicking JB, Kwong SF,

Jones JH: Pyrazine diuretics II. N-amidino-3-amino-
5-substituted- 6-halopyrazinecarboxamides. J Med Chem
1967;10:66-77

. Kinsella JL, Aronson PS: Interaction of NH,* and Li* with

the renal microvillus membrane Na*-H* exchanger. Am J
Physiol 1981;241:C220-C226

Moolenaar WH, Boonstra J, Van der Saag PT, D¢ Laat SW:
Sodium/proton exchange in mouse neuroblastoma cells. J
Biol Chem 1981;256:12883-12887

- Paris S, Pouyssegur J: Biochemical characterization of the

amiloride-sensitive Na*-H™* antiport in Chinese hamster lung
fibroblasts. J Biol Chem 1983;258:3503-3508

. Johnson JD, Epel D, Paul M: Intracellular pH and activation

of sea urchin eggs after fertilization. Narture 1976;262:661-664

. Kinsella JL, Aronson PS: Properties of the Na*-H* exchanger

in renal microvillus membrane vesicles. Am J Physiol 1980;
238:F461-F469

Mahnensmith RL, Aronson PS: Interrelationships among
quinidine, amiloride, and lithium as inhibitors of the renal
Na*-H* exchanger. J Biol Chem 1985;260:12586-12592

32.

33.

35.

7.

39.

41.

42.

43.

45.

47.

49,

51.

52.

Sarkadi B, Alifimoff JK, Gunn RB, Tosteson DC: Kinetics
and stoichiometry of Na-dependent Li transport in human
red blood cells. J Gen Physiol 1978;72:249-265

Kinsella JL, Aronson PS: Interaction of NH,* and Li* with
the renal microvillus membrane Na*-H* exchanger. Am J
Physiol 1981;241:C220-C226

. Duhm J, Eisenried F, Becker BF, Greil W: Studies on

lithium transport across the red cell membrane: Li uphill
transport by the Na-dependent Li countertransport system
of human erythrocytes. Pflugers Arch 1976;364:147-155

de Wardener HE, MacGregor GA: Dahl’s hypothesis that a
saluretic substance may be responsible for a sustained rise in
arterial pressure: Its possible role in essential hypertension.
Kidney Int 1980;18:1-9

. Haddy FJ: Mechanism, prevention, and therapy of sodium-

dependent hypertension. Am J Med 1980;69:746-758
Blaustein MP: Sodium ions, calcium ions, blood pressure
regulation, and hypertension: A reassessment and a hypoth-
esis. Am J Physiol 1977;232:C165-C173

. Shepherd JT: Circulation to skeletal muscle, in Shepherd JT,

Abboud FM (eds): Handbook of Physiology, Section 2:
Peripheral Circulation and Organ Blood Flow, Volume III,
Part 1. Washington, DC, Am Physiol Society, 1983, pp
319-370

Canessa M, Spalvins A: Kinetic effects of internal and
external H* on Li/H and Li/Na exchange of human red cells
(abstract). Biophys J 1987;51:567a

. Semplicini A, Spalvins A, Canessa M: Kinetic parameters of

Na/H exchange in human red cells: Effect of cell Na and
absence of Na/Na exchange (abstract). J Gen Physiol 1987,
90:36a

Canessa M, Spalvins A, Escobales N: Li,/H, and Li;/Na,
exchange in human red cells: Effect of H* gradients (abstract).
Biophys J 1986;49:141a

Morgan K, Canessa M: Kinetic effect of internal and exter-
nal protons on Na/Na exchange of rabbit red cells (abstract).
Biophys J 1987;51:567a

Canessa M, Brugnara C, Escobales N: The Li*-Na* exchange
and Na*-K*-ClI~ cotransport systems in essential hyperten-
sion. Hypertension 1987;10(suppl I):1-4-1-10

. Aronson PS, Nee J, Suhm MA: Modifier role of internal H*

in activating the Na*-H* exchanger in renal microvillus
membrane vesicles. Nature 1982;299:161-163

Grinstein S, Cohen S, Rothstein A: Cytoplasmic pH regula-
tion in thymic lymphocytes by an amiloride-sensitive Na*/
H* antiport. J Gen Physiol 1984;83:341-369

. Jennings ML, Lackey MA, Cook KW: Absence of signifi-

cant sodium-hydrogen exchange by rabbit erythrocyte
sodium-lithium countertransporter. Am J Physiol 1985;
249:C63-C68

Benos DJ: Amiloride: A molecular probe of sodium trans-
port in tissues and cells. Am J Physiol 1982;242:C131-C145

. Parker JC: Volume-responsive sodium movements in dog

red blood cells. Am J Physiol 1983;244:C324-C330

Parker JC: Interactions of lithium and protons with the
sodium-proton exchanger of dog red blood cells. J Gen
Physiol 1986;87:180-200

. Vigne P, Frelin C, Cragoe EJ Jr, Lazdunski M: Structure-

activity relationships of amiloride and certain of its ana-
logues in relation to the blockade of the Na*/H* exchange
system. Mol Pharmacol 1984;25:131-136

Haggerty JG, Cragoe EJ Jr, Slayman CW, Adelberg EA:
Na*/H* exchanger activity in the pig kidney epithelial cell
line, LLC-PK;: Inhibition by amiloride and its derivatives.
Biochem Biophys Res Commun 1985;127:759-767

Kleyman TR, Cragoe EJ Jr: Amiloride and its analogs as
tools in the study of ion transport. J Membr Biol 1988;
105:1-21

KEY WORDS  *
ethylisopropylamiloride » acridine orange -«

red blood cell Na*-Li* countertransport -«
vascular smooth

muscle



