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Na*-Ca’* exchange in squid optic nerve membrane vesicles is activated
by internal calcium
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The role of intracellular Ca2* as essential activator of the Na*~Ca?* exchange carrier was explored in
membrane vesicles containing 67% right-side-out and 10% inside-out vesicles, isolated from squid optic
nerves. Vesicles containing 100 pM free calcium exhibited a 2-fold increase in the imitial rate of
Na; -dependent Ca®* uptake as compared with vesicles where intravesicular calcium was chelated by 2 mM
EGTA or 10 mM HED'TA. The activatory effect exerted by intravesicular Ca’* on the reverse mode of
Na*-Ca’* exchange (i.e. Naj-Ca2* exchange) is saturated at about 100 pM Ca2* and displays an
apparent K, , of 12 uM. Intravesicular Ca’>* produced activation of Na; -Ca’* exchange activity rather
than an increase in Ca* uptake due to Ca®*-Ca®* exchange. The presence of Cai* was essential for the
Na; -dependent Na* influx, a partial reaction of the Na*~Ca®* exchanger. In fact, the Na™ influx levels in
vesicles loaded with 2 mM EGTA were close to those expected from diffusional leak while in vesicles
containing Ca?* an additional Na*-Na* exchange was measured. The results suggest that in nerve
membrane vesicles Ca®* at the inner aspect of the membrane acts as an activator of the Na*-Ca?* exchange
system.

Introduction axons have shown that Ca®* entry through the

exchange mechanism (reverse Na]-Ca* ex-

The Na*-Ca?* exchange mechanism is a car-
rier mediated transport system in which the trans-
membrane Na™ electrochemical gradient is used to
fuel net Ca?* movements across the plasma mem-
brane [1-4]. Recent experiments in dialyzed squid

Abbreviations: EGTA, ethyleneglycol bis( 8-aminoethy! ether)-
N, N’-tetraacetic acid; EDTA, ethylenediaminetetracetic acid,
HEDTA, N-hydroxyethylethylenediaminetriacetic acid; PMSF,
phenylmethylsulfonyl fluoride; Mops, 4-morpholinepropane-
sulfonic acid; Tris, tris(hydroxymethyl)aminomethane.
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Bioquimica, Apartado 21827, Caracas 1020A, Venezuela.

change) not only requires the presence of sodium
and calcium ions inside and outside the cell, but
also the presence of micromolar amounts of in-
tracellular free calcium [5]. This observation is in
line with the ideniification in Na”-loaded
myocytes [6] and in squid axons [7] of an out-
wardly directed ionic current caused by the elec-
trogenic Na*-Ca?* exchange which did not de-
velop in the absence of intracellular Ca’* ions.
Further evidence obtained in dialyzed squid axons
on the role of Ca?* as an essential activator of the
exchanger indicates that intracellular Ca?* is not
only required for the reverse reaction (Ca%*-de-
pendent Na* efflux) but also for the Na*-Na*
exchange mode (Na} -dependent Na* efflux) [8].
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Although a great deal of information on the
operation of the Na*-Ca?* exchange has been
provided by work with cardiac sarcolemmal
vesicles [9-11] it has become apparent that the
exchanger of intact cells exhibits a number of
features which do not seem to persist in mem-
brane preparations. Thus, the vesicle exchanger
appears to be symmetrical, displaying a similar
affinity for Ca®* on both sides of the membrane
[12]. In addition, intravesicular Ca2* between 0.1
and 0.5 mM has been recently shown to elicit
stimulation of the exchanger in heart sarcolemmal
vesicles [26]. However, this differs by about one
order of magnitude from the concentrations of
Ca?* that stimulate Na}-dependent Ca?* influx
in living cells in the absence of ATP [5,6,7,15].
Furthermore, no evidence has been reported so far
for a regulatory effect of micromolar amounts of
Ca?* on the exchange rate.

One problem inherent in vesicle exchanger
studies is the unhomogeneity of the preparations
with respect to sidedness. In addition, due to the
reduced vesicular volume, the intravesiculai con-
centration of the transported cation (Ca?*, Na*)
very rapidly attains values in the millimolar range.
The present study was carried out to investigate
whether Ca?* is an essential activator of
Na*-Ca?* exchange in a preparation of squid
nerve membrane vesicles mainly consisting of
right-side-out vesicles [13,14]. To overcome the
difficulty of controlling intravesicular Ca%* con-
centration we prepared vesicles containing EGTA
or HEDTA as well as known concentrations of
free calcium (as Ca:EGTA or Ca-HEDTA) in
their interior.

Evidence is provided that the presence of mi-
cromolar concentrations of intravesicular Ca2*
stimulates Ca?* uptake by the vesicles, an effect
that is due to activation of Na} -Ca2* exchange
activity and not to an increase in Ca2*-Ca2*
exchange. In addition, micromolar concentrations
of intravesicular Ca?* are also needed to observe
Na*-Na™* exchange in these vesicles. These ob-
servations support the view that internal Ca2*
behaves as an activator of the Na*-Ca?* ex-
change carrier as is the case in living cells (Barnacle
muscles [15], cardiac cells [6] and squid axons
[3,5.8]). Some of these results have been presented
previously in abstract form [16).

Materials and Methods

Preparation of nerve membrane

Nerve membrane vesicles were isolated from
optic nerves of the tropical squid Sepiotheutis
sepioidea using the method described previously
[14]. Optic nerves were homogenized (Teflon-glass
homogenizer followed by Dounce-glass homo-
genizer) in 0.32 M sucrose, 1 mM EDTA, 10 mM
Tris (pH 7.3) containing 1 mM PMSF. The sus-
pension was centrifuged 10 min: at 2000 X g in a
Sorvall refrigerated centrifuge, the supernatant was
separated and the pellet was washed twice. Com-
bined supernatants were then centrifuged at
12000 X g, the resulting supernatant was sep-
arated and the pellet was washed twice. The mi-
crosomal fraction was obtained by centrifugation
of the combined supernatants proceeding from the
12000 X g step, for 45 min at 100000 X g. This
pellet was resuspended in 0.32 M sucrose, 1 mM
EDTA, 10 mM Tris (pH 7.3) and layered on top
of 1.12 M sucrose, 1 mM EDTA, 10 mM Tris (pH
7.3). The gradient was spun down for 90 min at
65000 X g in a Beckman SW 25.2 rotor. The white
band centered at the interphase was collected,
diluted four times with 10 mM Tris (pH 7.3) and
sedimented at 100000 X g. At the end of the isola-
tion procedure the vesicles were suspended at a
concentration of 5 mg protein/mi in 100 mM
NaCl, 100 mM KCl and 100 mM Na-Mops (pH
7.3) (except ions and the presence of calcium
buffers are otherwise indicated in text and figure
legends) frozen in liquid N, and stored frozen at
—70°C. The entire procedure was performed at
4°C. The nerve membrane vesicles prepared as
described above exhibited a sodium deoxycholate-
activated, ouabain-inhibitable Na*/K*-ATPase
activity of 90.3 +5.2 pmol P,/mg protein per h
(n=10). In this preparation approx. 67% of the
vesicles are oriented right-side-out and 10% inside-
out while the resting 23% are leaky vesicles [13].

Measurement of intravesicular EGTA concentration

In order to investigate the modulation of
Na*-Ca?* exchange activity by Ca2* we intended
in this study to maintain intravesicular free calcium
at known concentrations by the use of EGTA or
HEDTA. However, membranes are not permeable
to EGTA and HEDTA and a freeze-thaw cycle



TABLE I

EGTA CONCENTRATION IN VESICiES ORIGINALLY
RESUSPENDED IN A MEDIUM COUNTAINING 2 mM
“C.EGTA (EGTA-CONTAINING VESICLES) OR IN A
MEDIUM WITHOUT EGTA AND FURTHER IN-
CUBATED WITH 2 mM “C-EGTA (CONTROL VESICLES)

Membranes were originally resuspended {at approx. 5 mg
protein/ml) in (mM): 100 NaCl, 100 KCl, 100 Na-Mops, 2
CaCl, and 2 “C-EGTA (EGTA-containing vesicles) or in
(mM): 100 NaCl, 100 KCIl, 100 Na-Mops (Control vesicles),
and quickly frozen in liquid N,. 100-u1 aliquots of EGTA-con-
taining and control vesicles were thawed at room temperature,
centrifuged 45 min at 1000006 X g (at 4° C), pellets were resus-
pended in 100 ul of the “C-EGTA containing medium and
incubated 5 min at 4°C. At the end of this period 12 ml of
(mM); 100 NaCl, 100 KC), 100 Na-Mops and 10 EGTA were
added and the tubes were centrifuged 45 min at 100000 g.
The pellets were resuspended in 0.5 ml 3% sodium dodecyl
sulfate (SDS) and 0.4 m! aliquots were counted. Corrections
were made for the 23% population of leaky vesicles. Resuits
expressed as means+ S.E.

' Intravesicular
EGTA concentration
(mM)

2.09+£0.05({n=26)
0.08+0.04(n=4)

Preparation

EGTA-containing vesicles
Control vesicles

has been used to introduce these compounds within
vesicles. This procedure was previously utilized to
render cardiac sarcolemma vesicles permeable to
ouabain [17). To ensure that using this treaiment
the intravesicular calcium buffe- concentration was
identical to that in the resuspension medium, the
experiment detailed in Table I was carried out
using *C-EGTA. The results show that vesicles
originally resuspended in a medium comprising 2
mM “C-EGTA really have in their interior this
concentration of EGTA. In contrast, control
vesicles, which were resuspended in a medium
without EGTA and were incubated in the pres-
ence of C-EGTA after being thawed, only have
a negligible quantity of EGTA. Moreover, when
the “C-EGTA-containing vesicles were treated
with 0.2% deoxycholate (DOC) and washed, they
released intravesicular EGTA, remaining 0.11 mM
14C.EGTA attached to the membrane (not shown).
These results could be extrapolated to the case of
HEDTA.
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Measurement of Na," -dependent Ca’* uptake

(a) Effect of K* on Na;*~Ca2* exchange

Na}-dependent “*Ca%* uptake was measured
as previously described [14]. The nerve membrane
vesicles were originally suspended in 100 mM
NaCl, 100 mM Na-Mops (pH 7.3) and variable
concentrations (0-150 mM) of KCl. To maintain
osmolarity and ionic strength constant, different
concentrations (150-0 mM) of N-methylgluca-
mine-Cl were added. The vesicles were thawed at
room temperature and preincubated at 25°C for §
min. The Na; -dependent ¥®*Ca%* uptake was ini-
tiated by adding approx. 20 pg of Na*-loaded
vesicle protein to the uptake mixture in a final
volume of 250 pul containing 100 pM *CaCl,
(0.05 pCi/nmol), 100 mM N-methylglucamine-Cl,
100 mM N-methylglucamine-Mops (pH 7.3), vari-
able concentrations of KCl (0-150 mM) and N-
methylglucamine-Cl (150-0 mM), in the presence
of 0.5 pM valinomycin. The mixture was then
incubated at 25°C and Ca?* uptake was arrested
after 10 s by adding EGTA (2 mM, fin-! con-
centration). Aliquots of 100 pl were filiered
through 0.45 pm Millipore filters under suction.
Filters were washed twice with a 5 ml aliquot of
200 mM KCl, 100 mM K-Mops (pH 7.3) to dis-
place externally bound Ca?*, The filters were then
dried and the amount of **Ca?* taken up by the
vesicles was determined by counting them in a
liquid scintillation counter. In all experiments
vesicles were used in parallel which were sus-
pended in 100 mM KCl and 100 mM K-Mops
instead of NaCl and Na-Mops (pH 7.3) to esti-
mate the passive diffusion and unspecific Ca®*
binding.

(b) Activatory effect of intravesicular free Ca’*
on Na-Cal* exchange, i.e. the reverse mode of
Na*-Ca’* exchange

In order to estimate the effect of intravesicular
Ca®* on Na}-Ca%* exchange, the nerve mem-
brane vesicles were suspended in: 100 mM NaC(l,
100 mM KCl, 100 mM Na-Mops (pH 7.3), and
either 2 mM £ GTA or 10 mM HEDTA (control
vesicles) or in: 100 mM NaCl, 100 mM KCl, 100
mM Na-Mops (pH 7.3), and either 2 mM EGTA
or 10 mM HEDTA plus enough CaCl, to obtain
variable concentrations of free Ca* (experimental
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vesicles). The nominal ionized calcium concentra-
tions for high ionic strength conditions were based
on a Ca- EGTA dissociation constant of 0.15 yM
and a Ca- HEDTA dissociation constant of 5 uM
[18]. The Na,-dependent “*Ca* uptake was ini-
tiated by diluting Na*-loaded vesicles (20 pg of
protein) in a final volume of 250 ul containing
enough “*CaCl, (0.05 pCi/nmol) as to obtain 100
uM Ca?* in the extravesicular medium and, 100
mM N-methylglucamine-Cl, 100 mM KCl and
100 nM N-methylglucamine-Mops (pH 7.3) in the
presence of 0.5 gM valinomycin. The CaCl, con-
centration of the dilution media was adjusted tak-
ing into account the presence of free EGTA (or
HEDTA) in the centrol vesicles. This mixture was
incubated at 25°C for different time intervals
(2.5-30 s), then the reaction was terminated,
aliquots filtered and washed as described. The
quantity of “°Ca’* remaining in the filtered
vesicles was determined in a liquid scintillation
counter.

Measurement of Ca?*-dependent **Ca* uptake
(Ca’*-Ca®* exchange)

Ca?*-Ca®* exchange activity was estimated
cither in the absence of Na* or in the presence of
200 mM intra- and extravesicular Na*. Thus no
Na* gradient was present across the vesicle mem-
brane in any of these conditions. In order to
determine Ca?*-Ca?* exchange in the absence of
Na*, vesicles were originally suspended in 100
mM N-methylglucamine-Cl, 100 mM KCl, 100
mM N-methylgluéamine-Mops (pH 7.3) and 2
mM EGTA plus 100 pM free calcium. In this case
the dilution medium contained 100 mM N-meth-
ylglucamine:Cl, 100 mM KCl, 100 mM N-methyl-
glucamine-Mops (pH 7.3) plus 100 uM “CaCl,
and 0.5 M valinomycin. Vesicles containing 100
mM N-methylglucamine-Cl, 100 mM KCl, 100
mM N-methiglucamine-Mops (pH 7.3) and 2 mM
EGTA were used in parallel to estimate passive
Ca?* diffusion into the vesicles and unspecific
Ca?* binding. The magnitude of Ca?*-Ca?* ex-
change was also determined in the presence of
Na*: for this purpose the membrane vesicles were
suspended in a medium containing 100 mM NaCl,
100 mM KCl, 100 mM Na-Mops (pH 7.3), 2 mM
EGTA and 100 pM free calcium, and the dilution
medium contained 100 pM “CaCl,, 100 mM

NaCl, 100 mM KCl, 100 mM Na-Mops (pH 7.3)
and 0.5 pM valinomycin. All other procedures
were similar to those described above. The passive
Ca?* uptake and unspecific binding was estimated
as stated above, using vesicles containing 2 mM
EGTA.

Measurement of Na'-dependent *Na* uptake
(Na*-Na™ exchange)

In order to determine the magnitude of
Na*~Na™* exchange, the membrane vesicles were
suspended in 100 mM Na-Mops, 100 mM N-
methylglucamine-Mops, 100 mM K-Mops (pH
7.3), 0.5 pM tetrodotoxin and 2 mM EGTA (con-
trol) or 2 mM EGTA plus variable concentrations
of free calcium (experimental).

The vesicles were then diluted in 100 mM
2Na-Mops (0.01 xCi/mmol), 100 mM N-methyl-
glucamine-Mops, 100 mM K-Mops (pH 7.3) in the
presence 0.1 mM ouabain and 0.5 pM tetrodoto-
xin, and the 22Na* uptake at 25°C was estimated
by the Millipore filtration technique.

The rate ~f passive diffusion of 2Na* was
determined by measuring the influx of 2Na* into
vesicles suspended in 200 mM N-methylgluca-
mine-Mops, 100 mM K-Mcps (pH 7.3), 2 mM
EGTA and diluted in the above dilution medium.

Other assays

Na*/K*-4TPase activity was assayed as previ-
ously reported [14]. The protein content of the
nerve membrane was determined by the method
of Lowry et al. [19).

Materials

“CaCl, (4-50 mCi/mg calcium), #NaCl
(100-1800 mCi/mg sodium) and “C-EGTA (5
mCi/mmol) were purchased from New England
Nuclear. Valinomycin was a product of
Calbiochem. OQuabain, tetrodotoxin, sodium de-
oxycholate, N-hydroxyethylethylenediaminetria-
cetic acid (HEDTA), ethyleneglycol bis(B-amino-
ethyl ether)-N, N'-tetraacetic acid (EGTA), ethyl-
enediaminetetraacetic acid (EDTA), N-methyl-p-
glucamine, 4-morpholinepropanesulfonic acid
(Mops), phenylmethylsulfonyl fluoride (PMSF)
and tris(hydroxymethyl)aminomethane (Tris) were
from Sigma Chemical. Other chemicals and re-
agents were of analytical grade. All data are pre-
sented as means + S.E.



Results

Effect of K* on Na*-Ca}* exchange

It has been previously demonstrated that
Na*-Ca?* exchange activity generates a mem-
brane potential in a vesicle preparation which
becomes self-limiting for further Na*-Ca®* ex-
change because of the build up of charge across
the vesicle membrane [20). The potassium specific
ionophore valinomycin allows the charge to dis-
sipate and thereby enhances the rate of exchange.
Therefore we decided to explore the modulation
of the exchanger activity by intravesicular Ca®* in
the presence of K*-valinomycin. This raises the
question of how K* per se affects Naj-Cal’
exchange activity in our system since it has been
previcusly shown that this ligand ion interacts
with the carrier and chemically activates it [21,22].

We investigated the effect of potassium on
Na}-Ca2* exchange in the absence of an electric
gradient across the vesicle membrane to avoid
activation of the carrier. Fig. 1 shows the stimula-
tion of Na; -dependent Ca* uptake by different
concentrations of potassium. Flux measurements
were performed in the presence of valinomycin
and in the presence of equal potassium concentra-
tions in the intra- and extravesicular medium. The
uptake of Ca2* in exchange of intravesicular Na*
increased with increasing concentrations of K*,
reaching plateau at 100 mM K*. The {K*] re-
quired to achieve half-maximal activation of the
exchange was 82 mM under these conditions. The
passive diffusion of calcium (using N-methyl-
glucamine-loaded vesicles) was not affected by
potassium (lower trace in Fig. 1).

Therefore potassium per se stimulates Na*-
Ca2* exchange in squid optic nerve membrane
vesicles, in agreement with the chemical activation
of the exchanger by K which has been reported
by DiPolo and Beaugé {23] in dialyzed axons and
by Coutinho et al. in brain synaptosomes (22}
Taking into account this effect, we carried out
subsequent experiments in the presence of 100
mM KCl in both intra- and extravesicular media.

Effect of intravesicular Ca’* on Na-dependent
calcium uptake

Nat-Ca2* exchange activity of nerve mem-
brane vesicles originally suspended in media con-
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Fig. 1. Effect of potassium oa Nz *~depeadent Ca®* uptake by
Na*-loaded (@——@) or K*-loaded (O O) vesicles.
Vesicles were originally suspended in: 100 mM NaCl, 100 mM
Na-Mops (pH 7.3) aad variable concemtrations of KCl (0-150
mM) and N-methylgiocamine-Cl (150-0 mM), respectively.
Vesicles were thawed at room temperature and preincobated 5
min at 25°C. Na*~Ca?* exchange was initisted by diluting
vesicles 20 times in a modium containing 100 gM “CaCl,
(0.05 xCi/nmol), 100 mM N-methyiglocamine-Cl, 100 oM
N-methylglucansine-Mops (pH 7.3) varisble concentrations of
KCl (0-150 mM) aad additionsl N-methylglucamine-Cl (150
mM-0 mM), respectively, in the presemce of 0.5 sM
valinomycin. The mixture was incubated at 25°C and ©Ca?*
upukemmundawsbymzmwr.k(ﬁad
concentration). 100 xl aliquots (contsiming 25 pg proteim,
approximately) were filtered through 0.45 xm Millipore filiers.
Filters washed twice with 5 ml of 200 mM KCl, 100 mM
K-Mops (pH 7.3). The radioactivity retained om the filters was
sion of 5Ca was estimatod by using K *-londed vesicles instead
of Na*-loaded vesicles. The poimts represest means+S.E. of
three determinations from theee different membeanes (each in
duplicate). Valinomycin was added from a 100 xM stock
solution in dimethyl sulfoxide; solvent aloac had mo effect on
exchange activity.

1aining EGTA and Ca-EGTA (or HEDTA and
Ca - HEDTA) was investigated.

Fig. 2 depicts the effect of intravesicular free
calcium on the time course of Na; -induced Ca**
influx in these vesicles. It is shown in Fig. 2A that
the uptake of Ca®* in exchange for intravesicular
Na* proceeded rapidly during the first 30 s in
both EGTA-containing (2 mM EGTA) and Ca-
EGTA-containing (2 mM EGTA, 100 gM free
calcium) vesicles, However, the extent of Na; -de-
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Fig. 2. Time-course of Na*-dependent Ca?* uptake in vesicles
containing EGTA and vesicles containing Ca-EGTA (A) (or
HEDTA and Ca-HEDTA (B)). Vesicles originally suspended
in: 100 mM NaCl), 100 mM KCl, 100 mM Na-Mops (pH 7.3),
2 mM EGTA (or 10 mM HEDTA) (0———0) or in: i
mM NaCl, 100 mM KCl, 100 mM Na-iMops (pH 7.3), 2 mM
EGTA and 2.1 mM CaCl, (or 10 mM HEDTA plus 10 mM
CaCl,) (@ @®). Vesicles were thawed at room tempera-
ture and preincubated 5 min at 25°C. The Na*-dependent
45Ca2* uptake was initiated by diluting vesicles 20 times in a
medium comprising 100 gM 4*Ca?* (0.05 pCi/nmol), 100
mM N-methylglucamine-Cl, 100 mM KCl and 100 mM N-
methylglucamine-Mops (pH 7.3) in the piesence of 0.5 uM
valinomycin. The mixture was incubated at 23°C for various
time intervals. Additional details described under materials
and Methods. The points represent means+S.E. of ten de-
terminations from five different membrane preparauons.

pendent “°Ca2* uptake was higher in calcium
containing vesicles. A comparable situation is ob-
served in Fig. 2B. In this case vesicles were pre-
pared containing 10 mM HEDTA (control) or 10
mM HEDTA plus enough CaCl, as to obtain 100
pM intravesicular Ca?* (experimental). Here the
presence of 10 mM HEDTA diminishes the ab-
solute value of Naj-dependent calcium uptake
compared to 2 mM EGTA-containing vesicles.
This seems to be rather an effect of the calcium
buffer concentration than of HEDTA per se since
no difference with Fig. 2A was obtained when
vesicles were prepared with 2 mM HEDTA (not
shown). However, an acceleration of Na-depen-
dent calcium uptake is noticed in calcium contain-
ing vesicles compared to control vesicles, which is
similar to that of Fig. 2A. It seems reasonable to
conclude that the vesicles are not leaky to Ca%* in

the absence of intravesicular Ca2* since the pas-
sive diffusion and unspecific binding of Ca’*
(using K*- or N-methylglucamine-loaded vesicles
instead of Na*-loaded vesicles) was not different
in EGTA or Ca- EGTA containing vesicles (data
not shown). Therefore, intravesicular free calcium
activates Na; —Ca%* exchange in this vesicle pre-
paration. The dependence of this effect on in-
travesicular free calcium concentration is shown in
Fig. 3. HEDTA (10 mM) was used to buffer
intravesicular calcium allowing an adequate con-
trol of the intravesicular cation concentration dur-
ing the 10 s time-course of the Ca* uptake reac-
tion. Stimulation of Na}-dependent Ca?* uptake
increase with increasing concentrations of in-
travesicular free calcium until a plateau 1s reached
around 100 pM Ca?*, with about 90% stimulation
of Na}-Ca2* exchange. This effect has a high
statistical significance (P < 0.001) and half-maxi-
mal stimulation was obtained with Ca?* =12 pM.

Stimulation by Ca?* of Na;*-Ca’* exchange vs.
Ca’*-Ca’* exchange

At this point it is important to discern if the
increase in Ca?* uptake by vesicles containing
Ca-EGTA is a result of Na}-Ca2* exchange
stimulation by intravesicular Ca2* or whether it
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Fig. 3. Dependence of Na* -Ca?* exchange stimulation on the
intravesicular free calcium concentration. Vesicles coniaining
10 mM HEDTA and 10 mM HEDTA plus variable concentra-
tions of CaCl, were originally prepared. The intravesicular free
calcium concentration was calculated on the basis of a Ca-
HEDTA dissociation constant of 5 uM [17]). % stimulation of
Na;-dependent Ca uptake by intravesicular Ca%* was calcu-
lated from 10 s Ca uptake data. Additional details described
under Materials and Methods. The points represent means+
S.E. of eight determinations from four different membrane
preparations.
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Fig. 4. Estimation of Ca2*~Ca2" exchange between intra and
extravesicular Ca2* in thc absence of Na* (A) and in the
presence of 200 mM intra- and 200 mM extravesicular Na™
(B). Passive **Ca2* uptake determined using vesicles contain-
ing 2 mM EGTA, (no free calcium) and with Na™ replaced by
K* (o 0). Ca%*-Ca?* exchange between intravesicu-
lar free Ca®* (100 pM) and extravesicular calcium (@ @).
Additional details given under Materials and Methods. The
points represent means=+ S.E. of ten determinations from five
different membrane preparations.

reflects 2 Ca®*—Ca?* exchange between intra- and
extravesicular Ca2*. To clarify this question we
determined the Ca®*-Ca?* exchange activity in
the absence of internal and external Na* and
subsequently we investigated how this exchange is
affected by the presence of internal and external
Na* (200 mM). The results are shown in Fig. 4.
Fig. 4A shows the Ca?*-Ca?* exchange measured
in the absence of Ma™: the time-course of Ca*?
uptake in vesicles containing 2 mM EGTA (con-
trol, open circles) indicates that in the absence of
intravesicular calcium and with 100 pM Ca?* in
the extravesicular medium there is a passive diffu-
sion and unspecific binding of Ca%* which is
similar to that determined above by abolishing the
Na* gradient. In contrast, when 100 uM Ca?* is
present inside the vesicles (Ca:-EGTA, closed
circles) a Ca?*-Ca?* exchange between intra- and
extravesicular space starts operating, attaining a
magnitude of about 3 nmol/mg protein per min.
Nevertheless, this Ca?*-Ca?* exchange becomes
totally inhibited in the presence of 200 mM Na™
inside and outside the vesicles, i.e. in the absence
of a Na* gradient. It is shown in Fig. 4B that
under these conditions the time-course of Ca®*
uptake by vesicles containing 100 pM Ca’" {closed
circles) is identical to the passive diffusion and
unspecific binding of Ca2* in vesicles containing
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only 2 mM EGTA (open circles). This agrees with
the observation of Slaughter et al. that in cardiac
sarcolemmal vesicles Na* concentrations higher
than 10 mM inhibit Ca?*-Ca?* exchange, which
these authors interpret as due to competitive inter-
ference with Ca2*-binding sites on the carrier
[24,25). These results indicate that almost all of
the activation of Ca* uptake by intravesicular
Ca’* is on the Na;}-dependent component and
not on the Ca?*-Ca®*-dependent one.

Effect of intravesicular Ca’* on Na*-Na* ex-
change

Previous evidence obtained in dialyzed squid
axons indicates that internal Ca?* not only
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Fig. 5. Time-course of Na;-dependent “*Na} uptake. Vesicles
were suspended in 100 mM Na-Mops, 100 mM N-methyi-
glucamine-Mops, 100 mM K-Mops (pH 7.3), 0.5 pM tetro-
dotoxin and 2 mM EGTA (0 ——0) or 2 mM Ca-EGTA
(Ca®* =25 uM) (@ ®), were frozen in liquid N, and
kept at —70°C. Prior the experiment was performed, vesicles
were thawed at room temperature and preincubated for 5 min
at 15°C. In order to estimate Na*-Na* exchange, vesicles
were diluted 20 times in 100 mM 22 Na-Mops (0.01 pCi/nmol),
100 mM N-methylglucamine-Mops, 100 mM K-Mops (pH 7.3)
in the presence of 0.1 mM ouabain and 0.5 pM tetrodotoxin,
and 2Na* upuake at 15°C was measured by Millipore filtra-
tion. Other details under Materials and Methods. The rate of
passive diffusion of ?Na* into vesicles suspended in 200 mM
N-methylglucamine-Mops, 100 K-Mops, 0 miM Na-Mops and
2 mM EGTA and diluted 20 times in the above dilution
medium. (a a). The points represent means=S.E. of
cight determinations from four different membranes.
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activates a Ca2*-dependent Naj efflux compo-
nent (Na]-Cal* exchange) but also a Na,-de-
pendent Na,; efflux (Naj-Na, exchange). Since
several experimental evidences indicate that the
Ca?*-activated Na}-dependent Naj efflux is a
mode of operation of the Na*-Ca* exchange
mechanism [5,8] we decided to explore its depen-
dence on intravesicular calcium. In order to lower
passive Na* fluxes which are too large in vesicular
preparations as compared to Ca?* fluxes (Ref. 10
and unpublished observations in our laboratory)
we replaced chloride by the impermeant anion
Mops, we added 0.5 pM tetrodotoxin to both
intra- and extravesicular media and we measured
the fluxes at 15°C instead of 25°C. The results of
this type of experiment are shown in Fig. 5. The
time-course of 2Na} uptake by vesicles contain-
ing 100 mM Na-Mops, 100 mM N-methylgluca-
mine-Mops, 100 mM K-Mops and 2 mM EGTA
and diluted 20 times in 100 mM 2>Na-Mops, 100
mM N-methylglucamine-Mops and 100 mM K-
Mops appears in the lower trace of this figure
(open circles). It is striking that in these condi-
tions 22Na* uptake is identical to the passive Na*
influx measured by diluting in the same medium
vesicles containing 200 mM N-methylglucamine-
Mops, 100 mM K-Mops, no Na-Mops and 2 mM
EGTA (open triangles). In contrast with this find-
ing, the presence of 25 pM free calcium inside the
vesicles accelerates Na* uptake (closed circles).
This indicates that Na*-Na™* exchange is depen-
dent on the presence of intravesicular calcium.
Increasing intravesicular Ca?* concentration above
50 uM not only has no further activatory effect on
Na*-Na* exchange, but gradually inhibits this
activation, possibly due to competition for Na*-
binding sites on the carrier.

Discussion

The results presented in this study indicate that
micromolar concentrations of intravesicular free
calcium accelerate the reverse mode of Na*-Ca?*
exchange (i.e. Na}-Ca2* exchange) as well as
Na*-Na* exchange in Na*-loaded nerve mem-
brane vesicles. This finding in membrane vesicles
appears to be a manifestation of the previous
observation that cytoplasmic Ca?* stimulates
Naj-dependent Ca®* influx in dialyzed squid

axons [3,5,8], barnacle muscle cells {15] and heart
cells [6], suggesting that a Ca%*-modulating site on
the carrier resides on the inner side of the mem-
brane.

The population of vesicles used in this work
consists of approx. 10% inside-out and 67% right-
side-out vesicles [13). These vesicles were prepared
containing Na* + EGTA or Na* + Ca- EGTA in
their interior (EGTA was replaced by HEDTA in
some experiments), and the intravesicular Na*-ex-
travesicular Ca2* exchange was measured. This
means that in EGTA (or HEDTA)-containing
vesicles the extravesicular Ca?* is expected to
stimuilate a basal level of Na}-Ca?* exchange
activity (direct mode of Na*-Ca?* exchange) in
the inside-out vesicles present in the preparation
and representing 13% of the total sealed vesicles
participating in the uptake measurements. This is
shown in Fig. 2 where an exchange activity is
observed in the absence of intravesicular Ca2*. In
vesicles containing Ca - EGTA (or Ca- HEDTA),
an additional Na} -Ca2* exchange activity (re-
verse mode of Na*—Ca?* exchange), activated by
intravesicular free calcium and presumably due to
right-side-out vesicles will appear (see Fig. 2).
However, in these experiments about 50% of the
Na*-Ca?* exchange activity persists in the ab-
sence of intravesicular calcium. This high basal
activity can not be totally ascribed to a 13%
population of inside-out vesicles. One could inter-
pret that it results from partial activation of
rightside-out vesicle Na*-Ca2* exchange in the
absence of internal calcium. However, Na*-Na™*
exchange experiments (Fig. 5) do not favor this
view since this is not observed unless intravesicu-
lar calcium is present. In this case there is no
contribution of inside-out vesicles because calcium
is chelated in the extravesicular medium and
therefore only the right-side-out popuiation of
vesicles is being studied. An alternative e-piana-
tion is that the presence of relatively high con-
centrations of EGTA (or HEDTA) in the mem-
brane resuspension solution might induce an in-
creased ratio of inside-out/right-side-out vesicles
with respect to that previously reported [13].

It could be argued that the exchanger is not
activated by free calcium but by the couple Ca-
EGTA or Ca- HEDTA. Although experiments in
the absence of calcium buffers were not conducted



in vesicles because of our interest to control in-
travesicular Ca* concentration in the range from
0 to 100 M, this seems not to be the case. In fact,
DiPolo and Beaugé have recently observed in di-
alyzed axons an effect of internal calcium on the
reverse of the exchange, even in the abseuce of
EGTA (unpublished results).

Stimulation of Na} -Ca2* exchange activity in
nerve membrane vesicles occurs at micromolar
concentrations of Ca?* (half-maximal activation
at 12 pM Ca®*) in the absence of ATP and this
value is similar to the concentration of Ca®* re-
quired to elicit exchange half-maximal stimulation
in squid axons dialyzed without ATP [5,8]). This
finding in squid optic nmerve membranes agrees
with the observation in cardiac membrane vesicles
by Reeves and Poronnik [26] who reported a
stimulation of the Na*-Ca2* exchange activity by
preincubation of sarcolemmal vesicles with Ca?*
(0.1-0.5 mM). However, it should be pointed out
that the stimulatory effect of Ca?* reported here
occurs at lower concentrations of intravesicular
calcium, attaining saturation around 100 pM Ca?*,

There is an alterrative interpretation for the
stimulation of Na] -Ca2* exchange by intravesic-
ular Ca?*: it is possible that the vesicles are leaky
to Ca?* in the absence of intravesicular Ca’*
(vesicles containing EGTA or HEDTA only) and
become tightly sealed as Ca®* concentration rises
in their interior. If this were the case, Na*-Ca?*
exchange activity would be underestimated in
vesicles containing EGTA (or HEDTA) only.
However, this does not seem to be the case since
we did not detect any difference in Ca2* passive
permeability between vesicles containing EGTA
and those containing Ca - EGTA (data not shown).
In addition, the same level of passive Ca* per-
meability was also detected in vesicles prepared
without EGTA or Ca - EGTA in their interior (see
Fig. 1). Moreover, addition of 2 mM external
EGTA or even 10 mM HEDTA to vesicles loaded
with Ca?* did not induce release of the internal
calcium, indicating that these concentrations of
EGTA or HEDTA, respectively, do not promote a
leak pathway for Ca®* (not shown).

The stimulation of Ca?* uptake by intravesicu-
lar free calcium most probably represents an ef-
fect on Na*—Ca?* exchange activity rather than
Ca?*-Ca?* exchange. This is inferred from the
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fact that in the presence of 200 mM Na*,
Ca®*-Ca®* exchange is inhibited and Ca®* up-
take is reduced to passive diffusion of the cation
(Fig. 4).

Another important finding reported here is the
activation by intravesicular Ca?* of Na*-Na*
exchange in nerve membrane vesicles. A Na} -de-
pendent Na* efflux with several features suggest-
ing that it represents the Na*-Ca2* exchange
sysiem operating in a Na*~Na™ exchange mode
has been demonstrated in cardiac membrane
vesicles by Reeves and Sutko [28]. Recently, Di-
Polo and Beaugé showed the existence of this
component in an intact preparation; in dialyzed
squid axons they measured in the absence of ATP
an ouabain-insensitive Na | -dependent Na* efflux
which was activated by internal alkalinization in
the presence of Ca?*, which was inhibited by Mg;
and finally, was activated by Ca?* with a low
apparent affinity (X, ,, in the micromolar range)
[8]. These arguments strongly favor a common
origin of the Ca2* — activated, Na}-dependent
Na* efflux and the Na*-Ca%* exchange mecha-
nism. In the vesicle preparation, we have been
able to measure an intravesicular Na*-dependent
Na! uptake in the presence of intravesicular
calcium. Interestingly, Na* uptake in vesicles con-
taining 2 mM EGTA and 200 mM Na* was
identical to the passive diffusion of Na™ into
vesicles containing no sodium (Fig. 5). Activation
of Na*-Na* exchange was maximal with intraves-
icular free calcium concentrations of 25 to 50 pM;
higher concentrations of Ca2* gradually di-
minished the activatory effect.

In summary, we have shown that Ca%* at the
intracellular side of the membrane exerts a mod-
ulatcry effect on the different modes of operaiion
of the Na*—Ca?* exchange carrier. It has recently
been proposed that Na*-Ca2* exchange activity
may be regulated by the distribution of charged
groups between the inner and outer surfaces of the
membrane [26,27). This could explain the mecha-
nism of stimulation of exchange activity by Ca®*,
quinacrine and tetraphenylphosphonium since the
binding of these agents to the membrane involves
a local electrostatic effect [27). FHowever, the
stimulatory effect of Ca®* and probably of
quinacrine and tetraphenylphosphonium seem to
be exerted at the inner side of the membrane and
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shows a remarkable degree of specificity. This
probably implies the existence of specific sites on
the carrier present on one side of the membrane
and conferring to the molecule a marked asymme-
try.

Comparison between Na*-Ca?* exchange from
membrane vesicle preparations and intact cells
leaves the impression that some features exhibited
by the intact exchanger may be lost during vesicle
purification [29). The results obtained in this study
suggest that the modulatory effect of internal Ca®*
on the Na*-Ca?* exchanger, described in living
cells, has been preserved in the squid optic nerve
vesicle preparation.
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