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SUMMARY

Amioride (N-amidino-3,5-diamino-6-chloropyrazine carboxamide) reversibly inhibits
Na�-dependent 45Ca2� uptake (Na�-Ca2� exchange) by plasmalemma-enriched vesicles
prepared from microsomes of rat cerebral cortex and by vesicles from osmotically shocked
synaptosomes. The drug inhibits Natdependent Ca2� uptake in a competitive manner
with a K1 of 0.25-0.34 nmi. Na�-dependent 45Ca2� efflux from vesicles is also inhibited by

extravesicular amiloride. The drug does not appear to affect nonmitochondrial ATP-
dependent Ca2� transport in these vesicle preparations. Membranes containing Na�-Ca2�
carrier can be solubiized in Na�-cholate and reconstituted into phospholipid vesicles.
Nat-dependent Ca2� uptake by the vesicles is inhibited by amioride.

INTRODUCTION

Amioride, a potassium-sparing diuretic, inhibits Na�

transport across frog skin (1), toad bladder (2), and other
Na�-transporting epithelia (3, 4). In these tissues, Na�
presumably first enters the cell at the mucosal surface
via a facilitative diffusion Na� carrier or channel. The

intracellular Na� is then pumped out the serosal side of
the cell by the Na�,K�-ATPase. Amioride inhibits trans-
epithelial Na� transport only when present at the mu-
cosal surface of the cell layer, and the drug has no effect
when present at the serosal surface (1, 2). This evidence
and other data (5, 6) indicate that the drug acts as a
diuretic by binding to (7) and inhibiting the mucosal
facilitative diffusion Na� transport system.

In addition to the diuretic activity of amioride, the
drug affects ion transport in red blood cells (8), fibroblasts
(9), murine erythroleukemia cells (10), and cultured he-

patocytes (11). Amiloride also may inhibit Na�transport
in cardiac tissue. For example, in perfused dog heart,
Yamashita et al. (12) demonstrated that amioride
lengthened the refractory period and increased conduc-
tion time in the atrioventricular node, had a negative
chronotropic effect on the sinoatrial node, and prolonged
the refractory period and had a positive inotropic effect

on Purkinje fibers (see also ref. 13). Amioride also ap-
pears to delay the onset of arrhythmias and cardiac
arrest induced by digitalis (14, 15). These findings may

reflect an amiloride effect on Na� transport and conse-
quently an effect on the Na� gradient across the heart

cell membrane. Since Ca2� effiux in heart is thought to
be coupled to the inward-directed Na� gradient (Nat
Ca2� exchange transport), amiloride may indirectly alter
intracellular Ca2� levels and thus alter the Ca2tmediated
contractility properties of the heart (13). Recently Vifier-

This work was supported in part by Grant NS05424 and Postdoctoral

Fellowship 06388 from the National Institutes of Health.

eal (9), working with human fibroblasts, demonstrated
that intracellular Ca2� stimulates an amioride-sensitive

Na� influx pathway. Smith et al. (10) have extended this
observation in murine erythroleukemia cells and pre-
sented evidence that amiloride directly inhibits the Nat
Ca2� exchange transport system. The drug is thought to
inhibit the exchange system at the inner surface of the
cell membrane. Thus, in these cells and in other tissues
(including heart), amioride may directly alter intracel-

lular Ca2� levels by inhibiting the NatCa2� exchange
transport system rather than by exerting an indirect
effect on other Na� transport mechanisms.

Cytoplasmic Ca2� levels in excitable cells are regulated
in part by two plasmalemma Ca2� efflux transport sys-
tems: a NatCa2� exchange system and an ATP-depend-

ent transport system (16-18). In this paper, we examine
the effects of amioride on these two systems in rat
cerebral cortex, using membrane vesicles prepared from
microsomal fractions (18) and from lysed synaptosomes
(19). The data demonstrate that amiloride inhibits the
Na�-dependent Ca2� transport system but not the ATP-
dependent mechanism.

EXPERIMENTAL PROCEDURES

Preparation of membranes. Microsomal membranes containing

Na�-Ca2� exchange activity were prepared from the cerebral cortex of

adult male rats. Crude microsomes obtained by differential centrifuga-

tion were purified by discontinuous sucrose density gradient centrifu-

gation as previously described (18). When compared with the crude

homogenate, the final preparation was enriched 10-fold in Na� -Ca2�

exchange activity, 2-fold in (Na�-K�)-ATPase activity, 2.2-fold in 5’-

nucleotidase activity, and 9.4-fold in antimycin A-resistant NADPH-

dependent cytochrome c reductase activity ( 18). The resulting mem-

branes were judged to be free of mitochondrial contamination by the

absence of both succinate dehydrogenase and oligomycin-dinitrophe-

nol-azide sensitive ATP-dependent Ca2� uptake (18). Membranes in
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I The abbreviation used is: EGTA, ethylene glycol bis(16-aminoethyl

ether)-N,N,N’, N’-tetraacetic acid.

160 m�i NaC1/20 mM Tris-HC1 (pH 7.4) could be stored at -70#{176}for

several months without loss of activity.

Synaptosomes were prepared by a modification (20) of the procedure

of Gray and Whittaker (21). Membrane vesicles from lysed synapto-

somes were prepared as described by Gill et al. (19).

Preparation of lipid for reconstitution. Aliquots of the stock lipid

solution (100 mg/ml in CHCl:�) were dried under a stream of N2 at 25#{176}

followed by two cycles of resuspension in freshly distilled ether with

subsequent drying under N2. The lipid was resuspended in 1-mi aliquots

(40 mg/mi) in 200 mM sodium oxalate/20 nmi Tris-HC1 (pH 7.4). The

mixture was clarified by sonication under N2 at 25#{176},using a bath type

sonicator (Laboratory Supplies Company, Hicksvile, N. Y.).

Solubilization and reconstitution. Microsomal membranes were

solubiized, and the NatCa2� exchange carrier was reconstituted into

phospholipid vesicles as previously described (22) by a modification of

the method of Miyamoto and Racker (23). The Na�-Ca2� carrier was

solubilized for 1 hr (0#{176})in media containing membranes (2 mg/mi),

sonicated soybean phospholipid (20 mg/mi), 20 mM Tris-HC1 (pH 7.4),

100 m�i sodium oxalate, 2.5% sodium cholate, and 0.5 M NaCI. Insoluble

protein was removed by centrifugation at 4#{176}for 1 hr at 140,000 X g
(Type 50 rotor, Beckman). The resulting supernatant was diluted 7-

fold in 200 mM sodium oxalate/20 mat Tris-HC1 (pH 7.4) and incubated

overnight at 4#{176}.The reconstituted vesicles were collected by centrifu-

gation at 140,000 x g for 2 hr at 4#{176}.

Ca24 uptake assays. The microsomal membrane vesicles and the

reconstituted phospholipid vesicles were assayed for Na�-dependent

Ca2� uptake essentially as previously described (18). The membranes

were prepared for uptake experiments by overnight incubation at 4#{176}in

160 mat NaC1/20 mM Tris-HC1 (pH 7.4) to allow Na� to equilibrate

across the microsomal membranes. Unless indicated otherwise, uptake

assays routinely contained 20 mrsi Tris-HC1 (pH 7.4), 160 mrs� KC1 or

NaCI, and the indicated concentrations of 45Ca2� (0.26 mCi/nmole) in

a final volume of 150 �il. The reaction mixture and membrane vesicles

were incubated separately at the final assay temperature (23#{176})for 5

mm prior to initiation of the assay. Ca2� uptake was started by dilution

of the membranes 30-fold (�20 � of protein per assay) into the reaction

media. Uptake was terminated by the addition of 5 m�i EDTA followed

by rapid filtration through a nitrocellulose filter (Schleicher and

Schuell, 0.45 (SM). The filter was washed 3 times with 3-mi aliquots of

160 mM KC1/20 mM Tris-HC1 (pH 7.4).

ATP-dependent Ca2#{176}uptake was assayed in 160 mat KC1/20 mai

Tris-HCI (pH 7.4), 2.5 mM MgCl2, 0.01 nmt 4’�Ca2�, 0.1 mat ouabain, 0.2

mM dinitrophenol, 0.2 mM NaN3, oligomycin (0.15 ig/ml), and either 4

mM Tris. ATP or 4 mM Tris. ADP, or no added nucleotide. The reaction

was initiated by the addition of vesicles and terminated as described

above. The 45Ca2� trapped by the filters was determined by standard

scintillation counting techniques, as previously described (18).

The effect of membrane vesicles, reconstituted vesicles, Mg2�.

ATP, and amiloride on the ionized Ca2� concentration under the

transport assay conditions described above was checked by using a

Ca2�-selective electrode coupled to a pH meter (Corning 130). The

electrode was calibrated in both NaCI and KCI reaction media using

solutions of known Ca2� concentration. Under the assay conditions

used, Mg2� . ATP and amioride did not significantly alter free Ca2�

levels. The concentration of vesicles used in uptake assays (0.05-0.10

mg/mi) resulted in less than a 5% reduction in free Ca2F due to binding

to the external surface of the membranes, binding to other components

of the assay media, and uptake of Ca2� into the lumen of the vesicles.

Endogenous Ca2� contributed less than 0.5 �tM to the final Ca2� concen-

tration in these assays.

Protein determination. Protein was determined by the method of

Lowry et al. (24) as modified by others. Bovine serum albumin was

used as a standard.

Materials. Asolectin was purchased from Associated Concentrates

(Woodside, N. Y.). Stock solutions of the lipid (100 mg/mi in redistilled

CHCl:�) were stored at -70#{176} under N2 and used within 1-2 months.

Amiloride was the gift of Merck Sharp & Dohme (Rahway, N. J.). The

amiloride was checked for contaminating Ca2� by atomic absorption

spectroscopy using a Perkin-Elmer Model 290 spectrophotometer. The

drug did not contain detectable levels of Ca2� (<0.5 jzM Ca2� in a 3 mr�s

solution). The Ca2�-selective electrode was from W. Simon.

RESULTS

Amiloride inhibition of Natdependent Ca2� uptake.

Figures 1 and 2 ifiustrate the time course of Natdepend�
ent Ca2� uptake by microsomal vesicles (Fig. 1) and
resealed vesicles from lysed synaptosomes (Fig. 2). The

microsomal vesicles are enriched in NatCa2� exchange
activity, Na�,KtATPase, and 5’-nucleotidase activity
and contain a non-mitochondrial ATP-dependent Ca2�
uptake system. These membranes are free of contami-
nation by mitochondria and mitochondrial fragments
(18). The vesicles derived from lysed synaptosomes are
thought to be resealed fragments from the synaptic
plasma membrane (see Discussion, ref. 19). This vesicle
preparation contains some mitochondrial contamination.
Both the microsomal vesicles (18) and the membranes
from lysed synaptosomes (25) contain endoplasmic retic-
ulum fragments.

When both types of membrane vesicles are loaded with
Na� by preincubation and diluted into Natfree media
(an outwardly directed Na� gradient), Ca2� is rapidly
taken up by a time-dependent process which plateaus
after 10-20 mm (Fig. lA-C and Fig. 2). The same vesicles

diluted into Natcontaimng media (no Na� gradient) do
not accumulate Ca2� (Figs. 1D and 2). Previous work

from our laboratory (18) and by Gill et al. (19) has shown
that the Ca2� accumulated by both types of vesicles can
be released by the Ca2� ionophore, A23187, but not by
EGTA’ (see also Fig. 3). Thus the Ca2� associated with
the membranes is transported into the lumen of the
vesicles. Furthermore, uptake is time- and temperature-

dependent, and is saturable with respect to the external
Ca2� concentration (18, 19).

Amioride inhibits Natdependent Ca2� uptake (Figs.
lA-C and 2) without affecting the Ca2� associated with
the vesicles in the absence of a Na� gradient (Figs. 1D
and 2). The drug inhibits both the initial rate of uptake
(measured after 10 sec) and the amount ofCa2� associated
with the vesicles after apparent equilibrium has been
reached (Fig. 1). Natdependent Ca2� uptake by the
microsomal vesicles is not dependent on the extravesic-
ular cation present; uptake occurs in media containing
K�, choline�, or Lit Likewise, amiloride inhibition does
not depend on which cation is present. As previously
described (18, 19), Ca2� uptake is reduced when Li� is

the predominant extravesicular cation.
The data presented in Figs. 1 and 2 suggest that

amiloride inhibits NatCa2� exchange directly, possibly
by interacting with the carrier. However, several other
interpretations of these experiments are possible. First,
amiloride could complex with extravesicular Ca2�,
thereby reducing the concentration of the cation avail-
able to the carrier, and cause a reduction in Ca2� uptake.
This explanation does not seem possible since amioride
(pKa 8.80) is predominantly positively charged at neu-
tral pH (26). However, the effect of a.miloride on ionized
Ca2� was examined using a Ca2tspeciflc electrode. The
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FIG. 1. Time course of Na�-dependent Ca2� uptake by microsomal membrane vesicles

Ca2F uptake assays were initiated by diluting Na�-loaded microsomes into medium containing 10 �iM 4�Ca2�, 20 m�i Tris-HCI (pH 7.4). and

either 160 mM choline chloride (A), 160 mM LiCl (B), 160 raM KCI (C) or 160 mM NaCl (D). Uptake was terminated by the addition of EGTA (5

mM final concentration), and vesicular �Ca2� was determined as described under Experimental Procedures. Uptake was measured in the pre�’��e

(U) or absence (#{149})of 2 mai am.iloride. The data points shown are the averages of three determinations. The standard deviation for triplit-ate

determinations varied from ±1.2% to ±14%, and the average for the above points was ±4.6%.

drug, at a concentration of 3 m�i, did not alter the ionized

Ca2� concentration when Ca2� was varied between 10
and 100 ;LM. Identical results were obtained in NatCa2�
exchange assay media containing either 160 mr*�i NaC1 or

160 m�i KC1. A second possible explanation of the effect
of amioride on Na�-Ca2� exchange is that the amiloride

contains trace amounts of 40Ca2� which dilute out the
specific activity of the 45Ca2� present in the uptake assay.
However, as determined by atomic absorption spectros-
copy, the amiloride preparation used did not contain
measurable amounts of Ca2�(or Na�), and a 2.5 m�i
solution could only result in 40Ca2� levels of 0.5 /.LM or less.

Finally, amioride conceivably could have no effect on
Na�-dependent Ca2� uptake but rather increase the leak-

mess of the membranes to Ca2t If this were the case,
Ca2� accumulated by Natdependent uptake would leak
out of the vesicles down its chemical gradient faster in

the presence of amiloride than in the absence of the drug.
This explanation does not appear likely, since the great-
est effect of amiloride occurred when uptake was assayed
over a very short period of time (initial rates). Under
initial rate conditions, the amount of Ca2� accumulated
would be minimal, and the effect of an increase in Ca2�
effiux would also be small. Furthermore, the effect of
amioride on the permeability of membrane vesicles was
examined directly (Fig. 3). Vesicles were allowed to ac-
cumulate Ca2� by Natdependent Ca2� uptake for 20 mm,

until apparent equilibrium was reached. EGTA was

added to stop uptake, and the effect of amiloride on
accumulated Ca2� was determined over 10 mm. As seen

in Fig. 3, amiloride did not result in an appreciable
increase in Ca2� efflux and did not affect the noncarrier
Ca2� permeability of the membrane. The above data
demonstrate that amioride directly inhibits the Nat-
dependent Ca2� transport mechanism present in these
membranes.

ATP-dependent Ca2� uptake. In both the microsomal
membrane preparation and in vesicles prepared from
lysed synaptosomes, the NatCa2� exchange system and
an ATP-dependent Ca2� transport system occupy the
same membrane vesicles (18, 19). The effect of amiloride

on ATP-dependent uptake was examined using lysed
synaptosomal vesicles. In the absence of a Na� gradient,
Ca2� is accumulated in the presence of Mg�� - ATP. Little
uptake occurs in the absence of added nucleotide (Fig. 4)
or in the presence of Mg2� - ADP (data not shown). The
mitochondrial poisons dinitrophenol, azide, and oligo-
mycin were included in these assays to prevent ATP-
driven Ca2� uptake by contaminating mitochondria or
mitochondrial fragments. Amioride (2 mM) did not affect
ATP-dependent uptake. In these experiments, even
though the vesicle preparations are most likely a mixed
population, only inside-out vesicles have the ATP-hydro-
lyzing site accessible to ATP, and only the ATP-depend-
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FIG. 2. Amiloride inhibition of Ca2� uptake by membrane vesicles

derived from lysed synaptosomes

Assays were performed as described in Fig. 1. The uptake medium

contained 10 �LM 45Ca2�, 20 mat Tris-HCI (pH 7.4), and either 160 mM

KC1 (#{149}),160 mat KC1 and 2.5 mai amioride (U), 160 mr�i NaCl (0), or

160 mr�i NaC1 and 2.5 mM amioride (U). The standard deviation for

triplicate determinations varied from ±2.0% to ±17%, and the average

for the above points was ±7.6%.

ent transport complexes present in inside-out membranes
function in Ca2� pumping. At present it is not known
whether amioride penetrates the vesicles over the time

period of this experiment (10 mm). If the drug does not
penetrate the vesicles, the data in Fig. 4 demonstrate
that amiloride does not affect ATP-dependent Ca2� up-

take at the intracellular membrane surface, leaving the
possibility that the drug could affect this ATP-dependent
system at the extracellular surface. If amioride does
rapidly equilibrate across the membrane, then amionde
has no effect on ATP-dependent uptake at either surface
of the membrane.

Amiloride inhibition of Natdependent Ca2� efflux.

The NatCa2� transport system is capable of transporting
Ca2� across a membrane in either direction, depending
on the respective Na� and Ca2� gradients present (17,
18). As a result of this property, when vesicles containing

this transport system are loaded with Ca2� by Natde�
pendent uptake and the outwardly directed Na� gradient
is reduced by the addition of extravesicular Na�, a por-
tion of the accumulated Ca2� is released (Natdependent
Ca2� efflux). The effect of amiloride on this efflux process
was examined in vesicles from lysed synaptosomes and
microsomal vesicles (Fig. 3A and B). The membranes

were loaded with Ca2� by NatCa2� exchange until ap-

parent equilibrium was reached (20 mm). Uptake was
terminated by the addition of EGTA, which reduces the

extravesicular Ca2� effectively to zero. Efflux was initi-
ated by the addition of Na� (36 mM). As shown in Fig. 3,
Na� induced a rapid release of accumulated Ca2�,
whereas Ca2� effiux did not occur when only EGTA was
added. Amioride inhibited the initial rate of Natde�
pendent Ca2� effiux and increased the amount of Ca2�
retained by the vesicles after the new apparent equilib-
rium was reached.

In the above experiments (Figs. 1-3), the vesicles used
are most likely a mixed population of inside-out and right
side-out vesicles, and both types of membranes probably
contribute to the observed Ca2� efflux. Natdependent
Ca2� efflux was also examined under conditions where
only inside-out vesicles were loaded with Ca2�. Synap-
tosomal vesicles were loaded with 45Ca2� by ATP-de-
pendent uptake and allowed to accumulate 45Ca2� for 20
mm in the presence of Mg2� - ATP and in the absence of
Nat Under these conditions, only inside-out vesicles
were loaded with Ca2�. Ca2� uptake was terminated by

the addition of EGTA, and Ca2� efflux was induced by

the addition of extravesicular Na� (Fig. 5). In the absence
of the drug, Na� induced a rapid effiux of Ca2�, whereas
in the presence of amiloride, efflux was inhibited.

Concentration dependence of amiloride inhibition of
Na�-dependent Ca2� uptake. Figure 6 illustrates the
inhibitory effect of various concentrations of amioride
on the initial rate of Natdependent Ca2� uptake for both
types of vesicles. Inhibition was examined at 10 �tM and
50 �u�i extravesicular Ca2t The Km� �, values for Nat
dependent Ca2� uptake by microsomes and synaptosomal
vesicles are 23 LM (18) and 40 �tM (19), respectively.

Maximal inhibition required amioride concentrations of
1 mM or greater. At the higher Ca2� concentration ex-

amined, the effectiveness of amiloride as an inhibitor was
reduced. When the data were analyzed by the method of
Dixon (27), plots characteristic of competitive inhibition
resulted (Fig. 6). K1 values of 0.34 m�t and 0.25 mi�i were
obtained with microsomal vesicles and synaptosomal yes-
ides, respectively. The linearity of the Dixon transfor-
mations suggests that amiloride inhibits Ca2� transport
at a single class of sites. At 10 �iM 45Ca2� and 2.5 nmi
amiloride, Natdependent Ca2� uptake was inhibited by
82% and 86% in microsomal vesicles and lysed synapto-

somal vesicles, respectively.
Reversibility of amiloride inhibition. In toad bladder

preparations (3), amioride inhibits Na� transport in a
reversible manner. When tissue incubated with amioride
is washed free of the drug, Na� transport is restored. The
reversibility of amioride inhibition of NatCa2� exchange
was examined using microsomal (Table 1) and syapto-
somally derived vesicles (data not shown). Membranes
were incubated in the presence of 2 m�i amioride or in
the absence of the drug (control samples) for 10 mm at
23#{176}.Samples were removed from the preincubation me-
dia by centrifugation, washed, and assayed for amiloride-
sensitive Natdependent Ca2� uptake. Vesicles preincu-
bated in amiloride retained amioride-sensitive Ca2� up-
take and the specific activities of the pretreated mem-
branes were comparable to the activities of the control

samples. Thus, amioride acts reversibly.
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FIG. 3. Effect ofamiloride on vesicular Ca2� permeability and on Na�-dependent Ca2� efflux

Sodium-loaded microsomes (A) or membrane vesicles from lysed synaptosomes (B) were diluted 30-fold into Nat-free medium ( 160 mM KC1/

20 mr�i Tris-HC1, pH 7.4) containing 2 ,ZM 45Ca2� and allowed to accumulate 45Ca2� for 20 mm. Uptake was terminated by the addition of EGTA.

45Ca2� effiux was initiated (time zero) by the addition of Na� to some samples in the presence or absence of amiloride. Additions at time zero were

none (0), 2.5 mM amioride (0), 36 mM NaC1 (U), and 36 mimi NaCi/2.5 nmi amioride (#{149}).Vesicular 45Ca2� was determined by filtration over the

next 10 min as described under Experimental Procedures. The data points shown are the averages of three determinations. The Ca2� associated

with Na�-loaded vesicles diluted into NaCl medium rather than KC1 medium under similar conditions was taken as background. The standard

deviation for triplicate determinations varied from ±3.6% to ±17%, and the average for the above points was ±6.9%.

Time (mm)

FIG. 4. Effect of amiloride on ATP-dependent Ca2� uptake by

membrane vesicles from lysed synaptosomes
Ca2� uptake was assayed for ATP-dependent Ca2� uptake as de-

scribed under Experimental Procedures. No Na� was present in the

assay. The data points shown are the averages of three determinations.

ATP, 0; ATP and 2 mM amioride, D no ATP, #{149};and no ATP plus 2

mM amioride, U. The standard deviation for triplicate determinations

varied from ±2.5% to ±20%, and the average for the above points was

±9.3%.

Amiloride inhibition of Ca2� uptake by reconstituted

vesicles. Membranes containing the Na� -Ca2�carrier
from heart (23) and brain (22) can be solubilized in
cholate/NaC1 and reconstituted into phospholipid vesi-
des. The reconstituted vesicles catalyze Natdependent
Ca2� uptake and exhibit many of the transport charac-
teristics of the carrier in the original membrane (22, 23).
Figure 7 shows the time course of Ca2� uptake by the

reconstituted carrier. Ca2� is rapidly accumulated by the
Na� oxalate-loaded vesicles when diluted into Natfree
media, whereas much less Ca2� is associated with the
vesicles in the absence of a Na� gradient. Previous work
(22) with this reconstituted preparation demonstrated
that the Ca2� associated with the vesicles in the presence

of a Na� gradient is intravesicular and not just bound to
the external surface of the membranes. Amioride (1 mM)
inhibits Natdependent Ca2� uptake in the reconstituted

vesicles (Fig. 7); the initial rate of Natdependent uptake
measured at 10 sec was reduced by 57% (SD = 18%; n =

3) in the presence of the drug, and the equilibrium level
of accumulated Ca2� was reduced by 82% (SD = 6%; n
= 3). Amiloride did not affect the basal level of Ca2�
associated with the vesicles in the absence of an outward
Na� gradient.

DISCUSSION

The above work demonstrates that amiloride inhibits
the plasmalemma NatCa2’ exchange system from rat
brain. The drug does not appear to increase the passive
permeability of the membranes to Ca2�. Thus amiloride

presumably acts directly on the NatCa2� exchange car-

rier. Presently, amioride is the only drug known that
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2 G. I). Schellenberg, unpublished data.

Time (mm)

FIG. 5. Amiloride inhibition of Na�-dependent Ca2� release from

t’esicles loaded with Ca2� by A TP-dependent uptake

Vesicles derived from lysed synaptosomes were loaded with 45Ca2� in

the presence of ATP as described under Experimental Procedures. No

Na� gradients were present. Uptake was terminated after 20 min by

the addition of EGTA (15 mM). Ca24 efflux was initiated (time zero) by

the addition of Na� to some samples in the presence or absence of

amioride. Additions at time zero were none (0), 2.5 mM amioride

(0), 36 mM Na#{176}(U), and 36 mM Na�/2.5 mM amiloride (#{149}).The data

points shown are the averages of three determinations. The Ca2�

associated with vesicles loaded with Ca2� in the absence of ATP under

similar conditions was taken as background. The standard deviation

for triplicate determinations varied from ±3.0% to ±14%, and the

average of the above points was ±7.5%.

inhibits the brain NatCa2� exchange system. Doxorubi-
cm, which has been reported to inhibit NatCa2� ex-
change in heart sarcolemma vesicles (28), does not inhibit
NatCa2� exchange in brain plasmalemma vesicles when
the drug is present at 80 �LM and at 45Ca2� concentrations
of 0.5 or 2.0 �LM.2 Amiloride also inhibits Natdependent
uptake in the reconstituted vesicles (Fig. 7), indicating

that the solubilized and reincorporated NatCa2’� carrier
has the same properties as the carrier in the original

membrane. The ATP-dependent Ca2� transport system
is not inhibited by the drug (Fig. 4). Although it is not
presently possible to determine the exact mechanisms of
amiloride inhibition, the observation that the drug is a
competitive inhibitor with respect to Ca2� uptake (Fig.
6) suggests that both Ca2� and amiloride (a cation at pH
7.4, ref. 26) bind to the same site. Na� is also a competitive
inhibitor of Ca2� uptake (22). Thus the simplest expla-

nation of substrate interaction with the carrier is that
Na�, Ca2�, and amioride bind to the same site and that,
when amiloride is bound, the carrier is inhibited.

Interestingly, amiloride not only inhibits the initial

rate of Ca2� uptake but also reduces the amount of Ca2�
present in the vesicles after equilibrium has been reached
(Figs. 1 and 2). Although the reduction in initial rates is
consistent with amioride’s competing with cation bind-
ing at the substrate recognition site(s), the reduction in
the equilibrium levels of vesicular Ca2� cannot be ex-
plained by simple competitive inhibition. At equilibrium,

the distribution of Ca2� across the vesicular membrane
is determined by intra- and extravesicular Na� and Ca2�
concentrations, the membrane potential, and the cou-

FIG. 6. Concentration dependence of amiloride inhibition of Nat.

dependent Ca2� uptake

Ca2� uptake was assayed in the presence of varied concentrations of

amioride by diluting Na�-loaded microsomes (A) or Na4-loaded vesi-

des from lysed synaptosomes (B) 30-fold into 160 maa KC1/20 mist Tris-

HCI (pH 7.4) and either 10 �tM (U) or 50 �tM (#{149})45Ca2�. Uptake was

terminated after 10 sec as described under Experimental Procedures.

Ca2� uptake by Na�-loaded vesicles diluted into NaCl buffer rather

than KC1 buffer was taken as the background. Data points are the

averages of three independent determinations. The insets present the

amioride inhibition data plotted by the linear transformation method

of Dixon (27). 1/ V is the inverse of the Ca2� uptake values.
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TABLE 1

Reversibility of amiloride inhibition

Microsomal vesicles were assayed for Na�-dependent Ca2� uptake in

the presence or absence of 2 maa amiloride. Assays contained 50 �i

45Ca2�. Uptake was determined at 23#{176}Cusing 20-sec time points on

three separate aliquots of the same microsomal preparation. Standard

deviations are given in parentheses. Untreated vesicles were assayed

without any processing. Control vesicles and vesicles preincubated in

amiloride were initially incubated in 160 mM NaCI/20 mM Tris-HC1,

± 2 mai amioride, for 10 mm at 23#{176}.The vesicles were then washed

twice in 160 mM NaCI/20 m�t Tris-HC1 at room temperature. The final

pellet was resuspended in the same buffer and incubated at 23#{176}for I

hr. Na�-dependent Ca2� uptake activity was then determined for both

types of vesicles in the presence and absence of amioride as described

above.

No addition 2 mM amiloride

nmoles/mg/min

Untreated vesicles 5.1 (1.1) 0.20 (0.34) 4.9

Control vesicles 4.1 (0.58) 0.71 (0.82) 3.4

Vesicles preincubated in 4.0 (0.80) 0.84 (0.63) 3.2

amioride

pling ratio (number of Na� ions exchanged per Ca2� ion)
of the carrier. The Na�-Ca2� exchanger is thought to
exchange three Na� ions per Ca2� ion and is therefore
electrogenic (29, 30). Thus, amioride could conceivably
alter the equilibrium Ca2� content of the vesicles by

reducing the coupling ratio of the carrier. This situation
would occur if amioride binds to a regulatory site which
controls the coupling ratio. Alternately, the drug could

replace one or more Na� ions during transport, resulting
in less than three Na� ions transported per Ca2’� ion.

The Na�-Ca2� exchange system can exchange Na� for
Ca2� in either direction across the membrane. The direc-
tion of Ca2� transport is determined by the Na� and Ca2�
gradients present (18, 19) and on the electrical potential
across the membrane. Therefore, the Na� and Ca2� inter-
action site(s) are present either simultaneously or se-
quentially on both the extravesicular surface of the car-

rier. If Na�, Ca2�, and amiloride are all recognized by the
same site(s) on the carrier, then amioride could poten-
tially inhibit the carrier when present at either surface of
the membrane. The data shown in Fig. 5 suggest that
amioride inhibits NatCa2� exchange at the intracellular
surface of the carrier. In this experiment, the presence of

the ATP-dependent Ca2� pump allowed us to load Se-
lectively inside-out vesicles with Ca2t Amiloride in-
hibited Natdependent release of Ca2� from these inside-
out vesicles. However, the conclusion that amiloride acts
at an intracellular site is based on the assumption that
amiloride does not penetrate the vesicles over the time
course of the experiment (10 sec-lO mm). Indeed, the
inhibitory effects of amiloride on Ca2� uptake (Figs. 1

and 2) and Ca2� release (Figs. 3 and 5) are observed at
the most rapid assay time points (10-30 sec). Since in
these experiments the vesicles are not preincubated in
the presence of the drug, the rapid action of the drug
suggests that amiloride does not have to equilibrate
across the vesicle membrane and therefore acts at the

external surface of the vesicles. Attempts to measure the
amiloride permeability of the vesicles have so far been
unsuccessful, since it is not presently possible to distin-

guish amiloride bound to the external surface of the
membranes from that in the lumen of the vesicles.

Recently, Smith et al. (10) demonstrated that amilor-
ide inhibits NatCa2� exchange using intact murine
erythroleukemia cells. In these studies, the cells were

preincubated for several hours in the presence of 40 jiM

extracellular amiloride prior to Ca2� uptake measure-

ments. During this preincubation, the cells accumulated
the drug to an intracellular concentration of approxi-
mately 1 mM. NatCa24� exchange was inhibited only if
the cells were preincubated with amiloride, and no inhi-
bition occurred when 0.04 mr�i amioride was added di-
rectly (no preincubation) to Ca2� transport assays. These
results led Smith et al. (10) to conclude that amiloride
inhibited NatCa2� exchange at a cytoplasmic site on the
membrane. Since the K1 for amioride is approximately
0.25-0.34 mM (Fig. 6), the presence of 0.04 mM amioride
at the extracellular surface of the cell would not be
expected to inhibit uptake significantly, whereas the 1
mM intracellular amiloride would result in inhibition.
Whether higher levels of the drug would inhibit Ca2�
transport without preincubation at an extracellular site
remains to be seen.

Amiloride was originally characterized as a potassium-
sparing diuretic and an inhibitor of Na� fluxes across

Nattransporting epithelia (1-4). In these systems, the
drug inhibits a facilitative diffusion Na� channel located
on the mucosal surface of the cell. This epithelial Na�
uptake system can be distinguished from the NatCa2�
carrier based on amiloride inhibition; the drug is a much
more effective inhibitor of the epithelial system (K1

Time (mm)

FIG. 7. Amiloride inhibition of Na�-dependent Ca2�uptake by re-

constitutedphospholipid vesicles

Ca2� uptake was assayed in either the presence (U, 0) or absence

(#{149},0) of 1 mr�a amioride as described in Fig. 1. Sodium oxalate-loaded

vesicles were assayed in 160 mr�i KC1 (#{149}),160 mM KC1/1 mM amiloride

(U), 160 mM NaCl (0), or 160 m�,a NaCI/mM amiloride (U). The data

points shown are the averages of three determinations. The standard

deviation for triplicate determinations varied from ±2.1% to ±21%, and

the average for the above points was ±10%.
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0.1-1 jiM; refs. 31 and 32) than of NatCa2� exchange (K1

= 0.25-0.34 mM; Fig. 6). Furthermore, unlike the Nat
Ca2� exchange system, the epithelial Na� carrier most
likely does not transport Ca2t However, the amioride-
sensitive epithelial system does interact with Ca2t Ex-
tracellular Ca2� at the mucosal surface of the cell layer

partially inhibits Na� transport by this system (31-35).
For example, 10 mM Ca2� inhibits Na� transport (meas-
ured by short-circuit current) across bullfrog skin by a
maximum of 20% (32). Additional Ca2� does not result in
additional inhibition. The inability of saturating Ca2� to
inhibit Na� flux completely suggests that Na� and Ca2�
do not interact competitively by binding to a common
site on the Na�-H� carrier. In contrast, Na� and Ca2�
appear to interact competitively with the NatCa2� ex-
change carrier (22-23).

A second type of Ca2� interaction with the Na� epithe-
hal system has been described. In some amphibian
preparations, Ca2� alters the effectiveness of amiloride as
an inhibitor. In toad skin preparations, the K1 of amior-
ide inhibition changes from 3.9 jiM in the absence of Ca2�
to 0.44 jiM in the presence of 1 m�i Ca2� (31).Cuthbert
and Wong (34) proposed that inhibition occurs when
Ca2� and amiloride simultaneously bind to the Na� car-

rier. Recent work by Benos et al. (31) demonstrated that
in bullfrog epithelial preparations, the K1 for amiloride is
unaffected by Ca2�, even though Ca2� inhibits Na� fluxes
in this preparation. Thus the Ca2�-drug interaction may
not be a universal property of the Na� epithelial system.
However, the fact that both the epithelial Na� transport
system and the Na�-Ca2� transport system recognize
Na�, Ca2�, and amioride suggests that the two earners
may have similar structural properties and may be the

result of a gene duplication event.
A specific inhibitor of a NatCa2� carrier would be

extremely useful for determining the role of this transport
system in regulating cytosolic Ca2� levels. Amioride is

not ideal as a specific probe for NatCa2� exchange for
two reasons: (a) the relatively low affinity of amioride
for the earner makes binding studies difficult, if not

impossible; and (b) amioride is not specific for the Nat
Ca2� exchange system and inhibits other non�Ca2tde�
pendent Na� transport systems. However, we are pres-
ently examining structural analogues of amioride in
hopes of finding an amiloride-like drug with a higher
affinity for the carrier and which is specific for the Nat
Ca2� transport system.
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