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Electrogenic Na-Ca Exchange Clears Ca*+ Loads from Retinal 
Amacrine Cells in Culture 
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Calcium influx into cultured retinal amacrine cells is fol- 
lowed by a small, slow, inward current that we show here 
results from the operation of electrogenic Na-Ca exchange. 
The activity of the exchanger is shown to correlate with the 
magnitude of the Ca2+ load and to depend on both the Ca*+ 
and Na+ gradients. Li+ is unable to substitute for Na+ and in 
the absence of Na+, slow tail currents are almost entirely 
suppressed. A rapid change in [K+], does not affect the ac- 
tivity of the exchanger, suggesting that only Na+ and Ca2+ 
are transported. The ratio of charge entering as Ca2+ cur- 
rent to the charge entering as exchange current is highly 
variable between cells. We suggest that variability results 
from a variable fraction of Ca2+ load, we estimate typically 
40%, being removed by a process other than Na-Ca ex- 
change. This process is likely to involve internal buffering 
or sequestration since inhibition of the plasmalemmal Ca*+- 
ATPase does not increase the fraction of Ca2+ expelled by 
the exchanger. Ca*+ loading performed in the absence of 
Na+, generates smaller exchange charge the longer the de- 
lay in returning Na+, to the neuron. About 30% of exchange 
charge is lost for a delay of 1 sec. 

[Key words: Na-Ca exchange, Ca-ATPase, calcium cur- 
rent, amacrine cell, retina, patch clamp] 

Calcium entry into cells triggers numerous processes. Foremost 
among these in neurons is the release of neurotransmitter (Katz 
and Miledi, 1967; Smith and Augustine, 1988). Equally as im- 
portant as Ca2+ entry is the subsequent return of cytosolic Ca2+ 
to resting levels. Intracellular Ca*+ can be temporarily seques- 
tered by organelles or buffered by CaZ+ binding proteins but 
ultimately excess Cal+ must be exported from the cell. The two 
known mechanisms for Ca2+ extrusion are the plasma membrane 
Ca2+-ATPase (Carafoli, 199 1) and the Na-Ca exchanger (DiPolo, 
1989; Eisner and Lederer, 1989; Lagnado and McNaughton, 
1989, 1990; McNaughton, 199 1). The functional distinctions be- 
tween these two mechanisms have been established in the squid 
axon (Dipolo and Beauge, 1979, 1983) where the two systems 
are thought to be complementary. The CaZ+-ATPase has a high 
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affinity for Ca2+ but low flux capacity, whereas Na-Ca exchange 
has a low affinity for CaZ+ but a high capacity. These properties 
suggest that the Ca2+-ATPase functions primarily in recovery 
from small Ca2+ loads and maintenance of resting Caz+ while 
the Na-Ca exchanger is important for removing large Ca2+ loads 
as would be produced by trains of action potentials or prolonged 
depolarizations. The removal of CaZ+ introduced by the latter 
condition is a significant challenge for retinal amacrine cells in 
particular because their membrane properties allow them to sup- 
port sustained graded potentials (Werblin and Dowling, 1969; 
Eliasof et al., 1987). 

Sodium-calcium exchange is thought to be electrogenic by 
virtue of an inequality in the number of charges leaving and 
entering the cell with every Ca2+ expelled. The small current 
generated by this inequality has been described in both cardiac 
myocytes (Kimura et al., 1986; Mechman and Pott, 1986) and 
rod outer segments (Yau and Nakatani, 1984). In both of these 
preparations this small current has provided a very valuable as- 
say of exchanger activity (Ehara et al., 1989; Cervetto et al., 
1989). Here we demonstrate directly that the Na-Ca exchange 
mechanism for a more typical vertebrate CNS neuron is also 
electrogenic. We then use this current to assess the role Na-Ca 
exchange plays in clearing Ca2+ loads in these cells. 

Materials and Methods 
Cultures 
Retinal neurons were dissociated from chick embryos and cultured by 
methods described previously (Gleason et al., 1993). Cells were main- 
tained in Dulbeccog Modified Eagle’s Medium (Sigma), supplemented 
with 5% fetal calf serum (HvClone). 100 U/ml oenicillin/streutomvcin 
and 400 p,~ glutamine. Amacrine cells were identified by their mor- 
phology (Huba and Hoffman”, 1990; Gleason et al., 1993) and were 
used after 6-10 d in culture. 

Solutions 

In most experiments solutions were changed by gravity-flow superfu- 
sion of the cell from a 1 mm diameter inlet tube positioned nearby. For 
switching external K+ solutions or for switching between Na+-contain- 
ing and Na+-free solutions, superfusion was achieved by having two 
parallel laminar streams of solution flowing from two tubes of either 
300 or 1000 pm diam. close to the cell. Moving the assembly holding 
the tubes caused the boundary between the two solutions to cross the 
cell rapidly. All concentrations are given in mM. 

Internal A: Cs acetate 150.0, CsCl 10.0, TEA acetate 5.0, MgCl, 2.0, 
CaCl? 0.1, EGTA 1.1, HEPES 10.0. 

Internal El: Cs acetate 135.0, CsCl 5.0, MgCl, 2.0, CaCl, 0.1, EGTA 
1.1, HEPES 10.0. 

Both internal solutions were adjusted for a pH of 7.4 with CsOH, 
and brought to an osmolarity of 270-290 mOsm which required dilution 
of Internal A. Internal solutions were filtered through a 0.2 pm syringe 
filter before use. To make pipette solutions for perforated-patch record- 
ings, 1 ml of internal solution was added to a 4 ~1 aliquot of nystatin 



The Journal of Neuroscience, May 1995, 15(5) 3613 

(50 mg/ml in DMSO, Sigma) and an 8 pl solution of Pluronic F-127 
(25 mg/ml DMSO, Molecular Probes) for a final nystatin concentration 
of 200 pglml. The mixture was well vortexed, sonicated for 30 set, and 
stored on ice in the dark. Fresh nystatin internal solutions were made 
every 2 hr. 

Normal external: NaCl 116.7, KC1 5.3, TEA Cl 20.0, CaCI, 3.0, 
MgCI, 0.41, glucose 5.6, HEPES 3.0. 

0 K external: NaCl 122.2, TEA Cl 20.0, CaC& 3.0, MgCI, 0.41, 
glucose 5.6, HEPES 3.0. 

Low Cl external: KC1 5.3, Na isethionate 122.2, TEA Cl 20.0, CaCI, 
3.0, MgCl, 0.41, glucose 5.6, HEPES 3.0. 

100 Nu-3 Cu external: NaCl 100.0. TEA Cl 20.0. CaCl, 3.0, M&l, 
0.41, glucose 5.6, HEPES 3.0; sucrose was added to adjust the os&o: 
larity. 

100 Na-10 Ca external: NaCl 100.0, TEA Cl 20.0 CaCl, 10.0, MgCI, 
0.41, glucose 5.6, HEPES 3.0. 

Ba external: normal external but with 3 mM BaCl, replacing 3 mM 
CaCI,. 

NMG Cl external: normal external but with a complete replacement 
of NaCl by NMG Cl. 

Li external: normal external but with a complete replacement of NaCl 
with LiCI. 

10 K external: NaCl 100.0, KC1 10.0, TEA Cl 20.0, CaCI, 3.0, MgCI, 
0.41, glucose 5.6, HEPES 3.0. 

0. I K external: NaCl 100.0, KC1 0.1, TEA Cl 20.0, CaCl, 3.0, MgCl, 
0.41, glucose 5.6, HEPES 3.0. The osmolarity was adjusted with su- 
crose. 

One millimolar Na,VO, solution was prepared in normal external 
immediately prior to use. All solutions were adjusted to a pH of 7.4 
and contained 300 nM tetrodotoxin to block Na+ channels and 10 FM 

bicuculline to block GABA, currents arising from autapses (Gleason et 
al., 1993). All experiments were done at room temperature (22-25°C). 
Cells were loaded with BAPTA by incubation with 10 pM BAPTA-AM 
for l-2 hr at 37°C in culture medium. The final cytosolic concentration 
of BAPTA was unknown. All drugs applied were added to the external 
solution used, and delivered through the same inlet pipe via a manual 
switch in the gravity-flow apparatus. 

Fura- ratio imaging 

An imaging system similar to the one described by Tsien and 
Harootunian (1990) was used for measuring intracellular free 
[Ca*+] by the method of ratio imaging of fura- (Grynkiewicz 
et al., 1985). Details of the method used have been described 
elsewhere (Gleason et al., 1992), but with the following modi- 
fications: external solution B, which was used for the electro- 
physiological recordings in the vanadate experiments, was also 
used in the imaging experiments. All measurements were made 
at room temperature as were the electrophysiological experi- 
ments. 

Electrophysiological recording 

For recording, the culture dish was mounted on the stage of a 
Nikon inverted microscope and the cells visualized with phase- 
contrast optics. Patch electrodes were pulled from thick-walled 
borosilicate glass (1.5 mm o.d., 0.86 mm i.d.; Sutter Instruments, 
Novato, CA) on a Flaming-Brown pipette puller (Sutter Instru- 
ments). When measured in the bath, the pipettes had resistances 
of between 3 and 5 MR. Grounding of the dish was through an 
Ag/AgCl pellet in a saturated KC1 well, connected to the dish 
via an agar bridge of saturated KCl, positioned downstream from 
the recorded cell. Junctional voltages between the pipette and 
external solutions have not been corrected for since an additional 
and unknown potential exists across the perforated patch (Horn 
and Marty, 1988). Rapid solution changes in which Na+,, was 
replaced with either NMG or Li’, because they gave rise to 
boundaries between the test solution and the bulk solution, could 
also generate voltages. For Li+ these were found to be between 
1 and 2 mV but for NMG, junctional voltages were too small 
to measure. The small junctional voltage generated by Li+ so- 

lutions would be expected to shift the activation curve in the 
opposite direction to that shown in Figure 9. Data were acquired 
using an Axopatch 1D amplifier (Axon Instruments, Foster City, 
CA) and usually filtered at 1 kHz. Amacrine cells free from 
contact with other cells were chosen for recording. Gigaohm 
seals were achieved by briefly hyperpolarizing the pipette to 
around -90 mV then holding the voltage at -70 mV. Series 
resistance values were initially high (> 100 Ma) but within 
about 5 min fell to around 50 MQ Values were monitored 
throughout each experiment. Series resistance compensation was 
not generally used but where appropriate (e.g., Fig. 1B) steady 
state voltage errors were corrected based on measured currents 
and series resistance. To satisfy ourselves that our perforated 
patch method was not inadvertently causing rupture of the patch 
we conducted some early experiments with fluorescein in the 
pipette. Only in those rare instances where a sudden large drop 
in access resistance unambiguously indicated patch rupture was 
fluorescence seen in the cell. 

Results 
Caz+ influx produces a slow tail current 
Single, isolated amacrine cells were identified on morphological 
criteria (Gleason et al., 1993) and voltage clamped in the per- 
forated patch configuration. With blockers of Na+, K+ and trans- 
mitter-gated channels, voltage-clamp records showed a voltage- 
dependent inward current that began to activate at about -50 
mV. This inward current was identified as a Ca2+ current because 
it could be carried by Ba*+ and was blocked by Co2+ or Cd2+. 
Calcium currents were sensitive to dihydropyridines, described 
in greater detail elsewhere (Gleason et al., 1994), and generally 
had peak values between 100 and 400 pA for steps to - 10 mV 
(Fig. 1). For cells having maximum Ca2+ currents greater than 
about 50 pA, a tail current lasting hundreds of milliseconds 
could be seen on stepping back to a holding voltage of -70 mV 
(Fig. 2A). 

Under the same recording conditions as described in Figure 
2, the maximum tail current had a mean value of - 19 f  8 pA 
(2 SD, n = 21 cells). The amplitudes of the tail currents were 
correlated with the amplitudes of the preceding Ca*+ current. 
The largest tail current followed the largest Ca*+ current (Fig. 
2A). When the net charge moved during a tail was plotted 
against the previous voltage step, the relationship showed the 
same general form as the dependence of Ca*+ currents upon 
voltage (compare Figs. lB, 2B). A small point of difference 
between the two curves is that tail currents go to zero at about 
50 mV (Fig. 28) whereas current, in most cells, becomes out- 
ward between 30 and 40 mV (Fig. 1B). A possible explanation 
for this is that Cs+ is finitely permeant through Ca*+ channels, 
resulting in zero net current at potentials permitting net Ca?+ 
influx. The close relationship between tail size and Ca2+ current 
suggests that tail currents depend on Ca*+ influx. 

What ions carry the tail current? 

Two methods were used to examine the dependence of the tail 
current upon internal Ca Z+ In the first, currents were examined . 
in normal external Ca*+ (3 mM) then with a complete replace- 
ment of Ca2+ with Ba2+. Although Ba2+ carried a larger inward 
current during the voltage step, the slow tail current was abol- 
ished (Fig. 3A; II = 12), indicating that Ba*+ was unable to 
substitute for Ca’+ in activating this current. We also tested the 
dependence of the tail current on a rise in internal Ca*+ by pre- 
loading cells with the fast Ca2+ buffer, BAPTA, by incubation 
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Figure I. Calcium currents recorded 
from an amacrine cell. A, A family of 
Ca2+ currents elicited with 100 msec 
voltage steps ranging from -60 to +20 
mV from a holding voltage of -70 mV. 
This cell was recorded in 0 mM K+ ex- 
ternal solution and internal solution B. 
Cells varied in their degree of inacti- 
vation with the cell illustrated showing 
very little. B, Calcium current ampli- 
tude measured 15 msec after the begin- 
ning of the voltage step, plotted against 
step voltage. The I-Vplot includes data 
from current traces not shown in A and 
has been fitted with a function of the 
form I = c(1 + exp -(V - u/b))-’ (V 
- d). The points in B have been cor- 
rected for junction potential, linear 
leak, and series resistance error. 

A B 

-40 mV 
I 

Q, 
z 

25 msec - -150 pA 

in its acetoxymethyl ester form. Tail currents were absent from 
BAPTA-loaded cells having Ca2+ currents of a size sufficient to 
generate tail currents in untreated cells (Fig. 3B; n = 4 cells). 
This suggests that elevated cytosolic Ca*+ is required to produce 
a tail current. 

Although K+ currents were largely blocked by inclusion of 
Cs+ in the pipette and TEA in the external solution, external K+ 
(5 mM in initial experiments) could potentially carry an inward 
current. A comparison of tails recorded in 0, 5, and 10 mM K+ 
revealed (5 of 7 cells) a small inward current lasting about 100 
msec as a component of the tail (Fig. 4A). To avoid this small 
contamination completely, most subsequent experiments were 
performed in zero external K+. 

centration was also examined. Calcium and tail currents were 
recorded in normal (3 mM Ca*+) and 10 mM Ca*+ external so- 
lutions (Fig. 4C) and as expected, the magnitude of the Ca2+ 
current increased with higher external Ca*+. In contrast, how- 
ever, the tail currents in 10 mM Ca2+ were smaller and lasted 
longer than those recorded in the same cell with 3 mM Ca*+ 
externally. This result is not easily consistent with a Ca2+-gated 
channel current but would be compatible with electrogenic Na- 
Ca exchange if, as shown elsewhere, the rate of Na-Ca exchange 
is reduced in high external Ca*+ (Hodgkin and Nunn, 1987). 
Consistent with this conclusion is our observation that tail cur- 
rents are not associated with a noticeable increase in current 
noise (see, e.g., Fig. 7B). Since ouabain (100 pM) was without 
effect on the slow tail current (n = 3 cells), a contribution of 
the electrogenic Na-pump to the tail was ruled out. Cultured 
amacrine cells release GABA in a Ca2+-dependent way (Gleason 
et al., 1993), and it might therefore be supposed that electrogenic 
GABA uptake could contribute to the tail current. This is not 
the case since the GABA uptake inhibitors + nipecotic acid (1 
mM, II = 8 cells; Fig. 5A) and SKF 89976A (Ali et al., 1985) 
(20 FM, n = 5 cells, data not shown) were without effect on 
tail currents. 

To minimize contaminating Cl- currents, recording solutions 
were designed to match the equilibrium potential for Cl- to the 
holding potential (-70 mV) however an unknown potential 
across the perforated patch is likely to have made this match 
imperfect (Horn and Marty, 1988). When tail currents recorded 
at -70 mV in normal and low external Cl- were compared, 
some cells (Fig. 4B, 2 of 5) showed small differences attributable 
to Cl- current, that lasted around 100 msec. Neither of these 
small conductances could account for the prolonged tail current. 

The effects on the tail current of changing external Ca2+ con- By definition, Na-Ca exchange requires external Na+ for 

Figure 2. A long tail current follows 
the Ca2+ current. A, Calcium current in 
a representative cell was elicited from A 
-70 mV with 100 msec voltage steps 
ranging from -60 to +60 mV. A pro- 
longed inward tail current (lasting 
about 870 msec in this cell) is seen af- 
ter the voltage step. Inset, Four of the 
tail current traces from A are shown at 
higher gain after smoothing by window 
averaging. Symbols indicate matching 
Ca*+ currents and tails. Record ob- 
tained using internal A and normal ex- 
ternal solution. B, For five cells, subject 
to the same protocol as in A, tail cur- 
rents have been integrated to yield 
charge. Charge values were normalized 
(to -1) for each cell and plotted 
against step voltage. The first 50 msec 
have not been included in this integral 
to avoid contamination by residual 
channel currents. The solid line shows 
a best fit function of the same form as 
in Figure 1B. 

B 

-80 -60 -40 -20 0 20 40 60 

step voltage (mV) 
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300 msec 

reaffirming the idea that almost all slow tail current is due to 
Na-Ca exchange. 

As shown in Figure 6C the time course of the Li+-sensitive 
current, determined by subtracting the tail in Li+ from that in 
Na+, is not greatly different from the unsubtracted tail current. 
Two points are clarified in the subtracted records though. First, 
as suggested by previous figures (e.g., Fig. 4C), exchange cur- 
rent saturates. Since contaminating currents are eliminated by 
this subtraction procedure we may conclude that saturation is a 
real property of the exchanger and not an artifact. Second, 10 
msec voltage steps can clearly generate exchange currents. The 
possibility of contaminating currents in the first 50 msec follow- 
ing a Ca2+ current would make this result uncertain without the 
subtraction procedure. 

BAPTA-LOADED Changes in [K]‘,, have no effect on exchange 

1- Two forms of Na-Ca exchange have been described in vertebrate 

Q, 
0 -L 0 

500 msec 

Figure 3. Slow tail requires elevated [Ca*+],. A, A Ca*+ current and 
subsequent tail current are elicited by a step from -70 mV to 0 mV 
with either normal or Ba2+ external solution. Replacing Ca*+ with Ba2+ 
augments the voltage-gated current but abolishes the tail current. Inter- 
nal solution B used. The dotted line denotes 0 pA. B, Currents in a 
BAPTA-loaded cell. In 0 mM K’ external, steps from -70 mV to 0 
mV for 10, 25, 50, 100, and 500 msec elicit CaZ+ currents but no tail 
currents. 

which Li’, though readily permeant through Na+ channels (Hil- 
le, 1972), is unable to substitute (Blaustein, 1977). When exter- 
nal Na+ was replaced with either the large impermeant cation 
N-methyl-D-glucamine (NMG) or Li+ (Fig. 5B), the slow tail 
current was abolished. The abolition of the tail current was im- 
mediate upon replacement of solution around a neuron and was 
immediately and completely reversible. In order to examine 
what fraction of the tail current was attributable to Na-Ca ex- 
change and what fraction to other contaminating, Li+-insensitive 
currents, we compared tail currents elicited by voltage steps of 
different durations in either Na+ or Li+ containing solutions. 
With the exception of the 50 msec immediately following re- 
polarization, removal of external Na+ abolished nearly all tail 
current (Fig. 5B). Of nine cells examined quantitatively, the peak 
tail current in Li’, excluding the first 50 msec, although much 
smaller than in Na+, did increase with step length (Fig. 6A). 
These Li+-insensitive currents probably represent, as expected, 
contaminating channel currents rather than exchange current 
spared by Li+ since they were considerably briefer than ex- 
change currents seen in Na’. A measure of the contribution of 
contaminating currents to tail currents seen in Na+ is provided 
by a comparison of time integrals of tail currents (Fig. 6B). For 
step durations greater than 50 msec, tail charge moved in Li+ 
was less than 4.3% (mean of nine cells) of tail charge in Na’, 

cells. One form, demonstrated in heart muscle (Reeves and Hale, 
1984), has a stoichiometry of 3Na+:1Ca2+ whereas a form in rod 
outer segments transports 1Ca2+ and lK+ out for every 4Na+ 
entering (Cervetto et al., 1989). With an exchange mechanism 
that transports K+, the equilibrium Ca*+ concentration depends 
on the K+ gradient as well as the Na+ and Ca2+ gradients. In 
most experiments described thus far, K+ has been omitted from 
both pipette and external solutions so as to avoid contaminating 
channel currents. This does not, however, exclude the possibility 
of exchange having rod outer segment stoichiometry since Cs’, 
the major cation in the pipette solution, might substitute for K+. 
An experiment to discover if K+ is transported is illustrated in 
Figure 7A. 

In this experiment a neuron without any imposed Ca2+ load, 
was suddenly switched from a solution containing 10 tnM K’ to 
one containing 0.1 mM K+, and back again. If K+ were cotrans- 
ported with Ca2+, this regime would be expected to produce a 
transient inward current as Ca2+ is expelled to reach the new 
equilibrium value for [Ca*+], and a subsequent transient outward 
current following the restoration of 10 mM K+ (Cervetto et al., 
1989). In order to increase any effect of changing K+ concen- 
tration, the Na+ gradient was lessened in these experiments by 
including 10 mu Na+ in the patch pipette. No cells examined 
showed reversible transient currents that would indicate the 
transport of K+ (Fig. 7A; n = 11 cells). In similar experiments, 
Ca*+ loads were imposed just prior to reduction of external K’ 
to increase the difference between the cytosolic Ca*+ concentra- 
tion and the new equilibrium concentration of Ca2+ (not shown). 
No effect of K+ concentration was seen for these experiments 
either (n = 3 cells). 

The ratio of calcium influx to calcium efJlux 

The stoichiometry of exchange has been productively examined 
in rods through an accounting of charge entering the outer seg- 
ment during and after a calcium load (Yau and Nakatani, 1984; 
Hodgkin and Nunn, 1987; Cervetto et al., 1989; Lagnado and 
McNaughton, 1991). We have tried a similar approach in our 
cells. The basis for the approach is as follows. If, as indicated 
above, K+ is not transported with Ca*+, then the ratio of charge 
entering as Ca2+ current to the net current entering during the 
tail, and carried by Na+, should reflect exchange stoichiometry. 
The ratio (r) of charges moved (QloadlQcxchilnge) is related to the 
number of Na+ ions transported (n) per Ca*+ ion expelled, by 
the equation r = 2/(n - 2). 

Estimates of n were obtained in experiments using two dif- 
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Figure 4. Ionic composition of the 
tail current. A, A Ca*+ current and sub- 
sequent tail current are elicited using 
the voltage protocol described for Fig- 
ure 3A with internal B and either 5 mM 
K+ (normal) external or 0 mM K+. The 
dotted line denotes 0 pA. The bottom 
truce is a subtraction of the 0 mM K+ 
record from the 5 mM K+ record with 
an arrow indicating that a small inward 
current carried by K+ ions contributes 
to the tail. B, Current records are 
shown from another cell using the 
same voltage protocol as A with inter- 
nal B and either normal (149 mM Cl-; 
&, = -70 mV) external or low Cl- 
(32 mM; &. = -31 mV) external. The 
bottom truce is a subtraction of the cur- 
rent in normal Cl- from that in low 
Cl-. Arrow indicates a Cl--dependent 
tail current. C, Two sets of current re- 
cords are shown from the same cell. 
Steps from a hold of -70 mV to 0 mV, 
for 10. 25. 50. 100. 250. and 500 msec 
generate a family of Ca;+ and tail cur- 
rents. The external solution for the up- 
per family of traces is 100 mM Na+, 3 
mM Ca*+ and in the lower family of 
traces 100 mM Nat and 10 mM Ca2+. L > 
An increase in external Ca2+ concentra- 
tion augments the Ca*+ current but the 
tail currents are reduced in amplitude 
and are prolonged. 

A 
5mMK’ 

f- 

OmMK’ 

r 
% 
8 -L 

0.5 set 

5mMK+-OmMK’ 
- 

ferent voltage protocols. In five cells stepped to the same voltage 
for different times (Fig. 7B), Y had a mean value of 3.31 + 0.87 
(? SD) as determined from linear regression of plots like Figure 
7B. These r values indicate an apparent stoichiometric ratio of 
2.6Na’: 1 Ca*+ and large variability between cells. Cells stepped 
to different voltages (Fig. 2A) had a mean r of 3.72 + 1.0 
(*SD, n = 6) giving an apparent stoichiometric ratio of 2.5 
Na+: 1 Ca?‘. The apparent stoichiometry in all neurons was few- 
er than 3 Na+ for every Ca2+ although this is the demonstrated 
stoichiometry in cardiac myocytes (Reeves and Hale, 1984) and 
is suggested for other preparations (reviewed in Eisner and Led- 
erer, 1989). 

Two sources of error that might bias our estimates of stoichi- 
ometry in our experiments require consideration. First, contam- 
ination of either the Ca*+ current or the tail current with residual 
channel currents could affect these estimates. Based on current 
records like those shown in Figure 4B and charge measurements 
as shown in Figure 6B, we estimate charge measurement errors 
due to contaminating currents to be less than 10%. A second 
source of error would result if the exchanger were working dur- 
ing the voltage step. In this circumstance a fraction of the Ca*+ 
entering would be cleared before the end of the step and there- 
fore not appear as tail current. Any inward exchange current 
generated during the step would be erroneously accounted as 
calcium load and further compound the error. 

In order to estimate the magnitude of this error we would 
need to know the, presently unknown, voltage dependence of 
the exchange current. In other cells exchange current has been 
found to have an exponential dependence on voltage (Kimura 
et al., 1987; Lagnado et al., 1988) with the exponent a function 
of ion concentrations (Lagnado et al., 1988). If we assume, as 
a worst case, that exchange current is of similar size at 0 mV 
and -70 mV then substantial errors could be created in cells 

B 
Low CI- 

l==---- 
I Normal 

l-=---r Q, 8 L 
I 0.5 set 

Low Cl- - Normal 

3 mM Ca++ 

10 mM Ca++ 

pi7 

r L 
2 set 

having relatively large tails (e.g., Fig. 7B), though not in those 
cells having small tails. The situation would be made more com- 
plicated if exchange stoichiometry were not fixed but depended 
on voltage or ion concentrations. Fortunately, the evidence ar- 
gues against large errors. 

The exchanger removes little calcium during a voltage step 

We have examined experimentally the issue of exchange during 
the voltage step by comparing Ca*+ currents measured in the 
presence or absence of Na+ and by examining tail currents fol- 
lowing Ca*+ loaded in the presence or absence of Na+. If Na- 
Ca exchange were substantial during the voltage step then “Ca*+ 
currents” in Na+ should be larger than in the absence of Na+ 
by an amount equal to the exchange current. Tail currents, mea- 
sured in Na’, following a calcium load in Na+ ought, converse- 
ly, to be smaller by an amount equivalent to the Ca*+ exchanged 
during the step. 

To carry out these experiments, cells were stepped rapidly 
from Na+ containing solution to one in which Na+ was replaced 
with either Li+ or NMG. Most of these experiments were carried 
out using NMG because its higher refractive index allowed easy 
discrimination of the boundary between the two streams of flow- 
ing liquid. NMG, and to a lesser extent Li+, generated an out- 
ward current when applied to cells held at -70 mV. This current 
chiefly represents a reduction in the inward leak current and is 
unconnected with the exchange current since it was seen when 
Ba*+ replaced external Ca2+. Appropriate leak corrections have 
been made for these two solutions. 

When matched voltage steps were applied alternately with and 
without Na+, steps to voltages negative to 0 mV consistently 
generated larger currents in Na+ than in NMG or Li’. This result 
might suggest a contribution of exchange current to the inward 
current seen in Na+ but, in fact, its explanation lies in a small 
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Figure 5. The effect of nipecotic acid and Li+ on the tail current. A, 
Tails in an amacrine cell, elicited by a 250 msec step to 0 mV from 
-70 mV in normal external solution and in the presence of nipecotic 
acid (1 mM). The tail current following the step to 0 mV was unchanged 
when the cell was superfused with nipecotic acid. Traces represent the 
average of six records in nipecotic acid and in the control record, the 
average of six records before and six following nipecotic acid appli- 
cation. B, Current tails from another amacrine cell held at -70 mV and 
stepped to 0 mV for 500 msec, in normal Na+-containing external so- 
lution, before and after replacement of Nat with Li’. Tail currents are 
almost completely suppressed in Li’. 

shift in the Ca*+ current activation curve. Using voltage ramps 
as a way to describe the entire Z-V relation as in Figure 9, it is 
clear that a rightward shift of a few mV in the absence of Na+ 
(mean = 5.71 mV in Li+, n = 5 cells; mean = 5.48 mV in 
NMG, y1 = 9 cells) can explain the discrepancy in measured 
current. A similar shift was seen in Ba2+ (Fig. 9B), removing 
the possibility of the involvement of the exchanger. With the 
exception of slow, indirect effects (Balke and Wier, 1992) Na+ 
has not been reported to have effects on Caz+ currents, so we 
are unable to ascribe our observation to any known mechanism. 
Although its location on the voltage axis was shifted (Fig. 9), 
no consistent difference was seen in the maximum inward cur- 
rent elicited with or without external Na+. This implies that ex- 
change current makes no observable contribution during this 
voltage regime but leaves open the possibility that Caz+ accu- 
mulation during a step of voltage might be sufficient to cause 
significant exchange. A comparison of tail currents makes this 
appear unlikely though. 

Charge moved in tail currents following calcium loads in al- 
ternating Na+ or NMG solutions was calculated by integrating 
tail currents as before. In order to remove the effects on the leak 
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Figure 6. Dependence of Na+-dependent tail currents on the duration 
of the voltage step. A, Mean tail currents measured 50 msec after the 
end of steps to 0 mV lasting 10, 25, 50, 100, 250, and 500 msec (n = 
9 cells, &SE). In the presence of Li+ (solid triangles), the peak tail 
current is small (<5 PA) compared to the normal peak current (open 
circles) which is near saturation at approximately 30 pA. B, Tail cur- 
rents obtained for the same cells as in A were integrated between 50 
msec following the end of each voltage step and approximately 3-4 set 
following the step, at which time currents had all decayed to zero (n = 
9, 2 SE). The integrated current, that is, the charge in the tail current 
is plotted against step duration. When Li+ (solid triangles) replaced Na+ 
(open circles) in the superfusing solution, virtually no tail charge was 
moved. C, Tail currents obtained for one cell by subtracting the tails in 
Li+ from those seen in Na+. Tails have all been aligned to the end of 
voltage step and represent tails elicited by steps of 10, 25, 50, 100, 250, 
and 500 msec duration. The initial currents elicited by the 250 and 500 
msec steps show saturation (arrow). 

current seen in NMG, a control record having no voltage step 
was subtracted from the test record, as shown in Figure 10. In 
four cells examined in detail, loads acquired with Na+ present 
produced tails that were slightly, but significantly (JJ < 0.001, 
Wilcoxon signed rank test) larger than those resulting from a 
load acquired in the absence of Na’. Tails from the load in NMG 
were, on average, 89.9% of those resulting from loads in Na+. 
We suspect this difference is due to a small loss of Ca2+ load 
between the end of the voltage step and the return from NMG 
to Na+ solution (Fig. 1OC). 
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Figure 7. Stoichiometry of the Na-Ca exchanger. A, Currents recorded 
from an amacrine cell held at -70 mV suddenly changed from 10 mM 
K+ external solution to 0.1 mM K+, and back. Fluctuations in current 
of a few pA, partly due to residual ion channel currents and character- 
istic of records made with 10 mM internal Na+, are seen in this cell. 
Transient currents at solution changes, that would indicate the transport 
of K+ by an exchanger, did not occur. B, Current records from a cell 
held at -70 mV and stepped to 0 mV for 250, 500, 7.50, and 1000 
msec, recorded with internal B and 0 mu K+ external containing 100 
PM ouabain. Charge moved in the tail current, and carried by Na+, 
ought to bear a stoichiometric relation to the charge entering during the 
voltage step. This relationship is described in the inset by a plot of load 
charge (Q,,,,) against exchange charge (Qc,,h,& and has a linear re- 
gression slope of 2.5, leading to an estimate of the stoichiometry as 2.8 
Nat: 1Ca2+. As was the case for most cells examined, the lowest ratio 
was given by the shortest step (I. = 2.09) and the largest ratio by the 
longest (r = 2.82). 

From the foregoing experiments we conclude that Na-Ca ex- 
change is not significant during the voltage step. As a conse- 
quence we think it likely that the failure of experiments like 
those in Figure 7B to reveal a consistent stoichiometry is the 
result of Ca2+ removal by processes other than Na-Ca exchange. 

The fraction of Ca2+ removed by Na-Ca exchange 

The large variance in the calculated r values represents consis- 
tent and repeatable differences between cells, some of which had 
relatively large tail currents and others of which did not. For 
those traces, like the 250 msec step in Figure 7B, where r is 
close to 2, an exchanger with a stoichiometry of 3Na+:1Ca2+ 
can account for virtually all clearance of the Ca*+ load. Where 
r values are higher, that is, tails are small relative to the Ca*+ 
load, other processes must be removing cytoplasmic Ca*+. The 
relative importance of the exchanger in removing Caz+ can be 
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Figure 8. Effect of orthovanadate, an ATPase inhibitor, on cytosolic 
Ca2+ concentration in amacrine cells. Ca2+ concentration is shown for 
10 cell bodies within a single field as estimated by ratio imaging of 
Fura-2. Application of orthovanadate caused a general increase in Ca*+ 
from a baseline level of 65 nM + 23 SD to 392 nM t 216 SD. The 
delay in onset of this increase and the delay in its fall following removal 
of orthovanadate is not accounted for by delay in solution changes but 
is probably due to entry and efflux of orthovanadate across the cell 
membrane. 

derived from our estimates of r. The mean fraction cleared by 
exchange, as determined by the two voltage protocols (Figs. 2A, 
5B), was between 54% and 60%, assuming a stoichiometry of 
3Na+.lCa*+. 

The remainder of the Ca2+ load must be either pumped out 
by the plasma membrane Ca 2+-ATPase, sequestered by organ- 
elles, buffered, or some combination of all three processes. The 
relative importance of Ca*+-ATPases in clearing these Ca2+ loads 
was examined by incubating cells in orthovanadate, a potent 
inhibitor of ATPases including ion motive ATPases (Robinson, 
1981; Pedersen and Carafoli, 1987). To check that externally 
applied vanadate would inhibit Ca-ATPases, amacrine cells were 
loaded with Fura- AM and internal Ca*+ concentration exam- 
ined by ratio imaging (Gleason et al., 1992). Within 1 min of 
application, vanadate caused a rise in [Cal,, measured at the 
soma, from 65 + 23 nM (? SD, II = 10 cells) to 392 + 216 
nM. Removal of vanadate was followed by a recovery to base- 
line after a delay of about 2 min (Fig. 8). These results dem- 
onstrate that ATPases, as expected, must play a major role in 
Ca*+ homeostasis in these neurons. For five neurons examined 
in normal external solution and then in normal plus orthovana- 
date, ratios of Qcnchange to Qload were determined by the same 
method used in Figure 7B. No significant differences (p < 0.05) 
were found in the two solutions (r = 3.63 ? 1.3 1, mean * SD 
in normal; r = 3.65 ? 1.70 in vanadate), indicating that Ca2+- 
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ATPases do not contribute significantly to the removal of Ca*+ 
loaded under these conditions. 

The time course of calcium removal by other processes 

By inhibiting plasmalemma Ca-ATPase with vanadate and pre- 
venting Na-Ca exchange by withholding external Na+ we have 
examined the time course with which other processes remove 
Ca*+. As shown in Figure 11, the experiment consisted of vary- 
ing the delay between a calcium load in NMG solution and the 
return of external Na’. As in Figure 10 a control record in NMG 
was subtracted from the test record to remove the change in leak 
current. 

Eight cells were examined with the protocol shown in Figure 
11 and all showed a decline in tail charge as exchange was 
delayed. The mean rate of Ca2+ removal, estimated by fitting 
data points with a linear regression was 31.5 2 8.5% (mean + 
SD) per second. 

Discussion 

Identijcation of electrogenic Na-Ca exchange in amacrine 
cells 
The slow inward tail current we describe here is the result of 
electrogenic Na-Ca exchange which is stimulated by the influx 
of Ca*+ through voltage gated channels. Several pieces of evi- 
dence argue strongly in favor of this conclusion. Particularly 
crucial are the results showing that Ca*+ influx is required to 
elicit this current but that elevated external Ca2+ concentration 
diminishes the current amplitude while extending its time 
course. While Cl- and K+ ions are without effect at relatively 
long times after Ca*+ Influx, Na+ ions are required to support 
the tail current and Li+, as in other preparations is unable to 
substitute. In the presence of Li+, tail currents longer than about 
50 msec are almost totally suppressed and lead us to estimate 
that less than 4.3% of the tail charge is not associated with the 
exchanger. 

The exchanger clears a large fraction of Ca2+ load 

The stoichiometry of the exchanger in amacrine cells is un- 
known but based on experiments like that shown in Figure 7A 
a stoichiometry involving K+ seems less likely than one involv- 
ing just Na+ and Ca2+. If we assume that a net, single charge is 
moved inward for every Ca2+ expelled, as is always the case in 

Figure 9. I-V relations determined in 
Na+ and NMG solutions. A. 200 msec 
voltage ramps from -70 mV to +50 
mV were used to generate these curves. 
A ramp in NMG was followed 3 set 
later by a ramp in Na+. A small right- 
ward shift of the activating limb of the 
curve in NMG is apparent in this typ- 
ical record. Controls showed that no 
shift was seen when solutions were not 
changed. B, Another cell examined as 
in A but having all external Ca2+ re- 
placed by Ba*+. In both A and B, peaks 
have been normalized. Actual peak 
currents in A were - 136.3 pA in’ Na’, 
and - 134.4 pA in NMG. In B, the peak 
currents were -245.7 pA in Na+ and 
-255.9 pA in NMG. 

the rod outer segment (Lagnado et al., 1988; Lagnado and Mc- 
Naughton, 1991) and is true for at least some conditions in car- 
diac myocytes (Reeves and Hale, 1984; Kimura et al., 1987), 
then we estimate that a substantial fraction, in most cells the 
majority, of Ca2+ load is removed by Na-Ca exchange. This 
inference stands in contrast of the conclusions drawn from work 
on cultured dorsal root ganglion neurons (Duchen et al., 1990; 
Thayer and Miller, 1990; Benham et al., 1992). In these studies, 
removal of external Na+ was found to have little or no effect on 
the clearance of Caz+ entering through voltage dependent Ca2+ 
channels. Differences in method may underlie this discrepancy. 
The studies mentioned above all employed fluorimetric mea- 
surements from cell bodies, whereas our approach examines the 
fraction of the total Ca*+ load expelled by the exchanger from 
all parts of the cell. Solely on the basis of surface-to-volume 
ratios, it is likely that Ca2+ loads will be handled differently by 
dendrites and cell bodies (Thayer and Miller, 1990) if as else- 
where (DiPolo and Beauge, 1979, 1983), the membrane Ca*+ 
pump is a high affinity, low capacity system and the exchanger 
has low affinity but high capacity. As expected of this interpre- 
tation, rat brain synaptosomes examined fluorimetrically do 
show a strong dependence of internal Ca2+ concentration on ex- 
ternal Na+ (Nachshen, 1985). 

The conclusion that a large fraction of a Ca’+ load in amacrine 
cells is cleared by an electrogenic exchanger has important im- 
plications for those processes employing Ca2+ as a messenger 
since it renders the persistence of elevated Ca2+ a function of 
membrane voltage and the Na+ gradient. Among these processes 
is synaptic transmission which we have shown relies, in these 
neurons, on Ca2+ entry through channels like those described in 
Figure 1 and whose time course suggests that Ca2+ clearance is 
crucial in terminating release (Gleason et al., 1993). Preventing 
exchange by removing external Na+ has been shown (Gleason 
et al., 1994) to dramatically extend the period of transmitter 
release. 

Removal of Caz+ by other processes 

A striking feature of our results is the variability, between cells, 
in the ratio of charge moved during and after a voltage step. It 
is unlikely that errors in estimating Ca2+ load or efflux can ac- 
count for this. In particular, experiments like that shown in Fig- 
ure 10 rule out a substantial accounting error resulting from 
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Figure 10. Tail currents following a calcium load in either Na+ or 
NMG-containing solution. A, A pair of records (a, b) in which NMG 
solution was rapidly applied to the cell, as indicated by a step shown 
at the top. Record b shows Ca*+ current elicited by a voltage step, 
shown as a bar at the bottom of the figure, followed by a tail current 
beginning as the cell was switched back to Na+-containing solution. 
Record a was a control without a voltage step, showing only the re- 
duction in leak current produced by NMG. B, Record a has been sub- 
tracted from b to give c. Record d shows a Caz+ current and tail mea- 
sured in Nat containing solution throughout. To match Ca2+ currents 
exactly, the voltage was stepped to +lO mV for c and to 0 mV for d. 
C, Tail currents from B are shown enlarged. Tail currents are similar 
except that in c, the tail onset is slightly delayed by the noninstanta- 
neous switching of solutions. One millimolar vanadate was present in 
both NMG and Na+ solutions. 

exchange during a voltage step. We think it unlikely that the 
observed variability originates in exchange stoichiometry vary- 
ing between cells. Most probably, a variable fraction of Ca2+ 
load is removed by another mechanism. Ultimately, since it rep- 
resents the only alternative mechanism for Caz+ expulsion, the 
plasmalemmal Ca2+-ATPase must remove the balance of Ca2+ 
load not cleared by the exchanger. In the short term though, our 
results argue that Ca*+ pumps are not important in clearing Ca*+ 
loads. 

If  Ca*+ pumps were important, then exchange tail currents 
should be augmented in the presence of vanadate. This was not 
found to be the case. In the presence of vanadate, the fraction 
of a Ca2+ load available to the exchanger decreased with time 
at a rate of about 30% per second. What process might be re- 
sponsible for this removal of Ca*+? Since vanadate acts intra- 
cellularly, it is probable, though by no means certain, that all 
ion-motive Ca*+-ATPases, not just the plasmalemmal 
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Figure II. The effect of delayed restoration of external Na+ on tail 
charge. A, Four records in which Ca2+ current was elicited by a step to 
+ 10 mV, indicated by the bar. Prior to and during the voltage step, Na+ 
solution was replaced with NMG. As shown by the steps at the bottom 
of the panel, Na+ solution was restored after a variable delay, indicated 
to the right of each trace, following the end of the voltage step. As in 
Figure lOA, each trace is the difference between a control trace and one 
having a voltage step. B, Tail integrals from multiple iterations of the 
protocol shown in A in which delays were presented in pseudorandom 
order. In each iteration of the protocol, tail charge was normalized to 
that of the 0 set delay. Error bars show SDS and the straight line is a 
regression with a slope of 34.2% per second. One millimolar vanadate 
was present in the external solutions. 

Ca2+-ATPase, were inhibited in our experiments. Because uptake 
of Ca*+ into mitochondria depends instead on a proton gradient 
developed by the electron transport chain (Rottenberg and Scar- 
pa, 1974), mitochondria are a possible candidate for the ob- 
served Ca*+ removal. Mitochondria are thought to play this role 
in other vertebrate neurons (Thayer and Miller, 1990). A plau- 
sible alternative though is that Ca2+ is simply able to diffuse 
away from Na-Ca exchanger molecules, though at a much 
slower rate than in free solution owing to the presence of cy- 
tosolic Ca2+ buffers (Fogelson and Zucker, 1985). Even assum- 
ing that the Na-Ca exchanger is uniformly distributed over the 
membrane, rather than concentrated at synapses (Luther et al., 
1992), the relatively large volume of the cell body, for example, 
would represent a sink from which Caz+ ions would emerge only 
slowly. Differences in shape between amacrine cells and differ- 
ences in placement of their Ca’+ channels might account for the 
observed variability. 
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