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Abstract. The effect of taurine on myocardial contractility was studied utilizing the iso-
lated perfused bullfrog heart. Within the range of 0.5 to 2.8 mM calcium in the perfusion
fluid, taurine produced an increase in the developed force of the spontaneously beating
isolated perfused bullfrog heart. The effect of taurine was calcium dependent having a large
effect at low calcium concentrations but diminishing at high calcium concentrations. Taurine
enhanced calcium binding to sarcolemma isolated from bullfrog hearts. The results suggest
that taurine produces an inotropic response in the bullfrog heart by increasing calcium

binding and calcium influx at the sarcolemma.

Taurine (2-aminoethanesulfonic acid) oc-
curs universally in animals, both inverte-
brate and vertebrate (1). Prior to 1960 it was
generally assumed that taurine was an end
product of sulfur metabolism in the animal
body, having no function other than conju-
gation with cholic acid in the liver and
excretion in the bile (2). Since 1960 reports
have appeared which suggest that taurine
has other important physiological func-
tions: that of modulating impulse flow
across central neural synapses (3), and that
of modulating myocardial excitability (4)
and contractility (5).

While the effect of taurine on myocardial
excitability may be mediated through an
alteration of potassium flux (6), there is
evidence that the effect of taurine on
myocardial contractility is calcium related.
Thus, it has been shown that taurine in-
creases the calcium content of the isolated
perfused guinea pig heart (7) and causes a
positive inotropic response in such prepa-
rations (8). The substance antagonizes the
negative inotropic effect of low calcium
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media (7) and enhances recovery of con-
tractile force in calcium depleted guinea pig
ventricle strips (8).

The site at which taurine acts in the heart
is not clear. Dolara et al. (9) reported that
taurine increased calcium binding and
transport of sarcoplasmic reticulum (SR)
isolated from guinea pig hearts. However,
Entman et al. (10) and Jaqua (11) could find
no effect of taurine on calcium binding or
uptake of SR isolated from dog heart. The
recent report of taurine receptors located
on rat heart sarcolemma (12) drew attention
to this structure as possibly important in the
effect of taurine on myocardial contractility.

In view of the question on the exact site
of taurine action, we utilized the bullfrog
heart as a model. Frog ventricular myocar-
dium lacks a transverse tubular system (13,
14) and possesses only a sparse sarcoplas-
mic reticulum (15). The frog heart relies on
a direct influx across the sarcolemma for
delivery of calcium to the contractile pro-
teins (16, 17), rather than release from SR,
as in the mammalian heart. The frog heart
thus provides a model in which myocardial
contractility can be related to events at the
sarcolemma.

The present report demonstrates a cor-
relation between the positive inotropic ef-
fect of taurine on the isolated perfused
bullfrog heart and enhanced calcium bind-
ing of isolated myocardial sarcolemma.

Materials and methods. Myocardial
contractility. Bullfrogs (Rana catesbeiana)
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from Mogul-Ed, Oshkosh, Wisconsin, were
used. The animals were pithed, the chest
opened, and a polyethylene cannula intro-
duced into the ventricular chamber through
the left truncus arteriosus. The entire heart,
including the atria, was excised, flushed
with perfusion fluid, and secured to the
perfusion system. The perfusion system
consisted of a series of reservoirs con-
nected to a manifold which allowed
switching from one solution to another
without interrupting the flow to the heart.
The solutions in the reservoirs were main-
tained 15 cm above the heart. The apex of
the ventricle was joined by a nylon thread
to a Statham force transducer (Model 397,
0.3 0z). Developed force was recorded on
a Hewlett—Packard Model 7712 recorder.
The hearts were allowed to beat spontane-
ously. Fluid from the reservoir entered the
heart through the left truncus and exited
from the right truncus.

The millimolar concentration in perfusion
fluid was: NaCl, 111; KCl 2.7; K,HPO,,
1.8; Mg SO, 1.1; NaHCO,, 11.9; glucose,
5.5; CaCl,, variable as stated. The solutions
were constantly gassed with 95% 0,—5%
CO,. The pH of the gassed solutions was
7.05. The temperature was 20°.

When taurine was included in the perfu-
sion fluid, the NaCl was decreased appro-
priately to maintain osmotic equality (0.5
mmole of NaCl omitted per mmole taurine
added). The ventricular tissue of the
bullfrog hearts used contained 0.87 + 0.09
pmole of calcium per gram of tissue wet
weight and the bullfrog plasma calcium was
1.4 = 0.11 mmole per liter. Therefore, the
calcium concentrations used in the present
experiments varied from 0.5 to 2.8 mM, a
range selected to include concentrations
expected in the frog.

Isolation of sarcolemmal membranes.
For isolation of sarcolemmal membrane
fragments, the ventricles from 10 bullfrog
hearts were pooled to give about 4 g of tis-
sue. Sarcolemmal membrane fragments
were isolated by a procedure developed in
this laboratory (18). On the basis of the ac-
tivities of putative marker enzymes, our
sarcolemmal fraction was contamination
with negligible, if any, amounts of sarco-
plasmic reticulum and mitochondria.
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Calcium binding. Calcium binding was
measured by the Millipore filtration tech-
nique (19). Membrane preparations (100 ug
of membrane protein) were incubated at 37°
in a medium consisting of 50 mM Tris—
HCl, pH 7.0, S mM MgCl,, CaCl, as in-
dicated containing 0.2 uCi **Ca2*, in the
absence or presence of 2 mM ATP. The
final volume was 2.0 ml. The reaction was
started by the addition of calcium and ter-
minated by filtering through Millipore fil-
ters (0.45 pum, 25 mm) with mild suction.
The filters were washed with 8 ml of
Tris—HCI buffer, pH 7.0, placed in scintil-
lation vials, air-dried, and covered with 10
ml of Packard Insta-Gel scintillation fluid.
Radioactivity was counted in a Packard
Tri-Carb liquid scintillation spectrometer.
Calcium binding was calculated from the
specific activity of the added *°Ca?* and the
activity retained on the filter.

Protein was determined by the method of
Lowry et al. (20); inorganic phosphate by
the method of Fiske and Subbarow (21).
Data were analyzed statistically by Stu-
dent’s ¢ test. Significance was placed at the
P < 0.05 level. Data are presented as the
mean = the standard error of the mean.

Results. Taurine and myocardial con-
tractility. When taurine was added to the
perfusion fluid, the sodium chloride was
decreased (0.5 mmole of sodium chloride
per mmole of taurine added) in order to ac-
commodate the ionic contribution of
taurine and maintain osmotic equality. As
lowering the sodium concentrations is
known to increase the contractile strength
of frog ventricular (22) or atrial (23) strips, it
was necessary to show that the effect of
taurine was not due to simple reduction of
the sodium concentration.

To this end, the contractile response of
the bullfrog heart to increasing concentra-
tions of taurine was compared to the con-
tractile response obtained when the sodium
was lowered and sucrose was substituted
for taurine or when the sodium was reduced
appropriately and no substitution made.
The calcium concentration was held con-
stant at 0.9 mmole per liter. The results are
shown in Fig. 1. No significant effect on the
contractility of the bullfrog heart was ob-
served when the NaCl of the perfusion fluid
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FiGg. 1. The contractile response of the isolated
perfused bullfrog heart to different concentrations of
taurine. When taurine (or sucrose) was included in the
perfusion fluid, NaCl was decreased appropriately.
(®) The perfusion fluid contained taurine at the con-
centrations indicated and the NaCl was decreased (0.5
mmole per mmole of taurine added); (®) the perfusion
fluid contained sucrose at the concentrations indicated
and the NaCl was decreased (0.5 mmole per mmole of
sucrose added); (O) the NaCl was decreased by one-
half the amount indicated on the abscissa and no addi-
tions were made. The bars represent the standard error
of the mean.

was decreased 0.5, 2.5 or S mmole per liter.
When the NaCl was decreased 7.5 or 10
mmole per liter, a small (+20%), but sig-
nificant, increase in contractile response
was observed. As this increased contractil-
ity was not modified by addition of proper
amounts of sucrose (or Tris buffer, not
shown), the slight increase in contractility
was due only to reducing the sodium con-
centration and not due to osmotic changes.

Taurine, at 1 mM concentration, had no
effect on the contractility of the bullfrog
heart, but at higher concentrations consis-
tently increased contractility above that
due to lowering the sodium concentration;
+21% increase at 5 mM, +54% increase at
10 mM, +75% at 15 mM, and +79% at 20
mM. The difference in contractility be-
tween 15 mM taurine and 20 mM taurine
was not significant.

As the effect of 10 mM taurine exhibited
a response midway between the maximum
(15 mM) and minimum (5 mM) we chose
this concentration for further experiments.
The ventricular tissue of the bullfrog hearts
used contained 9.0 + 0.03 wmole of taurine
per gram of tissue wet weight, which corre-
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sponds roughly to 10 mmole of taurine per
liter of tissue water.

Taurine, contractility, and calcium.
Within the restricted range of calcium used
in this study (0.5 to 2.8 mM), increasing the
concentration of calcium in the perfusion
fluid caused a linear increase in the
maximum tension (P,,) developed by the
ventricle of the bullfrog heart. Taurine (10
mmole per liter) consistently produced an
increase in P,, above the control level at
all levels of calcium studied, although the
quantitative effect of taurine was calcium
dependent. Figure 2 shows a typical re-
cording of the response of the isolated per-
fused bullfrog heart to 10 mM taurine when
the perfusion fluid contained 0.9 mM cal-
cium. Taurine perfusion produced an im-
mediate stepwise increase (+68%) in Ppyay-
The rate of contraction did not change.
When the taurine containing perfusion fluid
was changed to control perfusion fluid, the
P ..« promptly decreased below the control
level (—26%) but recovered to the control
level within 30 sec. This suggests that
taurine could be washed out of the heart
easily.

The effect of taurine in increasing P .y
was calcium dependent. Table I gives data
on the effect of taurine at different calcium
concentrations ranging from 0.5 to 2.8 mM
in the perfusion fluid. At low concentra-
tions of calcium (0.5 mM), taurine caused a
large (+78%) increase in developed ten-
sion. At high concentrations of calcium (2.8
mM), the effect of taurine was small
(+10%). At a calcium concentration of 1.4
mM in the perfusion fluid, which corre-
sponds to the plasma level of calcium in the
bullfrogs used, taurine would be expected
to produce a 52% increase in P,,y.

An interesting effect of taurine was ob-
served at the higher calcium concentra-
tions. Figure 3 shows typical recordings.
Instead of the immediate taurine-induced
increase in P,,,, exhibited at lower (0.5 and
0.9 mM) calcium concentrations, at higher
calcium concentrations there appeared an
immediate short-lived decrease in P,.
This was evident at 1.8 mM calcium and
exaggerated at 2.8 mM calcium in the per-
fusion fluid. This reversal of taurine effect
appears to occur at approximately 1.4 mM
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Control
With taurine

Rate 57/ min
57/ min

Tension 1.9 ¢
3.29¢

FiG. 2. The response of the isolated perfused bullfrog heart to taurine. The perfusion fluid contained

0.9 mM calcium; taurine was 10 mM.

calcium, the normal plasma calcium level of
these bullfrogs. We are presently pursuing
this problem. The data recorded in Table I
refer to P, after stability had been
reached.

Taurine and sarcolemmal calcium bind-
ing. Purity studies. Table II shows the val-
ues obtained in the enzyme studies used to
assess purity of our sarcolemmal prepara-
tion. The preparation exhibited Mg?*-
dependent, ouabain-inhibited, Na*-K*
ATPase activity characteristic of sarcolemmal
membranes. Lack of sodium azide inhibi-
tion of the Na*K+* ATPase enzyme and lack
(0 to trace) of succinate —cytochrome c re-
ductase activity in this preparation suggests
negligible mitochondrial contamination. We
could demonstrate no Ca?*-stimulated,
Mg?t-dependent ATPase activity in the

TABLE I. EFFeCT OF TAURINE ON TENSION
DEVELOPED BY BULLFROG VENTRICULAR
MYOCARDIUM IN THE PRESENCE OF DIFFERING
CONCENTRATIONS OF CALCIUM

Pax Percentage

Ca’* concn (g) change
0.5 mM Ca**

control (7)¢ 1.8 = 0.07°

+ taurine (7) 3.2 + 0.05 +78
0.9 mM Ca?*

control (10) 2.3 £ 0.08

+ taurine (10) 3.8 + 0.06 +65
1.8 mM Ca**

control (9) 3.1 = 0.07

+ taurine (9) 4.3 + 0.08 +39
2.8 mM Ca?*

control (7) 4.1 = 0.10

+ taurine (7) 4.5 = 0.11 +10

Note. The perfusion fluid was a bicarbonate buffered
Tyrode’s solution, pH 7.05, continuously gassed with
95% 0,—5% CO, at 20°.

% Numbers in parentheses show the number of indivi-
dual determinations.

b Mean = SEM.

preparation, which suggests no sarcoplas-
mic reticulum contamination (23, 25). Our
sarcolemmal preparation exhibited high
CA?*-stimulated, Mg**-independent ATPase
activity which suggests the presence of
an effective mechanism for calcium efflux
(25, 26).

Taurine and sarcolemmal calcium bind-

iz i R
Taurine perfusion

Co”, &SmM

Control { Taurine perfu;i

Y

F1G. 3. The effect of taurine on the developed ten-
sion of hearts at different calcium concentrations in the
perfusion fluid. The calcium concentration of the per-
fusion fluid is given at the top of each recording. At the
arrow, the perfusion fluid was switched to one con-
taining 10 mM taurine.
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FiG. 4. The effect of taurine on calcium binding by
sarcolemmal membranes isolated from bullfrog heart.
(®) No ATP; (O) with ATP; (@) with ATP and taurine
10 mM.

ing. With bulifrog sarcolemma, calcium
binding progressed rapidly, being complete
in less than 30 sec. Calcium binding was
increased in the presence of ATP (Fig. 4).
In the control group, ATP-dependent cal-
cium binding increased with increasing cal-
cium concentrations up to a maximum at
1.8 mM calcium. Beyond 1.8 mM calcium
there appeared to be a release of ATP-
dependent bound calcium, while the pas-
sive calcium binding increased sharply. Ex-
cept at 0.1 mM calcium concentration,
taurine enhanced ATP-dependent calcium
binding (22 to 38%).

Discussion. Although other interpreta-
tions are possible (27), we have assumed
that tension development in the frog heart is
directly related to a transsarcolemmal cal-
cium influx entering the cell during de-
polarization (28, 29).

Calcium binding is a prerequisite for
transport (30) and plays a role in the accel-
erated diffusion of calcium through the sar-
colemma during the action potential (31).
Our results show that taurine increased the
maximal tension developed by the isolated
perfused bullfrog heart and enhanced cal-
cium binding of sarcolemma isolated from
bullfrog hearts. We believe the two to be
causally related and suggest that taurine
enhances contractility in the bulifrog heart
by enhancing sarcolemmal calcium binding.
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