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Unitary Cardiac Na*,Ca®* Exchange Current Magnitudes Determined
from Channel-Like Noise and Charge Movements of lon Transport

Donald W. Hilgemann

Department of Physiology, University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75235-9040 USA

ABSTRACT The cardiac Na*,Ca®* exchanger (NCX1) is thought to achieve a high turnover rate, but all estimates to date
are indirect. Two new strategies demonstrate that maximum unitary exchange currents are about 1 fA (6000 unitary charges
per s) and that they fluctuate between on and off levels similar to ion channel currents. First, exchange current noise has been
identified in small cardiac patches with properties expected for a gated transport process. Noise power density spectra
correlate well with exchanger inactivation kinetics, and the noise has a predicted bell-shaped dependence on the activation
state of the exchanger. From the magnitudes of exchange current noise, maximum unitary exchange currents are estimated
to be 0.6-1.3 fA. Second, charge movements with rates of ~5000 s~ ' have been isolated for the transport of both Na* and
Ca®* in giant membrane patches using nonsaturating ion concentrations. The Na* transport reactions are disabled or
“immobilized” by exchanger inactivation reactions, thus confirming that inactivation generates fully inactive exchanger states.

INTRODUCTION

The turnover rates of membrane transporters are usually
estimated from measurements of transport fluxes and trans-
porter densities under comparable conditions (e.g., Stein,
1986). For cardiac Na*,Ca®>" exchange, a purely electro-
physiological approach involving the analysis of current
noise appears possible.

Cardiac Na*,Ca®* exchange is modulated by gating or
inactivation reactions that appear to generate fully inactive
exchanger states (Hilgemann et al., 1992a,b; Matsuoka and
Hilgemann, 1994). Thus, single exchanger currents, if they
could be measured, would be expected to fluctuate between
fully on and off levels, similar to ion channel currents.
Maximum Na*,Ca®" exchange rates, estimated first in car-
diac vesicles (Cheon and Reeves, 1988), probably reach
5000 s™! (Niggli and Lederer, 1991; Hilgemann et al., 1991;
Hilgemann, 1996). This corresponds to unitary exchange
currents of about 1 fA. Although a current of 1 fA is too
small to resolve as a single transporter current, the ensemble
fluctuations of single transporter currents can be predicted
to generate significant macroscopic current noise (e.g., De-
Felice, 1981; Dempster, 1993), at least in small membrane
patches.

For several low-conductance channels (Zweifach and
Lewis, 1994; Decoursey and Cherny, 1994; Yang and Sig-
worth, 1994), and for one transporter that also functions as
a chloride channel (Larsson et al., 1996), analysis of current
noise has allowed estimation of, or placed limits on, unitary
current magnitudes in the femtoampere and subfemtoam-
pere range. The expected function of a tightly coupled
3Na™-to-1Ca** exchanger, which would generate macro-

Received for publication 1 February 1996 and in final form 14 May 1996.
Address reprint requests to Dr. Donald W. Hilgemann, Department of
Physiology, University of Texas Southwestern, Medical Center at Dallas,
5323 Harry Hines Boulevard, Dallas, TX 75235-9040. Tel.: 214-648-6728;
Fax: 214-648-8685; E-mail: hilgeman@utsw.swmed.edu.

© 1996 by the Biophysical Society

0006-3495/96/08/759/10  $2.00

scopic current noise, is illustrated in a minimum-state dia-
gram in Fig. 1. Each exchanger can carry out coupled
transport of three sodium ions versus one calcium ion in a
consecutive exchange cycle (Lauger, 1987; Li and Kimura,
1990; Matsuoka and Hilgemann, 1992), whereby each par-
tial reaction of this cycle might involve conformational
changes equivalent to the opening or closing of an ion
channel. The active fraction of exchangers would corre-
spond to all exchangers carrying out these reactions. From
the analysis of exchange current transients observed when
the driving ion concentrations are changed, it was suggested
that exchangers undergo an inactivation reaction specifi-
cally when three sodium ions are bound to transport sites
open to the cytoplasmic side (Hilgemann et al., 1992b). The
time constants of inactivation and recovery from inactiva-
tion, 1-5 s, suggest that the average dwell times of single
exchangers in active and inactive states are rather long. The
fraction of exchangers that are inactive in the steady-state
condition can vary from <20% to >90%, depending on
cytoplasmic calcium-dependent and ATP-dependent regu-
latory mechanisms.

An independent approach to estimating unitary exchange
currents arises from measurements of exchanger charge
movements associated with sodium translocation in giant
membrane patches (Hilgemann et al., 1991). Charge move-
ments recorded in response to concentration jumps de-
pended on sodium concentrations on both membrane sides,
they were sensitive to cytoplasmic calcium (and barium)
concentration changes, they were inhibited by several ex-
change inhibitors, and they coexpressed with exchange cur-
rent in Xenopus oocytes. The magnitudes of these charge
movements suggested maximum exchanger densities of
300-400/um?, assuming that about one charge is moved
during the translocation of three sodium ions. On this basis,
maximum exchange rates of 5000/s would account for the
fully activated exchange current magnitudes in excised
patches. In those concentration jump experiments, the ki-
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FIGURE 1 Minimum model of Na*, Ca®* exchange transport cycle

with inactivation. Na* and Ca®* transport takes place in a “consecutive”
cycle. Na translocation takes place via reactions 1-4, and Ca translocation
takes place via reactions 4—8. When three Na ions are bound from the
cytoplasmic side, the exchanger can enter an inactive state via reaction 9.
This inactivation reaction and its reversal via reaction 10 result in fluctu-
ations of unitary exchange current and thereby generate macroscopic
current noise.

netics of the underlying exchanger reactions could not be
resolved.

Charge movements were not resolved for calcium trans-
port in giant patches. However, two types of current tran-
sients were identified and suggested to involve Na, Ca
exchange in experiments with caged calcium in whole myo-
cytes. In one set of data (Niggli and Lederer, 1991), fast
inward charge movements (I_,,s) were observed and inter-
preted as the outward translocation of calcium, as if some-
what more than two negative binding site charges move
with calcium into the membrane electrical field. These
signals were increased by a nonspecific Nat,Ca?* ex-
change inhibitor, dichlorobenzamil, and they were not sen-
sitive to changes in extracellular sodium or calcium or the
addition of nickel. Similar exchanger densities and rates
were suggested as from sodium-dependent charge move-
ments. In another set of data (Powell et al., 1993), slower
pre-steady-state current transients were recorded with cal-
cium jumps, corresponding to a build-up of exchange cur-
rent after calcium release. These charge movements were
interpreted as the time course of sodium translocation, con-
nected to an initial electroneutral translocation of calcium.
The magnitudes of these results suggested exchanger den-
sities severalfold higher than did the other studies. Consis-
tent with Niggli and Lederer (1991), analysis of current-
voltage relations for the exchange current (Matsuoka and
Hilgemann, 1992) suggested that exchanger binding sites
might contain three negative charges; one of them, located
toward the cytoplasmic side of the transporter binding sites,
would enter only partially into the membrane electrical field
as the exchanger occludes cytoplasmic calcium.
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Based on the results and analyses outlined, it should be
possible to isolate exchanger charge movements for both
sodium and calcium transport in voltage jump experiments,
and it should be possible to resolve the kinetics of the
underlying reactions. The giant membrane patch system is
well suited for such measurements, because it allows volt-
age clamp of a large membrane area at rates as high as 1
MHz (Lu et al., 1995).

MATERIALS AND METHODS

Cardiac myocytes were isolated as described previously (Collins et al.,
1992; Hilgemann et al., 1992b). For recordings of exchange current noise,
thick-walled borosilicate glass pipettes (1.8 mm o.d.; 0.6 mm i.d) were
employed. Tips were cut to 4-7-um inner diameters (Hilgemann, 1995),
melted to 2-3-um inner diameters, and wrapped with a thick coat of a
Parafilm/mineral oil/a-tocopherol mixture to reduce capacitance. Fast
Fourier transforms were performed with a Hewlett-Packard 35665A dy-
namic signal analyzer. The pipette solution contained 100 mM tetraethyl-
ammonium (TEA) chloride, 40 mM CsCl or NaCl, 4 mM CaCl,, 10 mM
HEPES, and 0.3 mM ouabain. The cytoplasmic solutions contained 100
mM TEA-CI; a total of 40 mM CsCl, LiCl, and NaCl; as indicated, 5 mM
EGTA with CaCO; to achieve desired free Ca?* concentrations; 10 mM
HEPES; and 0.5 mM MgCl,. The pH of all solutions was adjusted with
TEA-OH to 7.0.

The successful resolution of low-frequency exchange current noise
depended on three factors: the quality and stability of patch seals, the
apparent lack of conflicting noise sources under the chosen experimental
conditions, and the stability of exchange currents recorded. TEA was used
as the major cation on both membrane sides because seals were more stable
than with other monovalent cations. A relatively high temperature (39°C)
was used to enhance rates of inactivation, thereby decreasing the stable
recording time that was required for noise analysis. Pipette tip diameters of
2-3 um were used because seal resistances (5-50 G{2) did not improve
with smaller diameters, and therefore the ratio of exchange current noise to
seal noise decreased. Furthermore, exchange currents ran down over time
in smaller patches. With larger pipette tips, resolution of exchange current
noise was more difficult because currents were very large, relative to the
current noise and background noise in the patch. Cardiac patches were
used, rather than oocyte patches, because oocyte patches contain more
conflicting conductances, in particular calcium-activated chloride and non-
specific conductances, which contribute noise to recordings under most
conditions. The magnitudes of current noise, induced by the activation of
exchange current in cardiac patches, were approximately equivalent to
those induced by application of a 25-mV holding potential in the absence
of exchange current.

Similar noise results were obtained with either lithium or cesium as the
sodium substitute. Substitution of sodium for a 1:1 mixture of a lithium and
cesium salt is, in principle, advantageous. Conductivity of the resulting
solution is then very close to that of the sodium-containing solution,
because lithium diffuses more slowly than sodium and cesium diffuses
faster than sodium. Because 40 mM extracellular sodium has only little
effect on outward exchange current with 2 or more mM extracellular
calcium, the contribution of a sodium-conducting pathway, per se, to noise
recordings could be tested. Noise measurements were very similar with or
without 40 mM sodium in the pipette. Current noise induced by cytoplas-
mic sodium decreased as the exchange current ran down, and, during the
same time, the current variance in the absence of sodium increased roughly
proportionally to a decrease over time in seal resistance. Finally, the
current variance associated with exchange activity decreased when ex-
change current was inhibited by pentalysine (Hilgemann and Collins,
1992), by a recently developed cyclic peptide exchange inhibitor (Khan-
anshvilli, 1995), and by nickel in the absence of EGTA (Ehara et al,. 1989).

For charge movement recording, giant membrane patches (8-12 pF)
were formed using pipettes with inner diameters of 25 to 40 pum. A
modified Axopatch 200A patch clamp was employed with a 1-MHz charge
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output response (Lu et al., 1995). All records were filtered at 1 MHz.
Capacitance changes were monitored with 2 kHz/2 mV sinusoidal voltage
perturbations at a phase angle chosen to be as insensitive as possible to
membrane conductance changes (Fidler and Fernandez, 1989). Exchange
current density was found to be three to four times higher in myocytes from
young guinea pigs (250-250 g) than from adult guinea pigs. In fact, charge
movements could be recorded reliably in cardiac membrane patches only
when myocytes from young animals were employed. Fully activated out-
ward exchange current in such patches was 100250 pA at 37°C. The
cardiac Na*,Ca?* exchanger, NCX1 (Shieh et al., 1992) was expressed in
Xenopus oocytes as described previously (Nicoll et al., 1990).

For Na*-dependent charge movements, the pipette solution contained
35 mM NaCl, 10 mM EGTA, 4 mM MgCl, 50 mM TEA-Cl, 50 mM CsCl,
10 mM HEPES, and 0.3 mM ouabain. For cytoplasmic solutions, MgCl,
was 0.5 mM and ouabain was omitted. For Ca®*-dependent charge move-
ments, NaCl was replaced with CsCl, and 1 mM CaCl, was included in the
pipette instead of EGTA. For oocyte experiments, equivalent solutions
were prepared with all chloride replaced with N-morpholino-ethanesul-
fonic acid (MES) to avoid Ca®*-activated chloride current. Furthermore, it
was advantageous to begin oocyte patch recording only after a 10-min
waiting period, during which residual chloride could diffuse from the
pipette tip, and chloride currents could also dissipate by a rundown mech-
anism. All charge records are at 35°C, which is suitable for both oocyte and
cardiac patches. Six record sets were acquired, alternatively with and
without cytoplasmic exchanger ligand (Na* or Ca), and the averaged
results were subtracted. It is noted that, initially, only fast components of
charge movements were resolved in oocyte membrane, and no signals were
resolved in cardiac membrane (Hilgemann, 1996). Those results were
obtained at lower temperatures and with prolonged application of cyto-
plasmic ligands. Both factors evidently attenuate charge movements.

RESULTS

Estimation of unitary exchange currents from
exchange current noise

Fig. 2 shows measurements of outward Na*,Ca®* exchange
current (the Ca®>* influx exchange mode) and exchange
current noise in small cardiac membrane patches. In Fig. 2
A, exchange current was turned on by applying 35 mM
cytoplasmic Na* with 4 mM Ca®* in the pipette. The 2.3
PA current, which is activated initially, decays by 60% over
a few seconds. Short stretches of data are amplified to
illustrate the signal noise, and the variance of the current is
plotted below the current record. To obtain a plot of the
current variance, second-order polynomial equations were
fitted to 30-s stretches of data, low-pass filtered at 10 Hz,
and the squared difference of the fitted curves from the
current records was calculated. The somewhat stochastic
appearance of the variance record is caused by the relatively
low frequency of data acquisition employed (200 Hz).
The average variance in the presence of outward ex-
change current, 0.0012 pAZ?, is >10 times greater than
background variance. Several possible sources of increased
variance other than cardiac Na*,Ca’* exchange activity
were eliminated. First, the increase of variance is >20 times
greater than expected for the Nyquist noise of such a cur-
rent. Second, the activation of exchange current does not
seem to change the seal resistance significantly, because the
current induced by sodium does not reverse in the voltage
range of —180 to +120 mV (not shown; see Matsuoka and
Hilgemann, 1992). Third, there was no increase in current
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FIGURE 2 Cardiac Na*, Ca** exchange current and current noise in a
small, inside-out excised cardiac membrane patch. (A) Outward exchange
current activated at 0 mV by replacing 20 mM LiCl + 20 mM CsCl on the
cytoplasmic side with 40 mM NaCl. Here, and in subsequent figures, the
pipette diagram shows schematically which ions are present. The peak
current, 2.6 pA, represents nearly maximum exchange activation by Na™.
The pipette contains 40 mM NaCl with 4 mM CaCl,, so the only electro-
chemical driving force at 0 mV is for Ca?>* when exchange current is
activated. Variance of the current from a fitted polynomial equation is
shown below the current record. Amplified portions of the current record
are shown above. Signals are low-pass filtered at 10 Hz. (B) Power density
spectrum of exchange current noise, fitted to a single Lorentzian function,
m/(1 + [fIf.]%), where fis frequency, f, is the corner frequency, and m is a
scalar variable. A power spectrum without Na* was subtracted from one
with Na™. The corner frequency was 0.21 Hz, giving a time constant, 1/(2
- f.), of 0.8 s. (C) Logarithmic plot of the exchange current decay phase
during the application of sodium. An asymptote has been subtracted, and
the data points are fitted to a single exponential function with a time
constant of 1.2 s.

noise (or current) on application of sodium when calcium
was substituted for magnesium in the pipette. Fourth, the
increase in noise with the application of cytoplasmic sodium
was similar when 40 mM sodium was included in the
pipette together with calcium. Thus, it is plausible from
these results that the increase in variance could arise from
fluctuations of exchangers between active and inactive
states, as described for a pseudo-two-state model in Fig. 1.

For a simple two-state inactivation model, the unitary
exchange current can be calculated as o®/(I*[1 — p]), where
o” is exchange current variance, / is the steady-state current
amplitude, and p is the fraction of exchangers that are active
(e.g., DeFelice, 1981; Dempster, 1993). The ratio of steady-
state current to peak current, 0.41, approximates p. On this
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basis, the average unitary current from five experiments was
1.3 = 0.3 fA (SEM). A possible error in this estimate arises
from the fact that peak currents may not represent the
activity of all exchangers. It is known, for example, that
peak currents can be increased by up to twofold by increas-
ing cytoplasmic calcium. This error leads to an overestima-
tion of p. The largest possible error (p =~ 0) leads to a 41%
overestimation of unitary exchange currents. Thus, these
measurements would place unitary exchange currents con-
fidently in a range of 0.6 to 1.3 fA, or 3000 to 7800 charges
s,

That the exchange current noise arises primarily from the
prominent inactivation reaction, apparent in Fig. 2 A, is
supported by the results described in Figs. 2, B and C, and
3. As shown in Fig. 2 B, the power density spectra of
exchange current noise can be described by single Lorent-
zian functions under these chosen experimental conditions,
as expected for the simple gating mechanism of Fig. 1.
Power density spectra were calculated from stable 2-min
stretches of raw current records, and the spectrum in the
absence of sodium was subtracted from the spectrum in the
presence of sodium. The corner frequency of the subtracted
noise spectrum, 0.21 Hz, corresponds to a time constant of
0.8 s, and the average was 0.91 * 0.14 s (SEM). If the noise
arises from the same process that underlies exchange cur-
rent inactivation, the time constant of inactivation should be
similar. As shown in Fig. 2 C, the decay phase of the
exchange current transient is fit well by a single exponential
function, and the inactivation time constant is 1.2 s. This
agrees reasonably with the time constant obtained from the
power spectrum.

The power density sometimes did not have a definite
plateau in the low-frequency range, particularly when lower
experimental temperatures or lower free cytoplasmic cal-
cium concentrations were employed. A sum of two or more

Volume 71 August 1996
Lorentzian functions was needed to describe such spectra,
and sometimes a simple 1/f relationship gave a reasonable
fit. On the one hand, complex spectra are not unexpected,
because multiple exchanger inactivation reactions are
known to modulate exchange activity (Hilgemann et al.,
1992a). On the other hand, a reduction in temperature or
cytoplasmic calcium lowers the time constants of the mod-
ulation reactions (Hilgemann et al., 1992a). The stability of
the recordings can then be inadequate for the long data
acquisition times required. For this reason, the results ob-
tained with high experimental temperature are considered
more reliable.

Treatment of the cytoplasmic membrane face with chy-
motrypsin largely destroys the exchanger modulation reac-
tions and leaves the exchanger in a highly activated state.
The reduction of inactivation by chymotrypsin treatment is
illustrated in Fig. 3 A in records from a small cardiac patch.
As shown in Fig. 3 B, the chymotrypsin treatment resulted
in a large decrease in the exchange current noise, as ex-
pected if on average individual exchangers tended to oper-
ate in a continuously active fashion. Although the major
effect is to scale down the power density spectrum, there is
also some shift of the spectrum toward higher frequencies.
Larger frequency bins were used for the spectra in Fig. 2 B,
as compared to Fig. 1 B, so that all data points from the
power density subtractions were positive and fell within the
plotted data range.

Cytoplasmic Ca’* also activates outward exchange cur-
rent by a regulatory mechanism that decreases or attenuates
the inactivation of exchange current (Hilgemann et al.,
1992a). As shown in Fig. 3 C, current variance is low when
exchangers are largely inactive with 0.15 uM free Ca®", it
is largest when current activation is intermediate with 0.6
uM free Ca®*, and it is again low when the current is highly
activated with 3 uM free Ca®*. These results are from a
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FIGURE 3 Effects of cytoplasmic chymotrypsin and Ca>* on exchange current noise. (A) Typical exchange current records in a small cardiac patch
before and after treatment of the cytoplasmic surface with 1 mg/ml chymotrypsin for 30 s. The decay of current is greatly reduced, and steady-state current
is enhanced. (B) Power density spectra of exchange current from a small cardiac patch before and after treatment of the cytoplasmic surface with 1 mg/ml
chymotrypsin for 30 s. The power spectrum is decreased after chymotrypsin. (C) Exchange current variance. Results are normalized to the result with 0.6
1M free Ca®* with sodium. At least two measurements were averaged to give each data point, and similar results were obtained in three other patches.
From left to right, data points give normalized variance in the absence of cytoplasmic Na™ (O), with Na* and low free Ca®* (0.15 uM), with Na™ and
0.6 uM free Ca2*, with Na* and 3 uM free Ca?*, and with highly activated exchange current after chymotrypsin treatment. The dotted curve is a parabolic
function, predicted by the hypothesis that exchange current noise arises from the calcium- and chymotrypsin-sensitive inactivation process; exchange
current noise is at a maximum when about one-half of exchangers are active with 0.6 uM free Ca’*.
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single patch, whereby each data point represents the average
of at least two determinations of current variance. The
results have been normalized to the variance and current
magnitudes with 40 mM sodium and 0.6 uM free Ca’*. A
parabolic function is plotted with the data to illustrate the
predicted behavior of noise from a simple one-state model.
Similar results were obtained in three other patches.

Charge movements of sodium transport

Protocols to isolate charge movements accompanying ion
transport were also based on the simple model described in
Fig. 1, whereby ion exchange is assumed to take place by a
consecutive mechanism in which either three sodium ions or
one calcium ion can be transported by the exchanger. With
one ligand type (sodium or calcium) present on both mem-
brane sides, the transport reactions (1-4 or 5-8) will be
driven back and forth by changes of membrane voltage if
they include voltage-dependent steps. When cytoplasmic
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ligand is removed, net inward ion transport should force all
exchangers to a configuration with empty binding sites open
to the cytoplasmic side (see Fig. 1); this is the null condi-
tion. The records presented are subtractions of null signals,
acquired immediately after removal of cytoplasmic ligand,
from signals obtained in the presence of cytoplasmic ligand.
Charge transfer rather than current is recorded (Hilgemann,
1994), so that membrane current would be the first deriva-
tive of signals presented.

The sodium-dependent charge movements to be pre-
sented were measured after exchanger deregulation by cy-
toplasmic treatment with chymotrypsin to functionally re-
move the secondary modulation reactions. Results with
patches from uninjected or water-injected oocytes showed
no response with the same protocols. The ligand concentra-
tions in all of the experiments presented are nonsaturating
with respect to transport current. They were chosen because
they give the best resolutions to date of the charge move-
ments; with saturating ligand concentrations, electrogenic
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FIGURE 4 (A and B) Charge movements during Na™ transport by chymotrypsin-treated Na*, Ca?* exchanger in a cardiac membrane patch and
NCX1-expressing Xenopus oocyte patch, respectively. The records are subtractions of charge records without cytoplasmic Na* from records with 35 mM
cytoplasmic Na™. The pipette contains 35 mM Na™ and no Ca*. Voltage steps were 0.3 ms in duration from 0 mV to positive and negative potentials
in 50-mV increments. Fine lines, hardly visible, give single exponential functions, fitted to the slow signal components. The same procedures gave virtually
no response in patches from uninjected oocytes. A small steady-state current that reversed near 0 mV was subtracted. This current was activated by low
Na™ and inhibited by high Na* concentrations, and it was similar in both cardiac and NCX1-expressing oocyte patches. It might represent, for example,
a slow 2Na-to-3Na exchange mode. (C) Upper graph: Magnitudes of slow charge movement components during voltage steps back to 0 mV. The fitted
curve is a Bolizmann function, m/(1 + exp([E,, — Eso]*aF/RT)), where m is a scalar variable. The midpoint, Esy, is —75 mV, and the slope, «a, is 0.36.
Lower graph: Rate constants of the exponential functions fitted to charge transients. Error bars give SEM.
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ion binding reactions may be missed because extreme mem-
brane potentials are required to remove ions from binding
sites.

Charge movements during Na* transport are presented in
Fig. 4. Results for a cardiac patch are presented in Fig. 4 A,
and the virtually indistinguishable results for an oocyte
patch expressing NCX1 are presented in Fig. 4 B. The Na*
concentration was 35 mM on both membrane sides. During
0.3-ms voltage pulses to large positive potentials, binding
sites will be forced to open to the extracelluar side (reaction
3). Fast signal components, which appear instantaneous on
return to 0 mV, probably arise from electrogenic Na™
binding (reactions 1 and 4), similar to results for the
Na®,K* pump (Hilgemann, 1994). Single exponentials, fit-
ted to slower signal components, are included as fine lines
with each record. The magnitudes and rates of charge move-
ments are plotted against pulse potential in Fig. 4 C. A
Boltzmann equation with a slope of 0.36 fits the charge-
voltage relations well. The calculated total charge moved
was 60 fC, and the patch surface area was about 1000 ;Lmz
(=10.5 pF). Thus, 350 elementary charges are moved per
p,m2, which agrees well with results from ion concentration
jumps (Hilgemann et al., 1991). The rate constants of the
slow charge components increase with depolarization, and
the average rate at 0 mV is 5050 s™'. Results for cardiac
patches were indistinguishable from results for NCX1-ex-
pressing oocyte patches.

Availability of exchanger charge movements
monitored as capacitance

Capacitance measurements (i.e., charge moved per change
of voltage) can be used to monitor sensitively changes in the
availability of charge-moving reactions (Lu et al., 1995).
Briefly, membrane capacitance will appear to change when-
ever the magnitudes of charge movements change, if the
charge movements take place faster than the voltage pertur-
bations used to monitor capacitance. Results presented in
Fig. 5 describe changes in the availability of sodium-depen-
dent exchanger charge movements in a cardiac patch. Mem-
brane capacitance was monitored using a 1 kHz/1 mV
sinusoidal voltage perturbation. Similar to the previous
charge movement measurements, the pipette contained 40
mM sodium, no added calcium, and 10 mM EGTA.

As shown in Fig. 5 A, the apparent membrane capacitance
increases when cytoplasmic sodium is applied in the pres-
ence of extracellular sodium and in the presence of 1 uM
cytoplasmic free calcium. The capacitance then decreases
toward baseline over the same time course as the exchange
current in equivalent records, as expected if inactivation
disables the charge-moving reactions related to sodium
transport. Fig. 5 B shows the typical absence of a capaci-
tance response during the same protocol when cytoplasmic
calcium is removed, a result equivalent to the loss of ex-
change current when cytoplasmic calcium is removed. As
shown in Fig. 5 C, the capacitance response is restored,
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FIGURE 5 Na%-induced capacitance changes in a cardiac membrane
patch. The pipette contains 35 mM sodium, 10 mM EGTA, and no calcium.
(A) Control response with 1 uM free cytoplasmic Ca®*. When sodium is
applied, capacitance increases and decreases in a waveform very similar to
that of the outward exchange current when calcium instead of sodium is
present in the pipette. During these responses, however, no current is
activated. (B) Lack of response of capacitance during the application of
sodium in the absence of cytoplasmic Ca®*. (C) Capacitance response after
chymotrypsin treatment in the absence of cytoplasmic Ca®*. Similar results
were obtained with oocyte patches expressing NCX1, whereas capacitance
responses in control oocyte patches were absent during the same protocols.

becomes relatively stable, and does not require cytoplasmic
calcium after treatment of the cytoplasmic membrane face
with chymotrypsin. Very similar results were obtained us-
ing NCXl-expressing oocyte membrane patches (not
shown). It is noted that almost no capacitance response is
obtained either when sodium is removed from the pipette or
when 4 mM calcium is included in the pipette. In the latter
case, maximum steady-state exchange currents are acti-
vated. These results strongly support the interpretation that
the capacitance changes primarily reflect changes in the
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ability of sodium transport reactions to take place. The
dependence of capacitance signals on extracellular sodium
supports the interpretation that the predominant electrogenic
reactions are closely coupled to extracellular sodium bind-
ing (Matsuoka and Hilgemann, 1992).

Equivalent capacitance measurements were performed to
identify charge movements in the calcium-calcium ex-
change operation of the exchanger in the absence of sodium.
The typical result obtained in oocyte patches expressing
NCXI1 is described in Fig. 6. Solution compositions were
similar to those used for sodium-dependent charge move-
ments, except for the lack of sodium and presence of cal-
cium. Similar results were obtained with cardiac patches,
but calcium-dependent capacitance signals were two- to
fivefold smaller than sodium-dependent capacitance signals
obtained in patches from the same myocyte batch. In Fig. 6,
the extracellular (pipette) calcium concentration was 2 mM,
and cytoplasmic solutions were applied with and without 1
1M free calcium. Free calcium (1 uM) causes an immediate
increase in capacitance (1) of about 25 fF. Upon removal of
the cytoplasmic calcium, the capacitance response typically
reverses in two phases. Part of the capacitance change
reverses immediately (2), and part reverses slowly with a
time constant on the order of 15 s (3). It is noted that in
many cases (15 recordings), capacitance did not return
completely to baseline, perhaps because cytoplasmic cal-
cium tends to increase capacitance by additional mecha-
nisms. Importantly, the capacitance responses to cytoplas-
mic calcium, as well as to sodium, were inhibited by at least
70% by 20 uM dichlorobenzamil.

When experiments were performed with all extracellular
calcium replaced by magnesium, an increase in capacitance

Ca

1 uM Ca*

FIGURE 6 Ca*-induced capacitance changes in an NCXIl-expressing
oocyte membrane patch. The extracellular calcium concentration is 2 mM,
there is no sodium on either membrane side, and 1 puM free cytoplasmic
calcium is applied and removed from the cytoplasmic side. The numbers
represent time points at which charge signals were acquired in equivalent
experiments to resolve the underlying charge movements (see Fig. 7). Note
the immediate capacitance increase in response to calcium and the biphasic
reversal of capacitance on removal of calcium. Similar results were ob-
tained in the largest cardiac patches (12 pF).
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was still found on application of cytoplasmic calcium (not
shown), and it reversed with the slow time course of Fig. 6
(eight recordings). Thus, it can be assumed that the portion
of capacitance that reverses slowly does not represent cal-
cium binding or transport reactions. A second type of inac-
tivation reaction of the exchanger, I, inactivation (Hilge-
mann et al., 1992a), has kinetics and dependence on
cytoplasmic calcium similar to those of the slowly revers-
ible capacitance. The I, inactivation might therefore be
related to the slow capacitance changes. In any case, only
the components of capacitance that reverse quickly on re-
moving calcium can reflect calcium transport reactions.

Calcium-dependent exchanger
charge movements

Fig. 7 describes the charge movements that underlie the fast
and slow components of the Ca®>*-dependent capacitance
changes described in Fig. 6. For the charge movement
measurements, the extracellular calcium concentration was

A oa B

+Ca
immediate 115
10
(1-2) fC
P s 0 1°
-10 {-15
-20 130
delayed ® cardiac O oocyte
(2-3) 10
~ L
~ 5
+200 mV /0.6 ms
0 omv
0
-200 mV -200 0 200

FIGURE 7 Charge movements during calcium transport by cardiac Na*,
Ca”* exchange. Extracellular Ca®>* (1 mM) is present, there is no sodium
on cither membrane side, and signals are defined by application and
removal of a cytoplasmic solution with 2 uM cytoplasmic free Ca®*. (4)
Charge records for 0.6-ms voltage increments from 0 mV to different
potentials in 50-mV steps. The “immediate” (1-2) results are a subtraction
of signals with 2 uM cytoplasmic free Ca>* minus signals immediately
after removal of cytoplasmic calcium. The “delayed” (2-3) results are a
subtraction of signals obtained after 20 s from results immediately after
removal of cytoplasmic calcium (see Fig. 6 for protocol). (B) Upper graph:
Magnitudes of charge movements at the end of voltage steps in the 1-2’
subtraction. Results from an oocyte patch are given as open circles. The
fitted Boltzmann function has a midpoint of —80 mV and a slope, a, of
0.24. Lower graph: Rate constants of the exponential functions fitted to
charge transients. Error bars give SEM of the rate constants obtained for
the charge transients on return to 0 mV.
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1 mM and the cytoplasmic free calcium was 2 uM. Two
subtractions of charge records from an NCX1-expressing
oocyte patch are shown in Fig. 7 A. The upper records
labeled “immediate” are a subtraction of charge records
obtained immediately after the removal of 2 uM cytoplas-
mic free calcium (time point 2 in Fig. 6) from records taken
in the presence of calcium (time point 1 in Fig. 6). The
charge movements defined in this way are kinetically sim-
ilar to the time-resolved components for the sodium-sodium
exchange mode of the exchanger, but they lack pronounced
fast components that appear instantaneous in these charge
recordings. Similar to the capacitance signals, the calcium-
dependent charge movements were three- to fourfold
smaller than the sodium-dependent charge movements, re-
corded in the same size patches from the same oocyte batch.

The lower records in Fig. 7 A, labeled “delayed,” show
the subtraction of charge records obtained 30 s after re-
moval of calcium (point 3 in Fig. 6 A) from those obtained
immediately after removal of calcium (point 2 in Fig. 6 A).
This subtraction defines a charge movement that occurs
within the time needed to change voltage and which has a
nearly linear dependence on voltage. This result, a linear
charge movement with no time dependence, is expected for
a genuine change in membrane capacitance. It is consistent
with the idea that a calcium-dependent conformational
change of the exchanger might increase the contribution of
the exchanger to the total membrane capacitance per se.

The voltage dependencies of the immediate charge move-
ments, which are assumed to reflect calcium transport re-
actions, are shown in Fig. 7 B. These charge movements
have fast, time-resolvable components, so that the first 50
pus of records were not included in data fits to single
exponentials, given as fine lines with each record. Open
circles in Fig. 7 B give results from an oocyte patch ex-
pressing NCXI1; closed circles give results for a cardiac
patch. The voltage dependence of charge magnitudes and
the rate constants are similar to those for Na* translocation.
The Boltzmann slope factor for the charge-voltage relation
is 0.32, and the rates of charge movements increase mono-
tonically with depolarization. The oocyte charge move-
ments were about twofold faster than those recorded under
the same conditions in cardiac membrane. The average rate
constant at 0 mV for the cardiac and the oocyte results
together is 5800 s~ . Note that, if these charge movements
correspond to movement of a net negative charge together
with calcium, the outward movement of calcium will be
favored by hyperpolarization.

Estimation of exchanger turnover rates and
densities from charge movements

The rates of charge movements, determined for the sodium-
sodium and calcium-calcium exchange modes, can now be
used to estimate an overall exchange rate within the context
of the simple exchange model described in Fig. 1. In doing
so, it is assumed that the slowest reactions resolved reflect
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the slowest steps in the exchange cycle. This is based on the
idea that all reactions, including voltage-independent reac-
tions, are in some way represented in the records for either
the sodium-sodium or calcium-calcium exchange modes of
the cycle. The reason is that any voltage-independent steps
of the transport cycle will necessarily be in equilibrium with
either sodium or calcium transport reactions. They would
therefore influence the availability of the charge-moving
reactions and be reflected in the kinetics charge movements.
This assumption might not hold if, for example, the ex-
changer did not work by a consecutive mechanism.

Assuming that the slowest step of Ca”*" translocation (K)
is 5800 s ' and the slowest step of Na™ translocation (Ky)
is 5050 s~', an overall turnover rate can be calculated for a
simple two-state consecutive carrier mechanism. With these
two partial reactions taking place sequentially, the overall
transport rate, (K, - K )/(K, + Ky), would be 2700 s, This
is somewhat lower than the maximum unitary exchange
current currents estimated from noise analysis. The discrep-
ancy is easily accounted for, however, by the fact that
nonsaturating ligand concentrations were used in the charge
movement measurements, and therefore the rates obtained
are not maximum transport rates.

The magnitudes of charge movements can also be used to
estimate the density of sodium-calcium exchangers in car-
diac membrane and the unitary exchange current. To do so,
it is assumed as a simplification that the total amount of
charge moved by an exchanger in one cycle of transport is
the charge moved during the sodium-sodium exchange
charge movement plus that moved during the calcium-
calcium exchange charge movement. The slopes of the
Boltzmann relations are not used to estimate the amount of
charge moved, because the values obtained need not reflect
the amount of charge moved. A flat Boltzmann relation with
a small charge coefficient can be obtained for reactions that
move large amounts of charge, if multiple reactions take
place in series or in parallel.

From the fitted Boltzmann relations the total amount of
charge moved in the sodium-dependent plus the calcium-
dependent reactions is estimated to be close to 90 fC for
10-pF patches. This corresponds to 600 charges/um® of
membrane (assuming 1 wF/cm?), which is in good agree-
ment with the previous estimate of 400 charges/um® of
membrane for sodium translocation alone (Hilgemann et al.,
1991). The further estimation of single exchanger currents
from these numbers again requires a simplification that will
have to be tested in further experimentation. It must be
assumed, namely, that all charge moved is related to the
exchange cycle and that calcium-dependent charge move-
ments correspond to negative charges moving in the direc-
tion opposite that of sodium translocation. Then, with max-
imum exchange currents of 150-300 pA in these cardiac
patches, single exchanger currents of 0.25 to 0.5 pA can be
extrapolated. This will be an underestimation of the single
exchanger current, if part of the calcium-dependent charge
movements arises from other sources (e.g., movement of
positive charge into the membrane field as calcium binds).
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DISCUSSION

It has been demonstrated for the first time in this article that
cardiac Na*,Ca®* exchangers generate significant macro-
scopic current noise. Experimental conditions were selected
carefully to maximize current noise by ensuring that about
50% of exchangers would be inactive in the steady state.
The exchange current noise has been used to estimate the
magnitudes of maximally activated unitary cardiac
Na™*,Ca®" exchanger currents. The estimate of 0.6 fA, to a
maximum of 1.3 fA, agrees well with independent estimates
of exchanger turnover rates via the isolation of exchanger
charge movements for both sodium and calcium transloca-
tion. The calculation of exchanger turnover rates assumes that
the exchanger moves one charge per cycle, and the estimates
from charge movements assume further that the exchange
process is consecutive, not simultaneous, in nature. The ability
to isolate charge movements independently for sodium and
calcium transport provides new support for a consecutive ex-
change mechanism (Liuger, 1987; Li and Kimura, 1990;
Hilgemann et al., 1991; Matsuoka and Hilgemann, 1992).

Several cotransporters mediate ion movements that can
be uncoupled from, or only loosely coupled to, the move-
ment of the organic molecules transported (for overview,
see DeFelice and Blakely, 1996; Cammack et al., 1994;
Umbach et al., 1990; Schwartz and Tachibana, 1990; Mager
et al., 1994; Galli et al., 1996; Fairman et al., 1995). Noise
analysis has been used in this context to estimate the mag-
nitudes of single transporter currents (Larsson et al., 1996)
and to analyze partial transporter reactions (Cammack and
Schwartz, 1996). The exchange current noise described in
the present article is suggested not to arise from channel-
like behavior, but rather from the gating of a tightly cou-
pled, relatively fast 3Na*-to-1Ca*>* exchange. Up to now,
no uncoupled currents or ion fluxes have been identified for
the cardiac Na*,Ca®* exchanger, and the reversal potentials
determined for exchange current under several conditions
lend support to the impression that stoichiometry of net ion
transport does not deviate much from 3Na*-to-1Ca** (Mat-
suoka and Hilgemann, 1992). The magnitude of exchange
current noise was predicted from previous estimates of
maximum exchanger turnover rates, and the power spectra
of exchange current noise were predicted from the kinetics
of exchange current inactivation. It seems unlikely that
these correlations are coincidental.

The charge movements resolved for sodium transport by
the cardiac Na*,Ca®** exchanger verify that sodium trans-
port includes major electrogenic steps of the exchanger
transport cycle; the magnitudes of sodium-dependent charge
movements are severalfold greater than calcium-dependent
charge movements. In comparison to results for sodium
transport by the Na*,K* pump (Nakao and Gadsby, 1986),
the exchanger charge movements are at least 10-fold faster,
they have a shallower dependence on voltage, and their rates
increase rather than decrease with depolarization. Fast com-
ponents of the sodium-dependent charge movements are
similar, in principle, to fast components resolved for the
Na®,K* pump (Hilgemann, 1994). The immediate compo-
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nent on returning membrane potential to 0 mV from large
positive potentials presumably reflects the fast binding of
sodium to transport sites open to the extracellular side, as
with the Na* , K" pump. The immediate component ob-
served with steps from negative voltages to 0 mV presum-
ably reflects cytoplasmic sodium binding. The multicompo-
nent nature of these signals is consistent with sodium
transport involving multiple electrogenic steps, the most
electrogenic ones probably being associated with extracel-
lular sodium binding. A transport process comprising mul-
tiple steps, in series or parallel, can explain well the shallow
voltage dependencies described previously for exchange
currents (Matsuoka and Hilgemann, 1992) and now for
exchanger charge movements.

The calcium-dependent charge movements resolved in
the present work verify that calcium transport reactions of
the cardiac Na*,Ca®* exchanger are electrogenic. It re-
mains to be determined in charge movements what reactions
are actually electrogenic. Because the charge movements
are blocked by dichlorobenzamil, not enhanced, they are
presumably not related to I_,,, signals observed in caged
calcium experiments in cardiac myocytes (Niggli and Le-
derer, 1991). Benzamil-based Na*,Ca’>* exchange inhibi-
tors block calcium-calcium exchange activity (Kaczorowski
et al., 1989), and it is to be expected therefore that charge
movements related to calcium transport are also blocked.
Recently, caged calcium has been used to identify ex-
changer charge movements using giant cardiac patches, and
preliminary results (Kappl and Hartung, 1996) are consis-
tent with the magnitudes and kinetics of calcium transport-
related charge movements described here.

Capacitance measurements are a highly sensitive means
of identifying changes of charge-moving reactions. Because
any reaction that moves charges within the membrane elec-
trical field can contribute to these signals, it is not surprising
that signal components have been identified that do not arise
from ion transport reactions. The slow capacitance changes
recorded on removal of cytoplasmic calcium (Fig. 6), as
pointed out in the Results, have a time course consistent
with an involvement of the calcium-dependent exchanger
modulation reaction (termed 7,) (Hilgemann et al., 1992a).
A change in the dielectric property of the exchanger protein
during inactivation could explain the results. With about
500 exchangers per um?, and an assumed average diameter
of 2 nm, the exchangers will contribute a few percent of the
total membrane area, and the capacitance changes at issue
are less than 0.5% of membrane capacitance. Changes in the
packing of transmembrane helixes could, for example,
change the dielectric properties of the exchanger protein.
Still more speculatively, the inactivation reaction could
involve the closure and dehydration of a pore structure
formed between transmembrane exchanger domains.

In conclusion, the methods and experimental approaches
described in this article suggest a wide range of further
experimentation on the mechanism of sodium-calcium ex-
change and its “gating” via modulation reactions. That the
exchanger fluctuates between active and inactive states is
verified both by the existence of significant exchange cur-
rent noise, with predicted dependencies on the exchanger
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activation state, and by the fact that charge movements
related to sodium transport are disabled or immobilized by
the exchanger inactivation reaction. That maximum trans-
port rates of single Na*,Ca®* exchangers are in the range of
5000 s~ is now independently verified by 1) the identifi-
cation and analysis of exchange current noise, and 2) the
independent resolution of charge movements associated
with sodium arid calcium transport reactions.
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