and pH S5-insoluble cortical proteins
(Table 1) suggests that no one protein
subfraction was preferentially affected.
This is also indicated by our finding that
the specific activity of insoluble cortical
proteins (that is, those contained in the
50,000g sediment) was decreased during
SCD to the same extent as the soluble
proteins. In order to confirm this sug-
gestion, the pH S5-soluble proteins were
further fractionated (8) by disc electro-
phoresis on polyacrylamide gels (9).
The wunstained gels, 12.5 mm in
diameter and 10 cm long, were cut into
40 cross-sectional slices, and the radio-
activity of each slice was measured (10).
Duplicate gels were stained, and specific
activity was estimated by comparing the
radioactivity in each slice with the dye
intensity of the corresponding area of
a stained gel. Although the analysis was
limited by the assumption that the in-
tensity was directly proportional to pro-
tein concentration and by the low
radioactivity in each slice, there was no
indication of preferential incorporation
into any of the protein bands.

The primary event in spreading de-
pression is believed to be the loss of
intracellular potassium and the rise of
the extracellular potassium (ZI). Other
biochemical alterations have also been
reported. Concentrations of glucose,
glycogen, and creatine phosphate fall,
while the amounts of lactate, citrate,
inorganic phosphate, and total nin-
hydrin-positive substances increase (12).
These changes are enhanced by simul-
taneous induction of ischemia and indi-
cate a generalized alteration in the
oxidative metabolism of cortical cells,
possibly through a stimulation of the
sodium-potassium pump. Similar bio-
chemical events have been reported in
brain slices during electrical stimula-
tion (/3) and in media of high potas-
sium concentration (I/4). These observa-
tions suggest that the effect of spreading
cortical depression on incorporation of
labeled leucine into protein is a non-
specific, secondary consequence of the
diversion of energy sources or amino
acids (or both) into different metabolic
pathways.

Our results confirm those of Ru$éik
(2) and extend them to conscious, freely
moving animals. The findings suggest
the design of experiments to detect
changes in the synthesis of particular
proteins as a result of more specific al-
terations in neural activity such as
learning and memory. Several groups
have reported experiments showing that
unilateral spreading cortical depression
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appears to restrict learning to the
normal hemisphere (4, 15). This experi-
mental system might therefore be used
to detect possible biochemical altera-
tions in a “trained” hemisphere relative
to the depressed hemisphere.

GUDRUN S. BENNETT

GERALD M. EDELMAN
Rockefeller University, New York 10021
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Adrenergic Blood Pressure Responses in the Shark

Abstract. Both nurse and lemon sharks recovered slowly from the pressor effect
of epinephrine and from the depressor effect of isoproterenol. The recovery time
increased with the dose of epinephrine. Grading of dosage and the use of dibenzy-
line revealed that these species exhibit alpha and beta adrenergic vascular responses
in a manner qualitatively similar but quantitatively dissimilar to that for mammals.

The pressor response of the shark
to epinephrine has been described as
prolonged, with accompanying desensi-
tization to subsequent doses (7). Little
else is known about the nature of the
pressor response in sharks. We have
studied such responses in small (1 to
6 kg) nurse sharks Ginglymostoma
cirratum and lemon sharks Negaprion
brevirotris (2). d-Tubocurarine (3.0
mg/kg) was injected into the caudal
vein. The animal was then restrained
in a supine position and anesthetized
by perfusion of tricaine methanesulfo-
nate (1:10,000 in seawater) across the
gills. The gills were continuously per-
fused with fresh seawater throughout
the experimental period. A deep inci-
sion was made through the ventral
surface of the tail which was then re-
flected dorsally exposing the caudal
artery and vein, and polyethylene
cannulas were inserted in these vessels.
Arterial blood pressure was recorded
with a Statham P23 DC transducer
and a Grass model 79-2 polygraph.
Drugs were diluted in an elasmobranch
solution (Nicholl) (3) and adminis-
tered by way of the venous cannula.

No differences in response attribut-
able to sex or species were observed
among 19 lemon sharks and 17 nurse
sharks. Control arterial systolic pres-
sures ranged from 20 to 36 mm-Hg,
diastolic pressures from 16 to 30 mm-
Hg, and pulse pressures from 3 to 7
mm-Hg. Control heart rates ranged
from 16 to 44 beats per minute.

When initial doses of epinephrine
chloride (100 to 1000 ug/kg) were
administered, mean arterial pressure
increased by 10 to 20 mm-Hg. This
pressor response decreased only slightly
during the subsequent 3-hour period.
During the peak pressor response, the
administration of additional epineph-
rine or norepinephrine did not elicit
further pressor responses. When the
initial doses of epinephrine were below
10 pg/kg, blood pressure returned to
that of the control within 60 minutes
after administration. Doses of epineph-
rine below 0.5 ug/kg failed to elicit a
pressor response.

In mammals low doses of epineph-
rine will often elicit a depressor re-
sponse. Doses of epinephrine as low as
0.0001 pg/kg were administered to
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Fig. 1. Response of nurse shark to epinephrine (EPI) and isoproterenol (ISO) when
EPI was administered first (doses are as micrograms per kilogram; unless otherwise
indicated dose was administered while blood pressure was at the immediately preceding
level): (a) control; (b) EPI, 1.0 (returned to control level 7 minutes after adminis-
tration); (¢) EPI, 10.0; (d) 33 minutes after c¢; (¢) EPL, 100; (/) EPI 1000 (adminis-
tered 9 minutes after e); (g) 3 minutes after f; (k) EPIL, 1000; (i) 1.5 minutes after A;
() 8 minutes after h; (k) ISO, 25; (I) ISO, 250 (administered 5 minutes after k; (m)
EPI, 1000; (n) 3 minutes after m.
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Fig. 2. Response of nurse shark to epinephrine (EPI) and isoproterenol (ISO) when
ISO was administered first (doses are as micrograms per kilogram; unless otherwise
indicated, dose was administered while blood pressure was at the immediately preceding
level): (a) control; (b) ISO, 1.0; (¢) 13.5 minutes after b; (d) ISO 3.0; (e) 25 minutes
after d; (f) ISO 10.0; (g) 14 minutes after f; (k) ISO, 30; (i) EPL 10.0 (administered
5 minutes after #); (j) 6 minutes after i; (k) EPI, 100; () ISO, 30; (m) EPI, 100;
(n) 37 minutes after m; (o) EPI, 100; (p) 9.5 minutes after o; (¢) ISO, 100.
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sharks. At no time was an unequivocal
depressor response observed. However,
the relationship between the pressor
and depressor effects of epinephrine in
the sharks was unusual (Fig. 1). A
maximum pressor response was ob-
tained with 100 ug of epinephrine per
kilogram. During the peak response, a
dose of 1000 pg/kg was administered.
Acardia was followed by a return of
heart action and the original pressor
level was restored. Within 3 minutes
after injection, a depressor response
occurred. A subsequent dose of epi-
nephrine resulted in a return to control
pressure levels. Further doses of epi-
nephrine or isoproterenol did not elicit
either a pressor or a depressor response.
In one of the animals, a maximum
mean pressor response of 17 mm-Hg
was obtained with 100 pg of epineph-
rine per kilogram. Eleven subsequent
doses of 100 ug of epinephrine per
kilogram were administered causing a
gradual decrease from the peak pressor
level. After the eleventh dose, the mean
pressure had decreased 12 mm-Hg. A
final dose of epinephrine (1000 ug/
kg) resulted in a return to control pres-
sure. Subsequent doses of isoproterenol
(100 wg/kg and 1000 ug/kg) had no
effect on the blood pressure. At the
point at which no further effect could
be elicited with either epinephrine or
isoproterenol, the blood pressure had
returned to control value observed
prior to treatment.

The depressor response to isopro-
terenol was prolonged and refractory
to subsequent doses once a maximum
decrease in blood pressure was reached
(Fig. 2). The maximum pressor re-
sponse to epinephrine was only that
sufficient to return the pressure to the
control level. The administration of
epinephrine during maximum pressor
response caused a depressor effect. In
animals first treated with isoproterenol,
the dose of epinephrine required to pro-
duce a depressor response was less than
that required in animals that were not
treated in such a manner. Subsequent
to the last dose shown in Fig. 2 (iso-
proterenol, 100 pg/kg), doses of iso-
proterenol (100 pg/kg) and epineph-
rine (100 pg/kg) were administered
with no response being elicited.

Dibenzyline (1.0 mg/kg) caused a
depressor response of about 50 percent
of the control blood pressure. This was
followed by a 50 percent increase in
pressure over control level and then a
return to the depressor level of 50 per-
cent of control. Epinephrine (10 ug/kg)
had no effect; but 1000 pg of epineph-
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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 tke .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 O-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.

SoRELL L. SCHWARTZ*
U.S. Naval Medical Research
Institute, National Naval Medical
Center, Bethesda, Maryland

JoserH F. BORZELLECA
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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
(Iyo) was largely dependent on the preceding membrane potential. The 1y, 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

of the action potential.

There is evidence suggesting that in
cardiac Purkinje fibers, as in squid
axon (I), 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-

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 KCl, 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 FTO3C). 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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