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Sodium/calcium exchange in amphibian skeletal muscle
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Cifuentes, Fredy, Julio Vergara, and Cecilia
Hidalgo. Sodium/calcium exchange in amphibian skeletal
muscle fibers and isolated transverse tubules. Am J Physiol
Cell Physiol 279: C89–C97, 2000.—The Na1/Ca21 exchanger
participates in Ca21 homeostasis in a variety of cells and has
a key role in cardiac muscle physiology. We studied in this
work the exchanger of amphibian skeletal muscle, using both
isolated inside-out transverse tubule vesicles and single mus-
cle fibers. In vesicles, increasing extravesicular (intracellu-
lar) Na1 concentration cooperatively stimulated Ca21 efflux
(reverse mode), with the Hill number equal to 2.8. In contrast
to the stimulation of the cardiac exchanger, increasing ex-
travesicular (cytoplasmic) Ca21 concentration ([Ca21]) inhib-
ited this reverse activity with an IC50 of 91 nM. Exchanger-
mediated currents were measured at 15°C in single fibers
voltage clamped at 290 mV. Photolysis of a cytoplasmic
caged Ca21 compound activated an inward current (forward
mode) of 23 6 10 nA (n 5 3), with an average current density
of 0.6 mA/mF. External Na1 withdrawal generated an out-
ward current (reverse mode) with an average current density
of 0.36 6 0.17 mA/mF (n 5 6) but produced a minimal increase
in cytosolic [Ca21]. These results suggest that, in skeletal
muscle, the main function of the exchanger is to remove Ca21

from the cells after stimulation.

intracellular calcium regulation; electrogenic ion transport;
calcium fluxes; calcium permeability; plasma membrane
transporters

THE SODIUM/CALCIUM EXCHANGER (NCX) is an electrogenic
and reversible countertransport system with a well-
established role in Ca21 homeostasis in a variety of
cells (6). In its forward mode, the exchanger transports
Ca21 against its transmembrane electrochemical gra-
dient, making use of the Na1 electrochemical gradient.
Given the right balance between the respective electro-
chemical gradients, the NCX also operates in the re-
verse mode, transporting Ca21 into cells and Na1 out
(6).

Three mammalian isoforms of the NCX protein,
products of three different genes, have been cloned (28,
31, 32) and appear to have very similar properties (29).
Mammalian cardiac muscle expresses high levels of the
NCX1 isoform (31), whereas amphibian cardiac muscle

has an NCX that presents a novel molecular determi-
nant that causes different regulation by cAMP from
that observed in mammalian cardiac muscle (37). The
mammalian NCX1 isoform has been found in varying
amounts in most other tissues, including kidney, brain,
pancreas, liver, placenta, and skeletal muscle, where it
is present both in transverse tubule (T tubule) and
surface plasma membranes (35). In addition, the mam-
malian isoforms NCX2 (28) and NCX3 (32) are present
in skeletal muscle and brain.

Most of the current knowledge of NCX properties has
been obtained from the many studies performed on
mammalian cardiac muscle, where the NCX plays a
central role in transporting Ca21 out of the cells during
cardiac muscle relaxation (6, 34). By allowing Ca21

entry during membrane depolarization, the exchanger
might also participate in cardiac excitation-contraction
coupling, but this alleged role remains controversial
(6).

The NCX of skeletal muscle has been less studied
than its cardiac counterpart, and a clear-cut physiolog-
ical role has not been defined yet. Small bundles of
muscle fibers from amphibian skeletal muscle (7), as
well as single muscle fibers (22), exhibit Na1-depen-
dent Ca21 fluxes. This trait is shared by sarcolemmal
fractions isolated from mammalian muscle (14, 30) and
by T tubules isolated from amphibian muscle (10, 18).
The NCX present in T tubules from amphibian muscle
displays in the forward mode a Michaelis constant of
2.7 mM for intracellular Ca21 (10). In agreement with
this rather low Ca21 affinity, to detect Na1-dependent
Ca21 efflux in amphibian single fibers, it is necessary
to increase the intracellular Ca21 concentration
([Ca21]) well above its resting level (22). The reverse
mode of the exchanger may cause the enhancement of
contraction that takes place after external Na1 with-
drawal in phasic (8, 13, 17, 26) or tonic (24) amphibian
skeletal muscle fibers.

In mammalian skeletal muscle, exchanger reverse
currents, associated with net Na1 efflux, have been
measured in giant inside-out excised sarcolemmal
patches (17). However, these currents are of a lower
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magnitude than their cardiac counterparts measured
under similar conditions (20). Recent experiments sug-
gest that intact single skeletal muscle fibers from the
mouse have an NCX that becomes activated in its
forward mode when cytoplasmic [Ca21] is increased to
levels similar to those produced by tetanic stimulation
(3). Other observations, albeit of a more indirect na-
ture, also support the presence of a functional NCX in
mammalian skeletal muscle (4, 39).

The purpose of this work was to further characterize
the NCX transporter of amphibian muscle, using both
isolated sealed inside-out T tubule vesicles and single
fibers. Vesicular experiments indicate that increas-
ing extravesicular (intracellular) Na1 concentration
([Na1]) from 0 to 120 mM resulted in a marked and
cooperative stimulation of Ca21 efflux from the vesicles
(reverse mode). Increasing extravesicular (intracellu-
lar) [Ca21] inhibited the reverse skeletal NCX activity
in contrast to the stimulation reported in cardiac mus-
cle. In single fibers, photolysis of a cytoplasmic caged
Ca21 compound activated an inward current, as ex-
pected from the exchanger operating in its forward
mode. Na1 withdrawal from the external solution ac-
tivated an outward current, indicative of the reverse
mode, but produced only a very modest increase in
cytosolic [Ca21].

MATERIALS AND METHODS

Isolation and Characterization of Amphibian
Membrane Fractions

T tubule vesicles were isolated from the skeletal muscle of
the Chilean frog Caudiverbera caudiverbera using a proce-
dure described in detail elsewhere (19). After isolation, ves-
icles were resuspended in 0.3 M sucrose and 20 mM Tris-
maleate, pH 7.0, frozen in liquid nitrogen, and stored at
280°C for up to 1 mo. The density of dihidropyridine and
ouabain binding sites and vesicle sidedness were determined
as described in previous work (19, 25).

Vesicular Ca21 Fluxes

To determine Ca21 influx, T tubule vesicles in 0.3 M
sucrose and 20 mM Tris-maleate, pH 7.0, were diluted 5- to
10-fold to 0.1 mg protein/ml in loading solution. The loading
solution contained variable 45CaCl2 at a specific activity of
15–20 mCi/mmol, 10 mM potassium gluconate, 150 mM
HEPES-Tris, pH 7.4, plus 1 mM valinomycin. After dilution,
vesicles were incubated for 3 h at the temperatures specified
in text. To determine exchanger-mediated Ca21 influx, the
vesicles were incubated for 3 h as above, except that the
loading solution contained 2 mM nonradioactive CaCl2; after
this time, an aliquot of 45CaCl2 was added, and the incuba-
tion was continued for up to 15 min. To stop Ca21 influx, a
0.01-ml fraction of the incubation solution was mixed with 1
ml of an ice-cold solution (quench solution) containing (in
mM) 5 MgCl2, 10 EGTA-Tris, 10 LaCl3, and 20 HEPES-Tris,
pH 7.4. A 0.9-ml fraction was immediately filtered through
Millipore filters (HA 0.45 mm) previously soaked with (in
mM) 0.1 CaCl2, 5 MgCl2, and 20 HEPES-Tris, pH 7.4. The
filters were washed three times with 3 ml of quench solution,
and the radioactivity retained in the dried filters was deter-
mined by liquid scintillation counting. For Ca21 efflux deter-
minations, T tubule vesicles (1 mg/ml) were first equilibrated

for 3 h at the temperatures specified in the text in a loading
solution containing (in mM) 10 potassium gluconate, 2 CaCl2
plus 45CaCl2 to a specific activity of 15–20 mCi/mmol, and
150 HEPES-Tris, pH 7.4. All efflux experiments were carried
out in the presence of 1 mM valinomycin and equal K1

concentrations inside and outside the vesicles to maintain
the membrane potential clamped at 0 mV. To determine
passive Ca21 efflux, vesicles were diluted 100-fold in a solu-
tion containing (in mM) 10 potassium gluconate, 10 EGTA,
and 160 HEPES-Tris, pH 7.4. To measure Na1-dependent
Ca21 efflux, vesicles were diluted 100-fold in a solution that
contained (in mM) 140 sodium gluconate, 10 potassium glu-
conate, 10 EGTA, and 20 HEPES-Tris, pH 7.4. To study the
effect of extravesicular [Na1] or [Ca21] on Na1-dependent
Ca21 efflux, vesicles were diluted in solutions with varying
[Na1], replacing Na1 with choline, or at different free [Ca21],
calculated using published values of binding constants (16).
Ca21 efflux was stopped by rapid filtration of 1 ml of each
dilution through Millipore filters (HA 0.45 mm) previously
soaked in the solution described above. The filters were
washed three times with 3 ml of ice-cold quench solution and
dried, and their radioactivity was measured in a liquid scin-
tillation counter.

Electrophysiological Measurements

The experiments were carried out using short segments of
single muscle fibers dissected from the semitendinosus mus-
cle of Rana catesbeiana. Individual fibers were mounted on a
triple Vaseline gap chamber as described (2, 21).

Fibers, first dissected in normal Ringer solution (in mM:
115 NaCl, 2.5 KCl, 1.8 CaCl2, and 10 Na-MOPS, pH 7.0),
were bathed with a relaxing solution containing (in mM) 94
K2SO4 and 10 K-MOPS, pH 7.0. Fibers were then transferred
to the Vaseline gap chamber and laid across the three grease
seals that divided the chamber into four pools. The end pool
solutions were exchanged for an internal solution and al-
lowed to equilibrate for 45–90 min before the experiment was
initiated. The composition of the internal solution was (in
mM) 110 potassium aspartate or 110 cesium aspartate, 20
MOPS, pH 7.0, adjusted with KOH or CsOH, 2 MgCl2, 5
K2-ATP, 0.1 mg/ml creatine phosphokinase, 5 Na2-phospho-
creatine, and 0.2 EGTA. One of the Ca21 indicators (calcium
orange-5N, fluo 3, or rhod 2), alone or in combination with the
cage-Ca21 compound DM-nitrophen (Molecular Probes), was
added to the end pool solution. In some experiments, rhoda-
mine B (Sigma) was also added to the end pool solution to
monitor non-Ca21-specific changes in fluorescence. The
[Ca21] of the internal solution was measured using a Ca21-
sensitive microelectrode (calibrated with a commercial kit
from WPI, Sarasota, FL) and was adjusted to pCa 7.0. A
segment of the fiber lying in one of the two central pools (pool
A) was voltage clamped, and the external solution bathing
this segment was changed by a steady flow of Ringer solution
into the pool while removing the excess. Membrane currents
were normalized by fiber capacitance rather than by current
density and are expressed as microampere per microfarad.
This normalization eliminates possible errors in estimating
the area of outer membrane in the central pool A, which
might occur due to irregularities in the fiber cross-sectional
area and in the grease seal boundaries. Fiber capacity (mF)
was calculated from the integral of the transient currents
elicited in response to hyperpolarizing pulses. The voltage
clamp chamber was mounted on the stage of a modified
compound fluorescence microscope used as a vertical optical
bench. This setting was designed to allow epi-illumination of
the voltage-clamped segment of muscle fiber by focusing the
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luminous field diaphragm on the preparation with a 320
objective (Fluo-20, numerical aperture 0.75; Nikon). Fluores-
cent light from the preparation was focused on a low-noise
photodiode, converted to voltage, and amplified (27, 38).

Flash Photolysis

Ultraviolet (UV) flashes from an argon laser were deliv-
ered to the muscle fiber segment in pool A to elicit photolysis
of DM-nitrophen, following a similar procedure to that de-
scribed by Sanchez and Vergara (36) but adapted for Ca21

detection, as illustrated by Escobar et al. (11, 12).

RESULTS

Vesicular Experiments

The amphibian T tubule vesicles used in this study
had a high density of dihydropyridine binding sites.
Densities $80 pmol [3H]nitrendipine/mg protein were
routinely obtained, indicating the purity and junc-
tional origin of the T tubule vesicles used in this work
(9). In the presence of detergent (saponin) to unmask
latent sites, specific [3H]ouabain binding was 100–120
pmol/mg protein. In the absence of saponin, the values
obtained were only 10–15% of the values measured in
saponin, indicating that the vesicular preparations
were at least 85% sealed. All sealed vesicles had the
inside-out configuration (data not shown), as deter-
mined with the procedures described previously (19).

Ca21 influx in native T tubule vesicles. As shown in
Fig. 1, isolated T tubule vesicles incubated at 25°C in a
loading solution containing 2 mM 45CaCl2 accumulated
Ca21 exponentially as a function of time, with a rate
constant of 0.048 min21. Lowering the temperature to
5°C decreased the rate constant of Ca21 accumulation
threefold to 0.015 min21 (Fig. 1), indicating that Ca21

influx had a higher temperature dependence than a
passive diffusion process. On average and regardless of
incubation temperature, vesicles incubated in 2 mM
CaCl2, and extensively washed with 10 mM EGTA to
remove contaminating external Ca21, accumulated at
equilibrium 32 6 10 (SD) nmol/mg protein (n 5 16).
These values are higher than expected for simple equil-
ibration. Previous evidence indicating that T tubule
vesicles have luminal (extracellular) Ca21 binding
sites (18), with a dissociation constant (Kd) of 2.3 6 0.3
mM and a maximal binding (Bmax) of 70 6 2 nmol/mg,
was confirmed in the present work. Isolated T tubule
vesicles incubated to equilibrium in solutions with
varying CaCl2 concentration displayed a single class of
intravesicular low-affinity Ca21 binding sites with a Kd
of 3.5 6 1.1 mM and a Bmax of 73 6 10 nmol/mg
(mean 6 SD, n 5 3).

Considering that after isolation T tubule vesicles
contain Ca21 in their lumen (10), Ca21/Ca21 exchange
may contribute to Ca21 influx, originating its observed
temperature dependence. To determine Ca21/Ca21 ex-
change, vesicles were equilibrated for 3 h at 5°C in
loading solution containing 2 mM CaCl2 (nonradioac-
tive). After this time, a small aliquot of 45CaCl2 was
added (see MATERIALS AND METHODS), and Ca21 accumu-
lation in the vesicles was followed at 5°C as a function
of time. As shown in Fig. 2, Ca21-preloaded vesicles
rapidly accumulated about one-third the amount of
Ca21 taken up by control vesicles, reaching equilib-
rium in ,20 min with a rate constant of 0.26 min21. In
contrast, at 5°C, total Ca21 influx needed .2 h to reach
equilibrium, with a 17-fold lower rate constant of 0.015
min21 (Fig. 1). We conclude from these experiments
that at 5°C Ca21/Ca21 exchange represents only a
fraction of the total Ca21 influx measured in native
vesicles, so that most Ca21 influx would take place
through slower pathways.

Fig. 1. Ca21 accumulation in native transverse tubule (T tubule)
vesicles as a function of time. Isolated T tubule vesicles were incu-
bated at 25°C (●) or 5°C (E) in a solution containing (in mM) 2
45CaCl2, 10 potassium gluconate, and 150 HEPES-Tris, pH 7.4, plus
1 mM valinomycin. Vesicles accumulated Ca21 exponentially as a
function of time, with rate constants of 0.048 min21 at 25°C and
0.015 min21 at 5°C. The 100% value corresponds to the maximal
accumulation given by the theoretical fit. Regardless of temperature,
vesicles accumulated at equilibrium 32 6 10 nmol/mg protein
(mean 6 SD of 16 determinations).

Fig. 2. Ca21 influx through Ca21/Ca21 exchange as a function of
time. Isolated T tubule vesicles were incubated at 5°C in a solution
containing (in mM) 2 CaCl2, 10 potassium gluconate, and 150
HEPES-Tris, pH 7.4, plus 1 mM valinomycin. After 3 h, an aliquot of
45Ca was added, and vesicular Ca21 accumulation was measured as
a function of time. Vesicles accumulated Ca21 exponentially, with a
rate constant of 0.26 min21.
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Passive Ca21 efflux. To study passive Ca21 efflux, T
tubule vesicles were first incubated in 2 mM 45CaCl2
for 3 h and were then diluted in Na1-free solution plus
10 mM EGTA. These experimental conditions were
chosen to prevent exchange of vesicular Ca21 with
external (cytoplasmic) Na1 or Ca21. After dilution, the
vesicular Ca21 content decreased exponentially with
time, with a rate constant of 0.009 min21 at 15°C (Fig.
3).

As expected for a simple diffusion process, changing
temperature had a marginal effect on passive efflux.
Increasing the temperature from 15 to 25°C produced a
rate constant of Ca21 efflux of 0.010 min21, without
changing the total amount of Ca21 lost from the vesi-
cles. Likewise, at 5°C, the rate constant of passive Ca21

efflux was 0.012 6 0.006 min21 (n 5 3).
Na1-dependent Ca21 efflux. To measure the effects of

external Na1 on the reverse NCX reaction, vesicles
were passively equilibrated in 2 mM CaCl2 and subse-
quently diluted in a solution containing 140 mM Na1

plus 10 mM EGTA. In the experiment shown in Fig. 4,
vesicles exponentially lost 40% of their vesicular Ca21

after dilution, with a rate constant of 2.8 min21. On
average, at 5°C, the rate constant of Na1-dependent
Ca21 efflux was 4.2 6 1.8 (SD) min21 (n 5 4). Twofold
higher rate constant values were obtained at 25°C
(data not shown), but the process became too fast to
collect accurate data manually (half-time 5 5 s). For
this reason, subsequent experiments were done at 5°C
to improve the accuracy of data collection. At this
temperature, the values for Na1-dependent Ca21 ef-
flux were in the range of 42 to 63 nmol zmg21 zmin21.
Because by definition Na1-dependent Ca21 fluxes rep-
resent Na1/Ca21 exchange, these results confirm pre-

vious observations (18) indicating that the reverse
mode of the exchanger operates in inside-out T tubule
vesicles isolated from amphibian skeletal muscle.

To investigate the reverse NCX reaction in vesicles
loaded with Ca21 through Ca21/Ca21 exchange, the
following experiment was performed. Vesicles were
equilibrated with 2 mM CaCl2 for 3 h. After this time
45Ca was added, and after a period of 15 min vesicles
were diluted at time 0 in a solution containing 140 mM
Na1 and 10 mM EGTA. As shown in Fig. 4, at time 0,
these vesicles had accumulated less Ca21 than control
vesicles, in agreement with the Ca21/Ca21 exchange
experiments shown in Fig. 2. After dilution in 140 mM
Na1 and 10 mM EGTA, the vesicles rapidly exchanged
63% of their intravesicular Ca21 for Na1, with a rate
constant of 2.5 min21 (Fig. 4). For comparison, in the
parallel experiment, control vesicles (equilibrated with
45Ca for 3 h) exchanged only 40% of their luminal Ca21

for Na1 (Fig. 4).
Effect of extravesicular Na1 on Na1-dependent Ca21

efflux. To study the effect of cytoplasmic Na1 on the
reverse mode of the exchanger, Na1-dependent Ca21

efflux was determined at 5°C at different extravesicu-
lar [Na1] and 10 mM EGTA. In the absence of extrave-
sicular Na1, Ca21 efflux had a rate constant of 0.012 6
0.006 (SD) min21 (n 5 3). Increasing extravesicular
[Na1] produced a significant and nonlinear increase in
the rate constant of exchange (Fig. 5), which reached
its maximal value at $120 mM [Na1].

Assuming a cooperative model for Na1 activation of
the reverse mode of the exchanger, a Hill equation was
fitted to these data. The resulting analysis yielded a
Hill number (nHill) of 2.8 and a Hill constant (kHill) of
55.9 mM [Na1].

Fig. 4. Na1-dependent Ca21 efflux. Vesicles were either passively
equilibrated with 3 mM CaCl2 (●) at 5°C as described in the legend
to Fig. 3 or loaded with Ca21 through Ca21/Ca21 exchange for 15 min
(E) as described in the legend to Fig. 2. At time 0, vesicles were
diluted in a solution kept at 5°C and containing (in mM) 140 Na1

gluconate, 10 potassium gluconate, 10 EGTA, and 20 HEPES-Tris,
pH 7.4. In this particular preparation, the rate constant of vesicular
Ca21 decay was 2.76 min21 for control vesicles and 2.52 min21 for
vesicles loaded through Ca21/Ca21 exchange.

Fig. 3. Passive Ca21 efflux from native T tubule vesicles equilibrated
with Ca21. Isolated T tubule vesicles were incubated at 25°C for 3 h
in a solution containing (in mM) 2 45CaCl2, 10 potassium gluconate,
and 150 HEPES-Tris, pH 7.4, plus 1 mM valinomycin. Vesicles were
then diluted 100-fold in a solution at 15°C containing (in mM) 10
potassium gluconate, 10 EGTA, and 140 HEPES-Tris, pH 7.4. Ve-
sicular Ca21 content decreased exponentially as a function of time,
with a rate constant of 0.0128 min21 at 15°C (n 5 3). To compare
different experiments, values were scaled to 100%; the 100% values
ranged from 20 to 40 nmol/mg protein.
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Effect of extravesicular [Ca21] on Na1-dependent
Ca21 efflux. To investigate the effect of extravesicular
Ca21, reverse Na1/Ca21 exchange was measured in
extravesicular solutions containing 140 mM [Na1] and
different [Ca21]. As shown in Fig. 6, increasing ex-

travesicular [Ca21] from pCa 9 to pCa 5 produced a
threefold decrease in the rate constants of Na1-depen-
dent Ca21 efflux without affecting the total amount of
Ca21 exchanged. The IC50 for [Ca21] was 91 nM
(pCa0.5 5 7.04).

Fiber Experiments

Single frog fibers were used to investigate the oper-
ation of NCX in muscle cells. Ionic currents and intra-
cellular [Ca21] were measured simultaneously after
either removing Na1 from the external solution or
increasing intracellular [Ca21] by flash photolysis of a
cytoplasmic caged Ca21 compound. To eliminate con-
tributions from changes in membrane potential, all
experiments were done in muscle fibers voltage
clamped at 290 mV.

Effect of Na1 removal from the external solution. In
zero external Na1 and at 290 mV a functional NCX
system should operate in the reverse mode, exchanging
intracellular Na1 for extracellular Ca21. This mode of
operation should generate an outward Na1 current
and a concurrent increase in intracellular [Ca21]. As
shown in Fig. 7, replacement of extracellular Na1 by
tetramethylammonium produced a net change in out-
ward current of 10 nA. Replacement of external Na1

with Li1 or N-methylglucamine produced similar re-
sults (data not shown). Normalized current changes
ranged from 0.18 to 0.65 mA/mF, giving an average
value of 0.36 6 0.17 (SD) mA/mF (n 5 6). The outward
current lasted the entire period while the fiber was
perfused with zero Na1 solution. On reperfusing the
fiber with normal Ringer, the current returned to the
basal level (Fig. 7).

Fig. 5. Effect of extravesicular Na1 on Ca21 efflux. To measure
Na1-dependent Ca21 efflux, vesicles were passively equilibrated
with Ca21 as described in the legend to Fig. 3. Vesicles were then
diluted 100-fold at 5°C in a solution that contained varying concen-
trations of Na1 ([Na1]), replacing Na1 gluconate with choline chlo-
ride so that Na1 1 choline1 5 140 mM; the solution also contained
(in mM) 10 potassium gluconate, 10 EGTA, and 20 HEPES-Tris, pH
7.4. The rate constant values were obtained from the exponential
decay curves. In these experiments, the same amount of Ca21, 20
nmol/mg protein, was lost from the vesicles at all [Na1] tested. The
solid line corresponds to a theoretical fit of a Hill equation to the
data, which yielded nHill 5 2.8 6 0.5 and kHill 5 55.9 6 4.2 mM,
where nHill is the Hill number and kHill is the Hill constant. Values
represent means of 3 determinations.

Fig. 6. Effect of extravesicular Ca21 on Na1-dependent Ca21 efflux.
To measure Na1-dependent Ca21 efflux, vesicles passively equili-
brated with Ca21 were diluted 100-fold at 5°C in a solution that
contained (in mM) 140 sodium gluconate, 10 potassium gluconate, 20
HEPES-Tris, pH 7.4, and varying pCa adjusted with EGTA. The rate
constant values were obtained from the exponential decay curves of
Ca21 content. Values represent means 6 SD of 3 determinations.
The solid line corresponds to a theoretical fit of a Boltzmann sigmoi-
dal equation to the data, which yielded pCa50 5 7.04.

Fig. 7. Activation of an outward ionic current after Na1 withdrawal
from the external solution. A single muscle fiber, held at a potential
of 290 mV, was perfused with Ringer solution at 15°C. Extracellular
Na1 replacement by tetramethylammonium for 10 min (as indicated
by the bar) produced a net outward current of 10 nA. This outward
current lasted the entire period the fiber was perfused with 0 Na1

solution. After return to normal Ringer solution, the current re-
turned to the basal level within a few minutes. Parallel measure-
ments of intracellular Ca21 concentration ([Ca21]) were done using
100 mM fluo 3 as Ca21 indicator. The dotted trace shows the ratio of
fluo 3 to rhodamine B (RhodB) fluorescence.
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Parallel measurement of intracellular [Ca21] using
fluo 3 as the Ca21 indicator revealed that, when the
fiber was exposed to zero external [Na1], only a small
increase in cytoplasmic [Ca21] that was partially re-
versed on reperfusing the fiber with Ringer was ob-
served. This limited increase in [Ca21] was not enough
to produce contractures, in agreement with previous
reports (13, 26). However, fibers became somewhat
swollen when exposed to external solutions without
Na1. We do not have an explanation for these volume
changes, but, to correct for swelling, rhodamine B was
used as a volume indicator. After this correction, we
estimated that, in zero external [Na1], intracellular
[Ca21] increased 30 to 80 nM from the basal level and
remained at this level for several minutes (Fig. 7).

Effect of increasing intracellular [Ca21] by photolysis
of caged Ca21. To study the forward operation of NCX
in skeletal muscle fibers, the intracellular [Ca21] was
suddenly increased in the cytoplasm by flash photoly-
sis of the caged Ca21 compound DM-nitrophen.

As shown in Fig. 8, photolysis of DM-nitrophen pro-
duced at 15°C an immediate increase in intracellular
[Ca21] that was detected with the Ca21 indicator rhod
2 and that had the concomitant appearance of an
inward ionic current with a magnitude of 20 nA. Both
the current and the intracellular [Ca21] increase lasted
the 50 ms of recording time. The same immediate
increase in intracellular [Ca21] was observed when
using fluo 3 or calcium orange-5N instead of rhod 2 as
Ca21 indicators (data not shown). After photolysis of
DM-nitrophen, three independent experiments gave on

average an inward ionic current of 23 6 10 (SD) nA.
The corresponding current density measured at 15°C
and 290 mV was in the range of 0.3–1.0 mA/mF, with
an average value of 0.6 mA/mF.

DISCUSSION

The present results provide a characterization of the
effects of varying cytoplasmic [Na1] and [Ca21] on the
reverse NCX reaction in T tubule vesicles isolated from
amphibian skeletal muscle. In addition, this is to our
knowledge the first description of the currents associ-
ated with the forward and reverse mode of the NCX in
whole skeletal muscle fibers.

Vesicular Experiments

In the absence of external Na1 or Ca21 to avoid
operation of the NCX, T tubule vesicles equilibrated
with millimolar [Ca21] displayed very low passive
Ca21 efflux, despite the large chemical gradient for
Ca21 present in these experiments. These results indi-
cate that the isolated T tubule vesicles were tightly
sealed and thus maintained after isolation the low
Ca21 permeability of resting muscle fibers (5).

The reverse NCX reaction engaged only a fraction of
the luminal Ca21. Of the total amount of Ca21 equili-
brated in the vesicles, most of it was bound to low-
affinity sites. Because the T tubules used in this work
were sealed only with the inside-out configuration,
these sites, whose nature remains to be characterized,
should correspond in vivo to extracellular Ca21 binding
sites present in the lumen of the T tubules. Only a
fraction of the total luminal Ca21, which varied from
25 to 43%, was available for fast exchange with Na1.
Partial dissipation of the Na1 gradient may explain
this limited exchange. The amount of Ca21 exchanged,
which on average was 12 nmol/mg, should produce a
net Na1 entry of 36 nmol/mg. With a T tubule luminal
volume of #0.5 ml/mg protein (P. Donoso and C.
Hidalgo, unpublished observations), this Na1 entry
should increase luminal [Na1] and may produce a
decrease in driving force, limiting the amount of Ca21

exchanged for Na1. In addition, the NCX may be
present in only a fraction of the vesicles, or all vesicles
would have the exchanger, but a fraction of their lumi-
nal Ca21 might be bound to sites that are not readily
available for fast exchange with Na1. The present
results do not allow a distinction between these last
two options.

Effects of external [Na1] on the reverse NCX reaction.
Increasing extravesicular [Na1] produced a significant
and nonlinear increase in the rate constant of reverse
exchange that reached its maximal value at $120 mM
[Na1]. Assuming a cooperative model for Na1 activa-
tion of the reverse mode of the exchanger, a Hill equa-
tion fitted to the data yielded nHill 5 2.8 and kHill 5
55.9 mM Na1. Although there are no other data avail-
able for amphibian muscle, similar values, with nHill 5
2.4 and kHill 5 55 mM Na1, were reported for Na1

activation of the reverse NCX currents in excised mem-
brane patches from mammalian skeletal muscle (17). If

Fig. 8. Activation of an inward ionic current after photolysis of
DM-nitrophen. A single muscle fiber was externally perfused with
Ringer solution at 15°C. The intracellular solution contained 6 mM
DM-nitrophen and 300 mM rhod 2 to monitor intracellular [Ca21]
changes. At the time indicated by the arrow, an ultraviolet laser
flash was delivered to produce photolysis of DM-nitrophen. The flash
triggered an immediate increase in fluorescence (broken line), with
the simultaneous appearance of an inward ionic current with a
magnitude of 20 nA (solid line). Both the current and the intracel-
lular [Ca21] increase lasted the entire 50 ms of the recording inter-
val.
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this Na1 dependence mirrors the physiological situa-
tion, at the resting cytoplasmic [Na1] of 9 mM (15), the
exchanger would operate in the reverse mode at ;1%
of its maximal rate. Furthermore, the inhibition by
cytoplasmic [Ca21] of the amphibian skeletal NCX (see
below) should further decrease the reverse operation of
this transporter in resting muscle.

Effects of extravesicular [Ca21] on the reverse NCX
reaction. Cytoplasmic [Ca21] influences the activity of
all native NCX transporters examined to date. Increas-
ing cytoplasmic [Ca21] stimulates the NCX of cardiac
muscle, squid axons, and other cells (6, 34) but inhibits
the exchanger present in Drosophila (23). Our previous
experiments in amphibian T tubules indicated that
addition of 20 mM [Ca21] to the extravesicular solution
containing 140 mM Na1 decreased the reverse rate of
the exchanger (18). This finding suggested that cyto-
plasmic Ca21 had an inhibitory effect on the amphib-
ian NCX, but a detailed characterization was not car-
ried out.

In the present work, we found an IC50 for inhibition
of the reverse NCX by [Ca21] of '1027 M, close to
the resting [Ca21]. Thus increasing cytoplasmic [Ca21]
in the submicromolar range should decrease the rate of
operation of the reverse mode of the exchanger in
amphibian muscle. This inhibition may operate as a
negative feedback mechanism, reducing Ca21 influx
through the NCX during sustained stimulation.
Whether cytoplasmic [Ca21] exerts a similar inhibition
on the mammalian skeletal muscle NCX remains to be
determined, but there is a distinct possibility that the
NCX of amphibian and mammalian skeletal muscle
are different, since the structure and properties of the
cardiac NCX from frog heart differ from its mamma-
lian counterpart (37). If this is the case, the inhibition
by cytoplasmic [Ca21] may be a property of the insect
and amphibian muscle NCX that would not be shared
by mammalian muscle.

Fiber Experiments

This is the first description, to our knowledge, of
NCX-mediated currents in whole muscle fibers from
skeletal muscle. To measure NCX-mediated currents
in skeletal muscle cells under voltage conditions that
mimic those prevailing in whole muscle cells at rest, a
constant membrane potential of 290 mV was main-
tained in all experiments.

Reverse NCX currents. After Na1 withdrawal from
the external solution, a reverse NCX current of 0.36
mA/mF, equivalent to 0.36 mA/cm2, was measured in
amphibian fibers containing 10 mM internal [Na1].
For comparison, in 90 mM [Na1] and at 0 mV, reverse
NCX currents of the order of 5 pA have been measured
in isolated inside-out patches from mammalian skele-
tal muscle (17). The reverse currents measured in
similar conditions in patches from mammalian cardiac
muscle are about 10-fold higher (20).

To compare measurements, it is necessary first to
correct for the differences in the [Na1] used in patch-
clamp experiments and our measurements. If the re-

verse NCX activity in whole fibers behaves toward Na1

as in isolated vesicles (see Fig. 5), the reverse NCX
current of 0.36 mA/mF measured in 10 mM [Na1] would
correspond to 1% of the maximal current. In 90 mM
[Na1], the reverse current would be 80% of maximal,
originating a density of '30 mA/mF. Second, mamma-
lian reverse currents, recorded with a patch pipette
with an inner diameter of 10–20 mm (17), should be
transformed into current density. From the corre-
sponding patch area (3.1–12.6 3 1026 cm2), current
densities ranging from 0.4 to 1.6 mA/cm2 can be esti-
mated for mammalian skeletal muscle. Thus, despite
the fact that a membrane potential of 290 mV is less
favorable to the reverse reaction than 0 mV, the re-
verse current density in amphibian muscle at 290 mV
would be severalfold higher than the current measured
in mammalian skeletal muscle at 0 mV. It is possible
that the conditions present in whole fibers better pre-
serve the activity of the NCX, since regulatory factors
may be lost from isolated membrane patches. Alterna-
tively, these differences may reflect intrinsic differ-
ences between the activities of the mammalian and the
amphibian skeletal NCX.

The reverse NCX reaction produced only a limited
increase in cytoplasmic [Ca21]. In cardiac muscle, re-
moval of external [Na1] produces a significant increase
of cytoplasmic [Ca21] that can reach the micromolar
range in only a few seconds (1). In contrast, only a
marginal increase in cytoplasmic [Ca21] was observed
in single mammalian fibers after replacing external
Na1 (3). Inhibition of the sarcoplasmic reticulum (SR)
Ca21 pump or of mitochondrial Ca21 uptake did not
increase further cytoplasmic [Ca21], raising the possi-
bility of a very limited reverse NCX operation in skel-
etal muscle (3).

The present results contribute to clarify this issue,
since a significant reverse NCX current was recorded
in amphibian skeletal muscle in zero external [Na1],
indicating that the NCX was effectively activated, yet
[Ca21] increased only marginally, as observed in mam-
malian muscle (3), despite the fact that the increase in
intracellular [Ca21] due to the measured reverse NCX
current should have been much higher. Because the
NCX moves three Na1 per one Ca21, the reverse cur-
rent of 0.36 mA/mF represents a coupled Ca21 influx of
3.6 pmol z cm22 z s21 (assuming as above a membrane
capacity of 1 mF/cm2). Considering the fiber as a cylin-
der with an approximate diameter of 100 mm, this Ca21

influx should have increased intracellular [Ca21] to 90
mM in 1 min.

Other than assuming that amphibian skeletal mus-
cle has very efficient cytoplasmic Ca21 buffer systems,
we do not have at present an explanation as to why
cytoplasmic Ca21 did not increase as expected when
bathing the fibers in zero [Na1]. Intracellular Ca21

binding proteins, such as parvalbumin, may bind Ca21

entering the skeletal muscle cells via the NCX, since
the SR or the mitochondria do not seem to fulfill this
role, at least in mammalian skeletal muscle cells (3).

Forward NCX current. To study the forward opera-
tion of NCX in skeletal muscle fibers, the intracellular
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[Ca21] was suddenly increased in the cytoplasm by
flash photolysis of the caged Ca21 compound DM-nitro-
phen. This procedure has been successfully used in
cardiac muscle to activate the direct mode of NCX,
producing a net inward Na1 current density of 0.7
mA/mF when measured at 20°C and 0 mV (33).

The results shown in Fig. 8 demonstrate that flash
photolysis of DM-nitrophen is a robust method to force
a change in [Ca21]. Theoretical calculations from a
model of the flash photolysis reactions (12) suggest
that 30% conversion of DM-nitrophen by a single UV
flash would generate the fluorescence transient ob-
served. In that case, the free [Ca21] is predicted to
jump from the resting value of 0.1 mM to ;0.4 mM. At
the same time, the predicted jump in free Mg21 con-
centration ([Mg21]) is from ;5 mM at rest to ;13 mM
after the flash. Thus the current elicited in response to
the UV flash is more likely associated with the change
in [Ca21] than with the very small change in free
[Mg21].

The inward current density of amphibian skeletal
muscle measured at 15°C and 290 mV after the flash
was in the range of 0.3–1.0 mA/mF, with an average
value of 0.6 mA/mF. The voltage dependence of the
cardiac NCX indicated that at 290 mV the cardiac
inward current density would be 2.2-fold higher than
the value of 0.7 mA/mF measured at 0 mV (33), giving a
value of 1.54 mA/mF. Taking into account the differ-
ences in recording temperature, the inward current
density measured in skeletal muscle would be about
one-half that expected in cardiac muscle in similar
conditions, suggesting that the NCX density in am-
phibian skeletal muscle is 50% lower than in cardiac
muscle. In any case, the measured current density is
high enough to ensure a role of the skeletal NCX in
moving Ca21 out of cells after an increase of cytoplas-
mic [Ca21].

The results presented in this work indicate that, in
amphibian skeletal muscle fibers, the NCX has the
potential to function both in the direct or the reverse
mode, producing outward or inward NCX currents,
respectively. In T tubule vesicles, increasing extrave-
sicular (intracellular) [Na1] stimulated the reverse
mode in a cooperative fashion, with nHill 5 2.8, but, in
contrast to the stimulation of the mammalian cardiac
exchanger, increasing extravesicular (intracellular)
[Ca21] inhibited this reverse activity with half-maxi-
mal inhibition in the range of resting cytoplasmic
[Ca21]. In single fibers, photolysis of a cytoplasmic
caged Ca21 compound activated an inward current
(forward mode), whereas external Na1 withdrawal
generated an outward current (reverse mode), yet Na1

withdrawal increased cytosolic [Ca21] only marginally,
suggesting that, in contrast to what happens in cardiac
muscle, the reverse mode of the NCX does not contrib-
ute significantly to increase cytoplasmic [Ca21] in skel-
etal muscle. These results indicate that the main func-
tion of the skeletal muscle NCX is to move Ca21 out of
the cells after muscle contraction.
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the Na1/Ca21-exchanger. Pflügers Arch 428: 461–467, 1994.

5. Bianchi CP and Shanes AM. Calcium influx in skeletal muscle
at rest, during activity and during potassium contracture. J Gen
Physiol 42: 803–815, 1959.

6. Blaustein MP and Lederer WJ. Sodium/calcium exchange: its
physiological implications. Physiol Rev 79: 783–854, 1999.

7. Caputo C and Bolaños P. Effect of external sodium and cal-
cium on calcium efflux in frog striated muscle. J Membr Biol 41:
1–14, 1978.

8. Castillo E, Gonzalez-Serratos H, Rasgado-Flores H, and
Rozycka M. Na-Ca exchange studies in frog phasic muscle cells.
Ann NY Acad Sci 639: 554–557, 1991.

9. Damiani E, Barillari A, Tobaldin G, Pierobon S, and Mar-
greth A. Biochemical characteristics of free and junctional sar-
coplasmic reticulum and of transverse tubules in human skeletal
muscle. Muscle Nerve 12: 323–331, 1989.

10. Donoso P and Hidalgo C. Sodium-calcium exchange in trans-
verse tubules isolated from frog skeletal muscle. Biochim Bio-
phys Acta 978: 8–16, 1989.

11. Escobar AL, Cifuentes F, and Vergara JL. Detection of
Ca21-transients elicited by flash photolysis of DM-nitrophen
with a fast calcium indicator. FEBS Lett 364: 335–338, 1995.

12. Escobar AL, Velez P, Kim AM, Cifuentes F, Fill M, and
Vergara JL. Kinetic properties of DM-nitrophen and calcium
indicators: rapid transient response to flash photolysis. Pflügers
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