
between viviparity in recent sharks and 
distribution geographically (tropical ver- 
sus temperate) or by depth of habitat 
(benthic versus pelagic). Finally, 
Wourms justifiably dismissed purported 
osmoregulatory considerations. Little is 
known about the food habits or feeding 
ecology of sharks during ontogeny ex- 
cept that the young are frequently found 
in different places than the more migrato- 
ry adults. The suggestion that oophagy 
produces a predator trained before birth 
is not acceptable for holocephalans, 
among which no known members can be 
considered predacious. However, there 
is a strong correlation of viviparity with 
large adult size, which in turn has impli- 
cations for feeding ecology. Viviparous 
species produce not only larger offspring 
but also fewer of them. Large size is an 
absolute advantage in reducing the num- 
ber of potential predators. Fewness in 
the number of young is an absolute ad- 
vantage in reducing competition for food 
among them. Large size and low num- 
bers may have been a particularly advan- 
tageous combination in a community 
such as Bear Gulch, where the extreme 
diversity of the chondrichthyans indi- 
cates very fine-grained partitioning of re- 
sources based in part on size and age 
segregation (5). 

Chondrichthyan viviparity has 
evolved independently many times, and 
must be seen as of considerable selective 
advantage by virtue of, rather than in 
spite of, the production of fewer, larger 
young. The probable evolution of vivipa- 
rity with dental specializations for intra- 
uterine feeding in a Paleozoic holocepha- 
lan reinforces the suggestion that this is 
evolutionarily the simplest method of 
viviparity, requiring no specialized ma- 
ternal structures and few fetal modifica- 
tions. 
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Sodium-Calcium Exchange in Rabbit Heart Muscle 

Cells: Direct Measurement of Sarcoplasmic Ca2+ Activity 

Abstract. Calcium ion-selective microelectrodes made with Simon's neutral car- 
rier were used to measure simultaneously sarcoplasmic Ca2+ activity (aica) and rest- 
ing tension (Tr) of rabbit ventricular muscle during reduction and restoration of ex- 
ternal sodium ion concentration, [Na]o. Under the same experimental conditions the 
change in contractile tension (Ta) also was measured. In resting muscle the aica was 
38 ? 17 nanomolar (mean ? standard deviation; N = 10). The reduction of [Na]o 
from 153 to 20 millimolar led to about a threefold increase in a'ca with parallel in- 
creases in Tr and Ta. The time course of the change in aVca was similar to that of the 
changes in Tr and Ta. The results are consistent with an important role of the so- 
dium-calcium exchange system for regulating sarcoplasmic Ca2+ activity. 
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The concentration of calcium ions in 
the sarcoplasm is critical in the regula- 
tion of muscle contraction. Although sar- 
coplasmic Ca2+ concentrations of resting 
heart muscle appear low, they have not 
been measured directly. In this study, 
we measured the sarcoplasmic Ca2+ ac- 
tivity of rabbit heart muscle with Ca2+- 
selective microelectrodes. To test the 
occurrence of a sodium-calcium ex- 
change across the sarcolemma, we mea- 
sured simultaneously the changes in sar- 
coplasmic Ca2+ activity and resting ten- 
sion of the heart muscle during reduction 
and restoration of external Na+ concen- 
tration. This maneuver is thought to di- 
minish Na+ influx and hence Ca2+ efflux. 
Thus, sarcoplasmic Ca2+ activity is ex- 
pected to increase. 
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The Ca2+-selective microelectrodes 
were made with a Ca2+-selective liquid 
provided by Simon (1). Glass micro- 
pipettes with tip diameters of about 1 ,m 
or less were made from borosilicate glass 
capillaries (Corning, code 774). The sur- 
face of the micropipettes was silanized 
by exposure to dichlorodimethylsilane 
gas. The micropipettes were filled with 
100 mM CaCl2 solution, and then by suc- 
tion they were filled with the Ca2+-selec- 
tive liquid up to 400 to 800 /m from the 
tip. The right panel of Fig. 1 shows the 
potential recordings measured at the 
Ca2+ concentrations of 10-8 to 10-3M; 
the left panel shows the measured poten- 
tials plotted against Ca2+ activities. We 
presented the results as Ca2+ activities 
rather than Ca2+ concentrations because 
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Fig. 1. Calibration of a Ca2+-selective microelectrode. For the microelectrode calibration, solu- 
tions of 10-8, 10-, 10-6, 10-5, 10-4, and 10-3M Ca2+ concentration were used. Those containing 
10-8, 10-7, 10-6, and 10-5M Ca2+ were made from a Ca2+-buffer containing EGTA. The Ca2+ 
concentrations of the solutions were calculated with the apparent stability constant of 5.76 x 
106M-' for Ca-EGTA at pH 7.0. The solutions containing 10-4 and 10-3M Ca2+ were made by 
dilution of 0. M CaC12 solution. All the solutions contained 150 mM K+ and 1 mM Mg2+, and 
had apH of 7.0. The solutions have similar ionic strength; therefore, the calibration solutions 
have similar activity coefficients of Ca2+. Bates and Alfenaar (7) have described the conventions 
for determining single ion activity coefficients for various ions including those of calcium. In the 
mixture containing CaC12 and KCI or NaCl, the activity coefficients of Ca2+ at various ionic 
strengths have been reported (8) and can be calculated by the extended Debye-Huckel equation 
(9). The experimental values agree with the calculated values. At the ionic strength of 0.15, the 
activity coefficient of Ca2+ (calculated) was 0.32. The microelectrodes were calibrated before 
and after each experiment. The properties of Ca2+-selective ligands including selectivities have 
been reported (10). 
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(i) many electrophysiological processes 
of cells respond to the ion activities in 
the strict sense, (ii) the microelectrodes 
measure the ion activities, and (iii) to ex- 
press the results as Ca2+ concentration, 
it must be assumed that the activity coef- 
ficient of Ca2+ in sarcoplasm is the same 
as that of extracellular solution. To de- 
termine Ca2+ activities in the calibration 
solutions, we used an activity coefficient 
of 0.32 for Ca2+. At Ca2+ concentrations 
greater than 10-M, the changes of the 
microelectrode potentials were linear, 
with Nernst slopes of about 30 mV for a 
tenfold change in Ca2+ concentration. 
Between 10-6 and 10-7M Ca2+ concentra- 
tions the Nernst slope varied from 10 to 
25 mV. Between 107 and 10-5M Ca2+ 
concentrations the slope varied from 5 to 
15 mV. 
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Fig. 2. Potential recordings of a conventional 
microelectrode (A) and a Ca2+-selective mi- 
croelectrode (B) for determination of sarco- 
plasmic Ca2 activity. The impalement site of 
the conventional microelectrode was about I 
mm from the impalement site of the Ca2+-se- 
leetive microelectrode. Papillary muscles iso- 
lated from rabbit right ventricles were 
mounted in a narrow channel in a muscle 
chamber. The muscle chamber and the prepa- 
ration of Tyrode's solution have been de- 
scribed (5, 6). Tyrode's solution containing 
1.8 mM Caa2 was continuously perfused 
through the narrow channel. Tyrode's solu- 
tion was saturated with a gas mixture of 95 
percent 02 and 5 percent CO2 to achieve apH 
of 7.2 to 7.4. All the experiments were carried 
out at 35? to 36?C. The tendon at the tapering 
end of the muscle was tied with one end of 
fine surgical silk; the other end of the silk was 
connected to a pin of a mechanoelectric trans- 
ducer by means of a small ring. The other end 
of the muscle was held by a fine pin on paraf- 
fin in the narrow channel. The muscles were 
0.7 to I mm in diameter and 5 to 7 mm in 
length. The techniques and criteria used for 
measuring transmembrane potentials with 
conventional and ion-selective micro- 
liectrodes have been described (5. 6). 

Figure 2 shows the sarcoplasmic Ca2+ 
activity of resting muscle perfused with 
normal Tyrode's solution. In Fig. 2A the 
cell membrane potential (Vm) was mea- 
sured with a conventional micro- 
electrode; in Fig. 2B the intracellular po- 
tential (Eca) was measured with a Ca2+- 
selective microelectrode, and Vm was 
subtracted from Eca. The impalement of 
a cell with the Ca2+-selective micro- 
electrode resulted in a large potential 
change of about 200 mV. During impale- 
ments unstable potentials were often 
seen, probably reflecting temporary 
shunts. When the Eca reached a stable 
level, a cell was impaled with a conven- 
tional microelectrode (see arrow in Fig. 
2A) at which time the Eca registered in 
Fig. 2B was rapidly changed by the same 
magnitude as the cell membrane poten- 
tial and reached another stable po- 
tential. The rapid change in Eca repre- 
sents the electronic subtraction of Vm 
from Eca. The Eca after the subtraction 
represents the sarcoplasmic Ca2+ activi- 
ty. The equivalent scale of sarcoplasmic 
Cal+ activities can be determined from 
the microelectrode calibration and is 
shown in Fig. 2B. With such measure- 
ments, the sarcoplasmic Ca2+ activity in 
the resting muscle averaged 38 + 17 nM 
[mean ? standard deviation (S.D.) N = 
10]. In these measurements, the resting 
membrane potential was -80.6 ? 3.5 
mV (mean +? S.D., N = 10). 

Figure 3A shows that after [Na]o was 
reduced from 153 to 20 mM, the resting 
membrane potential was depolarized 
by a few millivolts. After the reduction 
of [Na]o, sarcoplasmic Ca2+ activity, 
a ca, increased and reached a relatively 
stable level. In four successful measure- 
ments, aica increased from 45 ? 19 to 
151 ? 52 nM (mean ? S.D.). The 
change in aica (Fig. 3B) is equivalent to 
the potential change of about 10 mV. Af- 
ter the restoration of [Na]o, Vm and aica 
returned to almost their initial values. 
During the reduction and restoration of 
[Na]o, the time course of the change in 
resting tension (Fig. 3C) is similar to that 
of the changes in aiCa (Fig. 3B). This 
demonstrates a correlation between a ca 
and tension by a direct measurement of 
a ica in intact heart muscle cell. 

Figure 3D shows that after the reduc- 
tion of [Na]o, the peak of contractile ten- 
sion increased and reached a relatively 
stable level. After the restoration of 
[Na]o, the peak of contractile tension de- 
creased and returned to a level similar to 
that prior to the reduction of [Na]o. The 
time course of the change in the con- 
tractile peak tension is approximately 
similar to that of the changes in aiCa and 
resting tension. Although the time 

course of the change in a iCa parallels that 
of the changes in tension, the two time 
courses may not be identical because of 
the time taken by Na+ diffusion in extra- 
cellular space. The a iCa was measured 
from a surface cell of the muscle, while 
the tensions were measured from the 
whole muscle. 

Figure 3D also shows that during the 
low [Na]o period the diastolic tension 
slightly increased. This is consistent with 
the increase in the resting tension. The 
increase in contractile peak tension is 
much greater than that in resting tension. 
The increase in the peak tension (Fig. 
3D) indicates that in the low [Na]o the 
amount of Ca2+ in sarcoplasmic reticu- 
lum that could be released increased 
rather than decreased. This is an in- 
dication that the increase in a ia is due to 
Ca2+ transport across sarcolemma from 
extracellular fluid. Thus, the increase in 
aica and tension during low [Na]o pro- 
vides evidence that the sodium-calcium 
exchange system located at the sarco- 
lemma plays an important role in the 
contractility change by regulating sarco- 
plasmic Ca2+ activity and the Ca2+ con- 
tent of the sarcoplasmic reticulum. How- 
ever, no direct evidence is given that 
Ca2+ in sarcoplasmic reticulum increases 
during exposure to low [Na]o. Therefore, 
we cannot exclude the possibility that 
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Fig. 3. Recordings of the simultaneous mea- 
surements of membrane potential (A), sarco- 
plasmic Ca2+ activity (B), and resting tension 
(C) during the alteration of extracellular Na+ 
concentration [Na]o. Under the same experi-' 
mental conditions, contractile (twitch) tension 
(D) was separately measured from the same 
muscle. The experimental arrangement for 
tension measurement and stimulation has 
been described (6). The initial tension of the 
muscle was determined by stretching the 
muscle; the muscle length was then kept con- 
stant throughout the experiment. The tension 
transducer was linear with a sensitivity of 1.1 
mV/mg. The solution containing low Na+ con- 
centration was made by substituting equimo- 
lar choline chloride for NaCl. Three addition- 
al experiments showed similar results. The 
stimulus rate was 60 per minute. 
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the increase in a'ca of the resting muscle 
may be due to the release of Ca2+ from 
the sarcoplasmic reticulum or to some 
other mechanism not related to a so- 
dium-calcium exchange at the sarco- 
lemma. 

This study shows that the a ica of ven- 
tricular muscle cells is 38 nM (mean val- 
ue). This value is equivalent to a sarco- 
plasmic-free Ca2+ concentration of 119 
nM if one assumes that the activity coef- 
ficient of Ca2+ in the sarcoplasm is the 
same as that of extracellular solution 
(0.32). This assumption is justified pro- 
vided that the sarcoplasmic ionic 
strength is not too different from that of 
the extracellular solution. The value of 
119 nM is similar to a sarcoplasmic-free 
Ca2+ concentration (2) of sheep cardiac 
Purkinje fibers. The value is also consist- 
ent with the range of the sarcoplasmic 
Ca2+ concentrations expected from ac- 
tin-myosin interaction and the threshold 
for tension development (3). The mea- 
surement of aica enables one to calculate 
that the Ca2+ equilibrium potential 
across the cell membrane is +128 mV. 
The results we obtained by changing 
[Na]o are consistent with those observed 
by other investigators (4). They show 
that Ca2+ movements across sarcolemma 
depend on both the external and the in- 
ternal Na+ concentration. Glitsch et al. 
(4) observed that their results are com- 
patible with the idea of an exchange ratio 
of two sodium ions for each calcium ion 
and that the energy required for calcium 
extrusion by the Na-Ca exchange system 
seems to be provided by the Na gradient 
across the sarcolemma rather than by 
metabolic energy. If two sodium ions ex- 
change for each calcium ion (electro- 
neutrality), at equilibrium state the follow- 
ing relation is given: (aiNa)2/(a Na)2= 
(aica)/(a?ca). If the ratios are calcu- 
lated with the a ica measured in this study 
and the aiNa measured by Lee and Foz- 
zard (5), (aiNa)2/(a?Na)2 is at least an order 
of magnitude greater than (aica)/(aoca). 
Whatever the exchange ratio of Na+ and 
Ca2+ is, this study shows that the sarco- 
plasmic Ca2+ activity was increased by a 
reduction in the Na+ activity gradient 
across the sarcolemma. This is consist- 
ent with the close correlation between 
contractility and intracellular Na+ activi- 
ty of sheep cardiac Purkinje fibers in 
which the Na+ activity gradient was re- 
duced by an increase in the intracellular 
Na+ activity (6). 
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Regression of human mammary carci- 
noma after ovariectomy has been linked 
to the presence of an estrogen receptor 
in the tumor (1). Indeed, tumors lacking 
the estrogen receptor seldom regress af- 
ter ovariectomy. The presence of an es- 
trogen receptor, however, does not al- 
ways guarantee that ovariectomy will in- 
duce regression; about half of the tumors 
with estrogen receptors do not regress 
after ovariectomy (2). 

Estrogen is believed to act on mam- 
mary cells by binding to the receptor (3). 
The influence of the estrogen-receptor 
complex on the growth of mammary epi- 
thelium is, however, not well under- 
stood. We therefore studied the effects 
of 17/3-estradiol and insulin on the 
growth of the MCF-7 human mammary 
carcinoma cell line (4) in vitro and in 
vivo. Despite the presence of estrogen 
receptor at comparable levels in vitro 
and in vivo, MCF-7 cells grew without 
estrogen in vitro, but could not grow in 
vivo unless estrogen was present. In 
contrast, insulin, which also acts by 
binding to its receptor, enhanced the 
growth of MCF-7 cells both in vitro and 
in vivo. These findings have been inter- 
preted to indicate that the effect of estro- 
gen and its receptor on mammary cell 
growth in vivo must involve additional 
intermediary factors. 
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weeks after MCF-7 cells were inoculated 
into 30 Swiss nude mice given supple- 
mentary estrogen, 70 percent developed 
tumors. The karyotypes of the tumor cell 
cultures derived from the nude mice 
were human and contained chromosomal 
markers characteristic of the MCF-7 
cells in the continuous culture. In the 
present study, within 7 days after 2 x 
106 actively growing (log phase) MCF-7 
cells were inoculated into the mammary 
fat pad of each of 142 intact, athymic 
nude mice, BALB/c strain, 100 percent 
developed tumors. Tumors did not de- 
velop in ovariectomized mice or in mice 
made diabetic with streptozotocin (6). 
This failure could not be overcome even 
when the inoculum was increased to 
20 x 106 cells for each mouse and when 
a latency period of 90 days was allowed. 
Tumors were obtained with 100 percent 
frequency and within 7 days in ova- 
riectomized mice given a single injection 
of 0.1 mg of estradiol valerate at the time 
of cell inoculation. Similarly, tumors 
were obtained when each of the ova- 
riectomized nude mice was given 10 ,tg 
of 17,8-estradiol in the form of a pellet 
placed subcutaneously in the inter- 
scapular region. Tumors were also ob- 
tained with 100 percent frequency in 
nude mice made diabetic and given injec- 
tions of insulin (0.2 I.U.) daily for 2 
weeks. 
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Estrogen and the Growth of Breast Cancer: 

New Evidence Suggests Indirect Action 

Abstract. The growth of the MCF-7 human breast cancer cell line is unresponsive 
to the presence of estrogen in culture media. Paradoxically, in nude mice, growth of 
these cells and formation of solid tumors are dependent on estrogen. Tumors fail to 
develop in ovariectomized mice, but do develop in intact mice and in ovariectomized 
mice given estrogen. Primary cultures derived from MCF-7 tumors revert to unre- 
sponsiveness to estrogen. However, when these cultures are again transplanted into 
nude mice, estrogen is required for tumor formation. The continuous culture, the 
solid tumor, and the primary cultures therefrom have similar estrogen-binding ca- 
pacities and affinities. These results indicate that mammary carcinoma cell growth in 
vivo is subject to inhibition that can be overcome by estrogen. 
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