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The Relationship Between Charge Movements 
Associated with Ic, and in Cardiac Myocytes 

Ventricular myocytes exhibit a nifedipine-sensitive inward calcium current (Ica) and 
contractwe when they are voltage clamped from -40 to 0 millivolt in the presence of 
caffeine and in the absence of extracellular sodium. However, upon repolarization they 
fail to relax because neither the sarcoplasrnic reticulum nor the sodium-calcium 
exchange can reduce intracellular calcium. Sudden application of extracellular sodium 
during the contractwe (but after repolarization) causes immediate relaxation and 
activates a transient inward sodium-calcium exchange current whose peak 
slightly precedes mechanical relaxation. The total charge carried by the nifedipine- 
sensitive Ica is twice the total charge carried by the transient inward INa-Ca. Assuming 
an exchange stoichiometry of three sodium to one calcium, these results indicate that 
all  the calcium entering the cell during the initial depolarization is extruded by the 
sodium-calcium exchange. 

I N THE PRESENCE OF CAFFEINE, WHICH 

prevents ca2+ sequestration by the sar- 
coplasmic reticulum (SR), mechanical 

relaxation of mammalian ventricular muscle 
is dependent on extracellular Na+ (Na;) (1- 
3). This NG-dependent relaxation is also 
voltage sensitive (1-2). Similarly, in the 
presence of ryanodine, which interferes with 
SR ca2+ release, the decay of elevated intra- 
cellular ca2+ concentration ([ca2+]i) in 
guinea pig cells is controlled by voltage and 
is associated with an inward INa.ca tail (4). 
These observations indicate that a voltage- 
sensitive Na+-Ca2+ exchange is capable of 
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sufficient Ca2+ extrusion to cause relaxation. 
If this exchange is electrogenic, there should 
be an associated current that accompanies 
and slightly precedes mechanical relaxation 
and that decays as relaxation progresses and 
intracellular ca2+ is reduced. Here we re- 
port the isolation of a current with these 
characteristics. 

To isolate INa.ca we used a perfusion 
system (5) that rapidly increased Na: and 
activated INa.ca before the exchange could 
significantly dissipate ionic gradients re- 
sponsible for its activation. This approach 
has already been applied to visual rods by 
Hodgkin et a l .  (6). Guinea pig ventricular 
myocytes were enzymatically isolated by a 
method similar to that described by us (1) 
and voltage clamped with the whole-cell 
disrupted patch technique (7)  with a discon- 
tinuous single microelectrode voltage-clamp 
circuit (Axoclamp 2A, Axon Instruments, 
Burlingame, California). Microelectrodes (2 

to 6 m a )  were filled with dialyzing solution 
containing 131 mM CsCI, 0.2 mM MgC12, 
3.0 mM Mg-adenosine triphosphate 
(ATP), 5.5 mM dextrose, and 10 mA4 
Hepes; they also contained 20 pM EGTA 
and no added Ca2+. The p H  was adjusted to 
7.1 with CsOH. The total Cs' concentra- 
tion was 140 mM and free M ~ ~ +  was esti- 
mated to be 600 pM. In experiments requir- 
ing extensive intracellular Ca2+ buffering, 
the pipette solution contained 14.0 mM 
EGTA. Contraction was measured as 
change in cell length with a video-based 
edge detector (8). The control external solu- 
tion contained 145 mA4 LiCI, 0 mA4 KC1 
replaced with 4.4 mM LiCI, 2.7 mM CaC12, 
1.0 mM MgC12, 11 mM dextrose, 10 mM 
caffeine, and 10 mM Hepes-LiOH, p H  7.4. 
Na' replaced Li+ in the test solution. When 
necessary, nifedipine was used at a concen- 
tration of 10 pM. 

Cells were clamped at a holding potential 
of -40 mV in the control solution that 
contained no N G .  An initial inward Ica was 
activated every 10 s (Fig. 1A) by depolariz- 
ina the cell to 0 mV for 2 s. This resulted 
in\ contracture (Fig. 1D)  that persisted 
after the cell was repolarized. In the pres- 
ence of caffeine the contraction is attribut- 
able to Ca2+ entry via Ica. Five hundred 
milliseconds after the repolarization, Na: 
was applied very rapidly [half-time 
(t112) 3 40 ms) (5). The Na: application 

Fig. 1. Two-second voltage-clamp pulses in the 
absence of N d  and presence of 10.0 mM caffeine 
cause contraction. Rapid application of Na; 500 
ms after repolarization causes relaxation. (A) I,, 
elicited by membrane depolarization. (6) The 
application of Na+ produces putative transient 
inward I,,.,,. This current is displayed on an 
expanded scale in (C). (D) Contraction (cell 
shortening) activated by I,-, recorded in (A).  (E) 
After repolarization to -40 mV, relaxation does 
not occur until 500 ms after the clamp pulse when 
Na; is suddenly applied. 
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lasted 6.5 s and produced a transient inward 
current and mechanical relaxation (Fig. 1, B, 
C, and E). This Na:-dependent current 
peaked just before and decayed during relax- 
ation. We have already inferred that Na:- 
dependent relaxation in caffeine-treated cells 
is caused by Na+-Ca2+ exchange (1). We 
therefore suggest that this Na:-dependent 
current is produced by electrogenic Na+- 
Ca2+ exchange. This cycle of contraction 
relaxation and solution change was, whenev- 
er possible, repeated at 10-s intervals so that 
an approximately steady-state relation be- 
tween ca2+ entry and extrusion could be 
measured. 

To show that activation of this current 
requires elevated [ca2+li, we repeated the 
experiment with 14.0 mM EGTA included 
in the pipette solution (Fig. 2A). A clamp 
from -40 to 0 mV elicited an Ica but no 
contracture, and rapid application of Na: 
failed to activate putative (Fig. 2A, 
left panel). We did observe a small and 
stable change of holding current during the 
Na: application for whlch, at present, we 
have no explanation. This holding current is 
always activated upon increasing Na: and 
does not require prior membrane depolar- 
ization (Fig. 2A, right panel). This result 
indicates that the Na:-activated transient 
current can only be observed when [Ca2+]i 
is elevated. 

Our results may be explained by assuming 
that, in the presence of caffeine and in the 
absence of an inward Na+ gradient, suffi- 
cient ca2+ may enter the cell via L-type 
channels to activate contraction. ~ecausethe 
SR cannot accumulate ca2+ in the presence 
of caffeine, relaxation only takes place when 
Na: is applied and Ca2+ is extruded from 
the cell in exchange for Na:. We further 
tested this idea by first eliciting Ica and 

as described under control conditions 
(Fig. 2B, left panel). We then rapidly ap- 
plied Na: to the cell without first eliciting 
Ica by membrane depolarization (Fig. 2B, 
right panel). Although we observed a small 
change in holhng current, there is no Na:- 
dependent transient inward current suggest- 
ing that initial entry of Cai2+ is required 
before this current can be elicited. In the 
same cell, application of 10 pM nifedipine 
abolished Ica and the subsequent Na:-de- 
pendent transient inward current (Fig. 2C, 
left panel), again suggesting that initial Ca2' 
entry is required before the Na:-dependent 
current can be observed. Although Ca2+- 
channel blockers can suppress their 
effect at this concentration is unlikely to 
explain the complete suppression of the 
transient INaFCa (9). If depolarization in the 
presence of nifedipine was omitted, applica- 
tion of Na: still produced (in the cell) a very 
small change in holding current (Fig. 2C, 

right panel). In some cells nifedipine com- 
pletely abolished this change in holding 
current. The steady-state change in holding 
current (upon application of Na:) could 
represent steady-state INa-Ca that compen- 
sates steady-state Ca2+ leaks present under 
these conditions. If this leak is reduced or 
abolished by nifedipine, the compensatory 
Na+-Ca2+ exchange would also be reduced. 
However, when [ca2+li is 153 nM, which 
corresponds to the relaxed condition, Ehara 
et al .  showed that inward INa-ca was small or 
not detectable (lo), suggesting that this 
steady current is not forward Na+-Ca2+ 
exchange. It is possible that before the appli- 
cation of Na:, reverse ~a+-Ca '+  exchange 
(outward current) might be present. Sup- 
pression of this current by application of 
Na: would produce current change in an 
inward direction. The origin of this steady- 
state current is, nevertheless, unclear. Our 
results suggest that rapid application of Na: 
elicits which accompanies the extru- 
sion of Ca2+ that enters the cell via Ica (Fig. 
2). Yau and Nakatani (11) have reported 
similar conclusions from results obtained 
with visual rods. 

To investigate the relation between Ica 
and putative INa-ca, we assumed that in the 
steady state, transient Ca2+ entry produced 
by activating Ica is matched by transient 
ca2+ extrusion when is activated. We 
further assumed that three Na+ ions ex- 
change with a single ca2+ ion. With these 
assumptions the following relationship will 
be true (12): 

To obtain the total Ca2+ entrv. we inte- 
grated the nifedipine-sensitive cii+ current 
(Fig. 3B). To obtain the Ca2+ extrusion via 
Na-Ca exchange, we integrated the transient 
putative INa-ca (Fig. 3C). Measurements 
(122) on 11 cells revealed that the un- 
weighted mean value of the integrated ni- 
fedipine-sensitive Ica was 2.08 + 0.14 
(mean 2 SEM) times the integrated INa-ca. 
We also plotted mean values of the signal- 
averaged integral of Ica against the signal- 
averaged integral of INaFCa for each cell (Fig. 
3A). These values can be compared with the 
relationship expected between these quanti- 
ties when both 3 : 1 and 4 : 1 stoichiometric 
exchange coefficient are assumed. With the 
exception of 1 point (upper right in Fig. 
3AL our results are those expected of an 

, A  

exchange stoichiometry of 3 :  1 when no 
other processes besides electrodifisive 
movement of ca2+ and ~ a + - ~ a ' +  exchange " 
contribute significantly to the measured cur- 
rents. Undetected reverse ~ a + - ~ a ~ '  ex- 
change (during repolarization) or Ca2+ 
movement via the sarcolemmal Ca2+ pump 

Fig. 2. (A) (Left panel) With 14.0 mA4 EGTA in 
the pipette, depolarization from -40 mV to 0 
mV failed to activate contraction (not shown). 
Application of 145 mA4 Na; failed to activate 
putative transient inward but did produce 
a stable change of holding current. In this exam- 
ple the change of holding current was particularly 
large. This change of holding current did not 
depend on prior depolarization (right panel). 
This inhibition of transient INa-Ca by EGTA was 
observed in several cells. (8 )  (Left panel) Ic, and 
putative were activated as already de- 
scribed. If the cell is not depolariid, application 
of Na; fails to activate putative but does 
cause a small charge in holding current (right 
panel). (C) (Left panel) After abolishin5 Ica, with 
10 F M  nifedpine, application of Na, fads to 
elicit putative but does produce a small 
change in holding current. Again this change of 
holding current persists in the absence of prior 
depolarization (right panel). 

may have contributed to the aberrant point. 
The average calculated Ca2+ entry is 60 
pmoliliter of cell water available to free 
ca2+, which is sufficient to activate contrac- 
tion (13). The t , , ~  for decay of the putative 

is 235 * 0.005 ms (mean * SEM, 
n = 34 observations on four cells). The peak 
average value of Ica was 2.05 2 0.44 nA 
(mean 2 SEM, n = 122 observations on 11 
cells) and the peak average value of INa-Ca 
was 0.12 2 0.027 nA (mean + SEM, n = 
122 observations on 11 cells). 

We conclude that the transient inward 
current that is activated by Na: application 
(when we infer that intracellular Ca2+ is 
elevated) is INa.ca. If this is correct, we have 
separated transient INa-ca from Ica and dis- 
played the peak magnitude and time course 
of  IN,.^,. This conclusion is strengthened by 
the fact that this current is absent when 
[Ca2+]i is buffered and requires an initial 
entry of ca2+ to elevate [ca2+li before it can 
be activated. Moreover, its relationship to 
Ica is consistent with an ~ a + - C a ~ +  ex- 
change stoichiometry of 3 : 1 (14-1 7). Al- 
though membrane conductance changes 
have been reported to occur with increases 
in [Ca2+li (9), it is unlikely that this Na:- 
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possible "triggers" for ca2+-induced ca2+ 
release that might underlie excitation con- 
traction coupling in heart (24). 

- - -  
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Erythropoietin Retards DNA Breakdown and Prevents 
Programmed Death in Erythroid Progenitor Cells 

The mechanism by which erythropoietin controls mammalian erythrocyte production 
is unknown. Labeling experiments in vitro with [3H]thymidine demonstrated DNA 
cleavage in erythroid progenitor cells that was accompanied by DNA repair and 
synthesis. Erythropoietin reduced DNA cleavage by a factor of 2.6. In the absence of 
erythropoietin, erythroid progenitor cells accumulated DNA cleavage fragments 
characteristic of those found in programmed cell death (apoptosis) by 2 to 4 hours and 
began dying by 16 hours. In the presence of erythropoietin, the progenitor cells 
survived and differentiated into reticulocytes. Thus, apoptosis is a major component of 
normal erythropoiesis, and erythropoietin controls erythrocyte production by retard- 
ing DNA breakdown and preventing apoptosis in erythroid progenitor cells. 

E RYTHROPOIETIN (EPo), A GLYCO- 
protein produced in the mammalian 
kidney and liver, controls erythro- 

cyte production by acting directly on ery- 
throid progenitor cells in the hematopoietic 
organs. Possible modes of Epo action in- 
clude stimulation of mitosis, induction of a 
program of terminal differentiation, or 
maktenance of cellular viabilitv. Eaves et al.  
(1) speculated that Epo maintains the viabil- 
ity of late-stage erythroid progenitors. Stud- 
ies with purified, late-stage erythroid pro- 
genitor cells indicate that they require Epo 
for survival, notwithstanding any effects on 
mitosis or differentiation (2, 3). The Epo- 
dependent period extends from at least ;he 
colony-forming unit-erythroid (CFU-E) 
stage (4) to the stage at which hemoglobin 

synthesis begins (2). 
To study the mechanism of Epo action, 

we used a homogeneous population of ery- 
throid progenitor cells in the Epo-depen- 
dent period of development; the cells were 
isolated from spleens of mice infected with 
the anemia-inducing strain of Friend leuke- 
mia virus (FVA cells) (5) .  The Epo depen- 
dence and Epo-mediated differentiation of 
FVA cells in vitro were similar to those of 
CFU-E from normal, uninfected mice (2, 5 ) .  
In earlier work, we observed no difference in 
DNA synthesis rates, but we did find a 
differential DNA breakdown in FVA cells 
cultured with Epo and those cultured with- 
out Epo (2). FVA cells cultured without 
Epo contained broken DNA, which was 
detected by 8 hours and was a prominent 
component bv 16 hours. Because DNA 
breakage in Epo-deprived cells was observed 
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