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Summary. Both simultaneous and consecutive mechanisms for
Na*-Ca~* exchange are formulated and the associated systems
of steady-state equations are solved numerically, and the net and
unidirectional Ca** fluxes computed for a variety of ionic and
electrical boundary conditions. A simultaneous mechanism is
shown to be consistent with a broad range of experimental data
from the squid giant axon, cardiac muscle and isolated sarcolem-
mal vesicles. In this mechanism, random binding of three Na~
ions and one Ca*~ on apposing sides of a membrane are required
before a conformational change can occur, translocating the
binding sites to the opposite sides of the membranes. A similar
(return) translocation step is also permitted if all the sites are
empty. None of the other states of binding can undergo such
translocating conformational changes. The resulting reaction
scheme has 22 reaction steps involving 16 ion-binding intermedi-
ates, The voltage dependence of the equilibrium constant for the
overall reaction, required by the 3:1 Na*:Ca*™ stoichiometry
was obtained by multiplying and dividing, respectively, the for-
ward and reverse rate constants of one of the translocational
steps by exp(—FV/2RT). With reasonable values for the mem-
brane density of the enzyme (=120 sites um *) and an upper limit
for the rate constants of both translocational steps of 10° - sec™!,
satisfactory behavior was obtainable with identical binding con-
stants for Ca** on the two sides of the membrane (10° M7,
similar symmetry also being assumed for the Na* binding con-
stant (12 to 60 M~!). Introduction of order into the ion-binding
process eliminates behavior that is consistent with experimental
findings.
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- reaction theory - unidirectional flux - stoichiometry

Introduction

Intracellular Ca** plays a key role in the function-
ing of a wide variety of cells as a “‘second messen-
ger,”” activating secretion, muscle contraction, the
release of neurotransmitters in synaptic transmis-
sion, the opening of membrane ion channels, fertil-
ization, . . . to name but a few. A knowledge of
how the concentration of intracellular Ca** is regu-
lated is therefore essential for an understanding of a
wide variety of physiological mechanisms, There

appear to be two mechanisms in the plasmalemma
of cells that act to maintain the free calcium ion
concentration within cells some 4 to 5 orders of
magnitude lower than that in extracellular space: (1)
a Ca™"-ATPase pump driven by the free energy of
splitting of adenosine triphosphate (ATP) and (2) an
exchange molecule that transports Ca** out of the
cell by utilizing the electrochemical free energy of
the transmembrane [Na*] gradient—the Nat-Ca*+*
exchanger. The latter mechanism, especially, has
received extensive study in a wide variety of prepa-
rations, notably the squid giant axon, isolated plas-
malemmal vesicles, and cardiac muscle, with the
result that there is a rich literature describing its
electrical and chemical dependences. Because of its
dependence on the Na* gradient, the exchanger is
in effect dependent on the activity of the plasma-
lemmal Na*,K*-ATPase, the Na*,K* transport of
which determines that gradient. The prime regula-
tors of the rate of Na* , K~ transport, as well as that
of Nat—Ca*™* exchange are the intra- and extracel-
lular concentrations of the transported ion species
themselves, i.e. Nat,K* and Ca**, together with
the transmembrane potential (since both mecha-
nisms are electrogenic). For this reason the regula-
tion of each mechanism is interlocked with one an-
other, since each transports a common ion species,
namely Na*. Furthermore, a prime modulator of
Na*-Ca** exchange is the concentration of intra-
cellular Ca** itself, which in turn is regulated by
other intracellular transport mechanisms (sarco/en-
doplasmic reticulum and mitochondrial transport)
as well as the plasmalemmal ATP-driven Ca’*
pump mentioned above.

The main purpose of the present paper was to
formulate a minimum mechanism for Na*—Ca** ex-
change and demonstrate that its behavior was in
qualitative accord, at least as a first approximation,
with that observed experimentally in three widely
used preparations, namely, squid giant axon, car-
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Fig. 1. Simultaneous mechanism for Na*~Ca** exchange with a
stoichiometry of 3 Na*:1 Ca*~*. Either of the 2 translocational
steps (11) and (22) were made voltage dependent by multiplying
the forward and dividing the backward rate constants (as defined
by the rate equations listed in Materials and Methods) for either
of these steps by exp(—FV/2RT). If both steps were made volt-
age dependent, the forward and backward rate constants of both
steps were multiplied and divided, respectively, by exp(—FV/
4RT). In all cases the resultant effect was to render the equilib-
rium constant for the entire exchange process equal to exp(—FV/
RT)

diac sarcolemmal vesicles and intact cardiac mus-
cle. In the process we hoped to illustrate some of
the principles and properties that apply to ex-
change/transport processes in general. We were
also interested in making, eventually, a comprehen-
sive reconstruction of the cell system for the regula-
tion of intracellular calcium based on present bio-
chemical and physiological knowledge of the
behavior of the various component mechanisms
studied in relative isolation. To these ends we
wanted to formulate a mechanism of Na™~Ca** ex-
change along the lines we have previously em-
ployed for the Na*,K* pump (Chapman et al., 1983;
Johnson & Chapman, 1984). Since we intended the
behavior of such a mechanism to be consistent with
a reasonably wide range of experimental observa-
tion, we saw the mechanism as also being useful as
a guide in the design of strategic experiments to
explore the nature of the actual mechanism of Na*—

Ca™* exchange, as well as aid in the interpretation
of present and future experimental findings.

Mullins (1977) and Wong and Bassingthwaighte
(1981) have proposed kinetic schemes for Na*-
Ca** exchange, deriving algebraic equations relat-
ing the net ion fluxes to the model parameters.
While this gave insight into the fundamental proper-
ties of exchange mechanisms, their schemes im-
posed an arbitrary order on the process of ion bind-
ing, most likely because of the need to keep the
equations to manageable proportions. We were
anxious from the outset to avoid such necessity
since we wished to find the simplest mechanism
consistent with experimental findings which, as will
be shown, is one in which the ions bind randomly to
independent sites on the exchanger. Indeed, the im-
position of order on the ion-binding was found to
destroy properties that were in keeping with experi-
mental finding. In addition, since much of the ex-
perimental literature deals with isotopic ion fluxes,
we have calculated the unidirectional as well as the
net calcium fluxes. All of this was made feasible
from a practical point of view by obtaining numeri-
cal rather than analytical solutions to the systems of
steady-state equations.

Our conclusions concerning the general proper-
ties of the mechanistically simple exchangers that
we have studied are much in accord with those of
Sanders et al. (1984) concerning their generalized
analysis of ion-drived cotransport systems. We
found, as did they, that the mechanisms, free of
mathematically simplifying assumptions, exhibit a
richness and complexity of behavior that obviates
the need, otherwise, to add mechanistic complexi-
ties in order to restore behavioral complexities that
were lost in imposing the assumptions in the first
place.

The Mechanism
CHOICE OF MECHANISM

Two kinds of mechanism for Na*-Ca*™ exchange
were considered. In the first, the exchange of both
ion species occurs simultaneously in one transloca-
tional step; both Na®™ and Ca** bind randomly to
the exchanger, n Na™ on one side and 1 Ca** on the
other, followed by their translocation and release
on opposite sides of the membrane. In the second,
the exchange of Na* and Ca™* occurs consecutively
in two separate translocational steps: in one step,
either n Na™ or 1 Ca™™ bind on one side (A) and are
then translocated to the other side (B) of the mem-
brane; in the second step, the other ion species
binds to side (B) to be translocated back to the origi-
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nal side (A). In both schemes there are two translo-
cational forms of the enzyme: in the consecutive
mechanism translocational changes from one form
to the other are always accompanied by the translo-
cation of ions whereas in the simultaneous mecha-
nism one translocational change must occur with all
ion binding sites empty. These two kinds of mecha-
nism are illustrated by the two schemes shown in
Figs. 1 and 2.

Figure 1 shows a simultaneous mechanism in
which 3 Na® and 1 Ca*" can bind randomly and
reversibly to Na*- and Ca' *-selective sites on op-
posite sides of the membrane. When, and only
when, all binding sites are occupied, the enzyme
undergoes a conformational change so that these
same binding sites now face opposite sides of the
membrane where the ions are free to associate and
dissociate randomly. A second translocatable form
of the enzyme exists in which all the binding sites
are empty. the two forms cycling back and forth
across the membrane thereby enabling net ion
transport to occur.!

Figure 2 shows a consecutive mechanism
which, although the simplest mechanistically, can
be seen to be more ordered in ion binding than the
simultaneous scheme of Fig. 1. One Ca** binds in-
tracellularly to the enzyme (step [1]), a conforma-
tional change then occurs (step [2]) which translo-
cates the Ca** to face the outside of the cell where
it is free to dissociate (step [3]). In this second free
state, E’, the enzyme is able to bind three Na* in
random fashion (steps [4] thru [6]). With all three
Na* bound the enzyme undergoes a second confor-
mational change (step 7) which translocates the ions
to face the inside of the cell. There they are free to
dissociate, one after the other, to restore the en-
zyme to its original free (£) form which binds Ca™*
once more to cycle through the above sequence
again.

U A reduced form of the mechanism of Fig. |, similar to that
proposed by Mullins (1977), could have been studied that would
have been much simpler to describe mathematically. Three Na~
ions bind one after the other to the enzyme on one side of the
membrane (equivalent to steps [1] thru [3] of Fig. 1) followed, on
the other side, by one Ca*~ ion (step [10]). With all binding sites
occupied, a conformational change in the enzyme occurs (step
[11]) which transjocates the bound ions to face opposite sides of
the membrane, where they are free to dissociate, first Ca™~ in
step [12] followed by the 3 Na- in steps [19] thru [21]. That is to
say, a 7 state, 7 step mechanism. This scheme, however, presup-
poses considerable ordering in the ion binding. Indeed, an addi-
tional conformational change is implied by the restriction that
Ca** binds only when the 3 Na* are bound. The full scheme of
Fig. 1, although mathematically more complex to describe, is
mechanistically simpler. Moreover, as will be shown later the
behavior of the reduced mechanism is markedly different in
some respects from the fully randomized mechanism of Fig. 1.
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Fig. 2. Consecutive mechanism for Na ~Ca~* exchange with a
stoichiometry of 3 Na*: 1 Ca~*. Either of the 2 transtocational
steps (2) and (7) were made voltage dependent by multiplying the
forward and dividing the backward rate constants (as defined by
the rate equations listed in Materials and Methods) for either of
these steps by exp(—FV/2RT). If both steps were made voltage
dependent, the forward and backward rate constants of both
steps were multiplied and divided, respectively, by exp(—FV/
4RT). In all cases the resultant effect was to render the equilib-
rium constant for the entire exchange process equal to exp(—FV/
RT)

All steps in both schemes are reversible. The
individual unidirectional forward and reverse rates
for any given step are governed by the concentra-
tions of the ion species and the particular forms of
the enzyme associated with that step, together with
the forward and reverse rate constants, f, and b,,
respectively, for that step. In the absence of a trans-
membrane potential (see Voltage Dependence), the
equilibrium constant of either mechanism, i.e., the
ratio of the product of all forward rate constants to
the product of all reverse rate constants of the ele-
mentary steps, must equal unity.

Although both simultaneous and consecutive
mechanisms were studied, -the simultaneous form
will receive the most attention in this paper (see
Results and Discussion). The prime reason for this
bias is that a characteristic of the experimental ob-
servations regarding Na*-Ca** exchange is that
relatively little, if any, Ca**—Ca* " exchange occurs
in the absence of Na*. As will be discussed later,
such exchange is inherent in consecutive mecha-
nisms, whereas it appears inherently impossible in
simultaneous mechanisms. As a consequence, con-
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secutive schemes were eliminated at the outset of
our studies as possible candidates for a realistic
mechanism of Nat—Ca™" exchange. Indeed, inves-
tigators in the field have favored a simultaneous
rather than a consecutive mechanism (Baker et al.,
1969, Blaustein, 1977; Mullins, 1977; DiPolo, 1979;
Wong & Bassingthwaighte, 1981; Ledvora & He-
gyvary, 1983).

STOICHIOMETRY

There now seems to be general agreement that for
Na*-Ca** exchange to effect net transport of Ca**
out of the cell at the concentrations of Na™ and
Ca** and membrane potentials found physiologi-
cally, the stoichiometric ratio of Na* to Ca** trans-
ported must exceed 2. If the ratio is assumed to be
an integral number, which is necessarily desirable
for reasons of mechanistic simplicity, if not realistic
probability, the evidence points to a ratio of 3. Cer-
tainly this is the case for cells for which the ion
concentrations are known with reasonable cer-
tainty. In sheep ventricular muscle, [Na*],, [Na*];,
[Ca**],, and the resting potential had the following
values (Sheu & Fozzard, 1982): 151.5 mM, 8.4 mm,
1.8 mM, and —90 mV at 34°C. With a stoichiometric
ratio of 3, the equilibrium value for [Ca**];, is 10.2
nM—far less than the observed values of close to
200 nM. The stoichiometric ratios calculated by
Sheu and Fozzard (1982) from these and similar
measurements, on the assumption that the ex-
changer was at or very close to equilibrium, were
always greater than 2, indeed were found to be con-
sistently around 2.5. This value of 2.5 is in keeping
with an actual ratio of 3 if the exchanger were signifi-
cantly away from equilibrium, which is not unrea-
sonable given the often highly nonlinear relation be-
tween flux and driving force that we found with the
mechanisms studied in the present paper. The ratio
of net Na™ loss to net Ca™* gain in rabbit ventricular
muscle attributed to Na*—Ca** exchange was
found to be 3.0 (Bridge & Bassingthwaighte, 1983),
indicating a stoichiometric ratio of at least 3, which
is in keeping with the ratio estimated by Pitts (1979)
in cardiac sarcolemmal vesicles.

Although some authors (e.g., Mullins 1977) fa-
vor a stoichiometric ratio of 4 in the squid giant
axon, the ion gradients and membrane potential in
that tissue are nonetheless in keeping with a ratio of
3, as are direct measurements of stoichiometry
(Blaustein & Russell, 1975). Taking the ionic con-
centrations listed by Requena (1983) for the squid
giant axon ([Na™], = 461 = 28 mm, [Nat], =27 £ 2
mM, [Ca**], = 3 £ 1 mM) and again a stoichiome-
try ratio of 3, the equilibrium value for [Ca™"];,

(20°C) in the ir vivo axon with a resting potential of
=70 mV is 37.7 nM, less than the observed value
{see below). For the resting potential of —60 mV in
the in vitro axon (Requena, 1983) it is 56 nM, which
is not significantly different from the observed value
cited by Requena (1983) of 0.05 = 0.05 uM, and is
well below the value of 100 nMm reported by Baker
(1976; recalculated from data of Baker et al., 1971)
and 106 nM reported by DiPolo et al. (1983). More-
over, even were the equilibrium value somewhat
greater than the observed value for [Ca**];, this is
still consistent with a steady state for intracellular
[Ca**] since there is an additional Ca** extrusion
mechanism in the plasmalemma of squid axon (the
“‘uncoupled pump’’; Baker & McNaughton, 1978),
the Ca**-ATPase, with a Kys =~ 0.2 um and a maxi-
mum efflux rate = 200 fmol - cm ! sec~! (DiPolo &
Beauge, 1979, 1980). Indeed, it appears that 85 to
90% of the Ca** extrusion in the resting axon is via
the ATP-driven Ca*™* pump (c¢f. DiPolo & Beauge,
1983; their Table 2).

A stoichiometric ratio of 3 was therefore used in
all the mechanisms studied.

CHOICE OF RATE CONSTANTS
lon-Binding Constants

Experimental evidence from the squid axon and es-
pecially cardiac sarcolemmal vesicles suggest that
the ion-binding characteristics for each ion species
on the two sides of the membrane are the same.
DiPolo and Beauge (1980) stress the view that the
exchanger is symmetrical in that the driving and
driven ion species can exchange roles by suitable
manipulation of their gradients, resulting in Na; -
dependent Ca** influx, Ca/ -dependent Na* ef-
flux, Naj-dependent Ca** efflux and Ca; "-depen-
dent Na* influx. More specifically, Philipson and
Nishimoto (1982) compared Na*-dependent Ca*~
uptake into inside-out vesicles with that into the
total, primarily of right-side-out vesicles. They
found no difference in the Ky (Ca* "), nor in the re-
sponses to altered pH or valinomycin-induced
membrane potentials. Their findings are remark-
able, considering the large difference in the Ca**
concentration on the two sides of the membrane
found physiologically (factor of = 104 to 10°). We
decided therefore that unless other experimental
findings demanded otherwise, we would constrain
our choices of rate constants to make the binding
constant for Ca*" the same on both sides of the
membrane, in spite of kinetic arguments to the con-
trary (Jencks, 1982). (The possible need to relin-
quish this constraint, at least for squid axon, is dis-
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cussed later.) Similarly, for the sake of simplicity,
we made the same constraint for the Na™ binding
constants, in spite of there being some experimental
evidence to the contrary for isolated cardiac sarco-
lemmal vesicles (Philipson & Nishimoto, 1982). On
the other hand, in the squid axon, Requena (1978)
found that the half-affinity constant for extraceilular
Nat (41 mm) was similar to that for intracellular
Na* (34 mM). The extracellular [Cat*] in the two
cases was different, however, being 10 um in the
former and 10 mMm for the latter.

We assumed that the process of ion-binding to
the sites was diffusion limited and therefore set the
assoclation rate constant for Na* and Ca™* to the
reasonably upper limit of 108 M~! sec™!. We also
assumed that the Na*-binding sites were indepen-
dent, so that binding (association) of Na* to the
enzyme with three empty sites was three times
more probable (two times with one filled site) than
with one empty site—similarly, but vice versa, for
unbinding (dissociation). Given the fixed value for
the association rate constant, the choice of dissocia-
tion rate constants for Ca** and Na* was in effect
determined by the binding constants for these ions.
As will be shown (see Results) these were deter-
mined mainly by the experimentally observed val-
ues for the Ky s for Ca; *-activated and Na;-acti-
vated Ca** efflux, respectively.

Rate Constants for the Translocational Steps

Having chosen a symmetrical enzyme with regard
to ion-binding affinities, at least as a starting point,
we extended this concept (again on the grounds of
simplicity) to the two remaining steps in the reac-
tion schemes by requiring the equilibrium constants
(neglecting the influence of voltage) for the two
translocation steps be equal which, given the other
constraints, required that they both equal unity. In
other words, the forward and reverse rate constants
for both translocational steps were made identical
and were set equal to 10° - sec™!, a value that was
considered to be a reasonable upper limit (Tanford,
personal communication).

Voltage Dependence

Given a stoichiometry of 3 Na®:1 Ca™", the ex-
change process must be electrogenic and therefore
a function of transmembrane potential such that at
equilibrium the exchange satisfy the thermody-
namic requirement:

Cat™ o Na* 13
[[CZH},- _ [[N;]]E = exp(~FVIRT) (1)

where V is the potential of the inside with respect to
that of the outside. That is to say, one or more steps
in the reaction sequence must be a function of mem-
brane potential. As in the case of the electrogenic
Na*,K* transport mechanism (Chapman et al.,
1983), it seemed reasonable to assign such voltage-
dependence to one (or both) of the two transloca-
tional steps. Three versions of the simultaneous
scheme were therefore studied, one with voltage
dependence assigned to the ion-bound form of the
enzyme (Step 11 in Fig. 1), one with it assigned
to the unfilled form (Step 22 in Fig. 1) and one with
it assigned to both forms, these three schemes
being given the names, SIMV1l, SIMV22, and
SIMV1122, respectively. Similarly, in the consecu-
tive mechanism of Fig. 2, the voltage dependence
was either assigned to the Ca**-filled step (Step 2 of
Fig. 2) or to the Na*-filled (Step 7 of Fig. 2) or to
both, these three forms being given the names
SEQV2, SEQV7 and SEQV27, respectively. For
reasons previously discussed (Chapman et al.,
1983), in each case the voltage dependence was dis-
tributed evenly over the forward and reverse rate
constant of the step, multiplying the forward and
dividing the reverse rate constant by exp(—FV/
2RT), respectively, or by exp(—FV/4ART) when
both translocational steps were made voltage de-
pendent.?

Materials and Methods

ReacTIiON RATE LAws

Simultaneous Mechanism

The following mass action rate laws were used for each of the 22
possible reaction steps involving the 16 enzyme intermediates as
shown schematically in Fig. 1:

rfy = 3k, [Nat],[E] 2
rby = (k,,/Naj?)[Na - E} 3)
rfy = 2k,,[Na*],[Na - E] 1G]
rby = 2(k,./Nab*)[Na, - E] (5)
tfy = k,,[Na*],[Na, - E] (6)
rby = 3(k,,/Naj*)[Na; - E] W)
fy = 3k, [Na*],[Ca - E] ®)
rby = (k,,/Na}*)[Na - Ca - E] 9
rfs = 2k,,INa*],[Na - Ca - E] (10)
rbs = 2(k,,/Nal*)[Nas - Ca - E] an
tfe = k,,INa*],[Na, - Ca - E] (12)

2 For the definition of forward and reverse rates see the rate
equations for the mechanisms of Figs. 1 & 2 listed in Materials
and Methods.
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rbe = 3(k,,/Naj*)[Na; - Ca - E] (13)
rfy = kou[Ca* "} E] (14)
rby = (ko /K§)[Ca - E) (15)
rfy = kon[Ca**];[Na - E] (16)
by = (kon/K$*)[Na - Ca - E] a7
rfe = kou[Ca**];[Na, - E] (18)
rby = (ko /K§H)[Na,  Ca - E] (19)
rfio = kou[Ca**];[Nas - E] 20)
tbig = (kon/K§*)[Na, - Ca - E] (21)
tfit = kfi[Na; - Ca - E] (22)
rby, = kb([Nay - Ca - E'] (23)
rby; = ky,[Ca**],[Na; - E'] (24)
tfiz = (kon!K5")[Nay - Ca - E’'] (25)
rbis = k,,[Ca**],[Na, - E'] (26)
rfis = (kon/K§")[Nay - Ca - E') 27
rbyy = k, [Ca**],[Na - E'] (28)
rfie = (kon!/K5*)[Na - Ca - E'] (29)
rbis = ko, [Ca**],{E"] (30)
tfis = (kon! K5)[Ca - E'] (31)
rbys = k,,[Na’];[Na, - Ca - E’] (32)
rfis = 3(kon/Nay™){Na; - Ca - E'] (33)
rbiy = 2ko,[Na*];[Na - Ca - E'] (34)
rfir = 2kon/Nal*)[Na, - Ca - E'] (35)
rbig = 3k,,[Na*];[Ca - E'] (36)
tfis = (k,n/Na)*)[Na - Ca - E'] (37)
rbyy = k,p[Na*];[Na, - E'] (38)
tfis = 3(k,./Nag*)[Na; - E'] (39)
rby = 2k,,[Na*];[Na - E'] (40)
rfa = 2kon/Naj*)[Na, - E'] (41)
rby = 3k,,[Na*];[E"] (42)
rf = (k,,/Nag*)[Na - E'] (43)
rfn = KAHIE'] (44)
rby = kb,[E] (45)

where rf;, rb; are the forward and reverse rates of the ith step. £,
is the ion association rate (on rate) constant, Nay® and Ca§® are
the Na* and Ca** binding constants, respectively; kf;, &f> and
kb, kb, are the forward and reverse rate constants for the two
translocational steps, respectively. Voltage dependence was as-
cribed to step 11 or step 22 by multiplying and dividing, respec-
tively, the forward and reverse rate constants for either step by
exp(—FV/2RT), or in the case of assigning voltage dependence to
both steps, by exp(—FV/4RT).

Consecutive Mechanism

The following mass action rate laws were used for each of the ten
reaction steps involving the ten intermediates shown in Fig. 2:

fi = ko, [Ca**},[E] (46)
rby = (k,,/K§*)[Ca - E] (47)

rfs = kfi[Ca - E] (48)
rby = kb,[Ca - E'] (49)
rfy = (ko /K§){Ca - E'] (50)
rbs = ko, [Ca**],[E"] (1)
rfy = 3k,,[Na*},[E'] (52)
rby = (kn/K3*)[Na - E'] (53)
rfs = 2k,,[Na*],[Na - E'] (54)
rbs = 2k,n/K3*)[Nay - E' (55)
tfe = konINa*],[Na, - E'] (56)
rbe = 3(k,n/K5*)[Nay - E'] 57)

(
fy = kfy[Nas - E'] {
rb; = kbs[Nas - E] (
ify = 3(k,n/K§*)[Nay - E] (
rbg = k,,[Na*],[Na, - E] (61
rfy = 2(k,,/K§*)[Na; - E] {
rby = 2k, [Na~];[Na - E] (
rfio = (kon/K3*)[Na - E] (
rby = ky,[Na*];[E] (

where k. K§*, K3, kfi, kfs, kb, and kb, have the same meaning
as for the simultaneous mechanism described above. Voltage
dependence was ascribed to step 2 or step 7 by multiplying and
dividing, respectively, the forward and reverse rare constants for
either step by exp(—FV/2RT), or in the case of assigning voltage
dependence to both steps, by exp(—FV/4RT).

COMPUTATIONAL METHODS

The dimensions of the rate coefficients listed in the Table are
those appropriate to yield rate of reaction in mol - cm=? - sec !,
Steady-state solutions for the concentrations of the intermedi-
ates were obtained by Gaussian elimination and used to solve for
the unidirectional rates of each of the reaction steps. The model
equations were programmed in C (Kernighan & Ritchie, 1978)
and compiled and linked to a general purpose simulation soft-
ware package SCoP (Holt & Kootsey, 1984) using the Optimizing
C86 compiler (Computer Innovations, Inc., Tinton Falls, N.J.)
and IBM RC-DOS linker running on an IBM PC-XT (IBM, Boca
Raton, Florida) equipped with an Intel 8087 floating point hard-
ware chip.?

As a safety check on the computations a 0.01% tolerance
was placed on the required agreement between the following
pairs of quantities:

I. The sum of the computed enzyme intermediates and the
set parameter for total enzyme per unit area of membrane;

2. The net steady-state rate of reaction calculated as the
difference between the overall unidirectional forward and re-
verse rates (calculated as described below) and the net steady-

> The complete software package (SIMV11 together with
SCoP) is available to the interested reader by writing to Dr. J.
Mailen Kootsey, National Biomedical Simulation Resource,
Duke University Medical Center, P.O. Box 3709, Durham, N.C.
27710, USA.
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state rate calculated as the difference between the unidirectional
forward and reverse rates of reaction step 11 or 22 of Fig. I.

CALCULATION
OF UNIDIRECTIONAL REACTION RATES

The overall unidirectional forward and reverse rates of a mult-
step reaction are functions of the unidirectional forward and re-
verse rates of the elementary steps comprising the reaction.
which for the random ion-binding mechanism of Fig. 1 are espe-
cially complex. The unidirectional Ca~ fluxes were calculated
by reducing the multiple branching pathways for unidirectional
Ca™* exchange to a single equivalent reaction step by the appli-
cation of the following rule (E.A. Johnson, to be published ). The
equivalent single unidirectional forward rate Rf over any two
successive elementary reaction steps. with unidirectional for-
ward and reverse rates rf,, rfa. rb; and rb.. respectively, is given
by:

Rf= v L2 66)
f_ rﬁ /_'fz + rbI {

and similarly, the equivalent single unidirectional backward rate
Rb is given by the product of rb, and rb, divided by the same
denominator. It can be seen that a series of reaction steps 1, 2, 3,
4,e.g., can be reduced to an overall single equivalent step by first
reducing steps 1 and 2 to a single equivalent step using the above
rule. One then reduces that step and the next elementary step
(step 3) to another equivalent single step by using the rule again,
and so on. Branches are dealt with by first reducing the limbs of
each branch to equivalent single steps up to the branch point, at
which stage the two equivalent unidirectional forward and re-
verse rates, respectively, are simply summed, the above proce-
dure being repeated with the following elementary step if the
reaction sequence continues beyond the branch point.

Results and Discussion

As pointed out above, the mechanisms of Na*-
Ca** exchange that we chose to study are of the
minimum degree of complexity and hence undoubt-
edly simpler than the actual mechanism. Conse-
quently, it should not be surprising to find that the
mechanisms fail to account for all experimental
results. Furthermore, many of the experimental
preparations in which Na*-Ca*"* exchange has
been studied have at least one other Ca*™ transport-
ing mechanism (as well as other exchange mecha-
nisms), a Ca*T-ATPase, driven by the free energy
available from the splitting of ATP, which may in
part be responsible for some of the behavior osten-
sibly attributed to Na*—-Ca** exchange. As a con-
sequence our emphasis here will be more on the
ability, rather than the inability, of a particular
mechanism to account for experimental data. In ad-
dition we have not attempted to explore to any sig-
nificant degree what modifications might be re-

Table

Parameter Value Units

Total jenzyme] 2 x 107 mols - cm™?
K, 108 M-l -secT!
K§ 100 M

K5 12 M-!

kf 10° sec!

kb, 10° sec™!

kfs 10° sec!

kb, 10° sec™!

quired of any mechanism to extend the range of
data that it might fit. Indeed, before addressing such
an issue one would need a more quantitative esti-
mate of a given mechanism’s ability or inability to fit
a certain set of data than that provided by a trial and
error sampling of the large number of possible sets
of parameter values that are possible, even for the
minimum mechanisms studied here. That is to say
we would need to make a more systematic search of
the parameter space for each mechanism, a process
best performed by computer and a more appropriate
subject for a separate investigation.

Given these considerations, we have focused
our attention on the behavior of one of the three
simultaneous mechanisms that we have studied,
namely, SIMV11, i.e., the mechanism with voltage-
dependence solely on the step involving the translo-
cation of the ion-filled form of the enzyme (step [11]
in Fig. 1). Much of the experimental data fitted by
this mechanism may have been equally well-fitted
(perhaps better) by the other simultaneous schemes
(SIMV22 and SIMV1122, i.e., voltage dependence
on the unfilled translocational form, or on both
translocational forms of the enzyme). We found the
fit of SIMV11 to the experimental data sufficiently
satisfactory at the present level of investigation to
preclude the necessity of a comparative exploration
of the behavior of the various simultaneous mecha-
nisms described here. The consecutive schemes
(SEQV2, SEQV7 and SEQV27, i.e., mechanisms
with voltage-dependence on the Ca™*-filled, Na*-
filled, or both translocational forms of the enzyme,
respectively) were not studied in any detail other
than to illustrate specific points of possible funda-
mental difference between them and the simulta-
neous schemes that are the focus of the present
paper. Again, in this regard, we stress that these
differences are merely ones that we discovered in
our exploration of the general behavior of the mech-
anisms and are not the result of a systematic com-
parative study.
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ESTABLISHING A SET
OF RATE CONSTANTS AND ENZYME DENSITY

Given the assumptions and constraints discussed in
the Mechanism section above, only two (out of the
possible total of 19) arbitrarily adjustable rate con-
stants remained to be chosen. These were the bind-
ing constants for Ca** (K §*) and Na* (K§*), each of
which was assumed to have the same value on each
side of the membrane. In spite of these severe con-
straints it was found that a great deal of the experi-
mental data in the literature could be reproduced
using a small range of values for these two binding
constants, without any need to modify or relax
these constraints. As a prelude to illustrating the
general features of the behavior of SIMV11 in the
following section, Fig. 3 shows the effects of vary-
ing the two ion-binding constants over an approxi-
mately = threefold range on the activation of Ca*™*
efflux by intracellular Ca** and extracellular Na*+,
respectively, for boundary conditions appropriate
for the dialyzed squid axon preparation (e.g. the
experiments of Blaustein, 1977). The only remain-
ing adjustable parameter, the density of enzyme in
the membrane, merely scales the magnitude of the
activity of the exchanger; it does not in any way
affect the form of the dependence of the activity on
any of the other parameters. In Fig. 3 (and in all of
the remaining figures) the density was set at 20 fmol/
c¢m?, which corresponds to approximately 120 ex-
changer molecules per square micron, a density
about one order of magnitude less than that of the
sarcolemmal Na,K-ATPase of cardiac muscle (Mi-

chael et al., 1979; Daut & Rudel, 1981) and skeletal
muscle (Venosa & Horowicz, 1981).

EXAMPLES OF THE GENERAL BEHAVIOR
OF THE ENZYME

Ca** Efflux: Ionic and Voltage Dependences

Activation by Intracellular Ca**. Figure 4A
shows activation of unidirectional Ca** efflux by
[Ca*™"]; under ionic conditions corresponding to
those employed by Blaustein (1977) for the dialyzed
squid giant axon. A K§* of 106 M~! was chosen to
give a Ky s for [Ca*t*]; of around 1 uM, in keeping
with the value obtained experimentally (the value of
K} was the same as that used in Fig. 5A, see be-
low).

Using the same values of K§* and of K}? that
were used in Fig. 44, but matching the ionic condi-
tions commonly used to study Ca** uptake into
Na*-loaded cardiac sarcolemmal vesicles, Fig. 4B
shows Ca** uptake as a function of extravesicular
[Ca**]. Although the extravesicular ion composi-
tion is relatively well controlled in such experi-
ments, the intravesicular composition is not, espe-
cially the intravesicular [Ca®*] which changes
rapidly during the course of Ca*™* uptake. For ex-
ample, taking an intravesicular volume of 20 pl/mg
of vesicular protein (Bers et al., 1980) and a modest
uptake rate of 2 nmol Cat*/mg protein/sec, the rate
of change of intravesicular [Ca**] would be 0.1 mm/
sec, and corresponding greater for the higher up-
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take rates of 15 to 20 nmol/mg/sec reported by
Caroni et al. (1980) and Caroni and Carafoli (1983)
for fully activated (phosphorylated) vesicles (cf.
their Fig. 3). As can be seen from Fig. 4B, the form
and magnitude of the Ca** uptake depends mark-
edly on the intravesicular [Ca*™], the K, s increas-
ing with increasing intravesicular [Ca**]. This ef-
fect of varying intravesicular [Ca*™*] could explain
the extraordinarily wide range of K,s values re-
ported in the literature for activation of Ca** up-
take by extravesicular Ca** [¢f. Reeves and Sutko
(1983), who cite 1.5 to 140 uM as the range they
found in previously published studies].

The behavior shown in Fig. 4B also illustrates
the marked difference in the behavior of the mecha-
nism of Fig. 1 (SIMV11) and its simplified variant
(SIMV5), referred to in footnote [1]. The form and
magnitude of Ca** uptake with SIMVS, under ex-
actly the same boundary conditions, and using the
same binding and translocational rate constants as
with SIMV11 in Fig. 4B, is virtually unaffected
(<1% variation in V., and K, 5) by changes in in-
travesicular [Ca®™*] over the same range of 107 to
1073 M. A similar discrepancy in behavior between
these two mechanisms will be described in the fol-
lowing section.

Activation by Extracellular Na*. Figure 5A
shows the dependence of unidirectional Ca** efflux
on extracellular [Na*] at three values of intracellu-
lar [Ca**] for conditions matching the experiments

of Blaustein (1977) (c¢f. his Fig. 104) with the dia-
lyzed squid axon preparation. A K}* of 12 M~! was
chosen to give a Ky for Na; of = 50 mM for the
efflux curve at an intracellular [Ca*™*] of 2.5 uM, in
accordance with the value obtained experimentally
by Blaustein (1977). This value for the K, for Na]
is considerably lower than that found by others,
e.g., DiPolo and Beauge (1981; ¢f. their Fig. 10). As
will be shown later this variation in K, s for Na; can
be accounted for by the different intracellular [Na*]
used by these and other workers and is entirely con-
sistent with the value of 12 m~! for K" used in Fig.
SA.

Figure 5B shows net Ca™* uptake as a function
of intravesicular [Na™] for ionic conditions match-
ing those of experiments with isolated cardiac
sarcolemmal vesicles (Reeves & Sutko, 1983). As
mentioned above in the previous section, the
intravesicular [Ca**] would be expected to increase
rapidly as Ca** uptake proceeded. As shown in the
figure, the Ca** uptake curve with changing in-
travesicular [Na**] is markedly influenced by the
intravesicular [Ca**], the Kj 5 for uptake increasing
as intravesicular [Ca®*] increases. These findings
are in striking agreement with those of Reeves and
Sutko (1983) who observed that when the rate of
[Cat*] uptake was measured over an initial 1-sec
interval, the uptake rate increased rapidly with in-
creasing intravesicular [Nat] (K5 = 26 mM). On
the other hand, when the measurement interval
was increased to 10 sec (when the intravesicular
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[Ca™*] must have risen to higher levels), the rate of
Ca** uptake became almost a linear function of in-
travesicular [Na*].

As illustrated in the previous section (Activa-
tion by Intracellular Ca™"), a simplified variant
(SIMV3) of the mechanism of Fig. 1 (SIMVI11)
showed quite different behavior: Ca** uptake as a
function of intravesicular [Na*] was virtually inde-
pendent of the intravesicular [Cat*] (107 to 1073
M).

Effect of Intracellular [Na™]. In the squid axon,
increasing intracellular {Na*] markedly inhibits
Cat* efflux. This property is also shared by
SIMV11, as is shown in Fig. 6A where unidirec-
tional Ca*™* efflux is plotted as a function of extra-
cellular [Na'] for various values of intracellular
[Naf], including the value of 5 mm used by Blau-
stein (1977). The marked shift to the right along the
abscissa for higher values of [Na*]; is fully in ac-
cord with experimental findings, e.g. those of
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Blaustein et al. (1974) and of DiPolo and Beauge
(1981) who found a Ky s for Na, of 125 mM at an
intracellular [Na*] of 50 and 60 mmM, respectively.

Figure 6B shows the effect of a change in intra-
cellular [Na*] on unidirectional Ca** efflux as a
function of intracellular [Ca™*] for ionic conditions
matching those yielding the data of Blaustein (1977;
Fig. 11); the behavior of SIMV11 is quite similar to
the experimental findings in the squid axon. Figure
7A shows the corresponding dependence of Ca*~
efflux on [Na*]; for various values of intracelluiar
[Ca**], normalized to the maximum Ca** effiux ob-
tained at nominally zero [Na*}; (I mm). The results
are in good agreement with the findings in squid
(Brinley et al., 1975, Fig. 10; Requena, 1978).
Whether the small rise in efflux at the higher values
of [Nat]; seen in Fig. 7 occurs experimentally can-
not be determined because of the scatter in the pub-
lished data.

Effect of Extracellular [Ca**]. Although Ca, *-
dependent Ca** efflux has been found under certain
experimental conditions in the squid giant axon, ljt-
tle (if any) occurs under normal conditions (DiPolo
& Beauge, 1980). Indeed, it has been proposed that
most of the apparent dependence on Ca, " of the
rate of loss of ¥Ca** from unpoisoned axons is not
the manifestation of a membrane Ca** transport
mechanism but of the properties of a superficial
layer of Ca** binding sites sandwiched between
the axolemma and an extracellular barrier such as
the Schwann cells (Baker & McNaughton, 1978).
Nonetheless, when such binding sites are removed,

in axons poisoned with dinitrophenol considerable
Ca*t*—Ca** exchange develops which is activated
by monovalent cations (Baker & McNaughton,
1978). No Ca]*-dependent Ca** efflux was ob-
served with SIMV11, the only effect of Ca;* being
inhibitory; increasing [Ca* '], decreased the unidi-
rectional Ca* " efflux so that maximum values were
obtained at the nominally zero concentration of 10
uM usually employed by Blaustein (¢f. Blaustein,
1977) rather than at the higher concentrations em-
ployed by, e.g., DiPolo (1973) and others.

Such evidence for Ca**-Ca*™ exchange, also
activated by various metal ions, has been found in
cardiac sarcolemmal vesicles (Philipson & Nishi-
moto, 1981; Slaughter et al., 1983). We made no
attempt at this stage to account for exchange of this
kind, for it cannot be accounted for by SIMVII and
its derivatives without introducing unwanted net
dissipative fluxes of Na* and/or Ca®™". One way out
of this difficulty, and at the same time retaining the
relative simplicity of the present mechanisms, is to
suppose that other forms of the exchanger can exist
in which translocation of the empty (ion-free) form
of the enzyme is highly improbable. In which case
all kinds of exchange, without net transport, might
be accounted for. We preferred to delay pursuit of
this possibility for a future occasion.

Effect of Transmembrane Potential. The possi-
bility that stimulation of Ca; *-Na; exchange by ex-
ternal K* is due to the change in membrane po-
tential was discussed by Baker (1972). Indeed,
depolarization has been found to decrease Ca*™ ef-
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flux in squid axon (Blaustein et al., 1974; Mullins &
Brinley, 1975; Baker & McNaughton, 1976a,b; Al-
len & Baker, 1983). Figure 7B shows the effect of
membrane potential on SIMV 11 for ionic conditions
(see figure legend) corresponding to the experi-
ments of Blaustein et al. (1974) and similar to those
of Allen and Baker (1983) on squid axon. Essen-
tially similar results were obtained with voltage-de-
pendence on the empty (ion-free) form of the en-
zyme (SIMV?22), except the dependency was more
marked in the physiological range of potentials and
in that regard could be said to be more in keeping
with the experimental results. No attempt was
made, however, to adjust model parameters such as
the relative values of the rate constants of the
translocational steps to explore whether one or
other mechanism was to be preferred. As will be
shown later, the effects of membrane potential on
unidirectional ion fluxes can be either large or
small, inhibitory or stimulatory, depending on the
ionic boundary conditions.

Ca** Influx: Ionic and Voltage Dependences

Effect of Intracellular [Na*]. Whereas intracel-
lular Na* inhibits Ca** efflux it stimulates Ca** in-
flux dramatically, a characteristic of Na*-Ca** ex-
change that has been demonstrated in squid axon in
many studies (Baker et al., 1969; DiPolo, 1979). Fig-
ure 84 shows this behavior in SIMV 11, where the

boundary conditions were set to match those of Di-
Polo (1979) with squid axon. The Ky s of 60 mM is
close to that observed experimentally as is the ef-
fect of a change in intracellular [Ca**] which left
the K, 5 essentially unchanged. DiPolo (1979), how-
ever, found that the foot of the activation curve
became more sigmoidal at lower internal [Ca*™].
This feature was not reproduced by SIMV11, al-
though no attempt was made to explore whether a
change in model parameters might have enabled it
to do so. A particularly striking similarity in behav-
ior of SIMV11 and squid axon is that the maximum
Ca™" influx via Nat-Ca** exchange under condi-
tions of high activating Na; and saturating Ca; * is
about one-tenth that of Ca** efflux, at high activat-
ing Ca;”* and saturating Na, . Requena and Mullins
(1979) found this finding in squid axon puzziing.

Figure 8B shows the effect of extravesicular
[Na*t] on Ca*™" effiux from cardiac vesicles. Note
that the efflux rate is enhanced by a positive trans-
membrane potential, which would be developed
during the time-course of the efflux. This might ac-
count for the sharp sigmoidicity of the correspond-
ing experimental curve observed by Philipson and
Nishimoto (1981).

Effect of Extracellular [Ca**]. As can be seen
from Fig. 94, the Ky for activation of unidirec-
tional Ca** influx by Ca; * with SIMV 11 (boundary
conditions for squid axon) is higher (=50 uM) than
the K, s for activation of Ca*™ efflux by [Ca**]; (=1
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uM) (compare Fig. 9A with Fig. 4A4), although the
K, s is not as high as that observed experimentally
for the corresponding dependence of Na* efflux
{Baker et al., 1969). This finding may require one to
relinquish, at least for the squid axon, the constraint
that the Ca** binding constant on the two sides of
the membrane be the same. However, we did not
pursue this, or other possibilities, at this stage.

Effect of Extracellular [Na™]. As was shown by
Baker et al. (1969) in squid axon, Ca*" influx is
markedly inhibited by extracellular Na*. Such be-
havior is also shown by SIMV11 as illustrated in
Fig. 9B, where unidirectional Ca™* influx is shown
as a function of extracellular [Na*] for two values of
[Na*]; and for ionic conditions appropriate for their
experiments.

Effect of Transmembrane Potential. Figure 10
shows net Ca™* flux exhibited by SIMV11 as a func-
tion of membrane potential for two different values
of intracellular [Na*], corresponding to those used
by Mullins et al. (1983) in experiments with squid
axon. The resemblance of the voltage-dependence
of net Ca** flux shown in the figure to that observed
by these authors is quite striking. Ca*™* influx is
noticeable in Fig. 10 at potentials somewhat more
negative than those at which influx was measured
experimentally. This could perhaps be accounted
for if the plasmalemmal Ca-ATPase in squid was
effective in extruding the relatively small influx of
Ca** via Nat—Ca™* " exchange at these negative po-
tentials, so that a net influx was not detectable until
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(1983): [Ca**], = 3 mM, [Ca*t]; = 0.1 uM, [Na*], = 200 mM. T
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the Ca-ATPase became saturated by the greater in-
flux through the exchanger at more depolarized po-
tentials. That is to say, the net Ca™* uptake re-
corded by Mullins et al. (1983) was the difference
between an influx via Na*-Ca®™* exchange and an
efflux via the plasmalemmal Ca** pump. Allen and
Baker (1983) observed a similar stimulation of
unidirectional Ca** influx with membrane depo-
larization (see General Considerations: Net and
Unidirectional Fluxes: Effect of Transmembrane
Potential).
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GENERAL CONSIDERATIONS
Simultaneous vs. Consecutive Mechanism

Blaustein (1977) considered the choice between si-
multaneous and consecutive mechanisms in light of
experimental data obtained from squid axon, as
have other authors subsequently for the same tissue
(DiPolo, 1979) and for cardiac sarcolemmal vesicles
(Ledvora & Hegyvary, 1983). From these and other
studies, it seems to be widely held that when activa-
tion by, e.g., Ca** on one side of the membrane is

independent of the concentration of, e.g., Na* on
the other side, a simultaneous transport mechanism
is generally implied (Blaustein, 1977). Likewise, if
the contrary is observed a consecutive mechanism
is indicated (DiPolo, 1979; Ledvora & Hegyvary,
1983). Figure 11 illustrates the fallacy of this gener-
ality. Figure 114 shows that SIMV11 (a simulta-
neous mechanism) can show exactly the behavior
that would, given the above criteria, be expected of
a consecutive mechanism, whereas in Fig. 11B be-
havior supposedly characteristic of a simultaneous
mechanism is displayed by the consecutive mecha-
nism, SEQV7. The same ionic boundary conditions
and essentially the same set of rate constants were
used for both mechanisms.

Review of the squid axon literature shows that
relatively little (if any) Ca**-Ca* * exchange occurs
in the absence of Na*. In our experience with the
simultaneous and consecutive mechanisms de-
scribed here, such exchange appears to be inherent
in consecutive mechanisms, whereas it appears in-
herently impossible to induce in simultaneous
mechanisms. This difference is evident from simple
inspection of the respective schematic diagrams of
the two mechanisms in Figs. 1 and 2. There it can be
seen that with the simultaneous mechanism translo-
cation (and hence Ca*t-Cat* exchange) can only
occur when the enzyme is occupied by both Ca**
and Na*, whereas with the consecutive mechanism
Ca'** translocation can occur in the absence of Na*.
This fact, in our view, is the strongest argument in
favor of a simultaneous rather than a consecutive
mechanism for Nat—Ca** exchange. As a corol-
lary, we view the existence of Nat-Na™ exchange in
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the absence of K* (and vice versa) with the Na™ K+
transport pump as strong evidence for that mecha-
nism being consecutive rather than simultaneous
(Chapman et al., 1983).

Net and Unidirectional Fluxes:
Effect of Transmembrane Potentiul

The lack of correlation between net and unidirec-
tional ion fluxes through transport mechanisms has
already been pointed out in regard to Na*,K* trans-
port (Chapman, 1982; Chapman et al., 1983). The
same discrepancy is particularly evident in the be-
havior of the Na*-Ca** exchange mechanisms
studied here. Figure 12 shows the ner Ca** flux in
SIMVI11 as a function of membrane potential for
different values of intracellular [Ca**] and for
boundary conditions that match those of a normal
squid axon (Requena, 1983). As to be expected, the
potential at which net exchange is zero (the equilib-
rium or reversal potential) shifts in the depolarizing
direction as intracellular [Ca**] is raised. It should
be noted that the “‘reversibility’ of the exchanger,
i.e., the magnitude of Ca*™* influx at potentials posi-
tive to the reversal potential, is highly dependent on
the intracellular concentrations of Na*™ and Ca*™, a
finding that will be discussed in more detail in a later
section concerned with excitation-contraction (EC)
coupling. The behavior of the corresponding unidi-
rectional Ca** efflux (Fig. 13A) and influx (Fig.
13B) is dramatically at variance, however, with the
net flux. Whereas the net flux is monophasic with
voltage, the unidirectional Ca** efflux for the ionic
boundary conditions employed here is biphasic
showing a maximum around 0 mV. Even more re-

markable is the behavior of the unidirectional Ca™*
influx (Fig. 13B) which changes from monophasic
to biphasic with increase in intracellular {Ca**], the
influx being ‘‘stimulated’’ at negative potentials and
inhibited” at positive potentials by increasing intra-
cellular [Ca™T]. It should be stressed, however, that
these bizarre effects reflect the influence of mem-
brane potential on Ca**-Ca** exchange; the net
Ca** flux shows a monotonic decline with depolar-
ization under similar conditions (Fig. 10). Under ex-
perimental conditions similar to those of Allen and
Baker (1983), Ca**—Ca™* exchange through the ex-
changer is essentially eliminated because of the low
(50 um) external Ca**, in which case unidirectional
Ca'* efflux decreases with depolarization (see Fig.
7B) as these authors observed.

It has been presumed that the effect of mem-
brane potential on Na*—Ca™~ exchange can be used
to determine whether the process is electrogenic
and, if so, its stoichiometry. Thermodynamically, at
equilibrium the intracellular and extracellular [Na*]
and [Ca**] must be related to the membrane poten-
tial according to Eq. (1). It cannot be emphasized
too strongly, however, that the kinetic effect of a
change in ion concentration or potential which dis-
turbs such equilibrium cannot be predicted in any
straightforward manner. That is to say the extent to
which this equilibrium is disturbed can in no way be
used to argue for a correspondingly extensive
change in ion flux. This lack of correspondence be-
tween driving force and flux was vividly demon-
strated in Fig. 13 where the relationship between
transmembrane potential and the unidirectional
Ca*™* fluxes describes a variety of forms, unrelated
to the fixed stoichiometry. Indeed, we have ob-
served under certain conditions the unidirectional
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ion fluxes to be essentially independent of mem-
brane potential. The reason for this variability is
that the voltage-dependent step is more rate-limit-
ing given some values of rate constants and bound-
ary conditions than it is under others.

Clearly, the degree of voltage dependence of
the unidirectional or net fluxes cannot be used to
determine the stoichiometry of the exchange pro-
cess, as has been presumed for the net fluxes (Mul-
lins & Brinley, 1975; Mullins et al., 1983). As was
demonstrated above, in the case of the unidirec-
tional ion fluxes, the discrepancy between driving
force and flux can be quite startling so that the way
these fluxes change with potential has little if any
value in establishing the stoichiometry of the ex-
change process.

Na*—Ca*" Exchange
and Excitation-Contraction Coupling

Nat-Cat* exchange has been identified in skeletal
(Gilbert & Meissner, 1982) as well as cardiac mus-
cle (Pitts, 1979; Reeves & Sutko, 1979) and its pres-
ence in other muscle has been implied from a vari-
ety of physiological experiments, e.g., smooth
muscle (Katase & Tomita, 1972; Reuter et al.,
1973). It is widely held that Na*-Ca** exchange
plays a key role in excitation-contraction coupling
in cardiac muscle, particularly in frog ventricular
muscle where the majority if not all of the Ca**
activating contraction is thought to enter the cyto-
plasm from extracellular space. Cat* is viewed as
entering not only passively via a Ca** channel, but
also via the Na*—Ca** exchanger during the action
potential when the membrane potential becomes

positive to the reversal potential for the exchanger
(Mullins, 1981). In mammalian heart, father than
activate contraction directly, such influx of Ca**
from extracellular space is thought to act as a trig-
ger for the release (as well as determine the amount)
of a second source of activator Ca** located within
the SR.

Dependence of Contraction on Extracellular
Ca™t. One of the major differences between con-
traction of cardiac and skeletal muscle is the rela-
tive immunity of skeletal muscle contraction to the
absence of extracellular Ca**. In all probability this
immunity is the consequence of the relatively low
level of Na*—Ca** exchange activity found in skel-
etal muscle (40 pmol Ca**/mg sarcolemmal vesicu-
lar protein/sec, Gilbert & Meissner, 1982) compared
with cardiac muscle (15 to =30 nmol Ca**/mg pro-
tein/sec, Caroni et al., 1980; Caroni & Carafoli,
1983).

As first shown by Ringer (1883), cardiac mus-
cle, especially that of frog, is exquisitely sensitive
to the extracellular [Ca**]: contractions rapidly dis-
appear when the muscle is exposed to Ca''-free
solutions. Moreover, sudden increases and de-
creases in extracellular [Ca**] during the course of
a contraction produce equally sudden increases and
decreases in the force of contraction (Kavaler,
1974; Einwacher & Brommundt, 1978), leading to
the inescapable conclusion that contraction and re-
laxation of frog heart muscle is controlled by the
influx and efflux, respectively, of Ca** from the
cell.

Figure 14A shows net Ca** flux as a function of
membrane potential for low (10 wm) and normai (1
mM) [Ca**],. The resting [Ca**]; was assumed to
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be the same as mammalian cardiac muscle (200
nM); [Na*], = 120 mm (frog Ringer’s) and [Na*],
equaled the value estimated by Chapman (1983) for
frog cardiac muscie. At normal [Ca*~],, Ca*™ ef-
flux is relatively small and independent of mem-
brane potential for potentials negative to the rever-
sal potential, illustrating again the dubious validity
of arguments that are based on a presumed direct
relationship between the magnitude of the flux and
the driving force. When [Ca**], is reduced to 10
uM, Ca™* efflux is greatly increased over the entire
physiological range of potentials, which could ac-
count for the loss of contractility when cardiac mus-
cle is exposed to solutions containing nominally
zero [Ca**]. The marked activation of Ca*™ efflux
would also be in keeping with the observation that
lowering [Ca**], causes a large increase in [Na*];
(Chapman, 1983), presumably as a consequence of
a correspondingly large influx of Na* via the Na®™—
Ca** exchanger—an amount sufficient to drive the
Na,K pump from its normal set point.

This behavior of SIMV11 must not, however,
be construed as an inevitable property of the mech-
anism. For example, a (mathematically) simplified
version of SIMV11 (referred to in footnote [1]}, us-
ing essentially the same rate constants as used here
with SIMV11, showed relatively little increase in
Ca*™ efflux when the [Ca*™*], was reduced to 10
uM. Possibly, similar behavior could be induced in
SIMV11 by an appropriate change in rate constants.

Nonetheless, whether the Ca** efflux induced
by the low [Ca™ "], is large or small, a second imme-
diate effect of the low [Ca*"], would be inescap-
able, namely the influx of Ca** that normally would
have occurred during the action potential, i.e., as
the membrane potential executed its trajectory to

the right along the voltage axis of Fig. 154, would
be abolished.

The more immediate effect of an increase in
extracellular [Ca**] during the time-course of a
contraction (Kavaler, 1974) is simulated in Fig. 148
where for the normal [Ca**], curve, [Ca™"]; is as-
sumed to have increased from its resting value of
0.27 um (cf. corresponding curve in Fig. 174) to 2.0
uM (Fabiato, 1981). As can be seen by comparing
the curves of Fig. 144 and B for I mm [Ca*~],, this
rise in [Ca**]; greatly reduces the infiux of Ca*™
which, as shown in Fig. 14B, is largely restored by
the increase in [Ca™'],.

The results of Einwacher and Brommundt
(1978) are particularly relevant to the above find-
ings. Their experimental records show that during
contractures induced by depolarizing voltage-clamp
pulses, the outward membrane current required to
maintain the steady depolarization increased when
the extracellular [Ca**] was suddenly increased (or
the extracellular [Na't] was decreased) to cause a
sudden increase in the force of the contraction. The
direction of the change in membrane current pro-
duced by the increase in Ca** was opposite to that
expected were the Ca™™ to have entered by a Ca**-
permeable channel, but was in the direction ex-
pected if the entry was via an electrogenic Nat—
Ca** mechanism of the kind studied here. The
similarity in effect of a drop in extracellular [Na*] to
an increase in [Ca*"] (and vice versa) further sup-
ports this conclusion. The observed change in mem-
brane current cannot be unequivocally interpreted
as evidence for the electrogenicity of Na*—Ca*+ ex-
change, however, since the changes in intracellular
[Ca™*] produced by fluxes through the Na*—Ca**
exchanger could be said to have activated a Ca**-
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activated K* permeability mechanism, of the kind
first described by Meech and Strumwasser (1970),
thereby causing the observed increase in outward
membrane current.

The factors governing intraceilular (Ca* ™} are
complex and are not readily investigated by the
static studies that are the main concern of the
present paper. The factors become especially com-
plex when the sources of cytoplasmic Ca** include
intracellular stores such as the SR. As can be seen
from Fig. 14A, the rate of Ca™* efflux via the Na*—~
Cat** exchanger is dramatically increased at the
resting potential when [Ca**]; increases, the high-
est value for [Ca™*]; being that estimated to occur
physiologically (=4 umM, Fabiato, 1981). At moder-
ately elevated [Ca™"}];, the effect of membrane de-
polarization is to inhibit Ca** efflux, influx being
greatly reduced once [Ca™*]; increases appreciably
above the resting value. This inhibition of Ca** ef-
flux will be especially important in those hearts
where a significantly large fraction of activating
Ca** comes from the SR, for as can be seen from
Fig. 15A, more of this Ca** could be extruded from
the cell by the activated Nat—-Ca** exchanger if the
membrane potential returned to its resting value. A
full understanding and appreciation of the interac-
tion of changing action potential time-course, intra-
cellular [Ca**] and [Na*], with the kinetics of
Ca**-binding to the contractile proteins and uptake
and release from the SR (Robertson et al., 1982;
Gillis et al., 1982), must await the results of planned
studies of the kinetics of the intracellular [Ca**]-
regulating system.

Low Sodium Contractures. When exposed to
bathing solutions low in Na™, resting cardiac muscle

undergoes a contracture that slowly relaxes with
time. In general these contractures have been ac-
counted for in terms of Na'*-Cat' exchange. As
pointed out above (c¢f. Figs. 10 and 12), the *‘revers-
ibility”” of Na*—Ca*" exchange (i.c., its ability to
transport Ca** into the cell in exchange for intracel-
lular Na*}) is highly dependent on the ionic bound-
ary conditions as well as the transmembrane poten-
tial. For ionic conditions similar to those found in
cardiac muscle, the reversibility is markedly en-
hanced by reducing the extracellular [Na*]. Figure
15B shows the effect of a tenfold reduction in extra-
cellular [Na*]. At normal [Na*], there is a net efflux
of Ca*™ that is independent of membrane potential
in the negative range, which is transformed into a
net influx at the fower [Na*], that now varies sub-
stantially over the same range of potentials, al-
though it is virtually unaffected by the consequent
rising [Ca*™*); (nor shown). In the experiments of
Ellis (1977) with sheep Purkinje fibers, when [Na*],
was reduced tenfold (the electrochemical gradient
for Na* remaining inward), Ellis observed a decline
in [Na*}; (from 10 mM in his experiments) to a
steady value of =4 mM. As can be seen from Fig.
16A, the Ca*" influx (Na™ efflux) at low [Na*], is
dramatically inhibited by the decline in [Na*]; from
10 to 4 mM. Undoubtedly, it is such fall in [Na*}];
that causes the contracture to disappear eventually
(as observed experimentally), [Na*]; settling down
to a new steady value as the Ca™" influx becomes
sufficiently small to be extruded via the sarcolem-
mal ATP-driven Cat* pump (Caroni & Carafoli,
1981). On the other hand, on returning to 140 mm
[Na*],~—after the decline in [Na*],—the factors in-
fluencing the consequent Ca** efflux (Na™ influx)
are quite different. As can be seen from Fig. 168,
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the resulting Ca®* efflux (Na' influx) via the ex-
changer is relatively little affected by the conse-
quent rise in [Na'];, but the accompanying decline
n {Ca’ *|; dramatically inhibits the efflux.

As can be seen from Fig. 15B, the rate of Ca*™*
influx at depolarized potentials i1s enhanced by a
reduction in extracellular [Na*]. This would readily
explain the finding that if the fiber is maintained in
the low Na* medium until the contracture relaxes,
it will respond with a second contracture if depoiar-
ized by immersion in high K*-containing solutions.
This same figure also shows why a small reduction
in extracellular [Na™], insufficient to cause a detect-
able contracture, would have a positive inotropic
action. Although the reduction would produce an
insignificant change in resting Ca*"' efflux by the
exchanger, it would enhance the influx that occurs
during depolarization associated with an action po-
tential.

The Positive Inotropic Effect of Cardiac Glyco-
sides. The positive inotropic effect of cardiac glyco-
sides has been thought to be linked to an effect on
Na*t—Ca** exchange through the increase in intra-
cellular [Na*] brought about by the drug’s inhibition
of sarcolemmal Na*,K* transport. Although small
changes in intracellular [Na*] could produce pro-
portionately larger changes in intercellular [Ca*~],
the equilibrium value for intracellular [Ca*™*] in nor-
mal cardiac muscle (e.g., [Na*], = 140 mm, [Na*];
=10 mM, [Cat™], = 1 mM V, = =85 mV and a
stoichiometry of 3 Na* to 1 Ca**)is so low (15 nMm)
that even for an increase of [Na']; from 10 to 15
mM, the resultant equilibrium value for [Ca**}; (50
nM) is still well below the resting value, never mind
the threshold value for activation of contraction. It
is therefore not clear how such an increase in [Na*];
could lead to an increased force of contraction. In
the same way, as argued by Mullins (1984), it is
difficult to account (primarily in terms of Na*-Ca*~
exchange) for the finding of Eisner et al. (1981) that
increases in [Na*]; which had negligible effect on
the resting tension of sheep cardiac Purkinje fibers
were associated with striking increases in devel-
oped tension during contractions. The results ob-
tained from SIMV11 shown in Fig. 17 suggest a
possible mechanism. In this figure, net Ca** flux is
plotted as a function of membrane potential for the
range of [Na*]; (8 to 16 mm) found in the experi-
ments of Eisner et al. (1981). These increases in
[Na*]; produce relatively insignificant reductions in
resting Ca®™* efflux, which could readily be bal-
anced by increased activity of the sarcolemmal
Ca** pump, especially in view of its relatively low
K, for Ca/ " of =0.2 um (Caroni & Carafoli, 1981).
As a consequence little or no change in [Ca*™"];
would result and hence negligible change in resting
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tension. On the other hand, the influx of Ca*~ that
results from depolarization and reversal of Na*—
Ca** exchange is greatly increased by an increase
in [Na*];. Even an increase in [Na*]; as small as 1
mM produces a sizeable increment in the rate of
Ca** influx at depolarized potentials which, inte-
grated over the time-course of potential change as-
sociated with an action potential, could account for
the positive inotropic effect of cardiac glycosides
that produce correspondingly small increments in
[Na®];.
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