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ABSTRACT Calcium-45 efflux was measured in squid axons whose internal solute
concentration was controlled by internal dialysis. Most of the Ca efflux requires
either external Na (Na-Ca exchange) or external Ca plus an alkali metal ion (Ca-Ca ex-
change; cf. Blaustein & Russell, 1975). Both Na-Ca and Ca-Ca exchange are ap-
parently mediated by a single mechanism because both are inhibited by Sr and Mn,
and because addition of Na to an external medium optimal for Ca-Ca exchange
inhibits Ca efflux. The transport involves simultaneous (as opposed to sequential)
ion counterflow because the fractional saturation by internal Ca (Ca;) does not affect
the external Na (Na,) activation kinetics; also, Na, promotes Ca efflux whether or
not an alkali metal ion is present inside, whereas Ca-Ca exchange requires alkali
metal ions both internally and externally (i.e., internal and external sites must be ap-
propriately loaded simultaneously). ATP increases the affinity of the transport
mechanism for both Ca; and Na,, but it does not affect the maximal transport rate at
saturating [Ca2+ ]; and [Na*],; this suggests that ATP may be acting as a catalyst or
modulator, and not as an energy source. Hill plots of the Na, activation data yield
slopes =~ 3 for both ATP-depleted and ATP-fueled axons, compatible with a 3 Na*-
for-1 Ca?* exchange. With this stoichiometry, the Na electrochemical gradient
alone could provide sufficient energy to maintain ionized [Ca2+] ; in the physio-
logical range (about 107'M).

INTRODUCTION

There is substantial evidence that sodium ions play an important role in the “active”
(i.e., “uphill”) extrusion of calcium in a large variety of tissues from both vertebrates
and invertebrates (cf. Blaustein, 1974). One of the most compelling arguments, il-
lustrated (for example) by data from squid axons (Baker et al., 1969; Blaustein and
Hodgkin, 1969), is that a reduction in extracellular Na leads to net gain of Ca, as a
consequence of increased Ca influx and reduced Ca efflux. Moreover, Requena et al.
(1977) have employed the Ca-specific photoprotein aequorin to confirm that extra-
cellular Na is required for net Ca extrusion from squid axons.

Recent data indicate that the sodium-dependent calcium transport (Na-Ca ex-
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change) mechanism may be very similar in squid axons and in mammalian nerve
terminals (Blaustein and Ector, 1976); this implies that the mechanism was evolved
fairly early in the history of the animal kingdom and has been retained during the
evolution of the higher animals. The detailed kinetic properties of the Na-Ca ex-
change system have been studied most extensively in squid axons because these large
nerve fibers are admirably suited for experiments in which both the intracellular and
extracellular environments are carefully controlled by internal dialysis techniques
(Brinley and Mullins, 1967). Dialysis experiments carried out during the past few
years indicate that a single “‘carrier” mechanism may mediate both Na-Ca exchange
and Ca-Ca exchange (Blaustein and Russell, 1975); this view is supported by addi-
tional evidence obtained in the present study. The Na-Ca exchange is membrane
potential-sensitive (Brinley and Mullins, 1974; Blaustein et al., 1974; Mullins and
Brinley, 1975, Baker and McNaughton 1976a; but see Baker and McNaughton,
1976b), and may be promoted by ATP (Baker and Glitsch, 1973; DiPolo, 1974, 1976;
Baker and McNaughton, 1976a), although the mechanism apparently does not have
an absolute requirement for ATP, at least at high internal ionized Ca®* concentrations
(Di Polo, 1974; Blaustein and Russell, 1975; Blaustein, 1976).

The present report focuses primarily on several critical questions concerning the Ca
efflux kinetics and energetics in squid axons: () Are Na-Ca and Ca-Ca exchange
mediated by the same carrier mechanism? (b) Do the external and internal sites on
the Ca carrier load sequentially or simultaneously? (c) What is the stoichiometry of the
Na-Ca exchange? and (d) How does ATP affect the Na-Ca exchange system?

To answer these questions, various internal and external monovalent and divalent
cations were tested for their effects on *Ca efflux from ATP-depleted axons. The
effect of ATP on the **Ca efflux kinetics was studied in a second series of experiments.
In all of the experiments, axoplasmic solute control was maintained by internal di-
alysis. Some of the data from these studies have been described in preliminary com-
munications (Blaustein, 1976, 1977).

METHODS

Biological Material

The experiments were made at the Marine Biological Laboratory, Woods Hole, Mass., during
the months of May and June, 1975 and 1976. Axons 500-800 um in diameter from the hind-
most stellar nerve of live specimens of the squid Loligo pealei were used for the experiments.

External Solutions

Table I shows the composition of representative external solutions and indicates the nomen-
clature that will be followed. In some experiments, mixtures of these solutions were employed
to obtain intermediate Na or Ca concentrations; details will be given in the Results section. In
several experiments the Ca or some of the Mg was replaced by Sr, Mn, or Ba, as indicated be-
low; in all instances, the total external divalent cation concentration was maintained constant
at 60 mM. The Ca concentration in the nominally Ca-free external solutions was 12 uM (in
Na seawater), 30 uM (in Li seawater), or 4 uM (in choline seawater), as determined by atomic
absorption spectroscopy.
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TABLE 1
REPRESENTATIVE EXTERNAL SOLUTIONS

Solution* NaCl KClI CholineCl LiCl TMACI} CaCl, MgCl, SrCl, KCN
mmol/liter

10 K(Na) , 425 10 — — — 10 50 — —
Ca-free 10 K (choline) — 10 425 — — — 60 — —
12K(Na) + CN 425 10 — — — 10 50 — 2
Ca-free 12 K(Na) + CN 425 10 — — — — 60 — 2
12K(Li) + CN — 10 — 425 — 10 50 — 2
12K(TMA) + CN — 10 — — 425 10 50 — 2
Ca-free 12 K(Na) +

10mM Sr + CN 425 10 — — — — 50 10 2
12K(Li) + 10mM Sr +

CN — 10 — 425 — 10 40 10 2

*In addition, all solutions contained 0.1 mM Na, EDTA and 2.5 mM HEPES. The solutions were all
buffered to pH 7.8 at 20°C with Tris base.
1TMA Cl was recrystallized from absolute ethanol.

The osmolalities of the external solutions were determined on a vapor pressure osmometer
(Wescor Inc., Logan, Utah). All of the osmolalities ranged between 960 and 980
mosmol /kg.

Internal Solutions

The composition of representative internal (dialysis) fluids is listed in Table II. Most of the
Ca in these fluids (0.75-1.15 mmol/liter) was directly added as “CaCl,. The Ca con-
centration in each of the dialysis fluids was determined by atomic absorption spectroscopy
(before the addition of **Ca); the reported total Ca concentrations, [Ca,]; (see figure leg-
ends), include the Ca added as CaCl;, as well as the Ca contamination from other compo-
nents in the dialysis fluids (usually about 10-15 umols/liter) and the contribution of carrier
“Ca from the *CaCl,. The ionized Ca concentration, [Caz"]i, was buffered to the desired

TABLE 11
REPRESENTATIVE INTERNAL (DIALYSIS) FLUIDS

Na Na K Li TMA

Solution* isethionate  glutamate}  glutamate glutamatet  glutamate} Taurine
K-DF 5 — 395 — — 138
Na-DF — 400 — — — 138
Li-DF — — — 400 — 138
TMA-DF — —_ — — 400 138
K-DF

(75 mM Na) 75 — 395 — — —

*In addition, all dialysis fluids (DF) contained 5 mM MgCl,, 2 mM KCN, 0.5 mM phenol red, 10 mM
HEPES, and 0.75-1.15 mM CaCl, ; the ionized Ca** concentration was buffered to the desired level (see
Results for details) with EGTA. The solutions were buffered to pH 7.30 (cf. Boron and De Weer, 1976) at
20°C with Tris base.

{Na glutamate, Li glutamate, and TMA glutamate were prepared from the respective hydroxides by titra-
tion to pH 7.30 with L-glutamic acid.
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level (see Results) by the addition of ethyleneglycol-bis[ 8-aminoethyl ether] N, N'-tetraacetate
(EGTA).

About 60 uCi of *Ca (New England Nuclear, Boston, Mass.) was added to each 1 ml of
dialysis fluid in most experiments, to give a specific activity of about 50-60 uCi/umol Ca. In
experiments involving a very low [Ca’*);, however, dialysis fluids with specific activities of up
to 250 uCi/umol Ca were employed so that the small effluxes could be measured with reason-
able accuracy (e.g., Fig. 7). The figure legends indicate the [Ca,]; and [EGTA,]; (total EGTA
concentration in the dialysis fluid) values for the respective experiments. The reported nominal
[Ca2+ ]; values were based on a Ca EGTA stability constant value of 7.6 x 10°M~! (Port-
zehl et al., 1964). For ATP-containing dialysis fluids with [Ca,]; > [EGTA,);, the complexa-
tion of Ca with ATP was taken into account in caiculating the nominal [Ca’*);; the Ca-ATP
stability constant was taken as 5 x 10> M~' (Kendrick et al., 1977) for these computations.

In many experiments various other agents were added to the dialysis fluids: ATP, phospho-
enol pyruvate (PEP), oligomycin, and/or carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (FCCP). The ATP and PEP (both Sigma Chemical Co., St. Louis, Mo), were added
immediately before use, and the pH of each solution was readjusted to 7.30; when present, the
PEP concentration was 5 mM, and the ATP concentration was 4 mM. The total Mg concen-
tration was raised to 9 mM in the ATP-containing fluids. Oligomycin (from Sigma) and FCPP
(from DuPont Company, Wilmington, Del.) were stored as stock solutions (10 mg/ml and
1 mM, respectively) in 95%, ethanol; immediately before use, small portions of the ethanolic
solutions were added to the dialysis fluids to give a final concentration of 100 ug/ml oligo-
mycin or 15 uM FCCP. Control experiments indicated that the ethanol alone did not sig-
nificantly affect the Ca efflux.

Procedures

CALCIUM EFFLUX MEASUREMENTS WITH AN ON-LINE FLOW CELL The internal dialysis
techniques of Brinley and Mullins (1967), including their recent modifications (Brinley and
Mullins, 1974), were employed in these experiments. Some details and minor alterations of the
techniques, as used in our laboratory, were described in a recent article (Blaustein and Rus-
sell, 1975). In the present series of 4Ca efflux experiments, a modified method of assaying
4Ca was employed. Instead of counting aliquots of the superfusion fluid, as was done pre-
viously, the superfusion effluent from the experimental (axon) chamber (see Fig. 1A of
Blaustein and Russell, 1975) was diverted through a flow celi (Beckman Instrument Co., Fuller-
ton, Calif., or Packard Instrument Co., Downers Grove, IIl.) set in the well of a Beckman
Beta-mate II liquid scintillation counter. The counts due to 4Ca were read out directly, on
the counter’s NIXIE-tube read-out; the counts (per minute) were also printed digitally, each
minute, on a DDP-7 panel printer (Datel Systems, Inc., Canton, Mass.). In addition, the
output of the Beta-mate II was passed through a Beckman linearizer, and continuously moni-
tored (see Figs. 1, 9, and 12) on a two-channel strip chart recorder (Houston Instrument Div.,
Bausch & Lomb, Inc., Austin, Texas). The second channel of the recorder was used to
monitor simultaneously the membrane potential of the axon (Blaustein and Russell, 1975). The
background count for the flow cell arrangement was 21-25 cpm. The count rate for “Ca
samples in the flow cell system was, for the Beckman cell 18.1% and, for the Packard cell, 61.4%;
of the rate for 1.0-ml samples of the same labeled fluid mixed with a toluene-Triton X-100
cocktail (Nadarajah et al., 1969; Blaustein and Russell, 1975) and counted in a more con-
ventional liquid scintillation system. Most of the low efficiency of the flow cell system could
be accounted for by the small volume of the flow cells. Nevertheless, a high Ca specific
activity was employed in most experiments (see above) to ensure that the count rate during
superfusion with 10 K(Na) or 12 K(Na) + CN was at least 15-30 times background; un-
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fortunately, this high count rate could not always be achieved in axons with a very low intra-
cellular ionized Ca concentration ([Ca®*]; < 0.3 uM;e.g., Fig. 7).

Aliquots of the radioactive dialysis fluids were diluted 1:1,000, mixed with toluene-Triton
X-100 cocktail, and counted conventionally (in counting vials) in a Beckman LS-300 liquid
scintillation counter to determine specific activities. Appropriate corrections were made for
the differences in efficiency between the two counting methods, so that the flow cell data could
be reported in picomoles per square centimeters - second.

The axons were superfused with external solutions at a rate of 1.2 ml/min; 0.1 ml/min
flowed through the guards (cf. Blaustein and Russell, 1975) and was discarded. The remain-
ing 1.1 ml/min was collected, and about 80%, was channeled through the flow cell. (It should
be noted that the absolute rate of flow through the flow cell is important only in terms of the
time required to wash out the flow cell. The count rate is only related to the concentration of
SCa ( #Ci/ml) in the solution flowing through the flow cell.)

The performance of the flow cell apparatus is illustrated by the data in Fig. 1. This record-
ing was obtained with an axon in place, at the end of a *Ca efflux experiment; although the
axon was being dialyzed with nonradioactive fluid, the high background may be due to efflux of
residual *Ca from the axoplasm. At “a”, the 10 K(Na) entering the chamber was re-
placed by a similar solution containing a small amount of *Na (sufficient to give a count rate
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FlGURE 1 Time-course of wash-in and wash-out of squid axon chamber and flow cell with
2Na-labeled 10 K(Na). Axon 6,036 was present in the chamber, and was being dialyzed with
nonradioactive dialysis fluid. The data were obtained at the end of a Ca efflux experiment. At
a, the inflow to the axon chamber was switched from nonradioactive to >>Na-labeled 10 K (Na);
at b, the nonradioactive 10 K (Na) was reintroduced. The points, @’ and b’ on the voltage record
correspond in time to g and b, on the liquid scintillation counter record. Temp = 15°C, axon
diam = 640 um.
FiGURE 2 Ca efflux into (Na-free) 12 K(Li) + CN solutions containing mixtures of Mg, Ca, and
Sr. The data are plotted as a function of time; Ca-contammg dlalysxs ﬂuxd was introduced 90
min before 0 time on the abscissa. The sum of [Mg**], + [Ca 1o + [Sr *], was always 60
mM; the concentrations of Ca and Sr in the superfusion fluids are mdlcated at the top of the
graph. Axon 5,154A; [Ca,]; = 1.06 mM; [EGTA]; = 1.00 mM; free [Ca =~ 60 uM, diam =
610 um, temp = 14.5°C, resting potential = —65mV.
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of about 5,000 cpm/ml with standard liquid scintillation methods); preliminary experiments
indicated that both **Ca and ?Na could be counted similarly in the flow cell. Note that
the count rate of the Beta-mate II began to rise about 2 min after the flow of 2Na solution
was started, and began to fall about 2 min after the reintroduction of the nonradioactive
solution (at *“b”); these delays were due to the dead time between the solution reservoir
and the chamber, and between the chamber and the flow cell. Ignoring the dead time (since this
time does not reflect chamber or flow cell washout time), the data indicate that the time
constants for the rise and the fall of the count rate were both about 1 min and a nearly steady
count rate was reached in about 3 min. This does not take into account the washout of the
space immediately surrounding the axolemma. During Ca efflux studies the time constant for
the approach to a new steady Ca efflux, when the external Ca or Na concentration was changed
(e.g. Figs. 2 and 9), averaged about 3 min.

MEMBRANE POTENTIALS The resting membrane potential was recorded through a
pair of calomel electrodes. The reference electrode made contact, via a KCl bridge, with the
fluid emerging from the axon chamber through one of the guard outflows (see Fig. 1 of Blau-
stein and Russell, 1975); the internal potential was then recorded through an electrode which
contacted, via a KCl bridge, the dialysis fluid emerging from the distal end of the dialysis
capillary. Further details of the membrane potential recording apparatus, and of procedures
used to monitor action potentials during the efflux experiments, are given elsewhere (Blaustein
and Russell, 1975).

MEMBRANE POTENTIAL CONTROL IN EXPERIMENTS WITH LOW [K]; In several experi-
ments the axons were dialyzed with K-free fluids (Table II). Because replacement of internal K
caused the axon to depolarize, and because the membrane potential is known to affect Ca
efflux (Brinley and Mullins, 1974; Blaustein et al., 1974; Mullins and Brinley, 1975), the mem-
brane potential in these axons was “‘clamped” at a value close to the original resting potential.
The hollow cellulose acetate tube used to dialyze these axons was fitted with a 25-um diameter
platinized Pt-Ir (10%-90%) axial wire. The wire was connected to the anode of a Grass SD-9
stimulator (Grass Instrument Co., Quincy, Mass.). The cathode of the stimulator was con-
nected through a 1-MQ series resistor to an Ag-AgCl wire embedded in an agar-sea water
electrode which, in turn, was in contact with the external solution bathing the dialyzed por-
tion of the axon. Hyperpolarizing DC current could then be passed across the axon membrane
to maintain the membrane potential (recorded between the external medium and the dialysis
fluid effluent, as described above) at about the level observed during the control period (i.e.,
before lowering [K];).

PREPARATION OF ATP-DEPLETED AXONS In a number of experiments the axons were
depleted of ATP by adding 2 mM CN to both the internal and external fluids, and by omitting
ATP from the internal fluids. The axons were exposed to cyanide for about 1.5-2 h, and
dialyzed with the ATP-free, CN-containing fluid for at least 1 h before any critical flux mea-
surements were made (cf. Blaustein and Russell, 1975). Although the ATP concentrations in
the effluent dialysis fluids were not checked, values below about 10 uM may be expected (cf.
Mullins and Brinley, 1967; DiPolo, 1973).

METHOD OF EXPRESSING THE FLUX DATA All reported Ca flux values are based on
the averaged digitally recorded count rates from the last 3 min of exposure to the relevant
external (and internal) fluid; the fluxes are given in pmol/cm’s. Rather than describing
the total Ca efflux, it will often be convenient to refer to the external Na- and Ca-dependent
fractions of the efflux. The term “Na,-dependent Ca efflux” will be used to denote the in-
crement in Ca efflux observed when an Na-free external fluid (usually choline-based) is re-
placed by one containing a partial or full (425 mM) complement of Na. The term “Ca,-
dependent Ca efflux™ will be used to indicate the increment in Ca efflux when a Ca-free external
fluid is replaced by one containing Ca. In a few experiments the stimulation of Ca efflux by Li
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was also measured; the terms *Li,-stimulated” or *Li,-dependent Ca efflux” will be
used to refer to the increment in Ca efflux observed when Li replaced choline as the pre-
dominant external monovalent cation; this increment is also Ca,-dependent (Blaustein and
Russell, 1975).

RESULTS

ATP-Depleted Axons

EXTERNAL DIVALENT CATION ACTIVATION OF CA EFFLUX As shown in several
previous studies (Blaustein and Hodgkin, 1969; DiPolo, 1973; Blaustein et al., 1974;
Blaustein and Russell, 1975), much of the Ca efflux from squid axons, especially from
poisoned axons, depends upon the presence of alkali metal and alkaline earth cations
in the bathing medium. The activation of Ca efflux by external alkali metal ions was
recently explored in some detail (Blaustein and Russell, 1975); the data indicate that
Na, alone, is sufficient to promote Ca efflux, while Li, K, or Rb promote Ca efflux only
in the presence of external Ca. In view of these findings, it seemed appropriate to
examine the influence of various external divalent cations, to obtain information about
the selectivity of the divalent cation site on the presumed carrier.

The main observation made in this series of experiments on nine ATP-depleted
axons was that Sr and, to a lesser extent, Ba were able to substitute for external Ca in
promoting Ca efflux into Li-containing media. Data from a portion of a representative
experiment, in which the activation curve for Sr was determined, are graphed in Fig. 2;
activation curves for Ca, Sr, and Ba are shown in Fig. 3. The reference solution for
these experiments was Ca-free 12K(Li) + CN, which contained 60 mM Mg?*
(Table I); complete omission of external divalent cation seemed unwise in view of the
known deleterious effect of this treatment on axon stability (e.g., Frankenhaeuser and
Hodgkin, 1957). Consequently, the total divalent cation concentration was main-
tained constant, at 60 mM, as Ca, Sr, and/or Ba (or Mn, see below) was substituted
for some of the Mg. The Ca efflux data reported here are thus subject to the error that
external Mg mayj, itself, support Ca efflux to a small extent (Blaustein and Hodgkin,
1969), or may inhibit the action of other external divalent cations on Ca efflux.

Activation of Ca efflux by external Ca appears to fit a rectangular hyperbola, with
half-saturation (Kc,,) at about 3 mM Ca (Fig. 3); a nearly identical curve was
obtained in an earlier series of experiments on Loligo forbesi (Blaustein et al., 1974).
In three experiments (e.g. Fig. 2), a similar relationship between Ca efflux and external
Sr concentration was observed (Fig. 3). The apparent half-saturation for Sr (Ks,)
ranged between about 3.0 and 3.6 mM, not significantly different from the value for Ca;
however, the maximal Ca efflux at saturating Sr concentrations was much less than the
efflux with high external Ca. These Ca and Sr data suggest that, although Sr may
bind to the carrier as well as Ca (i.e. Kc,, =~ Ky, ), the turnover (i.e., maximum ve-
locity) with Sr is slower than with Ca. The kinetic aspects of activation by Ba are
more difficuit to evaluate, because this ion increased Ca efflux only slightly (e.g. see
Fig. 3): the data from four axons indicate that the maximal Ca efflux into a Ba-con-
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FIGURE 3 Relative external divalent wtion-dependent 5Ca efflux graphed as a function of the
external divalent cation concentration ({M ] ). The reference solutlon (relative Ca efflux = 0)
was Ca-free 12 K(Li) + CN (see Table I); the extra Ca efflux, when [Ca ]o was raised to 10 mM,
was taken as a relative efflux of 1.0. All three curves are fitted to an equation of the form: J¢, =
.la,/(l + lgﬁ 2+/[M2+ 1) where JE,, the (relative) maximal Ca efflux, has values of 1.22, 0.40,
and ~ 0.14 for Ca, Sr, and Ba, respectively. The apparent half-saturation values (KM 24 ) for the
three cations are, 3.1, 3.0, and ~ 3 mM for Ca, Sr, and Ba, respectively, (the constahts for Ba
were approximated from data from four axons). The Sr data are from axon 5,145A (see Flg 2)
the Ca and Ba data are from axon 5,145B ([Ca,]; = 1.06 mM; [EGTA,}; = 1.00 mM; free [Ca ],
~60 uM, diam 600 um, temp = 15°C, r&stmg potential = —59 mV). The mean Ca efflux into
Ca-free 12 K(Li) + CN was 0.35 pmol/cm s for the two axons, and into 12 K (Li) + 10 mM
Ca + CN,4. 17pmol/cm s.

FIGURE 4 Effect of strontium ions on **Ca efflux into Ca-free 12 K (Na) + Ca and into 12 K
(Li) + 10mM Ca + CN. Solid bars at the top indicate the presence of 426 mM Na, Li, or choline,
respectively, in the superfusion fluid; hatched bars indicate the presence of 10 mM Ca and/or 10
mM Sr. The total divalent catlon concentration (sum of [Mg2 lo + [Ca " o+ [Sr ]o) was al-
ways 60 mM. Dialysis with * Ca-contalmng fluid was initiated 50 min before 0 time on the graph.
Axon 5, 155B; [Ca,]; = 1.06 mM, [EGTA,}; = 1.00 mM, free [Ca +], ~60 uM, diam = 675 um,
temp = 15.5°C, resting potential = -69 mV.

taining solution may be less than that into a Ca- or Sr-containing solution, and that
the affinity for Ba may be similar to that for Ca or Sr.

Another observation, consistent with the foregoing statements about turnover, is
that when 10 mM Sr (Fig. 2) or Ba was added to a solution containing 10 mM Ca, the
Ca efflux was inhibited, although Sr or Ba alone stimulated Ca efflux. In four experi-
ments (Figs. 2 and 4) 10 mM Sr inhibited the Ca,-dependent Ca efflux by an average
of 30%;; in a single experiment, 10 mM Ba reversibly reduced the Ca efflux by 65% (a
Kp,, of about 1.6 mM is needed to account for this much inhibition). The fact that
Sr and Ba inhibit the Ca,-dependent Ca efflux also implies that the stimulation due
to Sr or Ba in the Ca-free solutions (Figs. 2 and 3) cannot be explained by Ca con-
tamination in the Sr- and Ba-containing fluids (cf. Baker and McNaughton, 19764).
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One possibility is that the Ca effluxes promoted by Ca and Sr (and Ba) involve, re-
spectively, Ca-Ca exchange and Sr-Ca exchange (and Ba-Ca exchange). If external Ca
and Sr compete for external binding sites and if both ions activate Ca efflux by first-
order saturation kinetics (Fig. 3) then when both ions are present, the total external
alkaline earth cation-dependent Ca efflux will be given by the sum of Ca-Ca exchange
(Jcaca ) and Sr-Ca exchange (Jg,.c. ):

*
J, Ca-Ca

Kc,,/[Ca], + ([Sr],/[Cal, ) (Kca,/ Ksr,) + 1

Jeaca + Jsrca =

Jseca
¥ K, /1511, + ([Cal,/(ST1) (K., /Kca) + 1 ()

The J:,.Ca and J:,_ca terms are the maximal Ca-Ca and Sr-Ca exchange fluxes; the
apparent half-saturation constants for external Ca and Sr are, respectively, Kc,,
and K,,. Substituting the appropriate values for these constants, obtained from
Fig. 3 (see caption), into Eq. 1 indicates that the alkaline earth-dependent Ca efflux
should be about 259 less when [Ca], = [Sr], = 10 mM, than when [Ca], = 10 mM
and [Sr], = 0. This expected inhibition is reasonably close to the mean of the four
observed values, 30%, (cf. Figs. 2 and 4).

The effects of Mn ions were also tested, because these ions are known to inhibit the
Ca,-dependent Ca efflux in barnacle muscle fibers (Russell and Blaustein, 1974) and in
pinched-off presynaptic nerve terminals (synaptosomes) from rat brain (Blaustein and
Ector, 1976). In two preliminary experiments, 10 mM Mn was observed to reduce re-
versibly the Ca,-dependent Ca efflux by 37 and 479; Mn did not significantly affect
the Ca efflux into Na-free Ca-free superfusion fluids. These data are consistent with
the idea that Mn ions displace Ca from the carriers, but that the Mn-load carriers
do not cycle.

THE EFFECTS OF SR AND MN ON THE NA,-DEPENDENT CA EFFLUX As noted
above (and see Blaustein and Russell, 1975), Ca efflux from squid axons can be pro-
moted by external Na, or by external Ca plus an alkali metal ion; these effluxes are
presumably manifestations of Na-Ca and Ca-Ca exchange, respectively. The assump-
tion is that both these exchanges involve a single (common) carrier mechanism, be-
cause external Na and Ca appear to compete for carrier sites (Baker et al., 1969). Ad-
ditional evidence that Na and divalent cations may compete for common carriers
comes from the observation that Sr (Fig. 4) and Mn both inhibit Ca efflux into Ca-free
12 K(Na) + CN; in two axons 10 mM Mn inhibited Na,-dependent Ca efflux by 22
and 339, while in two other axons, 10 mM Sr inhibited by 24 (Fig. 4) and 26%,
respectively.

THE EFFECT OF EXTERNAL NA ON CA EFFLUX INTO LI SEAWATER The fore-
going considerations support the idea that a single carrier mechanism is used to extrude
Ca in exchange for Na, or for another Ca ion. That both the Na,-dependent and the
Ca,-dependent Ca effluxes are inhibited by internal Na, and are half-maximally
activated by the same internal free Ca?* concentration (about 5 uM in ATP-
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depleted axons; Blaustein and Russell, 1975), also lends credence to this idea. How-
ever, this evidence is certainly not conclusive.

Data from an experiment intended to help settle this point are illustrated in Fig. 5.
The experiment is based on the observation that the Na,-dependent Ca efflux is fully
activated by a solution containing only half the normal concentration of Na, i.e., 212.5
mM Na (Fig. 10; and see Blaustein et al., 1974, Fig. 3), while the Ca,-dependent Ca
efflux, which requires an alkali metal ion, is also fully activated by a solution contain-
ing only 212.5 mM Li (Fig. 5; and see Blaustein et al., 1974, Fig. 9). Under these
circumstances, if the Na,-dependent and Ca,-dependent Ca effluxes are mediated by
independent mechanisms (i.e., the alternative hypothesis), the Ca efflux into a solution
containing 212.5mM Na + 212.5 mM Li should be approximately equal to the sum of
the Na,-dependent and Ca,-dependent (Li,-stimulated) Ca effluxes. However, as
shown in Fig. 5, the Ca efflux into the Na-Li mixture is almost the same as into
12K(Na) + CN, and is much lower than the effiux into 12K(Li) + CN. In eval-
uating these data, it is important to note that external choline behaves neither like Na
(i.e., choline does not promote Ca efflux in the absence of external Ca), nor like Li
(i.e., choline has only a slight stimulatory effect on Ca efflux in the presence of external
Ca): see last segment of the experiment illustrated in Fig. 5, and Blaustein et al. (1974),
and Blaustein and Russell (1975). The conclusion is that the Na,- and Ca,-
dependent Ca effluxes are not independent; the most straightforward possibility is that
Na-Ca and Ca-Ca exchange are mediated by a single carrier system.

The very marked inhibition by external Na (Fig. 5) may seem somewhat surprising
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FIGURES “Occlusion” of Ca efflux into Li-containing fluid by external Na. The monovalent
cation content of the superfusion fluid bathing the axon during each segment of the experiment is
indicated at the top of the respective time segments. All external solutions contained 10 mM Ca,
S0mM Mg, 12mM K, and 2mM CN. The ”Ca-containing dialysis fluid flow was begun 30 min
before O time on the graph. Axon 5,136B. [Ca,]; = 0.90 mM, [EGTA,]; = 1.00 mM, free [Ca2+],-
~ | uM, diam = 560 um, temp = 14.5°C, resting potential, —72 mV.
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TABLE 1II
EFFECT OF INTERNAL MONOVALENT CATIONS ON “*CA EFFLUX

Interal 4Caeffluxinto:
Axon monovalent
cation* 12 K(Na)-+ CN 12 K(Li) + CN 12 K(choline) + CN \ANaI AL
pmoljcm?’s pmol/cm?s
5,195 K 1.44 1.80 0.18 1.26 1.62
TMA 1.38 0.37 0.23 .15  0.14
5,245 K 2,08 4.36 0.26 1.82 410
TMA 1.82 0.98 0.31 1.51  0.67
Li 3.42 3.66 0.34 3.08 332
5,255 K 2.04 447 0.07 1.97 440
Na 0.27 0.26 0.08 0.19 0.18
5,265 K 3.03 497 0.05 298 492
TMA 2.17 1.07 0.05 212 102
100 mM Na

+300 mM TMA 043 0.44 0.04 039 040
Li 3.20 3.96 0.17 303 379

K 290
5,275B K 2.19 i <0.5 1.69 2.64
TMA 1.47 0.72 0.30 1.17 042
K 3.15 3.60 0.94 221 266
5,295A K 2.83 4.50 0.23 260 4.27
Li 229 348 0.09 220 339

*At a concentration of 400 mM (except for the Na-TMA mixture used in axon 5,265). In all experiments the
dialysis fluids contained 1.13 mM Ca and 1.0 mM EGTA (nominal [Ca2+ i =~ 130 uM). During dialysis
with K-free fluids the membrane potential was routinely clamped at —65to —70 mV.

1AN, = efflux into 12 K(Na) + CN minus efflux into 12 K(choline) + CN.

§A; = effluxinto 12 K(Li) + CN minus efflux into 12 K(choline) + CN.

because the apparent half-saturation constants for both Na, and Li, are about 120
mM (Blaustein et al., 1974, and see Fig. 10). However, the inhibition could be ac-
counted for if three Na* ions can bind to the carrier at (three) noninteracting sites
(cf. Fig. 10 and related text), and if the occupancy of any one of these sites by an Na*
is sufficient to prevent Li from binding (at the one site that accepts Li*). In addition
(or, alternatively), external Na may displace Ca from the carrier sites (cf. Baker et al.,
1969); these effects may be comparable to the competition between Na and Ca dis-
played at the internal binding sites (e.g. Table III and Fig. 11, and Blaustein and Rus-
sell, 1975).

EFFECTS OF INTERNAL MONOVALENT CATIONS ON CA EFFLUX The experi-
ments described above and in two earlier papers (Blaustein et al., 1974; Blaustein and
Russell, 1975) help to define the effects of internal and external Ca, and of external
monovalent cations on the kinetics of Ca efflux in ATP-depleted axons. To char-
acterize the Ca transport mechanism further, the influence of internal alkali metal ions
on Ca efflux was examined in several experiments; the results are summarized in Table
I1I. The main observation, viz. that the influence of the dialysis fluid composition on
Ca efflux also depends upon the composition of the external medium, is exemplified by
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FIGURE 6 Efffect of internal and external monovalent cations on Ca efflux. The efflux of *Ca is
graphed as a function of time in the lower portion of the figure. Infusion of " Ca-containing
dialysis fluid was started at zero-time. The solid bars at the top of the figure indicate the periods
when the axon was superfused with 12 K(Na) + CN (Na,), 12 K(Li) + CN (Li,), or 12 K(cho-
line) + CN(choline,) (see Table I); all solutions contained 10 mM Ca and 2 mM CN. The
hatched bars refer to the periods of internal dialysis with K-DF (K;), Li-DF (Li;), or TMA-DF
(TMA) (see Table II). All the dialysis fluids contained 1.13 mM Ca and 1.00 mM EGTA
([Ca“],-':‘ 130 uM). Axon 5,245, diam = 600 um, temp = 14.5°C. The membrane potential was
—66 mV during the dialysis with K-DF; during the remainder of the experiment the potential was
clamped at —65 mV (see Methods). .

the data in Fig. 6. When this axon was dialyzed with the standard (K-rich) solution,
there was a considerable Ca efflux into 12 K(Na) + CN (presumably Na-Ca exchange,
primarily) and into 12 K(Li) + CN (presumably Ca-Ca exchange). The larger effiux
into the Li-rich medium has been noted previously (Blaustein et al., 1974; Blaustein
and Russell, 1975). The Ca efflux into the alkali metal ion-depleted (choline-con-
taining) medium is rather small; in two preliminary experiments, an identical result
was obtained when all the external NaCl was replaced by tetramethylammonium
(TMA) chloride.

In the third part of the experiment of Fig. 6, when Li was the predominant cation
in the dialysis fluid, a large Ca efflux into 12 K(Na) + CN and into 12 K(Li) + CN
was also observed; the efflux into 12 K(choline) + CN was, again, very small. How-
ever, when the internal alkali metal ion was replaced by TMA (middle portion of the
experiment of Fig. 6), the Ca efflux into 12 K (Li) + CN was markedly reduced and, in
fact, fell below the level of Ca efflux into 12 K(Na) + CN. This effect, inhibition of
the Ca efflux into 12 K(Li) + CN when internal K (and Na) was replaced by TMA,
was very reproducible, as shown in Table 1V, where data from four axons are sum-
marized. Clearly, the effect is not simply due to removal of internal K, because Ca
efflux into 12 K(Li) + CNis also prominent when Li is the main internal monovalent
cation (Fig. 6 and Table III). The fact that the Na,-dependent Ca efflux is, on the
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TABLE IV

INHIBITION OF EXTERNAL Na-DEPENDENT AND Li-DEPENDENT CALCIUM EFFLUX
BY REPLACEMENT OF INTERNAL K WITH TMA

Axon Na,-dependent Ca efflux (AN, )* Li,-dependent Ca efflux (Ap;)*
K-DF TMA-DF  Inhibition K-DF TMA-DF  Inhibition
pmolfcm’ s % pmol/em?s %
5,195 1.26 1.15 9 1.62 0.14 91
5,245 1.82 1.51 17 4.10 0.67 84
5,265 298 2.12 29 492 1.02 79
5,275B 1.69 117 31 2.64 042 84

Mean +SE 194 +0.37 141 £0.16 2l =5 3.32+0.74 0.56 +0.19 85+3

*Increment in **Ca efflux due to replacement of external choline by Na (An,) or by Li (Ag;); see Table I11.

average, inhibited only slightly when internal K is replaced by TMA (Table 1V), indi-
cates that Ca efflux into Na-rich media ( primarily Na-Ca exchange) does not need to
be activated by an internal alkali metal ion. On the other hand, Ca efflux into Li-rich
media (primarily Ca-Ca exchange) requires alkali metal ions on both sides of the
axolemma (although high internal concentrations of Na are inhibitory, because the
carrier may then start to operate in the “‘backward” Na-Ca exchange mode; see below
and Baker et al., 1969, and Blaustein and Russell, 1975). The slight inhibition of Ca
efflux into 12 K(Na) + CN observed when TMA replaced internal K (Table IV)
could be accounted for if some of the efflux ino 12 K(Na) + CN with K (but not
TMA) inside, is Ca-Ca exchange (Blaustein and Russell, 1975).

One possible explanation for the observation that Li,- and Ca,-dependent Ca
efflux, but not Na,-dependent Ca efflux, requires an internal alkali metal ion is that
the two fluxes (Na,- and Li,-dependent, respectively) are mediated by different
mechanisms. However, the resuits discussed in the preceding section appear to rule
out this possibility. An alternative explanation is that the Ca transport mechanism
involves the simultaneous transfer of inward- and outward-moving ions. This hy-
pothesis, also supported by data from axons dialyzed with ATP-containing fluids (see
below), will be reviewed in the Discussion section.

An unusually large Na,-dependent Ca efflux was observed when, with Li as the
predominant internal cation, external choline was replaced by Na (Fig. 6). In this case,
the Ca efflux was still declining and had not yet reached a steady level when the ex-
periment was terminated. Even with K as the main internal cation, reintroduction of
a superfusion fluid containing 425 mM Na was often (but not always) observed to in-
duce a large transient Ca efflux (see Fig. 9). Moreover, in two other fibers (Table III,
axons 5,245 and 5,265), the steady Ca efflux into 12 K(Na) + CN, with Li inside was
comparable in magnitude to the efflux with K as the main internal cation.

The cause of the large efflux transients, observed during reintroduction of the
standard (425 mM) Na superfusion fluid (Figs. 6 and 9) is uncertain. One possibility
is that the Na concentration in the axoplasm, just inside the axolemma, may slowly
rise as a consequence of Na influx and the inability of the dialysis system to control
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[Na*],in this region of the axoplasm when the concentration of Na in the dialysis
fluid is low (5 mM). A rise in [Na*]; would be expected to inhibit the Ca efflux due
to competition between internal Na and Ca (see Fig. 11 and Blaustein and Russell,
1975).

Axons Dialyzed with ATP-Containing Fluids

In 1973, Baker and Glitsch suggested that ATP might facilitate Ca extrusion from
squid axons. Their hypothesis was based on the observation that Ca efflux from
“Ca-injected axons with a low free [Ca®*]; was reduced by cyanide poisoning or by
injection of apyrase (which splits ATP to AMP + 2 Pi). Furthermore, the affinity
of the Na-dependent Ca extrusion mechanism for external Na appeared to be reduced
by cyanide poisoning. Experiments on the effects of ATP in dialyzed squid axons
(DiPolo, 1974; Blaustein et al., 1974) have helped to substantiate this hypothesis. To
evaluate further the role of ATP in Ca extrusion, the influence of ATP on the internal
and external cation activation of Ca efflux was investigated in the present study.

ErrecT OF ATP ON THE ACTIVATION OF CA EFFLUX BY [Ca**]; In ATP-
depleted axons, both the Na,-dependent and the Ca,-dependent (Li,-stimulated) Ca
effluxes are half-maximally activated by a free [Ca?*]; in the 3-8 uM range (Fig. 8,
and Blaustein and Russell, 1975). However, the free [Ca®*]; in normal, ATP-fueled
axons may be only about 0.1 uM or lower (Baker, 1972; Blaustein, 1974; Di Polo et al.,
1976), well below the 3-8 uM concentration range. It is difficult to imagine how a
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FIGURE 7 Effect of ATPon *°Ca efflux into 12 K (Na) + CN, 12 K (Li) + CN, and 12 K (cho-
line) + CN. The periods of exposure to the respective superfusion fluids are indicated by the
bars at the top of the graph; ail externai fluids contained 2 mM CN. The axon was dialyzed
initially with a fluid containing 2 mM CN, 15 uM FCCP, and no ATP. Dialysis with ‘SCa-
labeled fluid began at O time; 76 min later, the ATP-free dialysis fluid was replaced by a similar
fluid containing 4 mM ATP and 9 mM MgCl; (instead of the usual 5 mM MgCl,). Both the
actual count rate (in cpm) and the calculated Ca efflux (in pmol/cm s) are indicated on the ordi-
nate. Axon 5,166, [Ca,}; = 0.86 mM, {EGTA,]; = 1.20 mM, free [Ca *1:20.33 uM, diam 545
um, temp = 14.5°C, resting potential = —65mV.
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transport system with such a low affinity for Ca could maintain [Ca®*]; at the nor-
mal resting level. Therefore, to determine whether or not ATP influences the kinetics
of free [Ca®*], activation (as proposed by Baker and Glitsch, 1973), the Na,-depen-
dent ¥ Ca efflux was measured in a number of axons dialyzed with ATP-free and then
with ATP-containing solutions. Data from a representative experiment are illustrated
in Fig. 7; the main observation here is that the Na,-dependent Ca efflux increased
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FiGUuRe 8 Effect of ATP on the relationship between [Ca“] ; and the Na,-dependent Ca
efflux. Circles: data obtained in the absence of external Ca; the graphed fluxes represent the dif-
ference between the efflux into Ca-free 10 K (or 12 K) (Na), and that into Ca-free 10 K (or 12 K)
(choline), or Ca-free 10K (or 12 K) (Li). Triangles: data obtained in the presence of external Ca;
the graphed fluxes represent the difference between the efflux into 10 K (or 12 K) (Na) and that into
10K (or 12 K) (choline). Solid symbols: ATP-depleted axons. Open symbols: axons fueled with
4 mM ATP. The solid circles are data from Blaustein and Russell (1975); open circles and solid
and open triangles are data from the present study. The curves were drawn to fit the equation
(Blaustein and Russell, 1975): Jna.ca = Jfa.ca /1 + (Kca, /[Ca?* ;)1 + [Na*]; /Ky, )}, where
JNa-ca is the Na,-dependent Ca efflux (Na-Ca exchange) at any [Caz*’],» and [Na*];. The max-
imal efflux, J&,.ca, Was taken as 2.0 pmol/cmzs(continuous line) or 1.7 pmol/cmzs (interrupted
line). The apparent half-saturation constant for internal Ca, Kca,, Was 0.73 uM (continuous
line) or 8 uM (interrupted line). For both curves, the mean half-saturation constant for internal
Na, EN,’., was taken as 30 mM, and {Na]; was 5 mM (see Fig. 11). The figure represents a sum-
mary of the data from determinations of the Na,-dependent Ca efflux on 71 axons (including 32
axons from Blaustein and Russell, 1975). In most experiments, two or more data points were ob-
tained (e.g. Ca efflux + ATP at constant [Ca2+],-, and/or Ca efflux at two or more levels of
[Caz*] i). The triangles and solid circles represent the means of three or more determinations; er-
ror bars are shown when they extend beyond the edges of the symbols. The solid triangle at
[Caz"']i =110 uM (representing the Na,-dependent Ca efflux from ATP-depleted axons in the
presence of external Ca) indicates the mean efflux (+ SE) from 7 axons; the open triangle at
[Ca-2+] i =40 uM, represents the mean efflux (+ SE) from 13 ATP-fueled axons. The latter
axons were dialyzed with solutions containing the same [Ca;] and [EGTA,] as were the former
(ATP-depleted) axons; the difference in the (calculated) nominal [Caz+] ; in these two sets of
axons is a consequence of the complexation of Ca with the ATP present in the dialysis fluids of
the fueled axons.
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significantly when ATP was added to the dialysis fluid at constant low (0.33 uM)
[Ca™];.

A number of similar experiments were made with varying concentrations of EGTA
in the dialysis fluids (to alter {Ca®*]; values), both before and after addition of ATP
to the dialysis fluid. Other axons were fueled with ATP throughout the experiment,
while [Ca®* ], was varied by altering [EGTA,];. In a number of instances the Na,-
dependence was measured in the absence of external Ca to avoid possible ambiguity
concerning the influence of ATP on the magnitude of the Ca,-dependent Ca efflux.
The data from all of these experiments (comprising 71 axons) are summarized in Fig. 8,
which shows a graph of the Na,-dependent Ca efflux plotted as a function of log
[Ca?*]; for both ATP-depleted and ATP-fueled axons; data from Table II (and Fig.
3) of Blaustein and Russell (1975) for ATP-depleted axons have also been included.
The semi-logarithmic plot was used to expand the scale at low [Ca®*]; values; the
sigmoid curves here are equivalent to rectangular hyperbolas on a linear plot (see
Fig. 11). Note that for the ATP-fueled axons the curve is shifted to the left, an indica-
tion that the apparent affinity of the carrier sites for internal Ca®* is increased (i.c.,
Kc,, is decreased) by ATP. Another noteworthy observation is that at high [Ca?*];
the Na,-dependent Ca efflux is not greatly influenced by ATP; i.e., the maximal rate
of Na-Ca exchange, Jiacas 1S relatively unaffected (cf. Blaustein, 1976). This behav-
ior may be contrasted with the effect of ATP on the squid axon Na pump (Brinley and
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FiGure 9 Effect of [Na], on 43Ca efflux in an ATP-fueled axon. The original output from the
liquid scintillation counter is shown; an efflux of 1.0 pmol/cm®s in this experiment corresponds
to 2,104 cpm. At the times indicated, the composition of the fluid superfusing the axon was al-
tered to give the Na concentration shown above the record; all external fluids were mixtures of
Ca-free 10 K (Na) and Ca-free 10 K (choline). Dialysis with 4Ca-labeled fluid was begun 225
min before O time on the graph. Axon 5,246, diam 600 um, temp. 15°C, resting potential = —60
mV, [Ca]; = 1.00 mM, [EGTA,); = 1.20 mM, [Caz+],~ =~ 0.50 uM; dialysis fluid contained 10
#M FCCP + 31 uM oligomycin + 4 mM ATP.
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Mullins, 1968), and on the human erythrocyte Ca pump (Schatzmann, 1973, and per-
sonal communication): in these transport systems, the rate of transport is greatly en-
hanced by the nucleotide even at high concentrations of the transported ions.

EFFECT OF ATP ON THE ACTIVATION OF CA EFFLUX BY EXTERNAL NA The re-
lationship between [Na], and Ca efflux was determined by measuring the efflux into
Ca-free Na-based solutions, Ca-free choline-based solutions, and mixtures of the two.
The original recording of the Beta-mate II output from a representative experiment on
an ATP-fueled axon is shown in Fig. 9. The Na,-dependent Ca efflux data (i.e., with
the efflux into the Na-free choline-based solution subtracted off) from four axons, are
graphed as a function of [Na], in Fig. 10A; these data correspond to three different
conditions. One axon (solid circles) was ATP-depleted and had a relatively high
[Ca?*); (=~ 100 uM). The sigmoid shape of this curve and the apparent mean halif-
saturation constant for external Na, I?N,o (approximately 120 mM), are virtually iden-
tical to the shape and I?N,o, respectively, observed in ATP-depleted axons with a
high [Ca®*];, when mixtures of Ca-free 12 K(Na) + CN and Ca-free 12 K(Li) + CN
were used to obtain the activation curve (Blaustein et al., 1974). Rather similar results
have also been obtained in CN-poisoned, “*Ca-injected axons (Baker and Glitsch,
1973;Baker and McNaughton, 1976a).

The three axons represented by the open symbols, in Fig. 10A, were all dialyzed
with ATP-containing fluids. One of these axons (») had a free [Ca®*); (=~ 2.5 uM)
considerably in excess of K¢, (== 0.73 uM under ATP-fueled conditions; see above
and Fig. 8); the other two fueled axons (o, 0) had [Ca®* ; values below Kc,(cf. Fig. 8).
When normalized to the efflux into 425 mM Na-containing solution, and plotted
on a relative scale (Fig. 10B), the Na,-dependent Ca efflux curves for these three
axons were nearly identical. In all three axons the calculated value for ENa., was about
50 mM, which indicates that the affinity of the Ca transport mechanism for external
Na is also increased by intracellular ATP. Baker and his colleagues (Baker and
Glitsch, 1973; Baker and McNaughton, 1976a) and Di Polo (1974) have reached a sim-
ilar conclusion. However, Baker and his colleagues also concluded that ATP changes
the shape of the Na activation curve from a sigmoid curve (in the ATP-depleted
condition) to a section of a rectangular hyperbola; in contrast, the data described here
(Figs. 9 and 10A) clearly fit a sigmoid curve even under ATP-fueled conditions. This
is best illustrated by Hill plots of the data (Fig. 10C), which yield slopes (‘“Hill co-
efficients”) of about three for all four axons, indicating that at least three external Na*
ions may be required to activate the efflux of one Ca’* ion even in the presence of
ATP. The simplest explanation for the discrepancy between the observations reported
here (Figs. 9 and 10) and those of Baker and his colleagues is that the Na, -dependent
Ca fluxes in injected axons (with a low [Ca?*],) are rather small; moreover, Baker
and his colleagues tested rather few external Na concentrations in the range 10-100
mM (e.g., Fig. 14 in Baker and McNaughton, 1976a), where the sigmoid nature of the
Na activation curve is manifest when I?N% is about 50 mM.

A second important feature of the external Na activation curves (in ATP-fueled
axons) is that there is no significant change in kinetics when the [Ca** ), is raised from
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FiGUure 10 A. The Na,-dependent #Ca efflux graphed as a function of the external Na con-
centration. The Ca efflux into Ca-free 10 K (choline) ot Ca-free 12 K (choline) + CN was used
as a reference (0). When [Na], was reduced below 425 mM, it was replaced mole for mole by
choline. Each symbol refers to a different axon; those represented by the open symbols were
dialyzed with ATP-containing fluids, while the axon represented by the solid circles was ATP-
depleted. (o) Axon 5,125B, diam = 575 um, temp 14.5°C, resting potential = —65 mV, [Ca,] =
1.10mM, [EGTA,] = 1.00 mM, [Ca2+],~ 2~ 100 uM, ATP-free dialysis fluid. (o) Axon 5,246, di-
ameter = 600 um, temp. = 15°C, resting potential = —60mV, [Ca,] = 1.00mM, [EGTA,] = 1.20
mM, [Ca2+],~z 0.50 uM, dialysis fluid with 10 uM FCCP + 31 ug/ml oligomycin + 4 mM ATP
(see Fig. 9). (0) Axon 5,256B, diam = 570 um, temp = 15°C, resting potential = —65mV, [Ca,] =
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0.95mM, (EGTA,] = 1.35 mM, [Caz+],- ~ 0.31 uM, CN-free dialysis fluid with 10 uM FCCP +
31 ug/ml oligomycin + 4 mM ATP. (a) Axon 6,046B, diam = 545 uM, temp 14.2°C, resting po-
tential = —67 mV, [Ca;] = 0.95 mM, [EGTA,] = 1.00 mM, [Ca2+ i ™ 2.5 uM, dialysis fluid with
2mMCN + 31 ug/ml oligomycin + 5 mM PEP + 4 mM ATP. The curves were drawn to fit the
equation: J,.ca = JNa.ca /1] + (Kna/[Na), )" Iwhere Jy,.ca is the Na,-dependent Ca efflux at
external Na concentration, [Na],. The maximal effiux, J;a,Ca had a value of 1.95 (e), 0.77 (0),
0.16(0), and 1.72(») pmol/cmzs, for the four curves the Hill coefficient, 7, had a value of 3 (see
Fig. 10C). The apparent mean half-saturation constant for Na, K, had value of 50 mM for the
continuous curves (representing the axons dialyzed with ATP-containing fluids) and 120 mM for
the broken curve (representing the ATP-depleted axon). B. Relative Na,-dependent Ca efflux
graphed as a function of [Na],. The data from Fig. 10A have been normalized to a value of 1.0 for
the Na,-dependent Ca efflux into Ca-free 10 K (Na) or Ca-free 12 K (Na) + CN. The curves were
drawn to fit the equation given in the caption to Fig. 10A, with JX.c, = 1.1. C. Hill plot of the
Na,-dependent Ca efflux data from the same axons as represented in Fig. 10A. Ordinate:
log { INa-ca /( Jﬁac‘, — JNa-Ca)]- Abscissa: log[Na],. See caption to Fig. 10A for explanation of
symbols. The calculated (least squares) slope for the ATP-fueled axons (open symbols, continuous
line) is 3.07 + 0.23 (SE); the slope for the ATP-depleted axon (solid circles, broken line) is
2.74 + 0.58 (SE).

a value below K¢, to a value near saturation (i.e., well above K¢, ) (see also Baker and
McNaughton, 1976a). The fact that the kinetics at the external site do not appear to
be influenced by the fractional saturation of the transport mechanism at the internal
site militates against a sequential (shuttie) system (Baker and Stone, 1966; Hoffman
and Tosteson, 1971; Garay and Garrahan, 1973; Garrahan and Garay, 1976), and
supports the idea that a simultaneous exchange mechanism underlies Na-Ca exchange.

EFFECT OF INTERNAL NA ON CA EFFLUX Raising the internal Na concentra-
tion inhibits both the Na,-dependent and the Ca,-dependent Ca effluxes from ATP-
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FIGURE 11 Effect of internal Na on the Na,-dependent Ca efflux in ATP-fueled axons; the data
are graphed as a function of the nominal [Ca“* ], in the dialysis fluids. The axons were dialyzed
with solutions containing 4 mM ATP and 5 mM Na (o), and then with solutions containing 4 mM

ATPand 75 mM Na (e); Na isethionate was used as a (isosmotic) replacement for the taurine

(see Table II). Pairs of data points (at low and high [Na);, respectively), at the same [Caz+],~

were obtained on the same axon. Each data point indicates that Na,-dependent Ca efflux, ob-
tained by subtracting the “Ca efflux into 10 K (choline) from the efflux into 10 K (Na). The
curves are drawn to fit the equation given in the caption to Fig. 8; the values of the constants are
the same as those used to fit the continuous curve in Fig. 8.

depleted axons (Blaustein and Russell, 1975); this inhibition is presumably a conse-
quence of the displacement of Ca from the carriers’ internal sites by the intracellular
Na. To determine whether or not a similar type of competition occurs in ATP-fueled
axons, the Na,-dependent Ca efflux was measured in fueled axons dialyzed first with a
standard (5 mM Na) dialysis fluid, and then with a fluid containing the same ionized
Ca?* concentration and an elevated Na concentration (75 mM). Na,-dependent *Ca
efflux data from five axons are shown in Fig. 11. The data are graphed as a function
of the nominal [Ca®* ), in the dialysis fluids. Clearly, even in these ATP-fueled axons,
raising [Na); inhibits the Na,-dependent Ca efflux. However, these data indicate that
apparent mean half-saturation constant for internal Na, I?Na,., in the fueled axons
(~ 30 mM; see Fig. 11) may not be very different from the value for ATP-depleted
axons ( ~ 30 mM; Blaustein and Russell, 1975).

ACTIVATION OF CA EFFLUX BY EXTERNAL CA IN ATP-FUELED AXONS The
relationship between [Ca), and Ca effiux was tested in six ATP-fueled axons. When
axons were exposed to Ca-free solutions [either Ca-free 10 K(Na) or Ca-free 10 K
(choline)], and external Ca was then added back, a brief transient increase in Ca efflux
was invariably observed (see Fig. 12); this transient occurred when the Ca-containing
superfusion fluid first entered the chamber, and before a steady Ca concentration was
established in the chamber (cf. Methods). Ca concentrations as low as 50 uM (the
lowest tested) induced a Ca efflux transient; a similar transient was induced by the
addition of EGTA to nominally Ca-free superfusion fluid (Fig. 12B). In a control ex-
periment when no axon was present in the chamber, no transient was observed when
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FiGUuRe 12 Examples of the transient increase in 43Ca efflux from axons induced by replacing
a Ca-free superfusion fluid with one containing Ca (A, C), or with a Ca-free fluid containing
EGTA (B). A. The axon was superfused with Ca-free 10K (Na); at a this solution was replaced
by 10 K(Na) with 2 mM Ca. Axon 6,246 (see caption to Fig. 10) dialyzed with ATP-containing
fluid; [Ca“],- ~0.56 uM. B. The axon was superfused with Ca-free 10 K(choline); at a, Ca-free
10 K(Na) was introduced, and at b, the latter solution was replaced by a similar solution which
contained 0.5 mM EGTA. Axon 6,046B (see caption to Fig. 10), dialyzed with a solution con-
taining 4 mM ATP and 75 mM Na (see Fig. 11), [Ca2+],- ~2.5uM. C. The axon was superfused
with Ca-free 10 K(Na); at a this solution was replaced with a similar solution containing 100 uM
Ca. Axon 6,046A, diam = 575 um, temp = 15°C, resting potential = ~65mV, [Ca,] = 1.0 mM,
(EGTA,] =20 mM, [Ca?*],~0.25 uM, dialysis fluid with 31 xg/ml oligomycin + 5 mM PEP +
4mM /}TP. The areas under the transient peaks correspond to 63 (A), 22 (B) and 23 (C) pmol
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% Ca was washed out of the chamber first by Ca-free 10 K(Na) and then by 10 K(Na)
containing 10 mM CaCl,. Baker and McNaughton (1976a) observed a similar Ca,-
induced transient in the Ca efflux from *Ca injected axons. A likely explanation for
this effect (cf. Baker and McNaughton, 1976a) is that, when [Ca], is very low, some of
the **Ca exiting from the axon is bound to superficial sites on the axolemma, Schwann
cell membrane, and/or connective tissue; this bound *Ca can be readily removed by
EGTA or displaced by “Ca from the Ca-containing superfusion fluids. Calculations
based on the area under the transients and the known “Ca specific activity of the
dialysis fluids indicate that, on the average (five axons), about 40 pmol of Ca are bound
per cm? of axon surface area. (Although not directly comparable, it may be of interest
to recall that Gilbert and Ehrenstein (1969) determined, from the effects of divalent
cations on the potassium conductance of Loligo pealei axons, that the surface charge
density on the external face of the axolemma is about 1 charge/120 A? or about 140
pmol of charge/cm?.)

External Ca concentrations in the 1-10 mM range also induce a more sustained in-
crease in Ca efflux (cf. Fig. 12), as was observed in ATP-depleted axons (Blaustein and
Russell, 1975; and see Figs. 3 and 13). The curve relating the Ca,-dependent incre-
ment in Ca efflux to the external Ca concentration, for both ATP-fueled and ATP-
depleted axons, is illustrated in Fig. 13. These data imply that ATP may only slightly
(if at all) increase the affinity of the external carrier site for Ca. Baker and McNaugh-
ton (1976a) have suggested that the affinity for external Ca is about the same in Na-
based and Li-based superfusion fluids; however, the evidence that Na-Ca exchange and
Ca-Ca exchange utilize the same carrier mechanism, and that Ca and Na compete for
some common sites on the carriers (Baker et al., 1969; Blaustein and Russell, 1975; and
Discussion), raises the possibility that the affinity for external Ca may be underesti-
mated when Na is the predominant monovalent cation in the bathing medium. To this
extent, the effect of ATP on the apparent Kc,, cannot be resolved by these experi-
ments. However, the data clearly show that the apparent K, for Ca efflux from
dialyzed ATP-fueled axons into Na-based media is in the millimolar range. No evi-
dence indicates that there is, in dialyzed axons, a sustained Ca efflux activated by
micromolar concentrations of external Ca, such as described by Baker and McNaugh-
ton (19764, c), in **Ca-injected axons.

The external Ca-dependent Li,-stimulated Ca efflux (cf. Fig. 4), a manifestation of
Ca-Ca exchange (Blaustein and Russell, 1975), was not studied in detail in this series of
experiments. However, in several experiments (e.g., Fig. 7) the Ca efflux into
12 K(Li) + CN was observed before and after addition of ATP to the dialysis fluids.
ATP greatly enhanced the efflux into the Li-based solution and had but little effect
on the efflux into 12 K (choline) + CN. Moreover, data from an earlier study (Blau-
stein and Hodgkin, 1969) showed that **Ca influx from Li seawater was markedly re-
duced in intact, cyanide-poisoned (i.e., ATP-depleted) axons. These observations
imply that ATP probably also increases K, for Ca-Ca exchange. This, too, is con-
sistent with the idea that Na-Ca exchange and Ca-Ca exchange are mediated by a com-
mon mechanism.
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FIGURE 13  Effect of [Ca], on Ca efflux in an ATP-depleted axon and in an ATP-fueled axon.
The data are graphed on a relative scale: 0 = Ca efflux into Ca-free 10 K(Na) (fueled axon), or
into Ca-free 12 K (Li) + CN (ATP-depleted axon); 1.0 is the relative Ca efflux into Ca-containing
10 K(Na) (fueled axon) or 12 K(Li) + CN (ATP-depleted axon). The curves were drawn to fit the
equation:

JCa-Ca = JéaCa/[l - (KCao /[Ca]o)]a

where Jca.ca s the relative Ca,-dependent Ca efflux at any [Ca],, with a maximum value,
J&,.ca» Of 1.22 at saturating [Ca],. The half-saturation constant for external Ca, Kca, had a

value of 2 mM (solid line) or 3 mM (broken line). Solid circles represent ATP-depleted axon;
data from same axon (5,145B) as solid circles of Fig. 3. Open circles represent ATP-fueled axon;
data from same axon (5,246) as open circles of Fig. 10.

FIGURE 14 A model for the Na-Ca (and Ca-Ca) exchange carrier with simultaneous ion binding
at the two membrane faces. Y and Z represent the two conformations of the free carrier; the
free carrier is arbitrarily assumed to be an uncharged- molecule. Although not shown in the
diagram (which illustrates primarily the stoichiometric relationships), ATP increases the affinity
for Ca at the external sites, and for Na at the internal sites. Further details are given in the text.

When external Na and Ca were both replaced (e.g., Fig. 9), there remained a small,
but significant, residual Ca efflux: 0.10 pmol/cm’ s, on the average, in eight axons
with [Ca?*], < 0.8 uM. ATP appeared to have little, if any, effect on the residual ef-
flux into Ca- and Na-free solution. About 0.02-0.04 pmol/cm?s of the efflux may be
attributable to buffer (Ca-EGTA) leak (cf. Brinley et al., 1975). Some (or most) of the
remainder might be Mg, -dependent (cf. Blaustein and Hodgkin, 1969), although this
possibility was not tested in the present series of experiments.
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DISCUSSION

In axons depleted of ATP and dialyzed with solutions containing ionized Ca®* con-
centrations in excess of about 0.5 uM, nearly all of the Ca efflux can be accounted for
by the exchange of Na for Ca, or of Ca for Ca, or by the leakage of Ca-EGTA (Blau-
stein and Russell, 1975). In intact, nonpoisoned axons, too, much of the Ca efflux is
dependent on external Na and Ca (Blaustein and Hodgkin, 1969), which may indicate
that these exchange mechanisms play an important role in maintaining Ca balance in
squid axons. The present study was undertaken to further characterize the Na-Ca and
Ca-Ca exchange mechanisms.

Are Na-Ca and Ca-Ca Exchange Independent, or Are They
Mediated by a Common Transport Mechanism?

Clearly, one of the important problems to be resolved concerns the interrelationship,
if any, between Na-Ca exchange and Ca-Ca exchange. One obvious possibility is that
these two types of exchange are manifestations of two completely independent trans-
port mechanisms. However, a variety of observations favor the alternative hypothesis,
namely, that Na-Ca and Ca-Ca exchange are simply different modes of operation of a
single carrier mechanism:

(a) In ATP-depleted axons, both Na-Ca and Ca-Ca exchange are half-maximally
activated by about the same intracellular free Ca?* concentration, approximately
3-8 uM Ca (Blaustein and Russell, 1975).

(b) The affinity of the internal Ca binding sites for both the Na,-dependent (Fig. 8)
and the Ca,-dependent (Li,-stimulated) Ca effluxes are increased by ATP.

(c) Both fluxes are inhibited by internal Na (Blaustein and Russell, 1975).

(d) Both fluxes are inhibited by external Sr and Mn (see Figs. 2 and 4 and related
text).

(e) Perhaps most convincing, however, is the experiment (Fig. 5) that shows that
the Na,-dependent and Li,-stimulated (Ca,-dependent) Ca effluxes do not sum under
conditions that should be (simultaneously) optimal for both fluxes; in fact, the total Ca
effux is much smaller than the maximal Li,-stimulated Ca efflux (Ca-Ca exchange)
alone. This “occlusion” strongly implies that the two fluxes are not independent. The
apparent inhibition of Ca-Ca exchange by external Na may indicate that external Na
and Ca compete for common (or mutually exclusive) binding sites on the carrier sys-
tem (cf..Baker et al., 1969), and that the Na-loaded carriers have a slower turnover
rate than those loaded with Ca (and Li) at the external site.

Are Na-Ca and Ca-Ca Exchange Mediated by a Simultaneous
or a Sequential Mechanism?
Because Ca extrusion clearly involves a counterflow exchange with inwardly moving

Na or Ca ions (Blaustein and Russell, 1975), another pertinent question is: does the
exchange involve a shuttle mechanism, with sequential movement of the translocated
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ions (i.e., alternating influx and efflux)? Or, do the translocations in the two directions
take place simultaneously? Two sets of observations focus on this issue. One relevant
set of data concerns the activation of Ca efflux by external Na in ATP-fueled axons.
The main observation is that the kinetics of external Na activation are unaffected by
the fractional saturation of the transport system by internal Ca; the apparent I?N,o
with the internal Ca binding site nearly saturated is indistinguishable from the value
obtained when the Ca binding site is less than half-saturated (Fig. 10). Comparable
observations have been made by Baker and McNaughton (19764) in intact axons.

Baker and Stone (1966) have described a variety of theoretical schemes for coupled
(counter-) transport processes involving either sequential or simultaneous binding.
Hoffman and Tosteson (1971; and Garay and Garrahan, 1973; Garrahan and Garay,
1976) have elaborated upon the kinetic consequences of some of these schemes. These
analyses lead to the conclusion that, when activation on one side of the membrane is
independent of saturation on the other side, a mechanism involving simultaneous load-
ing of the binding sites on the two sides of the membrane is generally implied.

The second (independent) set of observations bearing on the problem of simul-
taneous versus sequential mechanisms concerns the influence of internal monovalent
cations on Ca efflux (Fig. 6 and Tables III and IV). It has been repeatedly stressed
that Ca efflux can be activated either by external Na alone, or by external Ca in
concert with an alkali metal ion (Li, K, Rb, and perhaps Na); choline and TMA are
relatively ineffective in promoting the Ca,-dependent Ca efflux. At the internal site,
Ca is obviously required. Internal Na can inhibit Ca efflux, presumably by displacing
Ca, because the transport mechanism also appears capable of mediating a reversed ex-
change (Na efflux for Ca influx; Baker et al., 1969). When Na is present in the external
medium, an alkali metal ion is not needed in the axoplasm; Na,-dependent Ca efflux
proceeds whether K, Li, or TMA is the predominant internal cation. The situation is
very different, however, in the absence of external Na: Ca-Ca exchange (e.g., with Li
and Ca in the external medium) is promoted by internal K or Li, but is markedly re-
duced when all of the internal alkali metal ion is replaced by TMA (Fig. 6 and Table
IV). Itis apparent, nevertheless, that internal sites can be occupied by Ca in the pres-
ence of TMA, because Ca efflux can be activated by external Na. Consequently,
assuming that Na-Ca and Ca-Ca exchange are mediated by a single mechanism (see
above), the reduction in efflux observed when TMA replaces K or Li inside, and when
Li + Ca are present outside, indicates that both the internal and external sites must be
appropriately loaded (with Ca plus an alkali metal ion) simultaneously, for the Ca-Ca
exchange to proceed.

In sum, the preceding considerations lead to the conclusion that a single transport
system probably mediates both Na-Ca and Ca-Ca exchange, and that it does so by a
mechanism that involves the simultaneous loading of internal and external carrier sites.
This is, of course, consistent with the idea that the carrier is a “long molecule” with
access to both the intracellular and extracellular media simultaneously, a notion first
suggested by Baker et al. (1969).
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What Role Does ATP Play in Ca Extrusion?

We turn next to a consideration of the energetics of Ca extrusion, and of the role of
ATP in this process. The situation is rather complex because both Na and Ca ions
appear to interact with the internal and with the external carrier sites, and because the
carrier system apparently mediates Na-Ca exchange (Na influx-Ca efflux), Ca-Ca ex-
change, and reversed Na-Ca exchange (Na efflux-Ca influx; Baker et al., 1969). Con-
sequently, we must inquire about the influence of ATP on the carrier affinities (for the
ions) and transport velocities, with respect to each of the various modes of operation
of the transport system.

The second half of the Results section focuses primarily on the Na influx-Ca efflux
mode of operation of the carrier: the data (in Figs. 8 and 10, respectively) clearly indi-
cate that ATP increases the affinity of the carrier for internal Ca and for external Na.
Because the kinetics at the two sites (internal and external) appear to be independent
(cf. Fig. 10 and related text), these observations imply that ATP affects both sides
simultaneously.

ATP also enhances Ca efflux into 10 K(Li) when [Ca®*}; is low (see Fig. 7), evi-
dence that the nucleotide increases the internal site’s affinity for Ca during Ca-Ca.
exchange as well as during Na-Ca exchange. Whether or not ATP affects K¢, during
Ca-Ca exchange is uncertain.

The limited data available on the inhibition of Ca efflux by internal Na indicate that
the apparent affinity for internal Na may not be markedly influenced by ATP. Because
the same carrier system presumably also mediates reversed Na-Ca exchange, these ob-
servations might be construed as evidence that only the Na influx-Ca efflux mode of
Na-Ca exchange is promoted by ATP. Baker et al. (1969) noted that cyanide poison-
ing abolished the Ca,-dependent Na efflux (reversed Na-Ca exchange), and attributed
this inhibition to a rise in internal Ca (with resultant displacement of Na by Ca at the
internal sites). Unfortunately, Baker (1970) was thwarted in his attempt to test this
hypothesis by injecting EGTA into the axoplasm (to reduce [Ca**];), because the
EGTA appeared to inhibit directly the Na efflux. Clearly, more information is needed
about the kinetics of Na and Ca activation (and inhibition) during reversed Na-Ca
exchange. :

Perhaps the most interesting and unexpected observation is that ATP has but little
effect on the magnitude of the Na,-dependent Ca efflux at high [Ca®*]; (Fig. 8). This:
behavior may be contrasted with that of several other transport systems, where ATP
enhances the rate of transport even at very high (or saturating) concentrations of the
transported ion(s): e.g., Na-K exchange in squid axons (Mullins and Brinley, 1967),
Ca extrusion in human erythrocytes (Schatzmann and Vincenzi, 1969; Schatzmann,
1973; Schatzmann, personal communication), and Ca sequestration in muscle sarco-
plasmic reticulum (Carvalho and Leo, 1967). In these systems, of course, ATP hy-
drolysis is required to power the ion translocations. The fact that, in the squid axon,
the maximal rate of Na,-dependent Ca extrusion is not much affected, while the af-
finities for external Na and internal Ca are increased by ATP, may indicate that the
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nucleotide acts as a co-factor or modulator, rather than as an energy source, in pro-
moting Ca extrusion.

Other considerations also raise doubts that ATP hydrolysis directly powers Na,-
dependent Ca extrusion. In typical ATP-powered transport systems, such as the
plasma membrane Na-K exchange (Glynn and Lew, 1970; Lew et al., 1970), and the
sarcoplasmic reticulum Ca pump (Barlogie et al., 1971; Makinose, 1971; Makinose
and Hasselbach, 1971), the “normal” ion gradient(s) can be reversed and, with a very
low ATP/(ADP + Pi) ratio, the pumps can be run “backwards,” so as to generate
ATP. This is, of course, the expected consequence of the principle of “mass action.”
By analogy, we may write a mass balance equation for the Na-Ca exchange system, on
the assumption that ATP hydrolysis drives the reaction forward (i.e., in the direction of
Ca extrusion):!

Ca,, + nNa,, + mATP = Ca,, + nNa;, + mADP + mPi, (2)

where m and n represent the number of moles of ATP hydrolyzed and of Na which
enter, respectively, when 1 mol of Ca is extruded. However, a number of experimental
observations appear to be inconsistent with this formulation: (a) Na,-dependent Ca
efflux can proceed when ATP is reduced to very low levels (Blaustein and Hodgkin,
1969; Blaustein and Russell, 1975; and Fig. 8); this implies that ATP is not an obliga--
tory substrate for the forward reaction. (b) Ca,-dependent Na efflux (reversed Na-Ca
exchange) can be observed in axons with a relatively high (i.e., normal) ATP/(ADP +
Pi) ratio (Baker et al., 1969). And (c) Ca,-dependent Na efflux is abolished by cyanide
poisoning, which lowers the ATP/(ADP + Pi) ratio (Baker et al., 1969).

In sum, the available evidence implies that Ca extrusion via Na-Ca exchange is not
powered by ATP hydrolysis. One possibility is that, at an early stage in animal evolu-
tion, energy from ATP hydrolysis was used directly to power Ca extrusion from cells.
Subsequently, in many types of cells (but not in the erythrocyte; Schatzmann and Vin-
cenzi, 1969, and Schatzmann, 1973) another form of energy became available for this
process (see below). Even then, ATP retained a vestigial, but important role; namely,
to lower Kc,, so that the Na-Ca exchange mechanism could operate at a reasonable
rate in the physiological range of [Ca**}; (i.e., below 1 uM; see Fig. 8). The
situation may be somewhat analogous to the Na-Na exchange mediated by the cardiac
glycoside-sensitive Na pump (Garrahan and Glynn, 1967); but in this case, ATP is re-
quired (to form one of the reaction intermediates; Glynn and Karlish, 1975), even
though the Na-Na exchange proceeds without net ATP hydrolysis.

Where Does the Energy for Ca Extrusion Come from?
If ATP does not directly power Na-Ca exchange, where, then, does the energy come
from, to maintain the very large electrochemical gradient for Ca that prevails across

I'There is scarcely reason to think that ATP is required to drive the reaction backward in squid axons be-
cause Ca entry is down a steep electrochemical gradient, and Na extrusion is mediated by the ATP-depen-
dent Na-K pump. Furthermore, the Ca,-dependent Na efflux accounts for only a tiny fraction of the total
Na efflux from intact axons (Baker et al., 1969).
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the axolemma of the squid axon (Baker, 1972; Blaustein, 1974; Di Polo et al., 1976)?
It has recently been suggested (Baker, 1976; Baker and McNaughton, 1976¢) that a
fraction of the Ca efflux from normal (ATP-fueled) axons, but not from poisoned
axons, may involve an uncoupled (net) extrusion of Ca activated by micromolar con-
centrations of external Ca. We have been unable to reproduce this finding in dialyzed,
ATP-fueled Loligo pealei axons: for example, as illustrated in Fig. 12B, the addition
of 0.5 mM EGTA to a nominally Ca-free 10 K(Na) superfusion fluid did not sig-
nificantly reduce the Ca efflux (the Ca concentration in this nominally “Ca-free”
10 K(Na) solution, was 12 uM, as determined by atomic absorption spectroscopy).
Moreover, even the addition of 100 uM Ca to the nominally Ca-free 10 K(Na) did not
markedly enhance the steady Ca efflux from an ATP-fueled axon (Fig. 12C), indicating
that the affinity of the Ca efflux mechanism for external Ca is not in the sub-millimolar
range in fueled axons (Fig. 13).

Requena et al. (1977) have also concluded that external Na plays a critical role
in net Ca efflux from squid axons. They monitored ionized [Ca®*]; with aequorin,
and found that the aequorin glow is increased when there is net Ca gain (as a conse-
quence of electrical stimulation or reduction of [Na),); the glow did not fall to its
original levels unless the axons (whether ATP-depleted or ATP-replete) were super-
fused with Na-rich fluids.

These observations all emphasize the importance of external Na, and imply that it
may be premature to attribute net Ca efflux from the squid axon to any mechanism
other than Na-Ca exchange (but see Baker, 1976; Baker and McNaughton, 1976¢). If
Ca extrusion is not powered by ATP hydrolysis, nor accounted for by an uncoupled
efflux of Ca, and if Na-Ca exchange is the main (or exclusive) mechanism available
for net Ca extrusion, then the question of whether or not sufficient energy can be ob-
tained from the Na electrochemical gradient, to maintain the normal Ca gradient, be-
comes of prime importance.

The Role of the Na Electrochemical Gradient in Maintaining (Ca’*);.
For every mole of Na* ions entering the axon, the amount of energy dissipated is
given by the Na electrochemical potential difference across the axolemma, Ay, :

QaNa
AﬁNa = RT In 2

- VuF, 3)

aNa,-

where V), is the membrane potential, and R, 7, and F have their usual meanings. The
external /internal Na activity ratio is ana, /an,,; if the activity coefficients for Na are
approximately equal in squid axoplasm and hemolymph, the activity ratio will be
(nearly) equal to the concentration ratio.

Every mole of Ca** exiting from the axon requires the expenditure of an amount of
energy given by the Ca electrochemical potential difference across the axolemma,
AﬁCa:

Aca
Afic, = RT In =22 _ 2 V,,F, (4)
aCai
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where ac.,/ac,, is the Ca activity ratio. If, during Na-Ca exchange, the entering Na*
is tightly coupled to the net Ca’* exit, then the energy dissipated by the Na* entry
may be used to drive Ca’* out, so that at equilibrium:

nAfing — Afica = 0, (5)

or (from Egs. 3 and 4):
aca,/aca; = (Gna,/ana,)" €XP {(2 — n) VuF/RT}, (6)

where n is the number of moles of Na* entering per mole of Ca?* extruded. Note
that, as long as the Na electrochemical gradient is maintained, and net Ca?* efflux is
(tightly) coupled to a fraction of the Na* influx, the fact that Na* may also enter the
axon through other, parallel pathways is irrelevant (cf. Heinz and Geck, 1974).

For the Na-Ca exchange mechanism to maintain {Ca®*], (or ac,,) close to the value
expected from Eq. 6, the system must normally operate near equilibrium. That this
condition may prevail is suggested by the fact that the total Ca efflux from intact squid
axons, about 0.2 pmol/cm?s (Blaustein and Hodgkin, 1969), is only a small fraction
of the maximum rate of Ca extrusion via Na-Ca exchange, about 2 pmol/cm’s
(Fig. 8). Moreover, about 35% of the Ca efflux from intact axons is Ca,-dependent
(Ca-Ca exchange, presumably), and only about 169, (or about 0.03 pmol/cm?s) is
Na,-dependent (Blaustein and Hodgkin, 1969). It seems satisfactory that, with
[Ca**]); = 50 nM and [Na*], = 30 mM (see below), Na,-dependent Ca efflux calcu-
lated from the equation given in the caption to Fig. 8 is about 0.03 pmol Jem?s for an
ATP-fueled axon. It is important to note that the residual Ca efflux into nominally
Na- and Ca-free media (Blaustein and Hodgkin, 1969; and see Baker and McNaugh-
ton, 1976a) is too large to be explained by flux-ratio considerations. A fraction of this
Ca efflux may depend upon external Mg (Blaustein and Hodgkin, 1969); how-
ever, the bulk of this residual efflux, also observed in poisoned axons, remains unac-
counted for.

The next problem is to decide upon appropriate values for the various parameters
in Eq. 6. The question of stoichiometry must first be settled. Observations in several
laboratories (Brinley and Mullins, 1974; Blaustein et al., 1974; Mullins and Brinley,
1975; Baker and McNaughton, 1976a; but see Baker and McNaughton, 1976¢) indi-
cate that the Ca efflux from squid axons is voltage-sensitive, and that depolarization
reduces the Na,-dependent flux. This implies that the Na-Ca exchange cycle involves
the net entry of positive charge (or net exit of negative charge), and suggests that
more than two Na* ions enter in exchange for each Ca’* leaving the axon. Mea-
surements of the Na,-dependent Ca efflux and Ca;-dependent Na influx, made under
comparable conditions (in ATP-depleted axons), provided direct evidence for a
stoichiometry of about three Na* for one Ca?*. This stoichiometry is consistent
with the evidence, described above (Fig. 10) and in Blaustein et al. (1974), that the
cooperative action of about three Na* ions is required to activate the efflux of one
Ca®* in both ATP-depleted and ATP-fueled axons with a high or low [Ca®* ], (but see
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Baker and McNaughton, 1976a). In sum, the weight of evidence is consistent with a
stoichiometry of three Na* for one Ca?*, which corresponds to a value of n = 3 in
Eq. 6.

Then, taking Hinke’s (1961) values of 10-13 for the Na activity ratio, ana,/ana,, in
squid axons, and a resting membrane potential of —77 mV (Moore and Cole, 1960),
calculated values in the range of 2-5 x 10* are obtained for the Ca activity ratio,
aca,/8ca,;» at 15°C. The ionized Ca’* concentration in squid hemolymph is about
3-4 mM (Blaustein, 1974; Di Polo et al., 1976); thus, if the activity coefficients for Ca
in the axoplasm and hemolymph are equal, the [Ca®* ];, calculated from Eq. 6, is in the
range of 0.6-2.0 x 10~"M (60-200 nM). If the Ca activity coefficient for axoplasm is
(slightly) larger than that for hemolymph (because the ionic strength of axoplasm is
lower; cf. Blaustein, 1974), the calculated range of values for [Ca’*], would be even
(slightly) lower than 60-200 nM. These calculated values may be compared with re-
cent experimental measurements that indicate that [Ca®*); in squid axoplasm is less
than 300 nM (Baker, 1972), and perhaps in the range of 30-50 nM (Di Polo et al.,
1976). In view of the many errors inherent in determinations of [Ca**];, and of the
ana, /ana, Tatio (e.g., Hinke studied axons from “refrigerated mantles,” so that his val-
ues for a,, were surely higher than the ay,, in the axons of freshly killed squid; cf.
Baker et al., 1969), the agreement between the experimental values for [Ca’*]; and
those calculated from Eq. 6 is surprisingly good. The conclusion is that the Na elec-
trochemical gradient alone may be able to provide sufficient energy for Ca extrusion,
via three-for-one Na-Ca exchange coupling, to maintain [Ca?*]; at about the experi-
mentally observed level.

A Model for the Na-Ca Exchange Carrier

A model which takes into account many of the observations discussed above is dia-
grammed in Fig. 14. The two configurations of free carrier are represented by Y and
Z, the free carriers are arbitrarily represented as uncharged molecules, because of lack
of information to the contrary. The Z configuration corresponds to the situation in
which the ion binding sites face opposite sides of the membrane, relative to the Y
configuration. For example, in the Y configuration, Ca?* can bind to the internal
site and three Na* ions can bind to external sites; the fully loaded carrier, (Na;YCa)*,
can then change to configuration (CaZNa;)*, so that the Ca’* can be discharged into
the extracellular fluid, and the three Na* into the axoplasm. To account for the net
(Na,-dependent) Ca extrusion, free carriers (Y and Z) must be capable of oscillating
between configurations (as shown at the top of the diagram); partially loaded carriers
are, presumably, unable to change configuration (because, for example, Ca cannot
exit unless the external sites are appropriately loaded). Furthermore, the possibility
that Na and Ca compete for common or interacting binding sites at both membrane
faces must be considered, to explain the apparent competition between internal Na and
Ca, and between external Na and Ca (Figs. 5 and 11, Table 111, and see Blaustein and
Russell, 1975).

The alternative mode of carrier operation, Ca-Ca exchange, is diagrammed in the
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lower portion of the figure; the Ca®* and alkali metal ion (M*) loading at the internal
sites, in the Z configuration, are labeled with an asterisk, to distinguish them from
the Ca* and alkali metal ion loading at the external sites. Unfortunately, there is
as yet no information about whether or not the alkali metal ions, which activate Ca-Ca
exchange, actually are co-transported with the Ca®*.

Although the diagram implies that all the reactions are fully reversible, and that
“backward Na-Ca exchange” (Na efflux-Ca influx; i.e., moving up the diagram) may
simply be the reverse of “forward Na-Ca exchange” (Na influx-Ca efflux; i.e., moving
down the diagram), the experimental data indicate that this may not be so straight-
forward. Baker et al. (1969) noted that the Ca influx and Ca,-dependent Na efflux
was particularly prominent in Li-containing media, and was greatly reduced when all
external alkali metal ions were removed. They suggested that, during backward
Na-Ca exchange, Ca’* may enter with an alkali metal ion in exchange for exiting Na*.
In view of this uncertainty, backward exchange, (CaZNa;)* — (Na;YCa)", is indi-
cated by a broken arrow in the diagram. Clearly, more information about the
stoichiometry and kinetics of backward exchange (including the effect of ATP) is
needed to complete the picture.
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