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ABSTRACT

The effects of cardiotoxin on the contractility, absolute refractory period ...
and actioh potential of cardiac muscle have been studied in isolated left atrial
preparations of rats and right ventricular strips of guinea-pigs respectively.
The contractile force of left atrium is depressed by cardiotoxin at a concentra-
tion of I x lO-6 g/ml, usually preceded by an initial augmentation. The absolute
refractory period is usually prolonged during the augmentation of the contractile
force, but either decreased or increased at the later stage of inhibition. Cardlo-
toxin at this concentration frequently induces automaticity of varying rates in
the left atrial preparation. The transmembrane potential of the guinea-pig
ventricular muscle cell Is irreversibly depolarized by cardiotoxin. The duration
and overshoot of action potential are both decreased by cardiotoxin.
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Our previous investigation have shown that cardlotoxin isolated from
Formcsan cobra venom causes systolic arrest of the Isolated frog heart and rat
atrium, vasoconstriction of the rabbit ear vessels, and contracture followed by
paralysis of the skeletal muscle due to irreversible depolarization of the cell
membrane (Lee et al. 1968). In cats, cardiotoxin causes a transient rise in
systemic arterial pressure followed by a progressive decline leading to circula-
tory failure (Lee et ai. 1971). Carcd!2r output an %ell as stroke volumt i .-cerea-
sed and ventricular contractile force deprnened by cardiotoxnr. These findings
together with irreversible ECG changes indicate that the circulatory failure is
due to a direct action of cardiotoxin on the heart.

In the experiments described below, the effects of cardiotoxin on cardiac
contractility, absolute refractory period and action potentials of cardiac muscle
were studied in order to gain insight into its mode of action.

METHODS

Measurements of contractility and absolute refractory period
Albino rats (250 to 350 g) were killed by decapitation and the heart was rapi-

dly removed. The left atrium was freed of ventricular muscle, fat, connective and
septal tissues. This atrium was quiescent and could thus be driven electrically
at any desired rate. The preparation was immersed in 80 ml Tyrode solution

aerated with a mixture of 95% 02 + 5% C0 2 , maintained at 32 - 33 0 C. An initialI. resting tension of 0.7 to 1 g was applied to the atrium. The amplitude of isometric
contraction was recorded on a Grass Model 5 polygraph via a iorce-displacement

transducer (FT-03). The atrium was allowed to stabilize for at least 30 min
before use and driven electrically at the basal frequency of I cps during equilibra-
tion.

Electrical stimulation of the atrium was accomplished by means of a Grass
stimulator (SSBC). The first stimulator (Sl) provided the basal rate (1 pulse/sec)
and the second stimulator (S2) provided the test stimulus. The interval between
S1 and S2 and the stimulating voltage could be varied at will. S1 and S2 were deli-
vered through the same electrodes. The pulse duration of each was 5 miec.
The intensity of Si was set at two times threshold. The absolute refractory period
(ARP) was the minimal S1 - S2 interval at which post-extrasystolic potentiation
could not be demonstrred regardless of the Intensity of S2 (Scheider and Farah,
1956).

Action potential of cardiac muscle
The right ventricular muscle of the guinea pig was dissected along the septum

to make a strip about 5 mm wide. The strip was mounted on (an organ bath by
pinning it with its endocardial surface upward and kAt about 1 mm below the sur-
face of the bathing modified Krebs solution which contained (mM): Na + 137. 4,
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K+ 5.9, Ca++2. 5, CI- 134. 0, H2 PO4 1. 2, HC03"12, glucose 11. 5; and was
oxygenated with 95% 0 2 + CO2 at 36 - 370 C. The strip was driven by extrace-
lular stimulation of less than 5V with 5 msec duration applied at I cps. The mem-
brane "potential and the spike were measured, using an intracellular floating elec-
trode (Woodbury and Brady, 056), with a resistance not less than 10 MA.

RESULTS

Effect on contractility and absolute refractory period (ARP)
The effects of cardlotoxin on contractility and ARP varied considerably from

one preparation to another. A constant result could not be obtained even with the
same dose.

With 0. 5 ,g/ml of cardiotoxin, a transient augmentation (6. 9 1. 4 %, mean
S. E.) of contractile force was observed between 4 to 10 min. Thereafter the

contractility returned to the control level, or became slightly depressed. The
tone was not increased and no arrest was observed over 30 mim

The ARP was usually not affected by this dose of cardiotoxin althogh in a few
cases slight increase was found.

With 1 ag/ml of cardiotoxin, five out of seven preparations showed an Initial
increase of force (28. 1 k 6. 1%; mean + S. E. ) (Fig. 1). Among these five prepa-
rations three were arrested between 9 to 34 min. Of the remaining two out of
seven preparations tested, one showed no remarkable changes, while the other
one was depressed gradually and arrested within 16 rain. The tone was increased
in all preparations tested.

4~.During augmentation of contractile force, the ARP was always increased
(Fig. 1). In three out of eight preparations the ARP was decreased, while two of
them was increased at later phase. The remaining three preparations could not
be measured because post-stimulation potentiation was inhibited by cardotoxin.

Varying rates of automaticity were frequently observed following administra-
tion of 1 pg/rnl of cardiotoxin (Fig. 2). Less frequently extrasystole was alco
found with this dose of cardiotoxin (Fig. 3).

When a higher concentration of cardlotoxin was used, such as 5 Ag/ml, either
a transient augmentation followed by rapid depression or direct depression of
contractile force was found. The ARP usually could not be measured owing to the
depression of post-extrasystole potentiation. The tone was increased more
markedly than with lower doses of cardlotoxin. Automaticity and extrasystolic
contractions were also observed as with 1 tg/ml of cardotoxin.
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These effects of cardiotoxin on contractility were further confirmed in other
preparations, such as rabbit auricle or papillary muscle preparations tnough
cardiotoxin was less active in these cases.

Effect on cardiac transmembrane potential
Fig. 4 shows the effect of cardiotoxin on veutricular muscle cell of the

guinea pig heart. Transmembrane potential was gradually decreased by addition
of cardiotoxin (10 ug/m]). The spike activity of the ventricular muscle was com-
pletely blocked when the restiug potential decreased to about 40 mV aad electrical
stimulation failed to evoke a spike. The effect of cardiotoxin on the spike appeared
initially on the plateau phase, reducing its duration with concomitant decrease of
spike amplitude. Thus cardiotoxin blocked the spike generation preceded by
reduction in the spike amplitude and decrease in the resting potential. These
effects of cardiotoxin are similar to those of KC1 on the guinea-pig ventricular
muscle (Coraboeuf and Otsuka, 1956).

DISCUSSION

Although cardiotoxin increased the contractility of the rat auricular prepara-
tion, this positive inotropic effect was transient and soon followed by suppression
of te contraction, especially if higher concentrations were used. This is in
accordance with our previous findings in the spontaneously beating rat auricular
preparation (Lee et al, 1968). In isolated guinea pig atria, the positive inotropic
effect of ouabain is associated with an increase both in the amount of exchangeable
calcium present in the tissue and in the influx of calcium associated with excita-
tion, although the total calcium in the muscle remains constant (Lllmann and
Holland, 1962; Grossman and Furchgott, 1964). Cardiotoxin has been found irre-
versibly to depolarize the skeletal muscle (Lee et al. 1968) and the present
experiment shows that cardiotoxin also can depolarize cardiac muscle. However,
the contracture inducing effect of cardiotoxin on skeletal muscle was not observed
if the muscle preparatica was immersed in Ca-free solution (Lee et al, 1968). In
view of this finding, the positive inotropic effect of cardiotoxin appears to be
associated with an increased influx of exchangeable calcium for contraction.

The arrhythmogenic action of cardiotoxin inducing extrasystole and automa-
ticity is similar to that of ouabain (Toda and West, 1966, Maller, 1963, Su, 1968).
The incidence -f automaticity is high with higher concentration of cardiotoxin.

Because the ARP as measured in this experiment is a functional refractory
period, shortening of ARP can be the result of decrease in action potential dura-
tion or R depression of the upstroke velocity, or both and vice versa. The elec-
trophys.ological findings from the guinea-pig ventricular muscle cell showed

that the duration of action potential was decreased by cardiotoxin. Thus the
shortening of ARP induced by cardiotoxin appears to be due to the decrease in
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action potential duration. But the possibility of the depression of the upstroke
velocity can not be excluded because the rate Of rise of action potential was not

measured in the present experiment. The prolongation of ARP during aug men-
tation of contraction may be due to the increase of time needed for the act ve
state of contraction. However, the reason for the prolongation of ARP In ae late
state of the suppression of contraction is unknown and is presently under ives-
tigation.

SUM aRY

1. The effects of cardiotoxin on the contractility, absolute refractory period
(ARP) and action potentials of cardiac muscle have been studied in isolated
left atrial preparations of rate and right ventrijular strips of guinea-pigs
respectively.

2. The contractile force of left atrium is depreosed by cardiotoxin at a zoncen-
tratlon of I x 10-6 g/mi, usually preceded by an initial augmentation.

3. Tne absolute refractory period is usually prolonged during the augmeriation
of the contractile force, but either decreased or increased or can not te
measured at the later stage of inhibition.

4. Cardtotoxi n at this concentration frequently induces automaticity of varying
rates in ho left atrial preparation. I

5. The transmembrane potential of guinea-pig ventricular muscle cell is irrever-
sibly depolarized by cardiotox in. The duration and overshoot of action poten-
tial are both decreased by cardiotoxin.
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Fig. 1. Effect of cardlotoxin on the post -extrasystole potentiation and absolute
refractory period of isolated rat left atrial preparation driven at I cps.
Number under the tracings indicate the interval between 81 and S2. The
duration of test stimulus was 15 sec. A: control; B, C, D and E are
2, 4, 6 and 8 min after addition of I x 10O6 g/mI cardiotoin, respectively.__
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Fig. 2. Automaticity induced by cardiotoxin (1 x 10- 6 g/ml) in the isolated rat
left atrial preparation. A: before addition of cardiotoxin The atrium was
electrically driven at I cpn; B: 3 min after addition of cardiotoxin. The
atrium beated automatically without electrical drive.
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Fig. 3. Arrhythmia induced by cardiotoxin (I x 10- 6 g/ml) in the isolated rat
left artrial preparation driven at I cps. A: control; . 10 min after
addition of cardiotoxin.
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200 msc

Fig. 4. Effect of cardiotoxin on action potentials of guinea-pig right ventri-
cular muscle. A is control actiort potential induced by direct stimulation.
B, C, D and E are 4, 8, 12 and 16 mini after addition of I x 10- g/ml
cardiotoxin.
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ABSTRACT

Cardiotoxin, Cobramine B, the direct hemolytic factor (DLF), toxin y and
cobra venom cytotoxin are all the most basic polypeptides isolated from cobra
venoms. Cardiotoxin affects various kinds of cells, causing irreversible depo-
larization of cell membrane. It also has a weak direct hemolytic activity on
washed erythrocytes of the guinea pig, dog and cat, and shows cytopathic effects
of stable tumor cell cultures (HeLa, KB). Both the contracture-inducing and direct
hemolytic activities of cardiotoxin can be potentiated by phospholipase A, and
prevented by polyanions (gangliosides, RNA and heparin), just as the inhibition of
iodide accumulation in thyroid slices by cobramine B. Morenver, the amino acid
composition and molecular weight of cardiotoxin are almost identical with those
of cobramine B. From these results, it is concluded that cobramine B,% DLF,
and possibly cobra venom cytotoxin and toxin y are all identical with cardlotoxln
or at least may be grouped as "Isotoxins" of cardiotoxin.
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Cardiotoxin (1, 2), cobramine B (3), the direct hemolytic factor (DLF) (4),
toxin 7 (5) and cobra venom cytotoxin (6) are all the most basic polypeptide iso-
lated from cobra venom of the same or different species. The possibility was
first suggested by Meldrum (7) that DLF may be identical with cardiotoxin.
Slotta and Vick (8) have found that the most basic polypetide isolated from Naia
naia venom by chromatography on CM-Sephadex column comprises the tOtal,
rather low, direct lytic activity and also the total, very strong, cardiotoxic acti-
vity of cobra venom. They suggested, therefore, that it should be named
'cardiotoxin" rather than DLF. Similarly, cobramine B isolated from the same
venom has been shown to possess a weak hemolytic as well as a narked cardio-
toxic activity (9, 10).

On the other hand, toxin -y isolated from the venom of Nala nigricollis (5)
has been claimed to be devoid of any lytic effect on human erythrocytes even in
the presence of phospholipase A, despite that it has a marked cardiotoxic effect
(11), Similarly, the cytotoxic protein, selectively destructive to Yoshida sar-
coma cells, isolated from Nala nala venom has also been found to be devoid of
direct lytic effect on human and rat erythrocytes (6). Thus, it remains to be
clarified whether these basic polypep~ides separated from cobra venom are all
identical, or at least some of them are different substances.

Qualitative and quantitative pharmacological comparison as well as chemi-
cal analyses of these basic polypeptides obtained by different authors may certain-
ly answer this question unequivacally. However, since we have not succeeded
to obtain samples of these toxins from different authors, the results obtained
with cardiotoxin isolated from Nala nala atra venom will be compared with those
reported by different authors on each toxin.

Direct Lytic Effect of Cardiotoxin
A spectrum of sensitivity of the erythrocytes of various animal species to

the direct lytic action of Formosan cobra venom and its fractions is shown in
Table I. The erythrocytes of guinea-pig and dog are most sensitive, while those
of cat, human and rabbit are much less sensitive. The erythrocytes of goat, rat,
mouse and chicken are resistant to the hemolytic action of the venom. These
findings are, in general, in good accordance with those reported by Condrea &g12)
on the venom of Ringhals (Hemachatus haemachatus). Among 12 fractions sepa-
rated from Formosan cobra venom by CM-Sephadex column chromatography (2),
only the three cardiotoxic fractions (Frs. X - XII) display direct hemolytic action
on the erythrocytes of sensitive species.

As shown in Fig. 1, the direct lytic action of cardiotoxin (Fr. XII) is poten-
tiated by phospholipase A, confirming the findings of various authors (8, 12-14)
that DLF acts synergistically with phospholipase A.

Wolff et al. (15) have demonstrated that iahibition of iodide accumulation
in thyroid slices by cobramine B is prevented by polyanions (heparin, RNA,
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gangliosides, and suramine). As shown in Table 2, the direct lytic action of
cardiotoxin is also inhibited by heparin, RNA and gangliosides. The polyanions
presumably form soluble complexes with cardiotoxin, except in occasional experi-
ments when a faint precipitate is formed. The formation of precipitate from the
DLF protein and heparin or 4extran sulfate added in suitable proportions has
been observed previously (12).

Inhibition of Contracture-Inducing Action of Cardiotoxin by Polyanions
Cardiotoxin produces a marked contracture of the chick biventer cervicis

muscle (2). This action of cardiotoxin is also prevented by pretreatment with
heparin, RNA or gangliosides (Fig. 2).

Cytopathic Effect of Cardiotoxin
It has been reported that cobra venom exerts cytopathic effects on animal

cells in culture (16, 17). As shown in Table 3 and Fig. 3, cytopathic effects on
t) stable tumor cell cultures (HeLa and KB) are found in three ckrdiotoxic fractions

(Frs. X - XII) but neither in neurotoxin (Fr. VIII) nor in phospholipase A fraction
(Fr. V). Phospholipase C from Cl. welchii is also devoid of any cytopathic effect
in a concentration as high as 500 gg/ml. As shown in Table 4, the cytopathic
effect of cardiotoxin on HeLa and KB cells is markedly inhibited by heparin. RNA
is also effective while gangliosides are without effect. At present, no explan-
ation can be given for such differences. It has not been shown whether or not the
destructive action of cytotoxin on Yoshida sarcoma cells can be prevented by these
polyanions.

Amino Acid Composition of Cardiotoxin
Amino acid analysis, end-group analysis, and sequence studies revealed

that cardiotoxin consists of 60 amino acid residues in a single chain cross-linked
by four disulfide bridges with amino-terminal leucine and carboxyl-terminal
asparagine (18). Although Larsen and Wolff (3) reported that cobramine B con-
sists of 52 amino acid residues, their analytical data on the amino acid composition
of cobramine B are almost identical with those of cardiotoxin except for some
minor differences (see Table 5). The amino acid compositon of DLF from Hema-
chatus haemachatus venom, reported by two groups of investigators (4, 19) in-
dependently, is also very similar to that of cardiotoxin (Table 6). All of these
polypeptides are characterized by high lysine content (8 - 11 residues), surprisingly
low arginine content (1 - 2 residues), .and lack of tcyptophan. Neither histidine
nor glutamic acid could be found in both cardiotoxin and cobramine B, while DLF
contains only one histidine and one glutamic acid residue. In view of the simi-
larity in both their boogical and chemical properties, they must be very closely
related, if not entirely identical; the slight differences in the amino acid com -
position among these polypeptides appear to be due to different species or sub-
species of their origin.
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CONCLUDING REMARKS

Cardiotoxin, cobramine B and DLF are all the most basic polypeptide iso-
lated from cobra venom of tWe same or different species. They not only snare
cardlotoxic, direct-hemolytic and many other biological activities but they are
also very sintthi-in taeir amino acid composition. Therefore, they should be
regardd.as "isotoxins", if not entirely identical.

Toxin y and cytotoxin are also strongly basic polypeptides isolated frcm cobra
venom. Both of them have been claimed to be devoid of direct lytic effect on human
and rat erythrocytes and, therefore, to be different from DLF. However, since
both rat and human erythrocytes are also rather resistant to cardiotoxIn, it
remains to be shown that these two basic polypeptides are really different from
DLF or carditotoxin.
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-TA4LE*f

DIRECT LYTIC AcriviTY OF NAJA NAJA ATRA VENOM AND ITS

CARDIOTOXIC FRACTIONS ON ERYTHROCYTES FROM VARIOUS ANIMAL SPECIES

% Hemolysis

Species Fraction No.

Whole venom
I-DC X XI XII

Guinea-pig 86.0 0 44. 4 46. 0 47.6

Dog 51.0 0 28.4 31.8 41.2

Cat 12.0 0 6.2 7.1 9.0

Human 4.2 0 7.2 4.8 13.0

Rabbit 1.2 0 0. 9 0.8 3.7

Rat 0 0 0 0 0(

Mouse 0 0 0 0 0

Goat 0 0 0 0 0

Chick 0 0 0 0 o.

Experiment conditions;

(1) Final concentration of red cell suspension : 1%
(2) Final concentration of test substances : 200 -/ml
(3) 2 hr. incubation in phosphate-buffered saline (pH 7. 4) at 37 0 C.
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TABLE 2

EFFECT OF POLYANIONS ON DIRECT LYTIC ACTIVITY

OF CARDIOTOXIN ON GUINEA-PIG ERYTHROCYTES

Polyanions Concentration Hemolysis
mg/nrl % -S. E.

Control 32. 0 k 3.7

0.2 7.0 +1.5
Heparin 0.8 4. 8 * 0. 3

6.0 2.5 +1.0

0.25 21.1.0.5
RNA 0.5 17.2±1.5

2.5 2.5*1.0

0.2 17.8*0.5
Gangliosides 0.5 2. 0 * 1. 5

L * Final concentration of cardiotoxin 100 V/rl

I/m



TABLE 3

CYTOPATHIC EFFECT OF WHOLE AND FRACTIONATED COBRA VENOM

Venom Final HeLa Cells KB Cells

fraction Concen. 24 hr. 48 hr. 24 hr. .48 hr.
________________ (/ml) 2

50 + ++ +++ ++ ++ ,

30 ++ +-- + +
Whole Venom 20 + ++ + +

10 * +,++. - -

5 - " - -

50 +- +++ +++ + ++ +++

30 ++ ++ - . +
(- Fr.: XII .20 + ++-

(Cardiotoxin) 10 + - -

5 - + - -

50 ++
30 + ++

Fr. XI- 10 * +

5 +

100 +++ +++ + +,.,+4
50 + + . -

Fr. X 30 * - -

10 ....

Fr. VIII 200
(Neurotoxin).

Fr. V

(Phospholipase A) 500

Phospholipase C 500
from CL. welchilI

(-) : No change; (*): Slight morphological changes;
(+) : Rounding of cells, increased cytoplasmic granules;

(++) :Cell destruction with partial disruption of cell monolayer;
(+++) Complete disruption of cell monolayer.



TABLE 4

EFFECT OF POLYANIONS ON THE CYTOTOXICITY OF CARDIOTOXIN

Cytotoxic effect by cardiotoxin
PoynosFinal (5 0 VY/WI)
PoyaiosConcn. HeLa Cells KB Cells

(VY/rn) (24 hr) (24 hr)

Control
(Cardiotoxin only)4-

1000-
500 -+

50 +

Heparin 30 + .4

10 +

5 +4

500A
RNA 400 + +

2O+4+ +4

Gangliosides 2000 +4+ ++

(-No change- (:i): Slight morphological changes;
(+:Rounding of cells, increased cytoplasmic granules;
():Cell destruction with partial disruption of cell monolayer;
(++:CompletW d!l3ruption of cell nomolayer.
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o-O CT, 1O0 r7ml

h--- CT. 100 I/m!• Ph.A(Fr.V),2O 0%

8C

6 *

20

30 50 70 90 110 130
Time min.

Potentiation of Direct Lytic Action of
Cordlotoxin(CT) by Pthoiphol aw A (Ph.A).

Fig. 1. Potentiation of henolytic action of cardiotoxin by phospholipase A
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Ga iosic W'So.smqI

Cardiotoxin tO I/mi

4 hr

Fig 2. The chick's biventer cervicis muscle. Supraniaximal indirect
stimulation of 0. 5 msee duration was applied at a rate of 6 per min.
Conitracture induced by cardiotoxin (CT) 10 'j/ml (a); prevention of
contracture by pretreatment with gangliosides 0. 15 mg'/ndi (b); witn

RNA 5 mg/mi (c), and with heparin 2. Zmg/nil (d).
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HeLa cells KB cells

Control Control

Cardiotoxin 30T 24 hr Cardiotoxin 301 24 hr.

Fig. 3. Cytopathic effect of cardlotoxin on monolayers of HeLa and KB cells.
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This report is divided into two parts.I- E'rECTS OF CARDIOTXI ON CONTRACTILITY, ABSOLUTE REFRACTORY PERIOD, AhD)

ACTION POTENTIALS OF CARDIAC MUSCLE
The effects of cardiotoxin on the contractility, absolute refractory period and ,

action potential of cardiac muscle have been studied it isolated left atrial prepara-
tions of rats and right ventriculir strips of guinea-pigs respectively. The contra -
tile force of left atrium is depressed by cardiotoxin at a concentration of x i0 -

eml, usually preceded by an initial amntation. The absolute refractory period is
usually prolonged during the augmentation of the contractile force, but either

ration frequently induces automaticity of vasing rates in the led atrial prepara-
tion. The transmembrane potential of the guinea-pig ventricular muscle cell is
irreversibly depolarized by cardiotoxin. The duration and overshoot of actionpotential are both decreased by cardiotoxin.

Part If- IDENTIFICATION OF CARDTOTOXIN WITH COBRAMINE B, DLF, TOXIN GA-31A Al"D COBRA

Cardiotoxin, Cobramine B, the direct hemolytic factor (DLF), toxin Y and cobra
venom cytotoxin are all the most basic polypeptides isolated from cobra venoms.
Cardiotoxin atfects various kinds of cells, causing irreversible depolarization of

cell membrane. It also has a weak direct hemolytic activity on washed erythrocytes
of the guinea pig, dog and cat, and shows cytopathic effects of stable tumor cell

(r n.I e



13. Abtract (Cont'd)

cultures (H"Ua, KB). -Both the contracture-inducing and direct haeol yt.cactivities of cardiotoxin can be potentiated by phobpholipase A, andprevented by polyanions (gangliosides, RNA and heprin) Ji~ as the irhibi.Ition of iodide accumulation in thyroid slices by-cobrajine B. Moreover,the amino acid composition and molecular weight of cardiotozin are *&most.identical with those of cobramine B,-F Prom these results, it is concludedthat cobramine B, DLF, and possibly cobra venom cytotoxin and toxin ."areall identical with cardiotoxin or at least may be grouped as "isotoxins,of cardiotoxin. (Author) 
-
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