
rine per kilogram resulted in a further 
decrease in blood pressure. 

Mammalian studies beginning with 
that of Alquist (4) have led to the 
classical concept of alpha and beta 
receptors for the reaction of animals 
to catecholamines. Usually, stimulation 
of alpha receptors causes vasoconstric- 
tion, and stimulation of beta receptors 
causes vasodilatation. Epinephrine will 
stimulate both receptors; isoproterenol 
stimulates only the beta receptors. Epi- 
nephrine and isoproterenol elicited 
similar responses in the species of 
sharks studied. However, the depressor 
response to epinephrine was not ob- 
tained until after a maximum pressor 
response occurred. In mammals, the 
depressor response to epinephrine pre- 
cedes the pressor effect. 

The epinephrine-induced depressor 
effect in sharks was unusual. The re- 
sponse was only to lower blood pres- 
sure to the control value. The only 
circumstance in which epinephrine 
elicited a decrease in blood pressure to 
below control values was in the animals 
first treated with dibenzyline, an alpha- 
receptor blocking agent. This observa- 
tion suggests that the depressor effect 
is mediated in part, at least, by a beta- 
like receptor. Similarly, blockade of the 
pressor response may result from block- 
ade of alpha-like receptors. 

The prolonged pressor response to 
epinephrine may be a reflection of a 
deficiency of inactivation mechanisms. 
However, amine oxidase and 0-methyl- 
transferase are present in shark tissues 
(5), and sharks have chromaffin cells 
containing epinephrine and norepineph- 
rine (6). Apparently, then, epinephrine 
is not foreign to the cardiovascular 
system of the animals studied. 

The effect of epinephrine on heart 
rate was small. Large doses did have 
a negative chronotropic effect, confirm- 
ing previous observations (7). How- 
ever, the isolated heart of Squalus 
acanthius reacts to epinephrine and 
norepinephrine with positive inotropic 
and chronotropic effects (6, 8). 

Thus, in both lemon and nurse sharks 
the basic qualitative reactions to epi- 
nephrine and isoproteronol suggest the 
presence of alpha- and beta-like recep- 
tor areas. 
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of the action potential. 

There is evidence suggesting that in 
cardiac Purkinje fibers, as in squid 
axon (1), the rapid depolarization 
phase of the action potential depends 
on a specific permeability increase of 
the membrane for sodium ions (2). 
The application of the voltage-clamp 
method to frog atrial (3) and mamma- 
lian ventricular (4) myocardial fibers 
showed that movement of sodium ions 
down their electrochemical gradient 
into the fibers might also be the basic 
mechanism for rapid depolarization in 
these excitable tissues. The experiments 
reported here were performed to obtain 
information about the sodium current 
in mammalian myocardial fibers. 

Thin ventricular trabeculae or very 
small papillary muscles (diameter, 0.5 
mm or less; length, 5 mm or more) 
were isolated from dog heart. The 
preparations were pulled through 
tightly fitting holes in two rubber mem- 
branes which divided a chamber into 
three compartments. The middle com- 
partment was continuously perfused 
with isotonic sucrose solution, and the 
two outer compartments were perfused 
with Tyrode's solution (5). In one of 
the outer compartments only about 
1 mm of the fiber was exposed. When 
a voltage was applied between the two 
outer compartments, current flowed 
between these compartments through 
intracellular pathways of the fiber 
bundle, owing to the high resistivity of 
the sucrose solution and the relatively 
low intracellular resistance. The cur- 
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rent flow through the membrane re- 
sulted in a homogeneous depolarization 
in the small portion of fiber exposed 
to Tyrode's solution. The membrane 
potential in this fiber portion was re- 
corded between an intracellular and an 
extracellular microelectrode filled with 
3M KC1, and the potential was con- 
trolled by a negative feedback circuit 
which used a Philbrick P85A opera- 
tional amplifier. The gain and frequency 
response of the system were sufficient 
to produce a stepwise membrane- 
potential change within 0.5 msec. Con- 
tractions of the same fiber portion were 
measured with a force-displacement 
transducer (Grass FT03C). Contrac- 
tion, membrane voltage, and membrane 
current were recorded simultaneously 
on an oscilloscope (Tektronix 565). 
There are advantages and limitations 
to this kind of voltage-clamp method 
(6). 

The data recorded were the mem- 
brane current and the contraction in 
response to depolarizing voltage-clamp 
steps (Fig. 1). The resting potential 
(-77 mv) was identical with the 
holding potential from which rec- 
tangular voltage steps of increasing 
amplitudes were applied to the mem- 
brane of the fiber bundle. Immediately 
after all potential steps, a surge of ca- 
pacitative current flowed. At potential 
levels up to - 64 mv, constant outward 
current was recorded throughout the 
depolarizing pulse. At potentials be- 
yond - 64 mv, however, the capacita- 
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Sodium Current in Ventricular Myocardial Fibers 

Abstract. Membrane currents were measured in thin bundles of dog ventricular 
myocardium under voltage-clamp conditions. A rather large initial inward 
current which had an equilibrium potential at about + 55 millivolts could be 
recorded. When the external sodium concentration was reduced, the equilibrium 
potential for this current was shifted by the amount predicted theoretically for 
a current carried solely by sodium ions. The size of the sodium inward current 
(INa) was largely dependent on the preceding membrane potential. The INa was 
completely inactivated if the membrane potential was as low as -45 millivolts. 
Sodium ions are the main carrier of charge during the rapid depolarization phase 
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tive surge was followed by an inward 
current exhibiting a steep voltage de- 
pendence and reaching its maximum 
amplitude at - 60 mv. This initial in- 
ward current decayed rapidly and 
turned into outward current within 
about 50 msec. With larger depolariz- 
ing pulses, the initial inward current 
decreased in amplitude. After correc- 
tion for the capacitative surge, the 
potential at which the early current 
record showed neither an inward nor 
an outward hump is considered to be 
the equilibrium potential for the ini- 
tial inward current (1). 

If the initial inward current is car- 
ried solely by sodium ions, its equi- 
librium potential should change in a 
predictable manner when the external 
sodium concentration [Na]o is de- 
creased to 31 percent of that in Ty- 
rode's solution by replacing NaCl 
isotonically with sucrose or tris(hydroxy- 
methyl) aminomethane-chloride. To test 
this prediction for a given prepara- 
tion, the equilibrium potential for the 
initial inward current was first deter- 
mined in normal Tyrode's solution. 
Next, a similar run was made in low 
sodium solution within 10 minutes after 
the bathing fluid was changed. The 
peak initial currents were plotted 
against membrane potential (Fig. 2). 
In normal Tyrode's solution, the ampli- 
tude of the initial inward current in- 
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'60 my 

creased steeply in the potential range 
from - 70 to - 65 mv and reversed its 
sign, becoming outward current, at 
+60 mv. 

This current-voltage relation showed 
rectifier properties in the poten- 
tial range from - 50 to + 50 mv, In 
sodium-poor solution, the amplitude 
of the initial inward current was re- 
duced, and the equilibrium potential 
was shifted to + 30 mv. The Nernst 
equation, ENa = (RT/F) X In ([Na]o/ 
[Na]i), predicts a theoretical equilib- 
rium potential shift of 30.6 myv under 
these conditions, if the initial current 
is carried solely by sodium ions. In five 
similar experiments, the equilibrium 
potential shifted by 29 ? 2.3 myv (mean 
and standard error of mean), showing 
that the initial inward current measured 
in dog myocardial fibers is carried by 
sodium ions. 

The net outward current in Tyrode's 
solution was measured at the end of a 
300-msec depolarizing pulse for the 
same fiber (Fig. 2). As in cardiac 
Purkinje fibers, the current-voltage re- 
lation for outward current shows in- 
ward-going (anomalous) rectification 
and has a negative slope in the poten- 
tial range from - 50 to - 25 mv (7). 

The inactivation effect of the mem- 
brane potential on the Na current was 
investigated by changing the potential 
in two steps (8). When the potential 

j 300 mg 

a 20, A 

-24 my 

+8 mv 

of the second step (V2) is held con- 
stant, INa elicited at this level is strongly 
dependent on the potential of the ini- 
tial, conditioning depolarization (Vi). 
The results are expressed as the frac- 
tion, h. (8), of maximum INa which 
can be elicited at V,2 plotted as a func- 
tion of the potential during the condi- 
tioning depolarization, V1. Our experi- 
ments revealed that if V1 is more 
negative than - 70 myv, peak INa is 
maximum, whereas if V, is more posi- 
tive than -45 mv, there is no detect- 
able INa at V2. The standard form for 
this curve (2, 8) is 

h. 1/[1 + exp ((VFi - Eh)/S)] 

Typical results from our experiments 
yielded Eh of - 55 mv, and a slope 
factor S of 4.5 mv. Weidmann (2) 
obtained a comparable inactivation 
curve for cardiac Purkinje fibers. The 
slopes for the curves from the two 
cardiac tissues are the same, but the 
curve obtained here is about 15 mv 
more positive than that for the Pur- 
kinje fibers. Similar relations have been 
described for other excitable tissue 
(8, 9). 

A second much smaller and slower 
net inward current can be recorded at 
-- 24 mv (Fig. 1). At this potential, 

the steady-state contraction of the myo- 
cardial preparation is rather strong, 
whereas at more negative potentials 

+50 

-100 

INa 

[Nalo 
I 

+100 

I A 

Fig. 1 (left). Voltage clamps of ventricular trabecula from dog 
potentialsduring heart in Tyrode's solution. Upper traces, isometric contraction; 

middle traces, membrane current (upward deflection from I = 0 
_=j _ =. *333 my indicating outward current, downward deflection indicating inward 

current); lower traces, stepwise displacement of membrane 
a-3 smift of equilibriupotential from its resting value at -77 mv. Figures beside 

records indicate the membrane potential during voltage-clamp 
step. Records show steady-state conditions for contraction after 
membrane potential had been clamped five or six times to each 

500 msee potential level; frequency of depolarizations was 0.3 per second. 
Fig. 2 (right). Current-voltage relations of venticular trabecula (dog). Ordinate, ionic current in microamperes; abscissa, membrane 
potential during voltage-clamp step in millivolts. Peak sodium currents in normal Tyrode's solution (X) and in a solution containing 
31 percent of the normal [Na]o (O) after isotonic replacement of NaCl by tris-Cl are plotted as negative (inward) currents. There is 
a shift of equilibrium potential (intersection of current with voltage axis) by 30 my in sodium-poor solution. Positive (outward) cur- 
rent in Tyrode's solution (0) was measured at end of 300-msec clamp step. 
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( 60 to -33 mv), where INa is 

largest, the contractions are weak and 
are not influenced much by the mem- 
brane potential. Thus steady-state con- 
traction seems to depend mainly on the 
flow of the second inward current. The 
ionic requirements for the second in- 
ward current, its dependence on the 
membrane potential, and its relation to 
activation of contraction are the sub- 
jects of another report (10). 

Thus our experiments suggest that 
in dog ventricular myocardium the flow 
of sodium current is mainly responsible 
for the rapid depolarization during the 
action potential. Some of the kinetics 
of INa are quite similar to those in other 
excitable tissues. 

HARALD REUTER* 
GEORGE W. BEELER, JR. 

Section of Physiology and Biophysics, 
Mayo Clinic, Rochester, 
Minnesota 55901 
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In cardiac Purkinje fibers, calcium 
ions contribute to the total membrane 
current during rather strong depolariza- 
tions (1). Evidence has been obtained 
that, during depolarizations in sodium- 
free solution, calcium ions carry a 
charge across the membrane of ventric- 
ular myocardial fibers isolated from 
sheep and calf hearts. Under these 
conditions, activation of contraction 
seemed to be directly related to the in- 
ward movement of calcium ions (2). In 
order to get more information about the 
importance of calcium inward current 
for the action potential as well as for 
excitation-contraction coupling in mam- 
malian cardiac muscle, we performed 
voltage-clamp experiments and simul- 
taneously measured contraction in thin 
trabeculae and papillary muscles excised 
from dog hearts. 

We used the method already de- 
scribed (3). In that report, apart from 
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excitatory sodium current (INa), a much 
smaller and slower net inward current 
was described as flowing in dog ven- 
tricular fibers during depolarization to 
potential levels between -30 and -20 
my. Steady-state contraction became 
large in the same potential range. In 
the presence of 'Na, the slow inward 
current could not be accurately re- 
solved, but INa could be completely 
inactivated with a conditioning de- 
polarization of the membrane to -45 
mv. Therefore, we investigated the 
second inward current in greater detail 
after the sodium system had been in- 
activated. 

Double-step voltage clamps recorded 
from a dog ventricular trabecula soaked 
in Tyrode's solution are seen in Fig. 1. 
The duration of the first depolarization 
step, V1, from -77 mv (resting poten- 
tial) to -38 mv was 420 msec; that of 
the second, superimposed step, V2, was 
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210 msec. During the first step, which 
was always of constant amplitude, there 
was a transient inward sodium current 
(3). The V1 was sufficiently large and 
long to inactivate INa completely at V2. 
The second step of depolarization, V2, 
was varied in amplitude. A small de- 
polarization, from -38 to -33 mv, 
produced a slight increase in outward 
current. Stronger depolarization pro- 
duced a flow of slow inward current 
that was maximum in this preparation 
at -7 mv. Net inward current could be 
recorded at potentials up to +7 mv. A 
precise determination of the equilibrium 
potential for this current was unattain- 
able, because during depolarizations to 
potentials beyond +30 mv the outward 
current increased steeply, making it im- 
possible to separate the slow inward 
current with sufficient accuracy. 

The slow inward current was in- 
fluenced by the external calcium con- 
centration [Ca]o. It became extremely 
small when [Ca]o was low (0.1 mmole/ 
liter), and its amplitude increased with 
increasing [Ca]o up to 7.2 mmole/liter. 
The difference between the initiation 
and the maximum of the slow inward 
current (after correction for the capaci- 
tative outward current) was considered 
to represent an estimate of the total 
inward current and was plotted against 
membrane potential (Fig. 2). The slow 
inward current in [Ca]o of 1.8 mmole/ 
liter increases steeply at potentials from 
-25 to -18 mv, and decreases again 
during depolarizing clamp steps above 
-10 mv. When [Ca]o was increased to 
6.3 mmole/liter, the threshold for the 
slow inward current was shifted nega- 
tively by 8 mv and the amplitude of the 
current was larger, attaining its maxi- 
mum at about -25 mv. In positive- 
potential regions, the two current- 
voltage relations are almost parallel, the 
separation between the curves being 
about 18 mv. Although there are uncer- 
tainties in this method of estimation, 
this tends to agree with a theoretical 16- 
mv shift of the equilibrium potential 
calculated from the Nernst equation 
under the assumption that the current 
is carried solely by calcium ions. 

This assumption is strongly supported 
by the finding that the slow inward cur- 
rent was not much affected by the com- 
plete absence of sodium in the bathing 
solution, and also that it was sensitive 
to alterations of [Ca]o in sodium-free 
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Calcium Current and Activation of Contraction in 

Ventricular Myocardial Fibers 

Abstract. In thin bundles of dog ventricular myocardium, a slow inward cur- 
rent (distinct from the sodium inward current) could be recorded under voltage- 
clamp conditions. This inward current was influenced by changes in external 
calcium concentration, but it was not dependent on external sodium concentration. 
Therefore, this current which contributes an appreciable amount of charge 
transfer during the plateau of the action potential, is carried by calcium ions. In 
sodium-free solution, the flow of calcium ions into the fiber is directly related to 
activation of contraction. In sodium-containing solution, however, calcium in- 
ward current serves primarily to fill up some intracellular stores from which 
calcium can be released by moderate depolarization. 
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