
J. Membrane Biol. 87, 107-119 (1985) The Journal of 

Membrane Biology 
�9 Springer-Verlag 1985 

N a + / C a  2+ Counter transpor t  in P la sma  M e m b r a n e  o f  Rat  Pancreat i c  A c i n a r  Cel l s  

E. Bayerd6rffer, W. Haase, and I. Schulz 
Max-Planck-lnstitut ftir Biophysik, 6000 Frankfurt-70, Federal Republic of Germany 

Summary. The presence of a coupled Na+/Ca 2. exchange system 
has been demonstrated in plasma membrane vesicles from rat 
pancreatic acinar cells. Na+/Ca 2+ exchange was investigated by 
measuring 45Ca2+ uptake and 45Ca2+ efflnx in the presence of 
sodium gradients and at different electrical potential differences 
across the membrane (= A~) in the presence of sodium. Plasma 
membranes were prepared by a MgCl2 precipitation method and 
characterized by marker enzyme distribution. When compared 
to the total homogenate, the typical marker for the plasma mem- 
brane, (Na + + K+)-ATPase was enriched by 23-fold. Markers 
for the endoplasmic reticulum, such as RNA and NADPH cyto- 
chrome c reductase, as well as for mitochondria, the cytochrome 
c oxidase, were reduced by twofold, threefold and 10-fold, re- 
spectively. For the Na+/Ca 2+ countertransport system, the Ca 2+ 
uptake after 1 min of incubation was half-maximal at 0.62 ~mol/ 
liter Ca 2+ and at 20 mmol/liter Na + concentration and maximal at 
10 ~mol/liter Ca 2+ and 150 mmol/liter Na + concentration, re- 
spectively. When Na + was replaced by Li +, maximal Ca 2+ up- 
take was 75% as compared to that in the presence of Na +. Ami- 
loride (10 -3 mol/liter) at 200 mmol/liter Na + did not inhibit 
Na+/Ca 2+ countertransport, whereas at low Na + concentration 
(25 retool/liter) amiloride exhibited dose-dependent inhibition to 
be 62% at 10 2 mol/liter. CFCCP (10 -5 tool/liter) did not influ- 
ence Na+/Ca 2+ countertransport. Monensin inhibited dose de- 
pendently; at a concentration of 5 x 10 -6 mol/liter inhibition was 
80%. A SCN- or K + diffusion potential (= A~), being positive at 
the vesicle inside, stimulated calcium uptake in the presence of 
sodium suggesting that Na+/Ca 2+ countertransport operates elec- 
trogenically, i.e. with a stoichiometry higher than 2 Na + for 
I Ca 2+. In the absence of Na +, &p did not promote Ca -~+ uptake. 
We conclude that in addition to ATP-dependent Ca -~+ outward 
transport as characterized previously (E. Bayerd6rffer, L. Eck- 
hardt, W. Haase & I. Schulz, 1985, J. Membrane Biol. 84:45-60) 
the Na+/Ca 2+ countertransport system, as characterized in this 
study, represents a second transport system for the extrusion of 
calcium from the cell. Furthermore, the high affinity for calcium 
suggests that this system might participate in the regulation of 
the cytosolic free Ca 2+ level. 
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Introduction 

Evidence for the operation of a Na+/Ca 2+ coun- 
tertransport system to extrude Ca z+ from pancre- 

atic acinar cells was obtained from 45Ca2+ flux ex- 
periments with isolated cells [42]. These tracer 
exchange studies at zero net flux conditions showed 
that following hormonal stimulation, 45Ca2+ extru- 
sion from the cell was inhibited in the presence of 
2 mmol/liter ouabain or when Na + was replaced by 
K + in the extracellular medium. However, direct 
demonstration of a Na+/Ca 2+ countertransport sys- 
tem in a vesicular plasma membrane preparation of 
pancreatic acinar cells was lacking. 

In the present study we give evidence for the 
operation of a Na+/Ca 2+ countertransport system in 
plasma membranes of pancreatic acinar cells which 
were prepared by a recently described isolation pro- 
cedure [3] that has been slightly modified. As in 
other tissues such as heart muscle [32, 33], the 
squid giant axon [2], brain synaptosomes [6, 10], 
kidney proximal tubule [11, 45], erythrocytes [27], 
smooth muscle [12], small intestine epithelia [9, 18], 
liver [20] and lymphocytes [44], extrusion of Ca 2+ 
from pancreatic acinar cells is performed by the co- 
operation of a Ca 2+ ATPase and a Na+/Ca 2+ coun- 
tertransport system. 

Materials and Methods 

MATERIALS 

All reagents were of analytical grade. Collagenase (from clostrid- 
ium histolyticum) type Ill was obtained from Worthington, 
Freehold, N.J. Ethyleneglycol-bis-(fl-amino-ethylether)-N,N- 
tetraacetic acid (EGTA), ethylene-diamine-tetraacetic acid 
(EDTA), adenosine 5-triphosphate (ATP), phosphocreatine (so- 
dium salt), the protonophore carbonyl cyanide p-trifluoro- 
methoxyphenylhydrazone (CFCCP) and benzamidine were 
bought from Sigma, Mfinchen, W. Germany. Cytochrome c, lac- 
tateclehydrogenase (LDH), pyruvate kinase (PK), creatine ki- 
nase (CK), phosphoenolpyruvate (PEP), nicotine adenine dinu- 
cleotide (NADH), ribonucleic acid (RNA), trypsin inhibitor (from 
soybean) and valinomycin were purchased from Boehringer, 
Mannheim, W. Germany and Triton X-100 and bovine serum al- 
bumin from Serva, Heidelberg, W. Germany. Sodium dithionite 
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was from Merck, Darmstadt, W. Germany. The Ca 2+ ionophore 
A23187 and the Na + ionophore monensin were obtained from 
Calbiochem, Giessen, W. Germany. Amiloride was purchased 
from Sharp and Dohme, Mtinchen, W. Germany. 45CaCl~ (4 to 50 
Ci/g) and 85SRC12 were bought from New England Nuclear, 
Dreieich, W. Germany. 

PREPARATION OF ACINAR CELLS 

Rat pancreatic acinar cells were prepared as described previ- 
ously [1, 43] with the following modifications. Pancreatic tissue 
from six rats was digested for 15 min in a collagenase (108 U/ml)- 
containing Krebs-Ringer's solution, followed by a washing step 
with a 1 mmol/liter EDTA-containing solution for 5 min. Single 
cells were then obtained by a second collagenase digestion (162 
U/ml) for 60 min. 

PREPARATION OF PLASMA MEMBRANES 

Preparation of a fraction enriched in plasma membranes was in 
principle performed as described recently [3], except that the last 
precipitation step with MgCI2 was omitted. In brief: following 
isolation, cells were washed twice in a mannitol buffer (MB) 
containing in mmol/liter: 280 mannitol, 10 HEPES, 10 KCI, 
1 MgCI2, 1 benzamidine, pH 7.4 adjusted with Tris. Cells were 
then homogenized in a volume of 18 ml of MB in a tight-fitting 
motor-driven glass/Teflon | Potter (Braun, Melsungen, W. Ger- 
many) by 50 strokes at 900 rpm. The final Mg 2+ concentration 
during the precipitation and separation steps was I I retool/liter. 
Two low-speed centrifugations to remove the aggregated mate- 
rial alternated with two high-speed centrifugations to collect the 
material from the plasma membrane-enriched supernatants. The 
first precipitation was repeated once to raise the final protein 
yield. The centrifugation steps were performed in a JS 7.5 rotor 
in a Beckman J-21C centrifuge for the first low-speed centrifuga- 
tion and in a SW 27 rotor (or SW 50 rotor for small volumes) in a 
Beckman L3-50 ultracentrifuge. 

MEASUREMENT OF 45CA2+ UPTAKE 

IN PLASMA MEMBRANE VESICLES 

In general 80 to 120/*g of membrane protein were preincubated 
for 60 rain at 25~ in 12.5 ~1 of an incubation medium containing 
in mmol/liter: 100 Na2SO4, 33 K2SO4, 30 HEPES, pH 7 adjusted 
with Tris. In addition this incubation medium contained 0.01 
45CAC12, when indicated in the legends to the figures. Vesicles 
were then diluted by 40-fold into a medium containing in mmol/ 
liter: 100 choline2SO4, 33 K2804, 30 HEPES, pH 7 adjusted with 
Tris, 0.01 45CAC12, 0.002 valinomycin. Variations in preincuba- 
tion or in the composition of the uptake media are described in 
detail in the legends to the figures. The amount of radioactivity 
varied from 12 to 16 tzCi/ml according to the specific activity. 

Following preincubation and dilution of vesicles into the 
incubation medium, samples were taken in duplicates at 20 sec 
and at 80 sec of incubation. 45Ca2+ accumulation between 20 and 
80 sec of incubation was used to quantify 45Ca2+ uptake. 

Samples were then filtered rapidly through cellulose nitrate 
filters with a pore size of 0.65 tzm (Sartorius, G6ttingen, W. 
Germany), which had been presoaked in isotonic KCI solution. 
Filters were washed with 5 ml ice-cold solution containing in 
mmol/liter: 140 KCl, 10 HEPES, 1 MgC12, pH 7 adjusted with 

KOH. The radioactivity was quantitated using "Rotiscin| 22" 
scintillator (Roth, Karlsruhe, W. Germany) in a Mark Ill Liquid 
Scintillation System, Model 6880 (Searle Analytic Inc., Des 
Plaines, Illinois). 

MEASUREMENT OF 45CA2~ EFFLUX 

FROM PLASMA MEMBRANE VESICLES 

To obtain optimal filling of vesicles with 45Ca2-, they were prein- 
cubated in the presence of MgATP. 100 to 150/xg of membrane 
protein were preincubated for 40 min at 25~ in 20 /,1 of an 
incubation medium containing in mmol/liter: 100 choline2SO4, 
33 K2SO4, 30 HEPES, pH 7 adjusted with Tris, 0.9 CaCI2, 0.1 
45CaCIz, 10 MgATP. The vesicles were then diluted 40-fold into a 
medium containing in mmol/liter: 100 Na_,SO4, 33 K204, 30 
HEPES. pH 7 adjusted with Tris, 0.002 valinomycin, 0.5 vana- 
date, 0.2 EDTA. All variations of the efflux media are given in 
the legend to the figure. The amount of radioactivity in the prein- 
cubation medium varied from 120 to 160/xCi/ml. At given time 
points aliquots were taken in duplicates and treated as described 
above. 

PROTEIN AND ENZYME DETERMINATION 

Protein determination was made according to Lowry et al. [23] 
using bovine serum albumin (BSA) as a standard. 

Determination of ribonucleic acid (RNA) was made accord- 
ing to the methods of Mejbaum [24], and Hatcher and Goldstein 
[15] and the RNA content was calculated using RNA standards. 

(Na § + K')-ATPase activity was determined according to 
the method of Scharschmidt et al. [34] with the final reaction 
medium modified to 2.5 retool/liter ATP and 2 retool/liter PEP. 
The ouabain suppressible fraction of the total ATPase activity 
was determined in the same sample by adding ouabain directly to 
the cuvette to a final concentration of 1.5 mmol/liter. 

Alkaline phosphatase activity was measured as the rate of 
hydrolysis ofp-nitrophenylphosphate using a Merck test kit (No. 
3344). 

NADPH cytochrome c reductase activity was measured by 
the procedure of Sottocasa et al. [41]. 

Cytochrome c oxidase activity was determined in a 30 
mmol/liter phosphate buffer at pH 7.4 and 37~ containing 0.8 
mmol/liter cytochrome c previously reduced by 20 mmol/liter 
sodium dithionite. Samples were preincubated with 0.0015% Tri- 
ton X-100. 

In all enzyme determinations as described above, samples 
were preincubated for 5 to 10 min at 37~ and the reaction was 
started by addition of the substrate. Enzyme activities were mea- 
sured kinetically using a Beckman spectrophotometer (Model 25) 
and a Beckman recorder (Model 24-25ACC). 

ELECTRON MICROSCOPY 

The electron-microscopical demonstration of plasma membranes 
was performed as described recently [3, 4]. In brief: plasma, 
membranes were fixed as a pellet with glutardialdehyde in the 
last preparation step, post-fixed with 1% osmic acid, dehydrated 
with alcohol and embedded in Spurr's resin. Thin sections were 
stained with uranylacetate and lead citrate and were examined in 
a Philips 300 electron microscope. 
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Results 

CHARACTERIZATION OF PLASMA MEMBRANES 

Membrane Preparation 

To isolate plasma membranes from rat pancreatic 
acinar ceils a methodological approach was used 
that has been described recently [3]. To investigate 
a Na+/Ca e+ countertransport system, the modifica- 
tions designed in this study had been necessary to 
shorten the isolation procedure as much as possible 
to preserve the relative impermeability of plasma 
membranes for sodium. 

Enzymatic Characterization 

As enzyme markers for the plasma membrane, the 
(Na + + K+)-ATPase activity and the alkaline phos- 
phatase activity (AP) were measured. In the final 
membrane fraction (Na + + K+)-ATPase activity 
and alkaline phosphatase activity were enriched by 
23-fold and fivefold, respectively, as compared with 
the total homogenate. The alkaline phosphatase ac- 
tivity which was less enriched than the (Na + + K+) - 
ATPase activity, is considered to be localized at the 
small luminal side of the cell and also in intracellular 
structures [19, 37]. The amount of rough endoplas- 
mic reticulum was estimated by the RNA content, 
and the NADPH cytochrome c reductase activity 
was determined for quantitation of both rough and 
smooth endoplasmic reticulum. In the final plasma 
membrane fraction both RNA and the NADPH cy- 
tochrome c reductase activity were decreased by 
twofold and threefold, respectively, as compared to 
the total homogenate. The mitochondrial content 
was monitored by the cytochrome c oxidase activ- 
ity which was decreased by 10-fold in the final 
plasma membrane fraction (Table l). 

Table 1. Enzyme activities and enrichment factors in the total 
homogenate and the plasma membrane-enriched fraction a 

Total Plasma 
homogenate membranes 

(Na + + K+)-ATPase spec. act. 24.6 + 2.1 (7) 568.3 + 61.5 (7) 
enrichment I 23.1 
recovery 100% 11.4% 

AP spec. act. 28.8 + 3.4 (5) [47.7 + [2.6 (5) 
enrichment 1 5.13 
recovery 100% 2.5% 

RNA spec. act. 176 -+ 8 (7) 89 + 19 (7) 
enrichment 1 0.51 
recovery 100% 0.25% 

N A D P H  cytochrome c spec. act. 5.1 -+ 0.6 (5) 2.04 + 0.08 (5) 
reductase enrichment 1 0.4 

recovery I00% 0.2% 
Cytochrome c oxidase spec. act. 124 -+ 11 (5) 12 + 2.5 (5) 

enrichment 1 O. 1 
recovery 100% 0.05% 

Protein yield 295 +- 37 (7) 1.46 § 0.1 (7) 
recovery 100% 0.49% 

a The total homogenate as starting material is compared with the plasma membrane- 
enriched fraction. Specific enzyme activities are expressed in nmol substrate split per 
rain and mg protein for the (Na + + K+)-ATPase,  alkaline phosphatase (AP), NADPH 
cytochrome c reductase and cytochrome c oxidase. The RNA content is given in/zg 
per mg protein and the protein yield in rag. The values are means +sE.; the number of 
preparations is given in parentheses. Enrichment is expressed as specific activity 
divided by the specific activity of the total homogenate. 

Morphological Studies 

To estimate the composition of the plasma mem- 
brane-enriched fraction we also used electron mi- 
croscopy. For the electron-microscopical demon- 
stration of plasma membrane vesicles, the final 
membrane pellet obtained from the isolation proce- 
dure was treated as described above (see Materials 
and Methods, ref. 3). This allowed us to roughly es- 
timate the contamination of the plasma membrane 
fraction with other structures such as rough endo- 
plasmic reticulum, zymogen granules and mito- 
chondria. One typical micrograph of the plasma 
membrane fraction is presented in Fig. I. About 
50% of the membranes are smooth; membranes 

Fig. 1. Electron micrograph of plasma membrane vesicles de- 
rived from rat pancreatic acinar cells. Vesicles were prepared for 
electron microscopical demonstration as described in Materials 
and Methods and previously [3, 4] 
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Fig. 2. Correlation of the initial sodium-driven 4SCa=+ uptake rate 
with the plasma membrane marker (Na- + K+)-ATPase. The 
plasma membrane-enriched fraction as described in Results (0) 
was compared with a highly purified plasma membrane fraction 
(�9 which has been described previously [3]. Individual data for 
45Ca2+ uptake as measured during 1 min of incubation are plotted 
against the (Na + + K+)-ATPase activity of the same preparation. 
The points are the results of three preparation pairs. The mean 
values for 45Ca=+ uptake were 62,3 _+ 13.7 (O), or 122.5 _+ 4.2 (�9 
pmol/min and mg protein, r = correlation coefficient 

coated with ribosomes originating from the rough 
endoplasmic reticulum are the other part of the 
membrane fraction. Since we know that pancreatic 
acinar cells possess only a small amount of intracel- 
lular smooth membranes [47] and the marker for 
smooth endoplasmic reticulum was reduced by 
about threefold (the marker for plasma membranes 
however was enriched by 23-fold), we assume that 
nearly all smooth membranes in the final membrane 
fraction derive from the plasma membrane. The di- 
ameter of the plasma membrane vesicles ranged 
from 0.1 to 0.6/~m. 

bation correlated very well with the (Na* + K+) - 
ATPase activity of the individual preparation. The 
correlation was r = 0.856 from three preparation 
pairs. 

CHARACTERIZATION 

OF NA+/CA 2+ COUNTERTRANSPORT 

Calcium Binding and Passive Ca 2+ Influx 

To determine the amount of 45Ca2+ binding to the 
plasma membrane vesicles we used two different 
approaches. Sodium gradient-driven 45Ca2+ uptake 
was studied in plasma membrane vesicles which 
were preincubated for 60 rain in the presence or 
absence of 10 .5 tool/liter 45CAC12. In vesicles prein- 
cubated for 60 min 45Ca2+ binding had reached 
equilibrium. The calcium uptake curves as shown in 
Fig. 3 (right panel) indicate that after preincubation 
of the vesicles in the presence of 45CAC12 further 
45Ca2+ influx into the vesicles was only observed in 
the presence of a vesicle outwardly directed sodium 
gradient, In the absence of this sodium gradient no 
change of the vesicular 45Ca 2+ content was ob- 
served. We also tried to assess the amount of 45Ca x+ 
binding to the plasma membrane fraction by using 
Triton X-100 to disrupt the vesicle membrane. The 
Triton X-100 concentration of 0.015% was the low- 
est concentration which abolished ATP-promoted 
45Ca2+ uptake in the same membrane fraction (data 
not shown). Since different composition of the in- 
cubation media might influence Ca 2+ binding, it 
was determined in all uptake media used in this 
study. During 20 min of incubation binding of 45Ca2+ 
to disrupted membrane vesicles reached between 50 
and 60% of 45Ca2+ content in intact vesicles in the 
absence of a sodium gradient. 

Sodium Gradient-Driven Calcium Uptake 

LOCALIZATION 
OF THE NA+/CA 2+ COUNTERTRANSPORT SYSTEM 

Since only about 50% of the vesicles in the final 
membrane fraction originate from the plasma mem- 
brane it seemed to be necessary to prove the local- 
ization of the investigated Na+/Ca 2+ countertrans- 
port system. We therefore correlated the activity 
of the plasma membrane marker (Na + + K+) - 
ATPase with sodium gradient-driven 45Ca 2+ uptake 
into plasma membrane vesicles. We also used a 
purer plasma membrane fraction that was prepared 
on the same day from the same starting material as 
described recently [3]. As shown in Fig. 2, sodium 
gradient-driven 45Ca2+ uptake during 1 min of incu- 

To investigate the presence of a Na+/Ca 2§ coun- 
tertransport system in plasma membrane vesicles 
45Ca2+ uptake was measured with or without an out- 
wardly directed sodium gradient. To check possible 
differences of 45Ca2+ binding and passive influx in 
different incubation media, controls were per- 
formed with equal sodium or choline concentrations 
at both sides of the vesicle membrane (Fig. 3). The 
time course of 45Ca2+ uptake shows that 45Ca2+ up- 
take without sodium gradient reached a plateau af- 
ter 20 min, whereas 45Ca2+ uptake in the presence of 
an outwardly directed sodium gradient still contin- 
ued after 20 rain. The maximal sodium-driven 
45Ca2+ accumulation during 20 min was 311 -+ 57 
pmol/mg in not pre-equilibrated vesicles and 363 -+ 
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Fig. 3. Time-dependent 45Ca2+ uptake in the 
presence or absence of an outwardly oriented 
sodium gradient. Vesicles were preincubated for 
60 rain in the presence of 100 mmol/liter NazSO4 
(�9 @) or 100 mmol/liter choline_,SO4 (A) in the 
absence (left panel) or in the presence (right 
panel) of 10 s mol/liter 4 5 C a  -'+ , and were diluted 
by 40-fold into a medium containing 100 retool/liter 
NazSO4 (�9 or 100 mmol/liter choline:SO4 (A, @) 
and 10 -5 tool/liter 45Ca2+. All measurements were 
performed in the presence of 66 mmol/liter K + and 
2 • 10 6 mol/liter valinomycin. The values 
represent means +- SE of nine preparations (left 
panel) and three preparations (right panel). Ch = 
choline 

78 pmol/mg protein in vesicles that were pre-equili- 
brated with 45CAC12 (Fig. 3). Sodium-driven 45Ca2+ 
uptake as measured after 1 min of incubation was 
62.3 -+ 13.7 pmol/protein • min. 

Sodium-Induced Calcium Efflux 

Experimental conditions were chosen to demon- 
strate that the Na+/Ca 2+ countertransport system 
operates symmetrically. 45Ca2+ efflux was there- 
fore measured with or without an inwardly di- 
rected sodium gradient. To load the plasma mem- 
brane vesicles sufficiently with 45Ca2+, they were 
preincubated in the presence of 10 mmol/liter 
MgATP and 1 mmol/liter 45Ca2+ to allow MgATP- 
driven Ca 2+ uptake in inside-out vesicles [3]. At this 
high Ca 2+ concentration it can be assumed that 
mainly plasma membrane vesicles were loaded with 
Ca 2+ since Ca 2+ uptake into endoplasmic reticulum 
is nearly abolished at this high Ca 2+ concentration 
[3, 4]. Vesicles were then diluted 40-fold into a me- 
dium that contained 5 x 10 -4  tool/liter ortho-vana- 
date to inhibit the Ca2+(Mg2+)-ATPase [21] and the 
MgATP concentration was diluted from 10 to 0.25 
mmol/liter, a concentration at which ATP-pro- 
moted Ca 2+ uptake was dramatically decreased [3]. 
Furthermore 0.2 mmol/liter EDTA were added to 
buffer the outside Ca 2+ concentration to 10 7 tool/ 
liter free Ca 2+. The time course of 45Ca2+ release is 
shown in Fig. 4. The amount of 45Ca2+ that could be 
released by an inwardly directed sodium gradient 
during 20 min was 252 _+ 27 pmol/mg protein and 
was in the same range as sodium-driven 45Ca2+ up- 
take. Ca z+ and Na + concentrations for maximal and 
half-maximal 45Ca2+ uptake (see below) were there- 
fore estimated assuming a symmetric behavior of 
the transport system. As in 45Ca2+ uptake measure- 
ments (see below) lithium could replace sodium by 
60% (F!g. 4). 
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Fig. 4. Time-dependent 45Ca2+ efflux in the presence or absence 
of inwardly oriented sodium or lithium gradients. Vesicles were 
preincubated for 40 min in the presence of 100 mmol/liter cho- 
line2SO4, 0.9 mmol/liter CaC12, 0.1 mmol/liter nsCaC12 and 10 
mmol/liter MgATP. They were diluted by 40-fold into a medium 
containing 100 mmol/liter choline_~SO4 (�9 or 100 mmol/liter 
Na2SO4 (@), or 100 mmo]/liter Li2SO4 (A) and 0.2 mmol/liter 
EDTA and 0.5 mrnol/liter vanadate. The Ca 2+ ionophore A23187 
was added to a final concentration of 10 -6 mol/liter as indicated 
by the arrow. All measurements were performed in the presence 
0f66 mrnol/liter K + at both sides of the membranes and 2 • 10 -6 
m01/liter valinomycin. The values are means _+ SE of five prep- 
arations. Ch = choline 

Cation Specificity of  Na+/Ca 2+ Countertransport 

To investigate the cation specificity of the Na+/Ca 2+ 
countertransport system, sodium was isosmotically 
replaced by lithium, caesium or rubidium and cal- 
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Fig. 5. Specificity for monova len t  cat ions of the Na+/Ca 2- coun- 
ter t ransport  sys tem.  Vesicles  were preincubated for 60 rain in 
the presence  of  100 mmol/ l i ter  Na,SO4 (�9 O), or 100 mmol/l i ter  
Li2SO4 ([3, I lL or 100 mmol/l i ter  Cs2SO4 (V, T)  or 100 retool/liter 
RbzSO4 ( ~ ,  * )  or 100 mmol/ l i ter  choline2SO4 (A). Then  the 
vesicles were diluted by 40-fold into a medium containing 100 
mmol/ l i ter  choline2SO4 (0 ,  III, T ,  ~ ,  A) or 100 retool/liter 
Na2SO4 (�9 or 100 mmol/ l i ter  Li2SO4 (7q), or 100 mmol/l i ter  
Cs_,SO4 (V), or 100 retool/liter Rb2SO4 ( o )  and 10 s retool/liter 
45CaC12. All measu remen t s  were performed in the presence 0f66  
retool/liter K + at both sides of  the membrane  and 2 x 10 6 mol/ 
liter val inomycin.  The values are given in % of 45Ca2+ uptake 
after 20 min with equal Na  + concentrat ions  at both sides of  the 
vesicle membrane .  The values are means  -+ SE of five prepara- 
tions. Points  without  SE are the mean  of two preparations.  Ch = 
choline 

cium was replaced by strontium. Since all measure- 
ments were performed in the presence of K + and 
valinomycin (see Materials and Methods),  potas- 
sium was not used to replace sodium. As shown in 
Fig. 5, lithium could replace sodium by 76%, as in 
the Ca 2+ efflux experiments (Fig. 4). No  significant 
caesium or rubidium gradient-driven 45Ca2+ uptake 
was measured (Fig. 6). 85Sr 2+ was used in a concen- 
tration of  10 -5 mol/liter to test the specificity for 
calcium. The amount of sodium-driven 85Sr2+ up- 
take was 32% (n = 2) as compared with sodium- 
driven 45Ca2+ uptake (data not shown). 

Ca 2+ Concentration Dependence 
o f  Na+/Ca 2+ Countertransport 

To investigate the affinity of the Na+/Ca 2+ coun- 
tertransport system to Ca 2+ the dependence of so- 
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Fig. 6. Dependence  of  45Ca2+ uptake by the Na+/Ca 2- coun- 
ter t ransport  sys t em on calcium concentrat ion.  Vesicles were 
preincubated for 60 min in the presence  of 100 retool/liter Na2SO4 
and the indicated 4sCaCI2 concentrat ion.  They  were diluted by 
40-fold into a medium containing 100 retool/liter choline2SO4 and 
the same 4sCaC12 concentrat ion.  To calculate sodium-driven 
4sCa2+ uptake,  either 45Ca2+ uptake in the presence of  equal so- 
dium (O) or equal choline (0 )  concentra t ions  at both sides of  the 
membrane  was subtrac ted  from total vesicular  45Ca2~ content.  
All measu remen t s  were performed in the presence of 66 retool/ 
liter K + at both sides of  the membrane  and 2 x 10 6 tool/liter 
val inomycin.  The free Ca 2+ concentrat ions  were buffered with 
EGTA for 3 x 10 ~ mol/liter and EDTA for 10 7 mol/liter in the 
presence  of 1 mmol/ l i ter  Mg 2~ using the true proton, Ca 2+ and 
Mg 2+ dissociat ion cons tan ts  of  EGTA and EDTA [14, 29, 39]. 
The  free Ca 2+ concent ra t ions  at 10 -5 and 3 x 10 -5 tool/liter were 
unbuffered.  To minimize the source of  error the calcium concen- 
trations were adjus ted exclusively with 45CAC12 and each tracer 
batch was checked  with a Ca2+-specific electrode as described 
previously [43]. Fur thermore  all exper iments  were performed 
with identical solutions which were stored at -25~  between the 
exper iments .  The values are means  +_ sE of  three preparat ions 

dium-driven Ca 2+ uptake on the free Ca 2+ concen- 
tration was investigated. The indicated free Ca 2+ 
concentrations were adjusted in the following way 
to obtain reliable results: All experiments were per- 
formed with identical solutions that were stored at 
-25~  between the uptake measurements. Total 
calcium concentrations were adjusted by 45CAC12 
exclusively and the total Ca 2+ concentration of each 
tracer batch was checked by a CaZ+-selective elec- 
trode [43]. The free Ca 2+ concentrations were buf- 
fered in the presence of 1 mmol/liter Mg 2+ with 0.1 
mmol/liter EGTA to adjust 3 • 10 -8 tool/liter free 
Ca2+; with 0.5, 0.25, 0.1 and 0.03 mmol/liter EDTA 
to adjust 10 -7, 3 • 10 -7 and 3 • 10 -6 tool/liter free 
Ca 2+, respectively,  using the true proton, Ca 2+ and 
Mg 2+ dissociation constants of EGTA and EDTA 
[29, 39]. The free Ca 2+ concentrations 10 -5 and 3 • 
10 -5 tool/liter were unbuffered. Two controls with- 
out an outwardly directed sodium gradient were 
performed with either equal choline or equal so- 
dium concentrations at both sides of the vesicle 
membrane (Fig. 6, c losed or open dots). Sodium- 
driven 45Ca2+ uptake after 1 rain of  incubation was 
measurable at free Ca 2+ concentrations higher than 
10 -7 tool/liter, was maximal at 10 -5 and half-maxi- 
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Fig. 7. Dependence  of  the Na+/Ca 2+ counter t ranspor t  sys tem 
for vesicular  45Ca2+ content  after 1 rain of  45Ca2+ uptake on differ- 
ent  Na  + concentra t ions .  Vesicles  were preincubated for 60 min 
in a 100 mmol/ l i ter  cholinezSO4 solution where choline was 
partly replaced by the indicated sodium concentra t ion and 10 5 
mol/li ter 45CAC12. T hey  were diluted by 40-fold into a medium 
containing 100 mmol/ l i ter  cholinezSO4 and 10 -5 tool/liter 4~CaC12. 
The  Na § concentrat ion at the outside of the vesicle was kept at 
5 mmol/l i ter .  To calculate sodium-driven 4~CaZ+ uptake,  45Ca2+ 
uptake in the presence of  equal choline concentra t ions  at both 
sides of  the membrane  was subtracted from total vesicular 4~CaZ+ 
content .  All measu remen t s  were performed in the presence 
of 66 mmol/ l i ter  K + at both sides of  the membrane  and 2 • 
10 6 tool/liter valinomycin.  The values are means  -+ SE from 
three preparat ions 

mal at 6.2 • 10 7 mol/liter free Ca z+ concentrat ion 
(Fig. 6). 

Na + Concentration Dependence  
o f  Na+/Ca 2+ Countertransport  

Similarly the affinity for Na + to the Na+/Ca 2+ coun- 
ter transport  system was investigated. In a 100 
mmol/l i ter  choline2SO4-containing medium for pre- 
incubation of  the plasma membrane vesicles, cho- 
linezSO4 was  partially replaced by either 7.5, 15, 25, 
35, or 50, or totally by 100 mmol/li ter NazSO4. So- 
dium-driven 45Ca2+ uptake as measured after 1 min 
of  incubation was measurable at a Na + gradient of  
15 mmol/li ter at the inside of the vesicles with 
5 mmol/li ter Na + at the outside. It was maximal at 
about 150 and half-maximal at about 20 mmol/liter 
Na + concentrat ion at the inside with 5 mmol/li ter at 
the outside of the vesicle (Fig. 7). 

Effect  o f  Inhibitors on Na+/Ca 2+ Countertransport 

The effect of  monensin, a sodium-specific 
ionophore,  was tested on sodium-driven 45Ca2+ up- 
take. With 10 -6 mol/li ter monensin present  in the 
uptake medium 45Ca2§ uptake after 20 min of incu- 
bation was decreased by 40% and with 5 • 10 -6 
mol/liter monensin by 80% (Fig. 8). Furthermore,  
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Fig. 8. Effect  of  monens in ,  CFCCP and amiloride on the Na+/ 
Ca 2+ counter t ranspor t  sys tem.  Vesicles were preincubated for 60 
min in 100 mmol/ l i ter  Na2SO4 and were diluted by 40-fold into a 
medium containing 100 mmol/ l i ter  Na2SO4 ((3) or 100 cho- 
linezSO4 (O) and 10 -5 mol/li ter 45CAC12. When  the vesicles were 
diluted into a choline sulfate medium it contained in addition 10 -5 
mol/liter C F C C P  (E~), or 3 x 10 -4 mol/liter amiloride (11), or 10 -6 
mol/li ter monens in  (~) ,  or  5 x 10 -6 tool/liter monens in  (A). All 
measu remen t s  were performed in the presence  of  66 mmol/ l i ter  
K + at both sides of  the  membrane  and 2 x 10 -6 mol/li ter valino- 
mycin.  The  values  are given in % of 45Ca2+ uptake after 20 min 
with equal  Na  § concentra t ions  at both  sides of  the vesicle mem-  
brane. The values are means  _+ SE of three preparations.  Points 
without  SE are the mean  of  two preparat ions 

the effects of  amiloride and the protonophore  
CFCCP were checked to exclude the possibility 
that apparent sodium-driven Ca 2§ uptake was due 
to the presence of  both coupled Na+/H § and Ca2+/ 
H + systems in the plasma membrane.  Whereas the 
latter has not been found, Na+/H § exchange is 
present  in pancreatic plasma membrane [17]. As 
shown in Fig. 8, amiloride, which inhibited Na§ § 
exchange in pancreatic acinar cells in a concentra- 
tion of  10 -4 mol/li ter [17], did not significantly in- 
hibit Na+/Ca 2§ exchange in a concentrat ion of 3 • 
10 -4 mol/liter. However ,  it has been described that 
amiloride exerts  its inhibitory effect on Na+/Ca 2+ 
exchange at higher concentrat ions than 10 -4 mol/ 
liter [35, 38] and that it competes with Na + for its 
binding sites. Thus the inhibitory effect would also 
depend on the Na § concentrat ion [38, 46]. The ef- 
fect of  amiloride on Na+/Ca 2§ exchange was then 
further investigated using higher amiloride concen- 
trations and also low Na § concentration.  At an out- 
wardly directed Na § gradient with a vesicle inside 
Na + concentrat ion of  200 mmol/liter,  an amiloride- 
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Fig. 9. Effec t  o f  a S CN (a) or  a K + (b) diffusion potent ia l  on the Na* /Ca  2+ c o u n t e r t r a n s p o r t  sy s t em.  Cont ro l  ves ic les  w e r e  pre incu-  

b a t e d  for  60 min  in 100 mmol / l i t e r  Na2SO4 and  10 -5 tool/l i ter 45CAC12 and  w e r e  di luted by 40-fold into a m e d i u m  con ta in ing  100 retool/ l i ter  

NazSO4 (Q)) o r  100 mmol / l i t e r  choline2SO4 ( 0 )  and  10 5 mol/ l i ter  45CAC12. 66 mmol / l i t e r  K ~ and  2 x 10 -6 mol / l i te r  v a l i n o m y c i n  w e r e  

p re sen t  at both  sides of  the m e m b r a n e  in these  m e a s u r e m e n t s .  To  set an inside pos i t ive  SCN diffusion potent ia l  (a) ,  the  ves ic les  w e r e  

p r e i n c u b a t e d  in 200 m m o l / l i t e r  N a S C N  and  10 ~ tool / l i ter  4~CaCI_, and w e r e  di luted by  40-fold into a m e d i u m  con ta in ing  100 retool / l i ter  

Na2SO4 ([3) o r  100 m m o l / l i t e r  choline2SO4 ( 1 )  and  100 retool / l i ter  manni to l  to adjust  the o s m o l a r i t y  and  l0 ~ mol / l i t e r  4~CaCI2. To  set  an 

ins ide-pos i t ive  K + diffusion potent ia l  (b), ves ic les  w e r e  p r e i n c u b a t e d  in 50 retool / l i ter  Na~SO4 (A)  or  50 m m o l / l i t e r  Cs2SO4 ( ), 250 

m m o l / l i t e r  manni to l  and  10 s tool/ l i ter  45CaC12 and w e r e  di luted into 50 m m o l / l i t e r  Na2SO4 (At  or  50 m m o l / l i t e r  Cs2SO4 ( ~ ) ,  83 retool/  

liter KzSO4, 10 ~ mol / l i ter  45CAC12 and  2 x 10 6 tool/l i ter v a l i n o m y c i n  

T a b l e  2. Inhibi t ion (in % of  cont ro l )  of  N a + / C a  2+ c o u n t e r t r a n s -  

por t  by  ami lo r ide  at high and  low N a  + c o n c e n t r a t i o n s  at the 

ves ic le  inside a 

Amiloride concentration 10 4 3 x 10 4 10 ~ 3 x 10 3 10 2 
(mol/liter/ 

200 retool/liter 0 0 0 15 + 10 37 + 10 
Na ~ concentration 

30retool/liter 0 8-+7 I1 +4 44 + 4 61 + 8 

a The data represent the inhibition of sodium gradient-driven 45Ca2+ uptake by various 
amiloride concentrations in the presence of two different vesicle outwardIy directed 
sodium gradients. Vesicles were preincubated for 60 rain in the presence of 200 retool/ 
liter gluconate and 66 mmol/liter K gluconate, or in the presence of 30 retool/liter Na 
gluconate and 170 retool/liter choline gluconate, and the indicated amiloride concen- 
tration. Then vesicles were diluted 40-fold into a medium containing 200 retool/liter 
choline gluconate, 66 retool/liter K gluconate, 2 x 10 6 tool/liter valinomycin, 10 -5 
tool/liter 45CAC12 and the indicated amiloride concentration. The vesicle outside Na + 
concentration was kept at 5 retool/liter. Samples were taken at 20 and 80 sec of 
incubation and 45Ca2+ uptake was calculated for I rain of incubation. Controls were 
performed with equal choline concentrations at both sides of the vesicle membrane for 
each amiloride concentration. The data give the inhibition in % of sodium-driven 
45Ca2§ uptake in the absence of amiloride. They are the mean + SE from three 
preparations. 

effected inhibition o f  Na+/Ca 2+ exchange  was mea- 
surable at a concentrat ion of  3 x 10 -3 mol/l iter and 
reached 37% inhibition at 10 2 mol/l iter (Table 2). 
When the N a  + concentrat ion at the vesicle  inside 
was  lowered,  the inhibitory potency  of  amiloride 
was  increased about  10-fold and inhibition of  Na+/  
C a  2+ exchange  was  measurable at 3 • 10 -4  tool/liter 

amiloride concentrat ion.  At 10 2 tool/liter amiloride 
the inhibitory effect reached 61% (Table 2). CFCCP 
(10 -5 mol/l iter) together with or without  amiloride 
(3 x 10 -4 mol/l iter) had no influence on sodium- 
driven 45Ca2+ uptake (Fig. 8). 

Effect o f  Membrane 
on Na+/Ca 2+ Countertransport 

Previous investigators provided evidence  for a 3 : 1 
coupling [5, 28, 30] o f  N a  + and Ca 2+ and also cou- 
pling in a 4 : 1  ratio was suggested [22, 26]. Since 
Ca 2+ transport ratios o f  3 : I or 4 : 1 would generate 
a membrane  potential  [8, 10, 32], it can be expected 
that a membrane  potential (=  ~,~) also influences 
the Na+/Ca 2+ countertransport  system.  Indepen- 
dently from the exact  transport ratio, a transport 
ratio greater than 2 : 1 for the exchange  of  Na  + ver- 
sus Ca 2+ would generate an inside-negative poten- 
tial across  the vesicle  membrane.  Thus the effect 
o f  an imposed inside-positive diffusion potential 
over  the membrane on Na§ 2+ countertransport 
s eemed  to be a useful tool  to demonstrate  a possible 
electrogenicity o f  the Na+/Ca 2+ countertransport 
system.  Since pass ive  Ca 2+ influx would be stimu- 
lated only  by an inside-negative membrane poten- 
tial, the change o f  pass ive  Ca 2+ influx was neglected 
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for these experimental conditions. Diffusion poten- 
tials were generated with either K + in the presence 
of valinomycin or SCN-. When SCN- was used to 
create an inside-positive membrane potential, vesi- 
cles were loaded with 200 mmol/liter NaSCN and 
were diluted either into a medium of 100 mmol/liter 
NazSO4 and 100 mmol/liter mannitol, or into 100 
mmol/liter cholinezSO4 and 100 mmol/liter manni- 
tol. In the absence of a Na + gradient and with an 
outwardly directed SCN gradient, 45Ca2+ uptake 
during 20 rain was stimulated by 51% as compared 
to the control (Fig. 9a). In the presence of an out- 
wardly directed SCN gradient and an additional 
outwardly directed Na + gradient, 45Ca2+ uptake 
during 20 min was stimulated by 14% as compared 
to the control without a SCN- gradient but with a 
Na + gradient (Fig. 9a). To set an inside- positive K + 
diffusion potential, vesicles were loaded with 50 
mmol/liter NazSO4 or Cs2SO4 and 250 mmol/liter 
mannitol and were diluted into a medium that con- 
tained 50 mmol/liter Na2SO4,  o r  C s 2 8 0 4  and 83.3 
mmol/liter K2SO4 plus 2 x 10 -6 mol/liter valinomy- 
cin thus creating an inside-positive diffusion poten- 
tial. As can be seen from Fig. 9b, under these condi- 
tions 45Ca2+ uptake during 20 min was stimulated by 
62% as compared to the control without K + gradi- 
ent. When sodium was replaced by caesium, A~- 
driven 45Ca2+ uptake was below the control (Fig. 9b) 
indicating that A~-driven 45Ca2+ uptake in the pres- 
ence of sodium was mediated by the Na+/Ca 2+ 
countertransport system. A~-driven Ca 2+ uptake 
mediated by Na+/Ca 2+ exchange increased linearly 
with the diffusion potentials generated by different 
SCN- concentration differences across the vesicle 
membrane excluding unspecific effects of SCN- on 
the plasma membrane (data not shown). 

Stoichiometry of Na § 2+ Countertransport 

In order to get further insight in the transport mech- 
anism of the Na+/Ca 2+ countertransport system we 
calculated the Hill coefficient using the data pre- 
sented in Fig. 7 for the Na + concentration depen- 
dence of sodium-driven Ca 2+ uptake. A Hill plot of 
the results obtained is presented in Fig. 10. The Hill 
coefficient was calculated to be n = 2.74 -+ 0.55 
from three experiments suggesting a Na+/Ca 2+ 
transport ratio of 3 : 1. 

Discussion 

Cytosolic free calcium concentration is regulated by 
calcium pumps in mitochondria, endoplasmic retic- 
ulum and plasma membrane, and also by a process 
of Na +/Ca 2+ exchange across the plasma membrane 
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Fig. 10. Stoicbiometry of Na+/Ca 2+ countertransport. Hill plot 
of the Na + concentration dependence of Na+-driven Ca z+ uptake 
between 20 and 80 sec of incubation as shown in Fig. 7. The Hill 
coefficient n obtained from three experiments was 2.74 -+ 0.55. 
Ordinate: log JNa+Ca2+/JmaxNa+/Ca2+ JNa+/Ca2+. Abscissa: log vesi- 
cle inside/out Na + concentration difference 

in different tissues [2, 6, 9-12, 18, 27, 31, 33, 36, 44, 
45]. While short-term buffering of the cytosolic cal- 
cium concentration may be effected by sequestra- 
tion of calcium into mitochondria and endoplasmic 
reticulum, these mechanisms must ultimately have 
a limited capacity, and long-term regulation of the 
cytosolic free calcium concentration must be due to 
calcium extrusion from the cell. Studies in various 
tissues [3, 5, 8, I0-12, 18, 21, 27] indicate that both, 
a Na+/Ca 2+ countertransport system, energized by 
the sodium gradient, and a CaZ+(Mg2+)-ATPase are 
involved in the uphill extrusion of calcium, in order 
to maintain the cytosolic free calcium concentration 
at its physiological level of about 10 -7 mol/liter [43]. 

For the exocrine pancreas indirect evidence for 
the presence of Na+/Ca 2+ countertransport system 
has been obtained from 45Ca flux measurements in 
isolated cells [42]. In the presence of the (Na + + 
K+)-ATPase inhibitor ouabain or in the absence of 
extracellular sodium, calcium extrusion from the 
cell was inhibited during hormone stimulation. 
These results suggested that calcium extrusion may 
be partially achieved by a Na+/Ca 2+ countertrans- 
port system located in the plasma membrane. 
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Advanced isolation procedures for plasma 
membrane vesicles derived from pancreatic acinar 
cells [3] enabled us to further investigate calcium 
extrusion mechanisms. We now report evidence for 
the existence of a Na+/Ca 2+ countertransport sys- 
tem in pancreatic acinar cells. 

PREPARATION OF PLASMA MEMBRANES 

The isolation procedure for plasma membranes from 
pancreatic acinar cells as described previously [3] 
had to be modified, since the final protein yield was 
too low to investigate Na+/Ca 2+ countertransport. 
The MgCI2 precipitation method used originally [3] 
consisting of three subsequent precipitation steps 
was shortened to two steps which raised the protein 
yield by about fourfold and the plasma membrane 
yield by twofold (Table 1) with a decrease of 50% in 
purity. The enrichment of (Na + + K+)-ATPase ac- 
tivity was 23-fold as compared to the starting ma- 
terial (Table 1) indicating a purity comparable 
with other plasma membrane preparation methods 
[25]. Electron-microscopical investigation (Fig. l) 
showed that about 50% of the membranes in the 
final fraction were smooth. Rat pancreatic acinar 
cells contain only a negligible amount of intracellu- 
lar smooth membranes which cannot be differenti- 
ated by electron microscopy [47]. Decrease in the 
activity of the marker enzyme for the smooth endo- 
plasmic reticulum, NADPH cytochrome c reduc- 
tase, by threefold in the final plasma membrane 
fraction suggests that nearly all smooth membranes 
in the final fraction derived from the plasma mem- 
brane. It can be expected that shortening the isola- 
tion procedure improves the viability of the final 
membrane fraction. By the same reason the original 
method for cell preparation was modified by reduc- 
ing the collagenase concentration by about 15% and 
the EDTA washing step from 15 to 5 min. These 
methodological changes seemed to maintain the im- 
permeability of plasma membranes for sodium as 
judged by an increased sodium-driven 45Ca2+ uptake 
as compared to uptake measurements without mod- 
ifications (data not shown). 

LOCALIZATION 
OF N A + / C A  2+ COUNTERTRANSPORT 

Since the membrane fraction used in this study did 
not contain plasma membranes exclusively, the 
investigated Na+/Ca 2+ countertransport system 
should be localized. Previous investigations on 
Na+/Ca 2+ countertransport suggest that Na+/Ca 2+ 
countertransport systems are exclusively localized 
in the plasma membrane. We therefore correlated 

45Ca2+ uptake with the activity of the typical plasma 
membrane marker enzyme (Na ~ + K~)-ATPase 
(Fig. 2). A purer plasma membrane fraction that 
was used previously [3] was compared with the 
membrane fraction enriched in plasma membranes 
as used in this study. As seen in Fig. 2 sodium- 
dr iven  45Ca2+ uptake as measured after 1 rain of 
incubation correlated with the (Na + + K+)-ATPase 
activity by r = 0.856, indicating that Na+/Ca 2+ 
countertransport is localized in the plasma mem- 
brane. Furthermore correlation of Na+/Ca 2+ coun- 
tertransport with the plasma membrane marker can 
be taken as indication for the presence of a Na+/ 
Ca 2+ countertransport itself. If the data would rep- 
resent binding of 45Ca2+, correlation with the plasma 
membrane marker was unlikely. 

CHARACTERIZATION 
OF N A + / C A  2+ COUNTERTRANSPORT 

The presence of a Na+/Ca 2+ countertransport sys- 
tem in plasma membranes of pancreatic acinar cells 
was investigated as Ca 2+ uptake into and Ca 2+ efflux 
from plasma membrane vesicles in the presence or 
absence of an outwardly or inwardly directed so- 
dium gradient, respectively (Figs. 3 and 4). Sodium- 
dr iven  Ca  2+ uptake as measured after 1 min of incu- 
bation was 62 pmol/mg protein x rain and similar as 
described for Na+/Ca 2+ countertransport in the 
small intestine and kidney cortex [9, 16]. 

Sodium-driven Ca 2+ efflux was also investi- 
gated to demonstrate the symmetrical operation of 
the Na+/Ca 2+ countertransport system as described 
for other tissues [5, 7, 12, 16, 27, 31]. Sodium-in- 
duced C a  2+ efflux reached an absolute amount of 
250 pmol/mg protein after 20 min (Fig. 4) which was 
in a similar range as sodium-driven Ca 2+ uptake. 

The ion specificity of Na+/Ca 2+ countertrans- 
port was determined by replacing sodium by lith- 
ium, rubidium, or caesium and replacing calcium by 
strontium. Lithium could replace sodium for Na+/ 
Ca 2+ countertransport by about 75% in Ca 2+ uptake 
measurements (Fig. 5) and about 60% in Ca 2+ efflux 
studies (Fig. 4), whereas caesium or rubidium gra- 
dients could not drive Ca 2+ uptake significantly 
(Fig. 5). This specificity of lithium for Na+/Ca 2+ 
countertransport agrees with the results from other 
tissues [2, 10, 12, 22]. Strontium has some affinity to 
this carrier since it was able to replace Ca 2+ by 
about 35%. 

Since the affinity of the N a + / C a  2+ countertrans- 
port system for Ca 2+ is important for the regulation 
of the cytosolic Ca 2+ level, we have studied the 
dependence of sodium-driven Ca 2+ transport into 
plasma membranes on the free Ca 2+ concentration. 
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Ca 2+ uptake into plasma membranes were measur- 
able at concentrat ions higher than 10 .7 mol/liter 
free Ca ~+ and reached its maximum as plateau be- 
tween 3 x 10 -6 and 3 x 10 .5 mol/liter free Ca 2t 
concentrat ion.  Half-maximal and maximal sodium- 
driven Ca 2+ uptake was observed at 6.2 x 10 .6 and 
10 .5 mol/li ter free Ca 2t concentrat ion,  respectively 
(Fig. 6). These data seem reasonable regarding the 
regulation of  the cytosolic free Ca 2+ to about 10 .7 

tool/liter [5, 43] as a possible function of this Na+/ 
Ca 2+ countertransport  system. Furthermore Ca z+ 
concentrat ions for half-maximal and maximal so- 
dium-driven Ca 2+ uptake were similar to those ob- 
tained for MgATP-dependent  Ca 2+ transport  in the 
same structure (Table 3, ref. 3). Similarly, submi- 
cromolar  Km values for sodium gradient-driven 
Ca 2+ uptake were described for the kidney cortex 
[16] and the small intestine [9]. The Km value for the 
Na+/Ca 2t counter t ransport  in these tissues was also 
close to that for ATP-dependent  Ca 2+ transport  [9, 
16]. In excitable tissues such as heart muscle, 
smooth muscle and nerve [5, 8, 10, 13, 22], as well 
as in the red blood cell and lymphocyte  [27, 44], Km 
values of Na+/Ca 2+ countertransport  for Ca 2+ were 
reported 10- to 100-fold higher. It should be noted, 
however ,  that C a  2+ uptake rates as measured be- 
tween 20 and 80 sec of  incubation must be consid- 
ered with caution, since they could underestimate 
the true transport  rate. Although rates from values 
taken after 20 sec were similar to those taken after 
80 sec of  incubation, initial rates were not measured 
because of  limited yield of plasma membranes and 
specific activity of  45Ca2+ available. Those who did 
measure initial rates [8, 30] obtained higher Vmax of 
Na+/Ca 2+ exchange than the V m a x  of  Ca2+-ATPase. 
Thus,  the difference in Vmax of Na+/Ca 2+ exchange 
may result from methodology rather than from in- 
herent differences between different systems. 

Na+/Ca 2+ countertransport  was also dependent  
on the sodium concentrat ion inside the vesicles 
(Na/) .  Sodium-driven Ca 2+ uptake steeply in- 
creased at low outwardly directed sodium gradients 
to be half-maximal and maximal at a sodium gradi- 
ent of  15 mmol/l i ter  Nai + at 5 mmol/li ter Nao + and 
150 mmol/li ter Na? at 5 mmol/li ter Nao +, respec- 
tively (Fig. 7). With respect  to the physiological in- 
tracellular and extracellular sodium concentrations,  
it seems reasonable that Na+/Ca 2+ countertransport  
was saturated at about 150 mmol/li ter sodium in the 
presence of  5 mmol/l i ter  at the other  vesicle side. 
For  the small intestine a sodium affinity in the same 
range has been reported [9]. A similar Km value for 
sodium has also been recently described for a N a t /  
H t exchange system in pancreatic acinar cells [17]. 

Inhibition of  sodium-driven Ca 2+ uptake by the 
N a t / H  + exchanger  monensin (Fig. 8) provided an- 

Table 3. Comparison of the plasma membrane-located 
CaZ+(MgZ+)-ATPase and the Na+/Ca z+ countertransport system 
in rat pancreatic acinar cells 

~SCa2+ transport Plasma membrane 
characteristics 

CaZ+-(Mg2+)-ATPase Na+/Ca 2+ countertransport 

Ca2+: concentr,  for 
max. uptake 10 ttmol/liter l0 tzmol/liter h 
app. a K,, 0.88 ttmol/liter 0.62 ~zmol/liter b 
uptake 1.5 nmol/min x mg prot. 0.12 nmol/min x mg prot. c 

Mg2+: eoncentr,  for 

max. uptake 3 rnmol/liter no Mg -'+ 
app. Km 0.3 retool/liter dependence 

energy supply: ATP Na + gradient 

via (Na + + K+I-ATPase 
concentr, for 
max. uptake 5 retool/liter c - 150 mmol/li ter b 
app. K,,, 2 retool/liter c 15 mmol/li ter b 
specificity only ATP Na + > Li + 

a app. = apparent. 
b Values for 45CaZ+ uptake during I min of incubation (see Results). 
c Ca2+ uptake was calculated from experiments using the pure plasma membrane 
fraction (see Results and Fig. 3). 

other  indication for coupling of Ca 2+ transport to 
sodium via Na+/Ca 2+ countertransport  and not via a 
combination of both Na+/H + and Ca2+/H + ex- 
change. Fur thermore ,  the effects of the diuretic 
amiloride and the protonophore  CFCCP were 
tested to exclude coupling of  the Na+/H + exchange 
system described for pancreatic acinar cells [17] 
with a possible Ca2t /H + exchange system. Ami- 
loride which inhibits Na+/H + exchange in pancre- 
atic acinar cells in a concentrat ion of 10 4 tool/liter 
[17] did not change sodium-driven Ca 2+ uptake sig- 
nificantly in a concentrat ion of  3 x 10 .4  mol/liter 
(Fig. 8). The inhibitory effect of amiloride generally 
depends on the Na t concentrat ion,  since it com- 
petes with Na t for binding sites at the exchanger 
molecule [35, 46]. Higher concentrat ions of ami- 
loride have been reported to inhibit Na+/Ca 2+ ex- 
change in erythroleukemia cells [40], brain micro- 
somes [351 and heart  muscle [38]. When the Na + 
concentrat ion inside the vesicles was lowered from 
200 to 25 mmol/liter,  the inhibitory potency of ami- 
loride increased about 10-fold which was similar to 
that described in [46]. At maximal effective ami- 
loride concentrat ion of  10 .2 tool/liter inhibition of 
the Na + gradient-driven initial Ca 2t uptake rate was 
61% (Table 2). Since it has been proposed that the 
main site of  action of  amiloride is the cytoplasmic 
surface [38, 40], considerable effects of amiloride 
can be already expected at much lower concentra- 
tions because of low intracellular Na + concentra- 
tion. The data suggest that the Na+/Ca 2+ coun- 
tertransport  system in pancreatic acinar cells 
behaves comparable to other Na+/Ca 2+ exchange 
systems [35, 38, 40] and could be a target for ana- 



118 E. Bayerd6rffer et al.: Na+/Ca ~* Countertransport of Pancreatic Plasma Membrane 

logs of  amiloride with increased potency as de- 
scribed [38]. The protonophore CFCCP showed no 
effect of Na+/Ca 2+ countertransport [13] at a con- 
centration of  10 5 tool/liter (Fig. 8) suggesting an 
operation of Na+/Ca z+ countertransport indepen- 
dently from Na+/H + exchange.  

STOICH1OMETRY 

OF THE N A + / C A  2+ COUNTERTRANSPORT 

Transmembrane K + or SCN diffusion potentials 
(Ar stimulated Na+-dependent Ca 2+ uptake sev- 
eral-fold (see Results) (Figs. 9a and b), indicating 
that Na+/Ca 2+ exchange operates electrogenically 
in pancreatic plasma membranes similar to that in 
other tissues [8-10,  30, 32]. Since electrogenicity of 
Na+-driven Ca 2+ uptake indicates a transport ratio 
of Na + and Ca 2+ greater than 2 : 1, we calculated the 
Hill coefficient to obtain a value for the Na+/Ca 2+ 
transport ratio (Fig. 10). This value of n = 2.74 is 
likely to be underestimated since relative high per- 
meabilities of  isolated membranes for Na + can be 
assumed. Also,  since true initial rates of  Ca 2+ up- 
take have not been measured, driving forces during 
the observation period might not be constant. How- 
ever, the value for n being close to 3 suggests elec- 
trogenicity and a transport ratio of  at least 3 : 1 for 
the Na+/Ca 2+ exchange system. 

CONCLUSION 

By using a purified plasma membrane fraction from 
pancreatic acinar cells, Na+/Ca 2+ countertransport 
in this structure could be demonstrated. Na+/Ca 2+ 
exchange operates electrogenically and the trans- 
port ratio is proposed to be 3 : 1. The affinity of this 
system for C a  2+ w a s  similar to the recently de- 
scribed ATP- and Mg-dependent Ca 2+ transport in 
the same structure. This suggests that the extrusion 
o f  C a  2+ and thus the regulation of the cytosolic Ca 2+ 
level in pancreatic acinar cells is performed by the 
parallel operation of  Na+/Ca z+ exchange system 
and a Ca 2+ (MgZ+)-ATPase. 
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