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SUMMARY 

Modulation of cytosolic and nuclear Ca2+ and Na+ 
transport by taurine in ventricular heart cells 

Doris Elias Jaalouk, Department of Anatomy and Cellular Biology, Faculty of 
Medicine, University of Sherbrooke 

May 1997 

Taurine has been reported to produce (i) a positive inotropic effect in heart muscle, (ii) 
beneficial effects in treatment of congestive heart failure and (iii) protective effects against Ca2+ 
overload. The objective of this work was to determine the short and long-tenn effect of nonnal 
physiological concentration of taurine on [Ca2+]; and [Na+]; of ventricular heart cells, and to 
determine whether long-tenn exposure to nonnal concentration of taurine (lm.M) block and/or 
prevent Ca2+ overload in heart cells induced by sustained depolarization of the cell membrane. 

Using the fura-2 Ca2+ fluorescence microfluorometry and imaging techniques as well as 
fluo-3 and Na+-Green 3-D confocal microscopy measurement of free Ca2+ and Na+ respectively, 
short-term exposure to nonnal physiological concentration of taurine (1 m.M) had no effect on the 
steady-state basal total [Ca2+]; and [Na+]; in isolated ventricular heart cells. However, exposure to 
relatively high concentrations of taurine (10-80 m.M) induced a signi.ficant concentration-dependent 
sustained increase of the resting steady-state basal total [Ca2J; and [Na J; of ventricular heart 
cells. Pretreatment with ~-alanine, a blocker of taurine- Na+ cotransporter, was found to block 
taurine-induced dose-dependent increase in [Ca2J; in heart cells . Also a low concentration of the 
Na+/ Ca2+ -exchanger blocker, CBDBMB (an amiloride derivative), was found to attenuate the 
increase in total [Ca2J; induced by short-tenn treatment with taurine. Thus, the increase of basal 
total [Na J; by short-tenn treatment with taurine could be due to Na+ entry through the taurine-Na+ 
cotransporter and the increase in the basal steady-state [Ca2J; could then be due to an increase in 
[NaJ; which in turn favors sarcolemmal Ca2+ influx through the Na+/ Ca2+-exchanger. Thus, taurine 
at relatively high concentration may exert a positive inotropic effect by such mechanism. Using the 
same techniques, it was found that the increase of basal total intracellular Ca2+ and Na+ levels by 
short-term treatment with high concentration of taurine ( 5mM) is mainly nuclear. The increase of 
basal nuclear sustained Na+ by taurine could be due to possible presence of a taurine- Na+ 
cotransporter on the nuclear membrane whereas the increase of nuclear sustained Ca2+ could be due 
to cytosolic Ca2+ buffering by the nucleus . 

Long-term exposure of heart cells to normal physiological concentration of taurine ( 1 m.M) 
was found to decrease both cytosolic and nuclear sustained Ca2+as well as nuclear Na+ without 
affecting cytosolic Na+. Moreover, long-tenn exposure to taurine was found to prevent nuclear 
increase of Ca2+ induced by permanent depolarization of heart cells with high [K+]o. This preventive 
effect of taurine on nuclear Ca2+ overload was associated with an increase of both cytosolic and 
nuclear Na+. Thus, the effect of long-tenn exposure to taurine on intranuclear Ca2+ overload in 
heart cells seems to be mediated via stimulation of sarcolemma and nuclear Ca2+ outflow through the 
Na+/ Ca2+- exchanger. The fact that taurine failed to block the observed sustained elevation of 
nuclear Ca2+ pre-induced by sustained long-tenn depolarization of the membrane suggests that this 
amino acid possesses only a preventive effect on nuclear Ca2+ overload. 



RÉSUMÉ 

Modulation du transport du Ca2+ et du Na+ cytosolique et nucléaire 
par la taurine dans les cellules ventriculaires cardiaques 

Doris Elias Jaalouk, Département d' Anatomie et Biologie Cellulaire, Faculté de 
Médecine, Université de Sherbrooke 

Mai 1997 

Il est rapporté que la taurine produit (i) un effet inotrope positif dans le muscle 
cardiaque, (ii) des effets bénéfiques dans le traitement de l' insuffisance cardiaque et (iii) des 
effets protecteurs contre la surcharge du Ca2+_ L'objectif de cette étude est de déterminer 
l' effet à long-terme et à court-terme de la taurine à une concentration physiologique 
normale sur [Ca2+]i et [Na+]i sur des cellules ventriculaires cardiaques et de déterminer si le 
traitement à long-terme avec une concentration normale de taurine (1 mM) bloque et/ou 
empêche la surcharge calcique induite par une dépolarisation soutenue de la membrane 
cellulaire. 

En utilisant les techniques de microfluometrie et d'imagerie avec la sonde calcique 
fura-2 et la méthode de mesure en 3-D à l'aide de la microscopie confocale et les sondes 
fluo-3 et Na+-Green pour le Ca2+ et le Na+ respectivement, la présence de taurine à une 
concentration physiologique normale à court-terme, n'a pas d'effet sur le niveau basal total 
du [Ca2+]i et [Na+]i chez les cellules cardiaques ventriculaires isolées. Cependant, l' ajout 
de la taurine à des concentrations relativement élevées (10-80 mM) a induit une 
augmentation soutenue significative concentration-dependente du niveau basal total du 
[Ca2+)i et [Na+]i des les cellules cardiaques. Le pré-traitement avec de la ~-alanine, un 
bloqueur du cc-transporteur taurine- Na+, a bloqué l'augmentation du [Ca2+)i induite par 
les concentrations croissantes de taurine dans les cellules cardiaques. De même, une faible 
concentration du bloqueur de l' échangeur Na+/ ca2+, CBDBMB (dérivé de l' amiloride), a 
atténué l' augmentation totale du [Ca2+]i induite par le traitement avec la taurine à court-
terme. L'augmentation du niveau basal total du [Na+]i par le traitement à court-terme avec 
la taurine peut être due à l'entrée du Na+ à travers le cc-transporteur taurine- Na+ et 
l' augmentation du niveau basal du [Ca2+]i peut être due alors à l' augmentation du [Na+]i 
qui favorise l'influx calcique à travers le sarcolemme via l' échangeur Na+/ Ca2+_ La taurine 
exerce alors un effet inotrope positif par un mécanisme semblable. En utilisant les mêmes 
techniques, il a été démontré que l' élévation du niveau basal total intracellulaire du Ca2+ et 
Na+ par le traitement à court-terme avec des concentrations élevées de taurine ( SmM) 
est principalement nucléaire. L'augmentation soutenue du niveau basal nucléaire de Na+ par 
la taurine peut être due à la présence possible du cc-transporteur taurine- Na+ sur la 
membrane nucléaire, tandis que l'augmentation soutenue du Ca2+ nucléaire peut être due à 
l'effet tampon calcique du noyau. 



Le traitement des cellules cardiaques à long-terme avec une concentration 
physiologique normale de taurine a diminué le Ca2+ cytosolique et nucléaire ainsi que le Na+ 
nucléaire sans affecter le Na+ cytosolique. De plus, le traitement à long-terme avec la 
taurine a empêché l'augmentation nucléaire du Ca2+ induite par la dépolarisation soutenue 
des cellules cardiaques avec une concentration élevée de [K+]0 • Cet effet préventif de la 
taurine sur la surcharge calcique nucléaire était associé à l'augmentation du Na+ 
cytosolique et nucléaire. L'effet du traitement à long-terme avec la taurine sur la surcharge 
du Ca2+ intranucléaire dans les cellules cardiaques se fait suite à la sortie du Ca2+ à travers 
la membrane nucléaire et le sarcolemme via la stimulation de l'échangeur Na+/ Ca2+. Le fait 
que la taurine n'a pas bloqué l'élévation soutenue du Ca2+ nucléaire observée pré-induite 
par la dépolarisation soutenue de la membrane à long-terme suggère que cet acide aminé 
possède uniquement un effet préventif sur la surcharge du Ca2+ nucléaire. 



I. INTRODUCTION 



2 
I. INTRODUCTION 

Taurine (2-aminoethanesulfonic acid) is the second most abundant 

amino acid after glutamate and its mechanism of action in the body is 

intriguing. It is found in very high concentrations in excitable tissues, 

particularly in the heart where it comprises more than 50% of the total free 

amino acid pool (BASKIN and FINNEY, 1979; HUXTABLE and SEBRING, 1986; 

JACBSON and SMITH, 1968; PETERSON et al, 1973 ; SULEIMAN and 

CHAPMAN, 1993). 

Vast data have been accumulating in the broad field of taurine 

research. There are numerous reports on the physiological roles of taurine 

in nutrition and development (MICHALK et al, 1987), on the roles of taurine 

in the central nervous system (MICHALK et al, 1988), retina (LIMA et al, 

1992), liver, cardiovascular system (HUXTABLE, 1992) and in both skeletal 

(DELUCA et al, 1992; PIERNO et al, 1994) and smooth muscle (RISTORI and 

VENDETTI, 1991; SPERELAKIS et al, 1992). As for the effects of taurine as a 

nutrient, it has been shown that a retinopathy and a cardiomyopathy may 

develop in taurine-deficient kittens and in newboms (PION et al, 1987). In 

the central nervous system, taurine has been reported to play a 

physiological role as a nerve modulator and a regulator of cellular 
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membrane function. Its pharmacological effects when administered 

extemally include a depressor effect and an antiepileptic action (BARBEAU 

and HUXTABLE, 1978; HUXTABLE, 1981). In the liver, taurine protects 

against radiation damage (DOKSHINA et al, 1974), and it lowers 

acetaldehyde levels in ethanol-loaded rats (KUPRYSZEWSKI et al, 1985). 

Taurine administration has been demonstrated to produce a drop in serum 

bilirubin and bile acid levels in patients with acute hepatitis (KURIY AMA et 

al, 1983 ). In the lungs, taurine protects against nitric-oxide induced 

damage (GORDON et al , 1986), and the toxic effects of ozone (BANKS et al, 

1991), bleomycin (WANG et al, 1991), amiodarone (WANG et al, 1992), 

nitrogen dioxide (LEHNERT et al, 1994), cyclophosphamide (VENKATESAN 

et al, 1994) and paraquat (IZUMI et al, 1989). 

Insight into the possible physiological roles for taurine cornes from 

its well-established actions on the heart. Through the modification of 

calcium metabolism, taurine has been reported to (a) produce a positive 

inotropic effect in heart muscle (DIETRICH and DIACONO, 1971; SA WAMURA 

et al, 1983; SCHAFFER et al, 1978), (b) reverse the negative inotropic effect 

of reduced perfusate calcium or exposure to calcium antagonists ( CHOV AN 

et al,1980; FRANCONI et al, 1982a, 1982b), (c) prevent myocardial necrotic 

lesions associated with calcium overload (POPOVICH et al, 1992),( d) protect 
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against Ca2+ overload in a variety of conditions including cardiomyopathy 

(MCBROOM et al, 1977), Ca2+-paradox (KRAMER et al, 1981; TAKAHASHI et 

al, 1992; TAKIHARA et al, 1985; 1986; 1988), hypoxie injury (FRANCON) et 

al, 1985 ; SA WAM URA et al, 1986), and isoprenaline toxicity (OHTA et al, 

1986; 1988), and ( e) improve clinical symptoms of congestive heart failure 

(AZUMA et al,1985; 1994). Taurine-deficiency in the heart was also reported 

to produce dilated cardiomyopathy (MOISE et al, 1991 ; PION et al , 1987; 

PION et al, 1992), electrophysiological abnormalities (ELEY et al, 1994; 

LAKE et al, 1990; 1992;) and myofibrillar loss (LAKE, 1993; 1994). Yet, 

despite the numerous phenomena with which taurine has been associated, 

most of these effects have yet to be correlated with a clear mechanistic 

understanding of its properties. 

1.1 Biosynthesis and transport of taurine in the heart 

Taurine is established as a metabolic product of sulfur amino acid 

catabolism in many mammals, although to a limited extent in humans. lt is 

biochemically inert in the sense that the greatest proportion of taurine is 

excreted unchanged (HUXTABLE, 1992). Taurine is not incorporated into 

proteins but remains as a free amino acid in plasma and tissues. Taurine is 
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synthesized endogenously from methionine, an essential amino acid and 

cysteine, a non-essential one. In the liver, cysteine is oxidized to cysteine 

sulfinic acid by cyteine dioxygenase (see figure l) . Cysteine sulfinic acid is 

then rapidly metabolized further in all mammals by transamination to ~-

sulfinyl pyruvate and in some mammals by decarboxylation to hypotaurine, 

which is subsequently oxidized to taurine. Also cyteine sulfinic acid can be 

oxidized into cysteic acid which is decarboxylated to taurine (EARLE and 

SMITH, 1992; HUXTABLE, 1992). In mammals, taurine is either excreted as 

such or in the form of bile salts such as taurocholate. 

Based on cyteine sulfinic acid decarboxylase (CSAD) (see figure 1) 

activity, which is rate-limiting in taurine biosynthesis (DE LA ROSA and 

STIPANUK, 1985; HAYES, 1985), some species including humans and cats 

have limited hepatic taurine synthesis (WORDEN and STIPANUK, 1985) and 

thus must rely on a dietary source of taurine (HUXTABLE, 1992). In 

particular, cats are more susceptible to taurine deficiency because of their 

requirement for taurine in the conjugation of bile acids. Experimental 

taurine depletion can be induced in cats, faxes and young monkeys by 

feeding taurine-free diets. In animais such as rats and mice, whose liver 

taurine synthesis is much greater than in cats or humans (JACOBSEN and 

SMITH, 1968; WORDEN and STIPANUK, 1985), rendering them less 
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Figure 1 

Hepatic taurine biosynthesis pathways 

(Taken from HUXTABLE, 1992; HUXTABLE et al, 1980) 
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susceptible to low taurine diets, specific taurine depletion of many tissues 

can be achieved by in vivo treatment with antagonists of taurine transport 

such as P-alanine or p-guanidinoethyl sulfonate (HUXTABLE et al, 1979; 

JONES et al, 1992). 

In most species, the intracellular taurine pool of the heart is very 

large commonly about 5-40 mM (JACOBSEN and SMITH, 1968), although 

significant species differences do exist (AZUMA, 1994 ). Intracellular levels 

are maintained despite an approximately 100 times lower plasma levels 

which are in the micromolar ranges (HUXTABLE, 1992; PERRY and HANSEN, 

1969), and are determined by the activity of a transporter that is specific for 

taurine and other P-amino acids (GANAPATHY and LEIBACH, 1994). The 

sarcoplasmic taurine concentration is linked to that of intracellular sodium 

which suggests the presence of sarcolemmal taurine-Na+ cotransporter 

(BAHL et al, 1981; CHAPMAN and SULEIMAN, 1991; SULEIMAN et al, 1992). 

The taurine-Na+ cotransport operates in both directions, and it has been 

suggested that one important role played by taurine in myocardial cells is to 

serve to counter any severe elevation of [Na+]i that would be produced 

under adverse conditions (e.g. hypoxia and ischemia); that is cotransport of 

taurine and Na+ outward could act to lower an elevated [Na+]i (SPERELAKIS 

et al, 1996). The taurine-Na+ cotransporter is inhibited by P-alanine and 
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guanidinoethyl sulfonate (GES) (HUXTABLE et al,1979; JONES et al, 1992). 

Although the cDNA sequences of several taurine transporters have been 

elucidated for other tissues (GANAPATHY and LEIBACH, 1994; JHIANG et al, 

1993; UCHIDA et al), the isoform(s) in the heart has not been isolated. 

1.2 Physiolo1:ical roles of taurine in the heart 

Taurine has been reported to have various physiological effects in 

cardiac tissues of both animais and humans (a) positive inotropy at low 

extracellular calcium levels and negative inotropy at high calcium levels 

(FRANCONT et al,1984; HUXTABLE,1992; SATOH et al, 1994a), (b) 

modulation of both calcium and sodium currents m myocardial cells 

(SPERELAKIS et al, 1992; SATOH and SPERELAKIS, 1993), (c) regulation of 

calcium movements and availability associated with the phospholipid 

components of membranes (CHOVAN et al, 1980; HUXTABLE, 1992; PUNNA 

et al, 1994), (d) stabilization of membranes (HUXTABLE,1992; HUXTABLE 

and SEBRING, 1983 ; PISARENKO, 1996), (e) regulation of long-chain fatty-

acid metabolism, (f) modulation of phosphatidyl-inositol turnover, (g) 

inhibition of protein phosphorylation (LOMBARDINI 1992; 1994; 1997), (h) 

osmoregulation (HUXTABLE, 1992; LEEM et al, 1996; PASANTES-MORALES 
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and MARTIN DEL RIO, 1990; THURSTON et al, 1981 ), and (i) detoxification of 

reactive metabolites (HUXTABLE, 1992; PASANTES-MORALES and CRUZ, 

1984; RASCHKE et al, 1995). 

1.3 Cardioprotective activity of taurine 

It is generally accepted that excessive accumulation of Ca2+ by the 

heart initiates a sequence of events resulting in cell damage. The most 

important Ca2+-mediated changes include (a) activation of cellular ATPases 

resulting in enhanced utilization of ATP; (b) uptake of Ca2+ by the 

mitochondria leading to impaired oxidative ATP production; ( c) activation 

of Ca2+ -dependent phospholipases and proteases; and ( d) initiation of a 

Ca2+ -dependent state of contracture. Therefore, interventions that influence 

the degree of intracellular Ca2+ overload also alter the degree of Ca2+ -linked 

myocardial injury. In this regard, taurine was shown to exert a number of 

cardioprotective actions. Taurine potentiates the inotropic response to 

digitalis glycosides and antagonizes the negative inotropic effect of ~-

receptor antagonists and calcium-channel blockers, as well as toxic doses of 

cardiac glycosides (HUXTABLE, 1992). It has been proposed that the 

inotropic action of taurine is related toits content in the heart. 
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Marked elevations in the concentration of taurine in the hearts of 

experimental animais and humans with congestive heart failure have been 

found (HUXTABLE and BRESSLER, 1974; AZUMA AND SCHAFFER, 1993). 

Daily taurine treatment of animais with artificially induced aortic 

regurgitation further produces a large increase in myocardial taurine levels 

and slows the rapid progress towards heart failure (AZUMA et al, 1984; 

TAKIHARA et al, 1986). Cats fed a taurine-deficient diet were found to 

develop a cardiomyopathy that was reversible upon dietary 

supplementation with taurine (PION et al, 1987). Conversely, taurine levels 

in the heart decrease under ischemic and anoxie conditions ( CRASS and 

LOMBARDINI, 1977). A protective effect of taurine exposure against a 

decline in cardiac slow action potentials during hypoxia has been reported 

(FRANCON! et al, 1985; SAWAMURA et al, 1986). Also, it has been proposed 

that myocardial taurine is one factor in the protection against the calcium 

paradox (KRAMER et al, 1981 ; TAKIHARA et al, 1988; TAKAHASHI et al, 

1992). The latter, a model of calcium overload cardiotoxicity, refers to the 

phenomenon that occurs when hearts are reperfused with calcium after a 

short period of calcium-free perfusion. Irreversible loss of electrical and 

mechanical activity and extensive cellular damage are observed upon 

calcium reperfusion. Taurine was shown to reduce the increase of 
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myocardial calcium content upon calcium reexposure. Further, taurine 

administration protects against intracellular calcium accumulation in state 

of calcium overload caused by treatment of animais with a large dose of the 

sympathomimetic amine, isoproterenol (OHTA et al, 1988), or with the 

anticancer drug, adriamycin (AZUMA et al, 1987; HAMAGUCH I et al, 1988; 

1989). Moreover, drug-induced taurine depletion was shown to exacerbate 

the degree of myocardial dysfunction in the ischemic (SCHAFFER et al, 

1987) and doxorubicin-treated myocardium. 

Thus it seems apparent that taurine plays arole in the regulation of 

intracellular calcium homeostasis through modulation of calcium fluxes. 

Taurine has an ability to increase calcium availability for contraction and 

at the same titne protects against calcium overload injury. This ability of 

taurine is potentially important for the long-term therapeutic application in 

treating patients with congestive heart failure, unlike sympathomimetic 

amines and the newly developed inotropic agents that may not be 

particularly useful drugs for long-term treatment of heart failure because of 

their arrhythmogenic properties, short-duration of action, a general 

requirement for parenteral administration , and their rapid induction of 

tolerance ( CHA TTERJEE et al, 1994; TISDALE et al, 1995). ln addition, 

taurine acts as an antiarrhythmic agent in a variety of experimental models 
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(HERNANDEZ et al, 1984; TAKAHASHI et al, 1988; WANG et . al, 1992). 

Taurine has been demonstrated to abolish arrhythmias in guinea pig and 

rabbit hearts (SATOH , 1994b;l995a). 

Taurine also has been reported to reduce elevated blood pressure in 

animais and humans (KOHASHI and KATOR1 , 1983 ; FUJITA et al, 1987; 

TANABE et al, 1989), and to attenuate the development of hypertension in 

spontaneously hypertensive rats (SHR) (MELDRUM et al , 1994; TRACHTMAN 

et al, 1989) suggesting that taurine may act as a vasodilating agent, thereby 

reducing preload or afterload or both of congestive heart failure patients. 

This activity has the potential of being therapeutically important. 

1.4 Possible mechanisms of action of taurine in the heart 

The modulation of myocardial contraction by taurine has largely 

been attributed to alterations in calcium transport. Earlier studies examining 

the effects of taurine on the heart focused on the sarcolemma as a site of 

taurine action. CHOVAN et al (1979) suggested that taurine stimulated 

myocardial contraction by enhancing Ca2+ binding to the sarcolemma. 

They assumed that increases in the size of the sarcolemmal calcium pool 

would promote contraction by enhancing Ca2+ uptake during excitation. 
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Nevertheless, they failed to address the mechanism by which sarcolemmal 

Ca2+ loading stimulated cellular calcium uptake. However, as more 

information became available regarding the regulation of calcium 

homeostasis in the heart, recent studies focused on the effects of taurine on 

various sarcolemmal Ca2+ transporters. Attempts to clarify the mechanism 

and site of taurine actions have been thus far inconclusive. 

It has been shown that the positive inotropic effect of taurine is not 

mediated by an increase in cAMP (SA WAMURA et al, 1983), or inhibition of 

Na+/K+-ATPase activity (AKERA et al, 1976). This indicates that the 

mechanism of action of taurine is different from that of well-known 

positive inotropic agents, such as ~-agonists, phosphodiesterase inhibitors 

and digitalis glycosides (see figure 2) (SPERELAKIS et al, 1996). Also the 

effects induced by taurine are independent of cGMP level and calmodulin-

dependent protein kinase activity although taurine may inhibit protein 

kinase C activity (LOMBARDINI, 1992). 

Data published on taurine effects in cardiac cells using conventional 

intracellular microelectrode recording techniques and contraction 

recordings suggest that the positive inotropic effect of taurine is not 

mediated through an increase in the slow inward Ca2+ current as taurine 
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Figure 2 
Mechanism of action of positive inotropic drugs 

The mechanisms whereby some positive inotropic agents, such as cardiac 
glycosides, P-adrenergic agonists and phosphodiesterase (PDE) inhibitors 
act are depicted in figure 2. 

As shown (right side ), the P-agonists and PDE inhibitors act via elevation 
of cAMP, activation of protein-kinase A (PK-A), and phosphorylation of the 
slow Ca2+ channels, resulting in stimulation of the Ica(L)· The greater Ica~l 
causes more Ca2+ to be released from the SR, due to Ca2+-induced Ca 
release from the SR, and hence a greater force of contraction. In addition, 
phospholamban protein in the SR membrane is also phosphorylated by PK-
A, which removes the inhibition of the Ca2+ -ATPase fump, thereby 
stimulating Ca2+ uptake into the SR, th.us making more Ca + available for 
release during the twitch contractions of the heart. 

As shown on the left side of figure 2, digitalis glycosides inhibit the Na+/K+-
ATPase pump in the sarcolemma, thereby leading to arise in [Na+]i. Due to 
the Na+/Ca2+-exchange system, the rise in [Na+]i leads to a concomitant rise 
in [Ca2+]i, which allows the SR to become more loaded with Ca2+. 
Consequently, there can be greater release of Ca2+ from the SR during 
excitation-contraction coupling, and hence a greater force of contraction 
(Taken from SPERELAKIS et al, 1996). 
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was reported to exert a positive inotropic effect without greatly affecting 

the slow Ca2+ -dependent action potentials (APs) accompanying the 

contractions m perfused 10 to 20 day old embryonic chick heart 

(SA WAMURA et al,1986). Taurine significantly potentiated the inotropic 

effect induced either by isoproterenol or histamine; however, taurine did 

not significantly increase the maximum rate of rise (max dV/dt), action 

potential amplitude (AP A), or duration ( at 50% repolarization, APDS0) of 

the slow APs induced by isoproterenol or histamine ( SA w AMURA et al, 

1986). There was no major difference in the positive inotropic effect of 

taurine related to the agent used to induce the slow APs and contractions 

( ex. histamine or isoproterenol). On slow APs induced by 

tetraethylammonium (TEA, l0mM) (to depress the outward K+ current), 

taurine also had no effect on max dV/dt and APA; however, the APD50 

was slightly, but significantly, increased (SAWAMURA et al, 1986). 

Taurine not only does not stimulate or induce slow APs, but actually 

was reported to exert a transient depressant action on ongoing slow APs 

(SAWAMURA et al, 1986). The transient depression of the slow APs 

occurred within 0.5 min and lasted for about 2-3 min; by 7 min the response 

had spontaneously recovered and retumed to control levels. In parallel with 

taurine depression of the slow APs, the contractions were slightly 



18 
depressed. However, this initial transient negative inotropic effect of 

taurine (3 min duration) was followed by a positive inotropic effect (still 

not maximal at 10 min). These data suggested that the positive inotropic 

effect of taurine was not due to stimulation of the total inward slow Ca2+ 

current Clca) (SA WAMURA et al, 1986). Also, taurine was found not to 

significantly affect max dV/dt, APA, or APDS0 of the fast APs and not to 

affect the resting membrane potential. 

Although taurine does not stimulate the slow APs under normal 

conditions, it was reported to exert a stimulant effect on guinea pig 

papillary muscle under hypoxie conditions (SA WAMURA et al, 1986a). 

Hypoxia substantially depressed the slow APs within 5 min and induced a 

complete blockade by 20 min. Addition of 10 mM taurine partially restored 

the slow APs within 5 min. Furthermore, pretreatment with taurine was 

also able to protect against the depressant effect of hypoxia on the slow 

APs. Since Ca2+ slow channel function was shown to be dependent on 

metabolism (SPERELAKIS and SCHNEIDER, 1976) and is regulated by cyclic 

nucleotides and phosphorylation (BKAILY et al, 1993; LI and SPERELAKIS, 

1983; VOGEL and SPERELAKIS, 1981), the protective/restorative effect of 

taurine was suggested to be mediated either indirectly by stimulation of 

metabolism or phosphorylation or by a direct effect on one or more types of 
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ion channels (SPERELAKIS et al, 1992). Later, using the whole-cell voltage 

clamp technique, taurine was found to modulate several ionic currents in 

myocardial cells of various species. 

1.4.1 Effect of taurine on sodium currents {IN al 

1.4.1.1 Effect of taurine on TTX-insensitive slow INa 

Young heart cells and tumor cells were reported to exhibit TTX-and 

Mn2+-insensitive slow INa (SPERELAKIS et al, 1992). Using the whole-cell 

voltage clamp technique on young 3-day-old embryonic chick heart cells, 

taurine was reported to stimulate the fast transient and black the slow 

sustained components of the TIX- and Mn2+ -insensitive slow INa· lt has 

been suggested that the activation of a fast TTX-insensitive transient INa by 

taurine would increase intracellular sodium concentration ([Na +]D near the 

sarcolemma , which in tum may reverse the Na+/Ca2+ exchange and thus 

allow Ca2+ to flow inside the cell by this pathway (SPERELAKIS et al, 1992). 

This may explain , in part, the positive inotropic effect of taurine in heart 

muscle, with relatively little effect on the Ca2+ -dependent slow APs. 
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1.4.1.2 Effect of taurine on TTX-sensitive fast IN a 

Taurine was reported to exert a dual effect on the TTX-sensitive fast 

INa depending on its concentration and the site of application. Taurine when 

applied extracellular at lower concentrations (1-5 mM) would stimulate the 

TIX-sensitive INa in some cells and inhibit it in others, whereas at higher 

concentrations (10-20 mM) would inhibit this current in ail cells. In 

contrast, taurine at higher concentrations (10, 20 mM) was shown to 

stimulate the TIX-sensitive INa when applied intracellularly (SA TOH, 

1994a; SA TOH and SPERELAKIS, 1991; SA TOH and SPERELAKIS, 1992; 

SPERELAKIS et al, 1992). 

However, a dual action of taurine is not unique. For example, some 

local anesthetics such as lidocaine have a dual action on max dV/dt of the 

fast TIX-sensitive sodium channels: at low concentrations, max dV/dt is 

increased, and at high concentrations it is decreased (BIGGER et al, 1968; 

BIGGER and MANDEL, 1970; SPERELAKIS et al, 1992). The dual action of 

taurine may reflect two separate sites of action: (a) an action to directly 

stimulate the fast sodium channels, and (b) an indirect action to inhibit the 

channels. It is also possible that taurine may act only directly on the fast 

Na+ channels, stimulating them from the inner surface and inhibiting them 
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from the outer surface ( SA TOH, 1994a; SA TOH and SPERELAKIS, 1992; 

SPERELAKIS et al, 1992;). 

1.4.2 Effect of taurine on calcium currents (Ical 

1.4.2.1 Effect of taurine on slow sustained L-type Ica 

The effect of taurine on L-type I ca was found to be dependent on 

both extracellular and intracellular calcium ion concentrations ([Ca2+]0 and 

[Ca2+]ï). At low [Ca2+]0 (0.8 mM) or [Ca2+]i (pCai= 10), taurine (1-20 mM) 

when applied extracellular was reported to stimulate Ica(L) in embryonic 

chick and guinea pig cardiomyocytes (SATOH, 1994a; 1994b; 1996; SATOH 

and SPERELAKIS, 1993) and in rabbit sino-atrial (SA) nodal cells (SATOH, 

1995; 1996). Whereas taurine depressed this current at high [Ca2+]0 (3.6 

rnM) or [Ca2+]i (pCai= 7). Thus, it appears that taurine regulates Ica(L), 

trying to maintain it in a "normal range", and therefore acting to stabilize 

(normalize) the level of [Ca2+]i (SATOH, 1994a; SPERELAKIS et al, 1996). It 

is unknown whether taurine acts directly on the L-type Ca2+ channels. One 

regulator of the L-type Ca2+ channels is the level of [Ca2+]i with inhibition 

occurring at high [Ca2+L levels (BKAIL Y et al, 1996b; SPERELAKIS et al, 

1992). 
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1.4.2.2 Effect of taurine on fast transient T-type Ica 

Taurine was reported to stimulate the low threshold T-type calcium 

current in 10 to 20 day-old embryonic chick heart cells as well as in adult 

heart cells. Also it was reported to stimulate this current in human heart 

cells (BKAILY et al , 1988a; SAWAMURA et al, 1990; SPERELAKIS et al, 1992). 

The effect of taurine on the T-type Ica was also reported to be dependent on 

the level of intracellular and extracellular free Ca2+ concentrations. 

1.4.3 Effect of taurine on potassium currents (IK} 

The effect of taurine on the delayed rectifier potassium current 

CIKrec) was also reported to be dependent on [Ca2+]ï. Taurine was found to 

enhance I Krec at low [Ca2+]ï (high pCai) and inhibit IKrec at high [Ca2+ ]i (low 

pCai) (SATOH, 1994a; 1995b;l996; SPERELAKIS et al, 1992). These effects 

of taurine on IKrec could explain the effect of taurine on action potential 

duration (APD): APD prolongation at high [Ca2+]i and APD shortening at 

low [Ca2+]ï (SATOH, 1994). Taurine was also reported to decrease both 

inwardly rectifying K+ current (IK1) and ATP-sensitive K+ current (IK(ATP)) 

when applied extracellularly in guinea pig ventricular myocytes (EARM et 
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al, 1992; SA TOH, 1996a). Also, intracellular application of taurine inhibited 

IK(ATP) in guinea pig and rabbit ventricular myocytes (HAN et al, 1996; 

SATOH, 1996a). In addition, taurine enhanced a transient outward K+ 

current Cito) in 10 day-old embryonic chick cardiomyocytes (SATOH, 1994). 

Table 1 summarizes the effects of taurine on ionic currents of 

myocardial cells. Thus, in normal heart cells, it appears that the positive 

inotropic effect of taurine on the heart muscle is due in part to stimulation 

of the T-type Ica by this amino acid. However, in situations in which 

intracellular free Ca2+ is low, extracellular application of taurine would then 

stimulate the L-type Ica, the TIX-sensitive fast INa and the delayed outward 

rectifier IK (BKAIL Y et al, 1996b) . 

1.4.4 Effect of taurine on Na+/IC-pump and Na+/Ca2+-exchange 

currents in myocardial cells 

Taurine was reported to have no effect on Na+/K+-pump current 

(AKERA et al, 1976; KHATTER et al, 1981; WELTY AND WELTY, 1981). The 

sarcolemmal Na+/Ca2+-exchanger has a high capacity to transport calcium 

and is considered the primary transporter excluding calcium from the cell. 

Thus, the effects of taurine on cytosolic calcium content may involve 
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Table 1 

Summary of the effects of taurine on ionic currents of myocardial cells 

Positive inotropic effect 
[Ca 2+Ji normali zed 
Protection against hypoxie declinc or slow APs 

lc/L) PCai 7 
PCai 10 
PCai 10 

lca(T) 
!Na(s) (fast component) 

[Cal0 3.6 mM 
(Cal 0 0.8 mM 

!Na(F) PCai 10 

IK(del) PCai 7 
PCai 10 

depressed 
stimula ted 
deprcssed (intracellular taurine) 
depressed 
stimulated 
stimulated 
stimulated 
s1imulated (some cells, low dose) 
depressed 
stimulated (intracellular taurine) 
depressed 
stimulated 

(Taken from BKAILY et al, 1996b) 



25 
modulation of the Na+/Ca2+-exchanger activity. Taurine was reported to 

decrease (MA TSUDA et al, 1989), or not to affect (EARM et al, 1992) the 

Na+/Ca2+-exchange current in guinea pig cardiomyocytes. Also, SCHAFFER 

et al (1992; 1994) found no direct effect of taurine on the sarcolemmal 

Na+/Ca2+-exchanger in rat heart cells. 

Recently KA TSUBE and SPERELAKIS (1996), usmg the whole-cell 

voltage clamp technique, found no direct effect of extracellularly-applied 

taurine (30 mM) on the Na+/Ca2+-exchange current CINa1ca) of rat myocardial 

cells, either in the forward (inward INa1ca carried by Na+ influx) or reverse 

mode ( outward INa1ca carried by Na+ efflux). In contrast, it was reported by 

EARM et al ( 1992) that the IN a/Ca current of rab bit atrial cells was stimulated 

by taurine. This stimulation was presumably indirect, caused by release of 

Ca2+ from the sarcoplasmic reticulum (SR), thus elevating [Ca2+]ï. 

Nevertheless, taurine is capable of indirectly modulating Na+/Ca2+-

exchanger activity. This indirect effect of taurine is related to its ability to 

alter the phospholipid microenvironment of the Na+/Ca2+-exchanger. 

PANAGIA et al (1987) have shown that the Na+/Ca2+-exchanger is very 

sensitive to the phosphatidylethanolamine and phosphatidylcholine content 

of the sarcolemmal membrane. Elevations in the methylation state of the 

membrane by exposure of the heart to the methylating agent, L-methionine, 
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causes a dramatic decline in Na+/Ca2+-exchanger activity. Taurine serves as 

an inhibitor of phospholipid N-methyltransferase, thereby reducing the 

conversion of phosphatidylethanolamine to phosphatidylcholine and 

maintaining the Na+/Ca2+-exchanger in a more active state (HAMAGUCHI et 

al , 1991 ). In this regard, it is interesting that rats made taurine deficient by 

treatment with the taurine transport inhibitor, ~-alanine, exhibit a reduction 

in the capacity of the Na+/Ca2+-exchanger, an effect consistent with the 

regulation of sarcolemmal phospholipid N-methylation and Na+/Ca2+-

exchanger activity by taurine (HARADA et al, 1988). 

In addition, taurine is capable of indirectly modulating Na+/Ca2+-

exchanger activity by altering intracellular levels of sodium. SPERELAKIS 

et al (1992) have reported that taurine stimulates the fast component of the 

slow inward Na+ current thereby elevating intracellular Na+ concentration 

and promoting Ca2+ influx via the Na+/Ca2+-exchanger. Another mechanism 

whereby taurine may modulate intracellular Na+ level and thus Na+/Ca2+-

exchanger activity has been proposed by SULEIMAN et al (1992). As taurine 

is cotransported with sodium across the cell membrane (SCHAFFER et al, 

1985; SULEIMAN et al, 1992) then rapid rates of taurine efflux are associated 

with sodium loss from the cell, which enhance Ca2+ efflux via the Na+/Ca2+-
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exchanger. A summary for the actions of taurine on the ionic currents of 

cardiomyocytes is depicted in figure 3. 

1.5 Effect of taurine on the action potential and automaticity 

The effects of taurine on the delayed outward rectifier K+ current 

may explain the action of taurine on the action potential: prolongation 

occurring at high [Ca2+]i and shortening at low [Ca2+]i (SATOH, 1994a), thus 

antagonizing [Ca2+]i -induced effects on action potential in chick embryonic 

cardiomyocytes. In contrast, taurine prolonged the action potential at low 

[Ca2+]0 while shortening it at high [Ca2+]0 in rabbit sino-atrial node and 

guinea pig ventricular muscle cells, thus potentiating the effect of [Ca2+]0 

on action potential ( see table 2). lt has been suggested that this difference 

might result from a difference between embryonic and adult hearts (SATOH, 

1994a). Taurine was also reported to antagonize [Ca2+]-induced effects on 

the spontaneous activity of heart cells. Generally, the spontaneous activity 

is decreased at low [Ca2+]0 and is increased at high [Ca2+]0 • Taurine was 

reported to cause a positive chronotropic effect at low [Ca2+]0 or [Ca2+]i 

(pCai=lO), whereas it caused a negative chronotropic effect at high [Ca2+]0 

or [Ca2+]i (see table 2). 
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Figure 3 

Dia gram matie summary of some possible actions of taurine on the 
sarcolemmal ion channels of chick ventricular myocardial cells 

(Taken from SPERELAKIS et al, 1992) 



29 

[Ca] I 

SR 
Taurine 

Myocardial Cel! 



30 
Table 2 

Effect of taurine on action potentials in cardiac cells 

pCa 10 pCa 7 

Em bryonic cl 1ick cardiomyocyt cs 

Spontaneous ac ti vity Enhancemcn1 Inh ibition 

Act ioo potcn tial durati on Shonening No effect 

Low [Cal, I-ligh [Ca]. 

R.abbit sino-atrial n-O<le 

Spom.aneous activiry Enhancement lnbibitioo 

Action potential durarion Prolongation Sboî.en!ng 

Guioea-pig ventricular muscle 

Action potential Prolongation Shortening 

(Taken from SA TOH, 1994a) 
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1.6 Effect of taurine on Ca2
+ handline by the sarcoplasmic reticulum 

Since the magnitude of the cytosolic calcium pool is directly 

dependent upon calcium transport across bath the sarcolemma and the 

sarcoplasmic reticulum (SR) membrane, then taurine-induced effects on 

cytosolic calcium levels may not only involve modulation of calcium 

transport in and out of the cell , but it may also involve modulation of 

calcium uptake and release by the SR. 

The sarcoplasmic reticular calcium pumps function to maintain 

sarcoplasmic reticular calcium stores. Depletion of these stores will reduce 

the amount of calcium available for calcium release, causing a reduction in 

cytosolic calcium levels. Calcium release from the SR occurs preferentially 

via the ryanodine-sensitive calcium channel. Although other mecha_pisms 

for SR calcium release have been described, they probably contribute 

minimal to the overall calcium release (SCHAFFER et al, 1994). 

1.6.1 Effect of taurine on the sarcoplasmic reticular calcium pump 

activity 

Using skinned muscle fiber preparations, in which the permeability 

of the cell membrane has been altered allowing free flow of small ions such 
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as calcium while the SR remains intact, STEELE and COWORKERS ( 1990) 

and GALLER et al (1990) found that taurine increased the size of caffeine-

induced calcium and tension transients. Since the taurine effect was 

observed at concentrations of caffeine ( 10 mM) which yielded maximal 

calcium release from the SR, STEELE and SMITH (1992) concluded that 

taurine must enhance the accumulation of calcium by the SR. However, 

this conclusion is inconsistent with a series of isolated SR membrane 

vesicle studies showing no stimulatory effect of taurine on SR calcium 

pump activity (SCHAFFER et al, 1992; WELTY and WELTY, 1981). 

Although it is possible that taurine may indirectly modulate the 

activity of the SR calcium pump; however, a stimulatory effect of taurine 

seems unlikely. It is known that SR Ca2+-ATPase activity is regulated by 

both protein phosphorylation and changes in phospholipid N-methyJation 

(GANGULY et al, 1985; SASAKI et al, 1992). However, taurine has been 

reported to reduce the phosphorylation of a number of cardiac 

phosphoproteins (LOMBARDINI, 1994; LOMBARDINI and LIEBOWITZ, 1989; 

SCHAFFER et al, 1990), an effect which if extended to the SR calcium pump 

regulator, phospholamban, would decrease calcium pump activity. 

Similarly, the inhibition of phospholipid N-methylation by taurine should 

cause a reduction, rather than an increase, in SR Ca2+-ATPase activity 
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( GANGUL Y et al, 1985). Thus most data are incompatible with direct 

stimulation of SR calcium pump activity by taurine. 

Nevertheless, it is possible that taurine may indirectly modulate SR 

calcium pump activity by altering cytosolic calcium levels. Since the SR 

calcium pump is a Ca2+ -dependent ATPase, which in normal myocytes does 

not operate at Vmax, exposure of the pump to elevated concentrations of 

calcium would elevate substrate levels, thereby increasing the rate of 

calcium transport into the sarcoplasmic reticular storage vesicles 

( SCHAFFER et al , 1994 ). This notion is supported by isolated myocyte 

studies showing that pharmacological concentrations of taurine cause 

[Ca2+]i to rise (SPERELAKIS et al, 1992; TAKAHASHI et al, 1992). Thus, 

elevations in taurine are capable of increasing the amount of calcium 

available for transport by the SR calcium pump. It is important to point out 

that while this mechanism will increase the rate of SR calcium filling, the 

taurine effect does not involve a change in SR calcium pump activity per 

se, but rather a change in velocity secondary to a rise in the concentration of 

one of the ATPase substrates (SCHAFFER et al, 1994). 
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1.6.2 Effect of taurine on sarcoplasmic reticular ryanodirie-sensitive 

calcium channel fonction 

Taurine was reported to enhance Ca2+-induced Ca2+-release from the 

SR (PUNNA et al, 1994). In the mammalian myocardium,Ca2+-induced Ca2+-

release plays a central role in excitation-contraction coupling (WILLIAMS, 

1992). During excitation, relatively small amounts of Ca2+ enter the cell via 

the L-type calcium channel. This source of calcium is insufficient by itself 

to yield maximal contraction. However, it elevates cytoplasmic Ca2+ levels 

enough to trigger the release of calcium from the SR via the ryanodine-

sensitive Ca2+ channel. This Ca2+-induced Ca2+-release mechanism elevates 

intracellular calcium concentration sufficiently to produce maximal 

contraction. 

In addition, taurine may indirectly modulate the sarcoplasmic 

reticular calcium release channel function due to its inhibition of the 

enzyme phospholipid methyltransferase (PUNNA et al, 1994 ). This enzyme 

catalyzes conversion of phosphatidylethanolamine to phophatidylcholine, a 

reaction pathway involving three methylation steps. Similar to several 

other calcium transporters, the activity of the ryanodine-sensitive calcium 

release channel is highly dependent upon the phospholipid content of the 
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SR. It has been reported that perfusion of isolated rat heart with buffer 

containing methionine enhances phospholipid N-methylation and causes a 

reduction in Ca2+-induced Ca2+-release (PUNNA et al, 1994). Since the SR 

is located in an environment rich in taurine, activity of sarcoplasmic 

reticular phospholipid methyltransferase will then normally be maintained 

in a partially inhibited state and Ca2+-induced Ca2+ -release will be 

consequently elevated (SCHA FFER et al, 1994 ). Thus, from these studies it 

was suggested that taurine may enhance the Ca2+-induced Ca2+-release 

process, both by directly promoting Ca2+-induced Ca2+-release and by 

modulating the ryanodine-sensitive calcium channel activity through 

changes in the phospholipid microenvironment of the channel. 

1. 7 Effect of taurine on the contractile proteins 

As some recently developed agents, such as pimobendan, have been 

shown to exert their positive inotropic action by enhancing myofilament 

sensitivity to calcium, the same possibility has been questioned to find out 

if taurine may exert its positive inotropic effect by a similar mechanism. 

Interestingly, STEELE et al (1990) and GALLER et al (1990) reported that 

taurine increased the apparent Ca2+ -sensitivity of the myofilaments in 
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Triton-treated cardiac muscle, in which the SR is disrupted, ïn a dose-

dependent manner. The same was confirmed in pig heart preparations 

( GALLER et al, 1990). A similar Ca2+ -sensitizing action has been reported to 

occur with endogenous imidazole derivatives such as homocamosine and a 

variety of synthetic compounds including caffeine (WENDT and 

STEPHENSON, 1983; MILLER et al, 1990). 

It has been assumed that such Ca2+ -sensitizers act by increasing the 

affinity of troponin-C for calcium. However, both caffeine and taurine 

were reported to potentiate the development of rigor tension in the effective 

absence of calcium (STEELE et al, 1990). Thus it was suggested that 

caffeine and taurine may affect force production via a mechanism which is 

independent of Ca2+ binding to troponin-C (STEELE et al,1990). Also this 

does not exclude this possibility of an additional direct action of taur~ne on 

troponin-C, which is consistent with taurine's reported action as an 

inhibitor of calmodulin (SCHAFFER et al, 1990) as such inhibitors increase 

myofilament Ca2+ -sensitivity by a direct action on troponin-C (SOLARO et 

al, 1986; STEELE and SMITH, 1992). 

The effects of taurine on the SR and contractile proteins may 

con tri bute to the reported actions of taurine on intact tissue. For instance, 

an increase in Ca2+ accumulation by the SR could explain the positive 
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inotropic effect of taurine and its ability to antagonize the negative 

inotropic effects of low extracellular Ca2
+ (FRANCON! et al, 1982). 

However, taurine-induced effects on the SR and contractile proteins cannot 

explain the decrease in contractility and the fall in intracellular calcium 

level induced by taurine in the presence of high extracellular calcium. 

Therefore, it seems likely that other well-documented effects of taurine on 

the sarcolemma serve to decrease [Ca2+]i under conditions that would 

normally lead to Ca2+ -overload and arrhythmia. 

1.8 Role of the nucleus as a cytosolic Ca2+ buffer in heart cells 

Recent studies usmg confocal laser m1croscopy combined with 

fluorescent Ca2+ indicators suggested possible crosstalk between cytosolic 

free Ca2+ concentration ([Ca2+]c) and the nuclear membrane (AL-MOHANNA 

et al, 1994; BURNIER et al, 1994; HALLER et al, 1994; HIMPSEN et al, 1994). 

These studies demonstrated that changes in [Ca2+]c affect the level of 

nuclear free Ca2+ concentration ([Ca2+]n) in which increasing [Ca2+]c 

increased [Ca2+]n, although the nucleus seemed to be insulated from large 

cytosolic Ca2+ changes (AL-MOHANNA et al, 1994). More recently, in our 

laboratory, using confocal microscopy and fluo-3 Ca2+ measurement, we 
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reported implication of the nucleus in cytosolic Ca2+ bufferirig of heart 

cells . In this study, we demonstrate that the nucleus responds to an increase 

in cytosolic free Ca2+ level by uptaking some of this ca2+, thus playing the 

role of a cytosolic Ca2+ buffer helping to maintain normal basal levels of 

Ca2+ and reducing cytosolic Ca2+ overload (BKAIL Y et al, 1996a). Using 

fluo-3 Ca2+-measurement, the cytosolic free Ca2+ in resting 10-day- old 

embryonic chick ventricular heart cells is significantly lower than that in 

the nucleus (Fig.5 A). The effect of extranuclear free Ca2+ concentration on 

nuclear free Ca2+ level was determined in sarcolemma-permeabilized 

ventricular heart cells following the sequential addition of increasing 

concentrations of extranuclear free Ca2+ from zero to 1600 nM. As can be 

seen in figure 4, increasing the extranuclear free Ca2+ from zero to 100 nM 

did not visibly increase nuclear free Ca2+, although quantitatively a _slight 

elevation was noted (Fig.5 B). Visible increases of nuclear free Ca2+ 

fluorescence could be seen starting from 200 nM extranuclear free Ca2+ 

(Fig. 4). Further additions of up to 1200 nM extranuclear Ca2+ elevated 

nuclear free Ca2+ fluorescence in a concentration-dependent manner. 

Figure 5B-G summarizes the effect of extranuclear Ca2+ 

concentration on nuclear free Ca2+ fluorescence m sarcolemma 

permeabilized ventricular heart cells. Increasing the extranuclear Ca2+ 
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concentration from near zero to 100 nM increased intranuclear Ca2+ 

fluorescence by 10% over the control Ca2+- free solution (Fig.5 B). 

Addition of 200 and 400 nM extranuclear free Ca2+ increased nuclear Ca2+ 

by 20 and 30% respectively (Fig.5 C and D). lncreasing extranuclear free 

Ca2+ up to 800 and 1200 nM further increased nuclear Ca2+ by more than 60 

and 80% respectively over control values (Fig.5 E-F). Further increase of 

extranuclear free Ca2+ up to 1600 nM did not significantly elevate 

intranuclear free Ca2+ (Fig.5 G), which may suggest that the maximal 

buffering capacity of the nucleus of ventricular heart cells of chick embryo 

is at about 1200 nM. This may also suggest that cytosolic Ca2+ overload in 

chick embryonic heart cells may take place once the maximum buffering 

capacity of the nucleus is reached. While our results conceming the resting 

basal levels of cytosolic and nuclear free Ca2+ differ from some reported 

values, the finding that increasing cytosolic Ca2+ level would increase 

nuclear Ca2+ level is in agreement with several recently reported studies that 

have demonstrated that changes in cytosolic [Ca2+] affect the level of 

nuclear free Ca2+ (BURNIER et al, 1994; HALLER et al, 1994; HIMPSEN et al, 

1994; O ' MALLEY, 1994). 
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Figure 4 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular myocyte illustrating calcium distribution in the 
nucleus in response to increasing concentrations of extranuclear 
calcium. The coverslip was mounted in the bath chamber and the cells 
bathed in an ' intracellular-like ' saline solution containing 100 nM of Ca2+ 

as described in BKAILY et al, 1996a. Upon perforation of the cell membrane 
with ionomycin for 1-2 min, the cells were then quickly washed and 
stabilized for 5 min in buffer solution without Ca2

+. Ten identical serial 
sections were performed 2 min after each incremental addition of 
extranuclear Ca2+. At the end of the last concentration of the ion, the cell 
nucleus was stained with the live cell nucleic acid probe Syto-11 for 8-10 
min and scanned under identical conditions. The reconstructed images 
depict a gradual increase in free Ca2

+ level in the nucleus starting visibly at 
about 200 nM. The white scale bar in the lower left represents 2µm. The 
color scale on the right represents pseudocolor intensity levels of fluo-3 dye 
from 0-255. Cell number is CP189-fluo-2. 



41 



42 

Figure 5 - Effect of increasing cytosolic Ca2+ Ievel on nuclear free Ca2+ 
Ievel in single 10-day-old embryonic chick heart cells. A: Basal relative 
nuclear and cytosolic Ca2

+ fluorescence intensity in 10-day-old embryonic 
chick heart cells. B-G:Three-dimensional measurement of intranuclear free 
Ca2+ fluorescence intensity following cytoplasmic membrane perforation 
with ionomycin. Serial optical images were recorded after each sequential 
addition of increasing concentrations of Ca2

+ in the extranuclear medium. 
Mean fluorescence intensity values were then calculated from the nuclei of 
3-D reconstructed cells as described in BKAILY et al, 1996a. As can be 
seen, a gradua! increase of free Ca2

+ fluorescence intensity is observed in 
the nuclei of 3-D reconstructed cells. The results are expressed in terms of 
the percent of increased free Ca2

+ fluorescence intensity versus c~mtrol 
values (zero calcium). Values are expressed as means ± s.e.m. The number 
of experiments is indicated in brackets. 
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1.9 Justifications, hypothesis and objectives of the study 

In summary, the bulk of experimental evidence suggests that the 

actions of taurine on the heart seem to be associated with the regulation of 

calcium homeostasis. Taurine may directly and indirectly regulate the 

[Ca2+]i level by modulating Ca2+ channels ( dependent on [Ca2+]i and/or 

[Ca2+]0 ) and Na+ channels (via Na+/Ca2+-exchange). An overview of taurine 

action on ionic currents suggests that the action of taurine on Ca2+ and Na+ 

channels is complex and does not explain the positive inotropic effect of 

taurine nor its protective effect against Ca2+ overload. 

All studies on taurine effects on L- and T- type Ca2+ as well as the 

fast Na+ channels were done at short-term exposure of high concentration 

of taurine (10 to 40 mM) and there are no studies that show the long-term 

effect of this amino acid on intracellular free Ca2+ and Na+ which may 

explain in part its cardioprotective effect against Ca2+ overload. Also, there 

are no studies using Ca2+ measurements dealing with the effect of the 

taurine- Na+ symporter blocker, ~-alanine and with the effect of the Na+/ 

Ca2+ -exchanger blocker. 

Thus this work was undertaken in order to test the hypothesis that 

the effect of taurine in heart cells depends on the time of exposure to this 
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amino acid, and that taurine may not only modulate cytosolic Ca2+ and Na+ 

but it may also act in modulating intranuclear free Ca2+ and Na+ 

concentrations. Therefore, the objectives of this work were to: 1) determine 

the effect of short-term exposure to normal concentration of taurine (lmM) 

on total, cytosolic and /or nuclear free Ca2+ and /or Na+ levels in 10-day-old 

embryonic chick heart cells; 2) determine the effect of long-term exposure 

to normal concentration of taurine ( 1 mM) on total, cytosolic and /or nuclear 

free Ca2+ and /or Na+ levels in heart cells; 3) determine whether long-term 

exposure to normal concentration of taurine (lmM) black and /or prevent 

Ca2+ overload in heart cells induced by sustained depolarization of the cell 

membrane, via having an effect on total, cytosolic and /or nuclear free Ca2+ 

and /or Na+ levels; 4) determine the effect of the taurine- Na+ cotransporter 

blocker, ~-alanine, on taurine-induced short-term effect on [Ca2+]i in heart 

cells; 5) determine the effect of the Na+/ Ca2+-exchanger blocker, 

CBDBMB (an amiloride derivative), on taurine-induced short-term effect 

on total [Ca2+]i in embryonic heart cells. 
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II. MATERIALS AND METHODS 

2.1 Isolation of chick ventricular myocytes 

It has been shown by many investigators (BKAILY, 1992; BKAILY et al, 

1992; 1993; SPERELAKIS, 1982 ) that single cultured heart cells retain their 

pharmacological receptors and many of the electrical properties, including the 

slow Ca2+ and Na+ channels found in the normal intact heart. Thus, they are 

ideal for studying the direct effects of drugs on the myocardial cells, because 

indirect effects owing to nerve terminals and blood flow can be avoided. 

Ventricular myocytes were obtained from the lower third of the heart of 

10-day-old embryonic chicks as described previously (BKAIL Y et al, 1988a; 

1988b;1992; 1993; 1996a). Briefly, single cell preparations were harves!ed by 

repeated dispersions for 10 to 15 min in sterile Hank' s minimum essential 

medium (HMEM, Gibco, Montreal) containing O .1 % trypsin and 1. 8 mM ca.2+ 

and supplemented with 50 ID/ml penicillin-G-potassium (Ayerst, Toronto). 

One ml of HMEM supplemented with 5% fetal bovine serum (FBS, Gibco) 

and 50 ID/ml penicillin was then added to the cell suspension in a 15 ml 

centrifuge tube (Falcon,Irvine, CA) in order to hinder the trypsin. The tube was 

centrifuged in a Megafuge LOR centrifuge (Eructer, Montreal) at 1000 rpm for 
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10 min at 4 °C. The pellet was gently resuspended in HMEM in order to obtain 

a single cell suspension. The cells were plated on round 25mm, no.1 coverslips 

(Fisher) placed in 35mm Petri dishes and incubated at 37 °C in 5% CO2, 95% 

air and used between 1 to 72 hours in culture. 

2.2 Total intracellular Ca2+ and Na+ measurements 

2.2.1 Loading of fura-2/AM for fluorescence digital imaging and 

microfluorometry 

Isolated myocytes were loaded with the fluorescent ratiometric calcium 

indicator fura-2/AM (Calbiochem, La Jolla, CA) according to the technique of 

Cornwell and Lincoln (1989). Prior to loading, the cells which had adhered to 

the coverslips were washed with Tyrode's sait solution (137 mM NaCl, 2 . .7 mM 

KCl, 1.8 mM CaCli, 1 mM MgC!i, 3.6 mM NaH2PO4, 5 mM HEPES, 5.5 mM 

D-glucose and 10 mM NaHCO3) (Sigma, St louis) containing 0.1% bovine 

serum albumin (BSA) (Sigma) buffered to pH 7.4 with Tris base. The 

osmolarity of the Tyrode's solution with or without 0.1% BSA was adjusted to 

310 müsM with sucrase. 1 mM stocks of fura-2/ AM were diluted in dimethyl 

sulfoxide (DMSO) (Fisher, Montreal) and Tyrode's-BSA solution in order to 

obtain a final concentration of 1 µM fura-2/AM. The final concentration of 
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DMSO was 0.1 %. Myocytes were incubated in freshly prepared 1 µM fura-

2/ AM for a loading period of 30 min at 28°C. A.fier loading, the cells were 

then washed with Tyrode's solution and incubated for a further 30 min at 28°C 

in order to ensure complete hydrolysis of the acetoxymethyl ester groups. 

After hydrolysis, the cells were washed once more with Tyrode's solution, 

mounted in a coverslip holder to which was added 1 ml of Tyrode's solution. 

The coverslip formed the bottom of the experimental bath chamber. The 

experiments were carried out at 28°C. 

2.2.2 Microfluorometric measurements 

Fura-2/ AM was chosen due to its high affinity for Ca2
+ and its 

ratiometric property. Another reason was its ease of loading in the preparations 

and under the experimental conditions used. Ratiometric indicators enable the 

comparison of bound versus the unbound indicator, thereby permitting more 

accurate determination of the ion concentration. Fura-2 can be excited at 340 

and 380nm. The intensity values obtained at each excitation wavelength 

represent the fluorescence intensity of bound and unbound dye respectively. 

The fluorescence ratio represents the intensity of bound dye versus that of the 
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unbound (340/380). Fura-2 has a single ermss1on wavelength of 510nm 

(GRYNKIEWICZ et al, 1985). 

Cells were visualized under an inverted phase contrast microscope 

(Nikon, Japan) which may illurrùnate the sample with either visible light or a 

xenon lamp (perrrùtting the visualization of fluorescence) . The samples were 

scanned visually using ultra-violet light until an appropriate cell was found, 

thus lirrùting exposure as much as possible. 

T o monitor total intracellular Ca2
+ changes of embryonic chick cardiac 

myocytes, fluorescence measurements were made using a photon counter 

(Photon Technology International (PTI), New Jersey). This was linked to a 

NEC computer equipped with Deltascan software (PTI) which controlled the 

apparatus and acquired the data (see figure 6). The data was acquired at a rate 

of 2 points per second in terms of a ratio (340/3 80). 

Whereas microfluorometry is very accurate for measuring [Ca2+]i of a 

single cell in a continuous manner, imagery enables the measurement of [Ca2+]i 

in multiple cells. Measurements of emitted fluorescence are made with a 

camera instead of a photometer. [Ca2+]i changes can be followed visually in 

real time; however, for practical purposes images are recorded at timed 

intervals. An image processor conve1ts the fluorescence detected into a color 

map. This color map is transmitted to a computer monitor and expressed as a 
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Figure 6 

Diagram of the ratio fluorescence and ratio imaging setup 

(Ta.ken from NAfK, 1996) 
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digitized, color image. The imagescan software (PTI), installed in the 

computer, enabled control of the apparatus as well as conversion and 

expression of the data. Fluorescence intensity (expressed a ratio of 340/380) 

can be determined in an approximate manner visually by correlating the color 

digital map of the image to a pseudocolored scale. Blue represented the lowest 

detectable intensity while magenta represented the maximum detectable 

intensity. The images are printed using a Hewlett Packard Paintjet XL color 

printer. The fluorescence intensity can be converted to a calcium concentration 

using the standard equation of GRYNKIEWICZ et al (1985) included in the PTI 

software whereby: [Ca2+]i= Ko (R-Rrun)I.Rmax-R), where Ko is the dissociation 

constant of fura-2 (224 nM), Ris the experimental ratio, Rmn is the minimal 

ratio in the presence of minimal Ca2
+ and Rnax is the maximal ratio in the 

presence of saturating Ca2
+. Rnax and Rnïn were respec.tively determined _at the 

end of each experiment using the divalent cation ionophore ionomycin (2 x 

10-5M) (Calbiochem) to permeabilize the single cells and 30 mM of the Ca2+ 

chelator ethylene glycol-bis-(13-aminoethyl ether)N,N,N',N'-tetraacetic acid 

(EGTA) (Sigma). Only monolayers which demonstrated stable fluorescent 

readings for 5 to 10 min prior to experimental manipulations were used. Also, 

only single cells which yielded basal intracellular Ca2
+ values between 40 and 

200 nM following calibration were used in our studies. Likewise, only the 
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single cells that showed a high response to ionomycin and EGT A were used in 

data analysis. 

Due to the fragility of the freshly isolated myocytes in some 

preparations, Rmax and Rmin were not always determined at the end of each 

experiment. In order to compensate for this, theoretical determinations of Rn,ax 

and Rniin were calculated. Rmax was calculated by using 2 mM of Ca2
+ in the 

form of CaC12 and 1 µM fura-2 acid. This enabled the determination of the 

maximum fluorescence ratio which could be detected by the apparatus. Rmin 

was determined by adding increasing doses of EGTA in order to chelate the 

Ca2+. This method determined the minimum fluorescence which could be 

detected by the apparatus, assuming that EGT A had chelated ail of the calcium 

ions. 

The method of calibration using fura-2 acid enables elimination of 

background fluorescence and cellular autofluorescence. However, certain 

assumptions must be accepted: 1) there must not be unesterified fura-2 which 

could contribute its fluorescence; 2) the dye forms a simple 1: 1 complex with 

Ca2\ 3) spectral characteristics of fura-2 which are dependent upon viscosity 

must be the same both intracellularly and in the calibration solutions; 4) the Ko 

offura(GRYNKIEWICZ et al, 1985). 
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2.2.3 Loading offluo-3/AM or sodium green/AM for confocal 

microscopy 

The microfluorometry technique is a two-climension measurement that 

gives the total level of the free calcium ion where the fura-2 is present. The 

distribution of fura-2 is mainly cytosolic but it may enter the nucleus as well as 

other organelles within the cytosol and be trapped there, thus contributing to 

the measured fura-2 calcium signal (BKAIL Y et al, 1995). The recent use of 

state of the art technique, the confocal microscopie measurement ( see figure 7) 

and the possibility of determining the exact localization of the ions by using 

double and triple fluorescence labelling permit us to determine cytosolic as 

well as nuclear free Ca2
+ by using the fluorescent Ca2

+ probe fluo-3 /AM (AL-

MOHANNA et al, 1994; BKAILY, 1994; BKAILY et al, 1996a; BURNIER _ et al, 

1994). This Ca2
+ probe is homogeneously distributed in the nucleus and the 

cytosoi thus permitting excellent measurement of cytosolic and nuclear free 

Ca2
+ level. Also, the use of fluo-3 together with the nuclear marker, Syto-11, 

permits to better distinguish between nucleoplasmic and cytosolic free Ca2
+ 

(BKAILY et al, 1995; 1996a). 

The myocytes were loaded with fluo-3 / AM according to the method 

of BKAILY et al (1996a) described previously. In brief, isolated ventricular 
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Figure 7 

Focal point and confocal point in confocal system 

In the confocal system , the microscope lenses focus the laser light to a point 
called the focal point. Very little laser light falls on other points in the focal 
plane. Laser light with a decreased energy density reaches points below (for 
example, point A ) and above the focal plane. 

Both fluorescent and reflected light from the sample pass back through the 
microscope. The microscope and the optics of the scanner compartment focus 
the light from the focal point to a second point, called the conf ocal point. The 
pinhole aperture, located at the confocal point, allows light from the focal point 
to pass through to the detector. Light emitted outside the focal point (for 
example, from point A) is not in focus at the focal point and is therefore 
rejected by the aperture. 
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myocytes were cultured and mounted in the same manner as cells for fura-

2/ AM measurements. Frozen stocks of fluo-3/AM or sodium green/AM 

(Molecular Probes, OR) were reconstituted in DMSO and diluted to a final 

concentration of 13 µM (Fluo-3/AM) or 10 µM (sodium-green/AM) in 

Tyrode's-BSA. The cells were incubated for 30 to 45 min at room temperature, 

washed, and further incubated for 15 min to complete hydrolysis of 

acetoxymethyl ester groups. Pluronic acid was added to the initial sodium 

green preparation in order to facilitate cell loading. 

2.3 Cytosolic and nuclear Ca2+ and Na +imaging using confocal microscopy 

2.3.1 Confocal microscopy 

Fluo-3 or sodium green loaded cells were examined with a Mol_ecular 

Dynamics (Sunnyvale, CA) Multi Probe 2001 confocal argon laser scanning 

(CLSM) system equipped with a Nikon Diaphot epifluorescence inverted 

microscope and a 60X (1.4 NA) Nikon Oil Plan achromat objective (see figure 

8). The 488nm argon laser line (9.0m V) was directed to the sample via a 

510nm primary dichroic filter and attenuated with a 3% neutral density filter to 

reduce photobleaching. Pinhole size was set at 100 µm. The image size was 

512 x 512 pixels with a pixel size of O .11 µm. Laser line intensity, photometric 



59 

Figure 8 

Major components of Multiprobe 2001 

The three major components of the multiprobe 2001 are the scanner unit 
including the microscope, optical compartment and the control panel, the 
electronic control unit and the computer. 

During a scan, the computer runs the ScanControl module of the 
Imagespace software. The computer automatically controls and monitors 
the scanning mirrors, microscope fine focus and timing of data acquisition 
from the detectors. lt exerts control indirectly through the electronics 
control unit. As information is collected from the scan, the electronics 
control unit converts analog electrical signals from the detectors into digital 
values for storage in the computer. The computer stores the light intensity at 
each point scanned and displays the image as it is scanned. 
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gain, PMT settings and filter attenuation were kept constant throughout the 

experimental procedures (BKAILY et al, 1996a). 

2.3.2 Calcium and sodium fluorescence studies 

61 

Changes in cytosolic and intranuclear Ca2+ and Na+ fluorescence upon 

addition of increasing concentrations of taurine to the extracellular Tyrode's 

medium were measured in fluo-3 (for Ca2+) and sodium green (for Na J loaded 

myocytes (BKAIL Y et al, 1996a). For short-term treatment with taurine, cells 

were scanned prior to and after addition of taurine to monitor the cell response 

to the drug. For long-term effect of taurine, the single cells were exposed to a 

single concentration of taurine for 12 to 24 hrs and during a11 the process of cell 

loading and measurement of [Ca2+]c and [Ca2+]n- Serial optical scans were 

performed 2 to 10 min after addition of each taurine concentration for short-

term exposure to taurine and at 5 min interval (total 15 min) in the presence of 

one concentration of taurine. A total of 12 to 15 scans (512 X 512) were 

performed for each series with a step size of 0.8 to 1.0 µm, and the number of 

sections and step size were rigorously maintained during the course of each 

experiment in order to localize calcium or sodium variations within the cytosol 

and the boundaries of the nucleus. For long-term treatment, the cells were 
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scanned after a 24 hr exposure to taurine alone or after pretreatment with high 

potassium (30 mM) in Tyrode's solution in the absence or presence of taurine. 

2.3.3 Nuclear staining 

At the end of each experiment, the nucleus was stained with 100 nM of 

live cell nucleic acid stain Syto 11 (Molecular Probe, Oregon, U.S.A.) (BK.AIL Y 

et al, 1995; 1996a). Syto stains are effective in staining a wide range of cell 

types, including cultured mammalian cells. Serial optical scans were taken 

immediately after development of the stain ( approximately 8-10 min) while 

maintaining positioning, number of sections and step size identical to that used 

for calcium or sodium staining. 3-D reconstructions of the nucleus (BKAIL Y, 

1995; 1996a) were performed through volume rendering and used as templates 

to delineate nuclear from cytosolic free ion . 

2.3.4 Volume rendering and nuclear calcium and sodium 

measurements 

Scanned images were transferred onto a Silicon Graphies Indy 4000 

workstation equipped with Molecular Dynamics' Imagespace analysis and 

volume workbench software modules. Reconstruction of 3-D images were 
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performed on Gaussian-filtered serial sections and are represented as closest 

intensity projections for calcium distribution and look-through ex:tended-focus 

projections for both nucleus and calcium co-localization studies (BKAIL Y et al, 

1995; 1996a). The look-through method depicts a specimen as if it were 

transparent while being in focus throughout its depth (see figure 9). lt is useful 

for studying both surface and interior features and their relative positions. 

Closest intensity projections on the other hand produce a stack of opaque 

images depicting actual voxel intensities. Images are represented as 

pseudocolored representations according to an intensity scale of O to 255 with 

lowest intensity in black and highest intensity in white. 

Measurement of calcium or sodium uptake within the nucleus was 

performed on 3-D reconstructs (section series). The nuclear area following Syto 

11 staining was isolated from the rest of the cell by setting a lower intensity 

threshold filter to confine relevant pixels (BKAILY et al, 1995). A 3-D binary 

image series of the nuclear volume was then generated for each cell using the 

exact same x, y and z set planes as those used during calcium or sodium 

uptake. By then applying these binary image patterns to the same cell but 

labelled for calcium or sodium (the binary image serves as a "cookie 

cutter"), a new 3-D projection was created depicting fluorescence intensity 
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Figure 9 

Seguential three-dimensional reconstruction of the nucleus in a 10-day-old 
single embryonic chick ventricular myocyte following Syto-11 staining 

Reconstructions were generated from 36 serial optical sections (0.53 µm. step-
size) and are shown as look-through, Gaussian-filtered images with smface 
extraction in order to visualize both the surface and interior of the cell. As can 
be seen, staining is highly specific for nucleic acids and provides an excellent 
view of the nuclear volume. These nuclear ' templates' are generated for each 
cell and then superimposed in double labelling experiments with Fluo-3 
calcium dye in order to estimate changes in nuclear calcium intensity levels 
following sequential addition of the drugs. The white scalebar represents 2µm 
(Taken from BKAILY et al, 1996a). 
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levels exclusively within the nucleus.Hence, by "removing" the nucleus 

from the surrounding cytoplasm, we were then able to measure calcium or 

sodium fluorescence intensity values in the entire nuclear volume while 

elirninating possible contribution of perinuclear calcium or sodium to our 

measurements (BKAILY et al, 1996a). 

2.4 Statistics 

Ratios in microfluorometiy and imagery were determined by using 

software provided by PTI. In most cases the raw data were used for statistical 

analyses; however, if there was too much variation between the basal levels of 

[Ca2+]i the data was normalized and percent increases were calculated. 

Likewise, cytosolic and intranuclear free calcium or sodium fluorescence 

intensity levels were represented either as mean fluorescence intensity values or 

as the percentage of increase relative to control levels. Values were expressed 

as means ± s.e.m. Statistical significance was determined using the analysis of 

variance (ANOV A) repeated measures test for matched values followed by a 

Tukey-Kramer multiple comparison tests to assess the statistical significance 

of the results. Probability (p) values less than 0.05 were considered as 

significant. 



III. RESUL TS 
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m. RESULTS 

3.1 Short-term effect of taurine on total (Ca2+); and [Na +)1 in isolated 

ventricular heart cells 

As it was stated in the Introduction section, taurine bas been 

reported to modulate [Ca2+]i and [Na+]i in heart cells depending on its 

content in the heart. Since there are no studies that show the concentration-

dependent sh011-term effect of taurine on [Ca2+]i and [Na+]i in hea11 cells, in 

the first series of experirnents we measured the short-tenn effect of normal 

circulating level of taurine ( 1 mM) on [ Ca2+]i and [Na +]i in ventricular heart 

cells, a condition that sirnulates the physiological one, as well as the dose-

dependent short-term effect of high concentration of extracellular taurine 

(10-80 mM), a condition that sirnulates the pharmacological one. To do 

these measurements, we referred to the use of Ca2+ and Na+ fluorescence 

measurement techniques that render it possible to measure quantitatively 

and qualitatively the intracellular levels of free Ca2+ and Na+, as well as to 

deterrnine the localization and distribution of these ions in single heru1 

cells. The techniques employed were the fura-2 Ca2+ fluorescence digital 

irnaging and rnicrofluorometry and three-dimensional Ca2+ and Na+ 

fluorescence measurements using the confocal rnicroscopy. 
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3.1.1 Short-term effect of taurine on total [Ca2+); in isolated ventricular 

heart cells measured using fura-2 Ca2+ fluorescence microfluorometry 

Since at first we did not know the time-dependent taurine-induced 

effect on [Ca2+]i in isolated heart cells, the microfluorometry technique 

seemed the most appropriate Ca2
+ fluorescence measurement technique as it 

provides accurate temporal measurements of changes in Ca2
+ concentration 

upon the application of taurine to the medium. In this set of experiments, 

taurine ( 1- 80 mM) was added sequentially to the extracellular milieu, only 

after a steady-state period was reached, and changes in [Ca2+]i were 

monitored. 

Figure 10 shows a two-dimensional view of an isolated ventricular 

myocyte that illustrates the effect of short-term exposure to various 

concentrations of taurine on [Ca2+]i measured using fura-2 Ca2+ 

fluorescence imaging technique. As can be seen in figure 10 B-G, the 

application of taurine extracellularly induced in a concentration-dependent 

manner an increase in steady-state total [Ca2+]i when compared to basal 

resting [Ca2+]i. The effect of shmt-term exposure to different concentrations 

of taurine on the steady-state total [Ca2+]i in ventricular heart cells 1s 

summarized in figure 11. As can be seen in figure 11 A, the mean basal 
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Figure 10 - Two-dimensional view of an isolated ventricular myocyte 
illustrating the dose-dependent short-term effect of taurine on total 
[Ca2+]i. A: Steady-state basal resting [Ca2+]i in 10-day-old embryonic 
chick heart cell measured using fura-2 Ca2

+ fluorescence imaging 
technique. B: Addition of normal concentration of taurine (1 mM) had no 
effect up to 10 min on steady-state basal [Ca2+]i. C-G: Increasing taurine 
concentration from 5 to 80 mM induced in a concentration-dependent 
manner a highly visible increase in steady-state basal [Ca2+]i reached 10 to 
15 min after the application of a taurine concentration. The time indicated 
above the images represent the real time elapsed between addition of a 
taurine concentration and recording of the image. The pseudocolor scale on 
the right represents the level of [Ca2+]i. Cell number is DCP 1898. 
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steady-state total [Ca2+]i of single ventricular 10-day-old chick embryonic 

heart cells was around 80 nM. The application of low concentration of 

taurine ( 1 mM), close to normal circulating taurine level, had no effect on 

[Ca2+]i measured up to 10 to 20 min (Fig.11 B). Increasing the 

concentration of taurine to 5 mM slightly elevated [Ca2+]i but not 

significantly (Fig.11 C). Taurine at 10 mM significantly increased the 

sustained level of [Ca2+]i compared to control levels (Fig.11 D). Further 

increases of extracellular taurine up to 20, 40 and 80 mM induced in a 

concentration-dependent manner a further rise in the sustained level of 

[Ca2+]i which was highly significant (Fig.11 E-G) when compared to 

control levels (almost up to 50% increase in [Ca2+]i with the addition of 80 

mM taurine). 

3.1.2 Short-term effect of taurine on total [Ca1+); in isolated ventricular 

heart cells measured using tluo-3 Ca1
+ fluorescence 3-D confocal 

microscopy 

In the preV1ous section we demonstrated that the application of 

extracellular taurine for 5 to 20 min at high concentrations ( 10-80 mM) 

induced a sustained increase in [Ca2+]i in isolated heart cells. To confirm 
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Figure 11 - Short-term effect of taurine on total [Ca2+]i in isolated 
heart cells. A: Total basal intracellular free Ca2

+ concentration in 10-day-
old embryonic chick heart cells measured using fura-2 microfluorometry. 
B-C: Addition of 1 and 5 mM taurine very slightly increased the sustained 
level of [Ca2+]i . D-G: Increasing the concentration of taurine from 10 to 
80 mM increased the sustained level of [Ca2+]i in a concentration-dependent 
manner. The data are expressed in terms of intracellular free Ca2

+ 

concentration. Values are represented as means ± s.e.m. with the number of 
experiments indicated in brackets. * p < 0.05; *** p < 0.001. 
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these results and to determine whether taurine may also modulate 

Ca2
+ distribution in single heart cells as it has been shown very recently for 

some positive inotropic agents of myocardial cells (BKAILY et al, 1997), a 

second set of experiments was done using fluo-3 3-D confocal microscopy 

measurement of Ca2
+ fluorescence (BKAIL Y et al, 1995; 1996a). 

Figure 12 shows a sagittal and cross-sectional view of a 3-D 

reconstmcted isolated ventiicular myocyte that illusti·ates the effect of 

short-term exposure to taurine on total 3-D intracellular Ca2
+ level. As can 

be seen in figure 12 A, the basal resting 3-D fluo-3 Ca2
+ fluorescence of 10-

day-old chick embryonic heart cell is not homogeneous but rather intense 

towards the center of the cell. The application of low concentration of 

taurine ( 1 mM), close to the normal circulating taurine level, to the 

extracellular milieu for 5 to 20 min had an apparently visible increase in 

Ca2
+ fluorescence intensity, which seems also to be heterogeneous (Fig.12 

B). Increasing the concentration of taurine up to 20 mM induced a highly 

significant visible increase in total Ca2
+ fluorescence intensity (Fig.12 C) as 

compared to basal, although more significant towards the center of the cell. 

The short - term effect of taurine on total 3-D intracellular Ca2
+ level in 

isolated ventricular heart cells measured using confocal microscopy 

technique is surnmarized in figure13. 
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Figure 12 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular myocyte illustrating the effect of short-term 
exposure to taurine on total intracellular Ca2+ level. A: Basal resting 
Ca2+ fluorescence intensity of 10-day-old chick embryonic heart cell 
measured using fluo-3 three-dimensional confocal microscopy. B: 
Exposure to 1 mM taurine for 10 to 20 min had an apparently visible 
increase in Ca2+ fluorescence intensity ; however not significant. C: 
Increasing taurine up to 20 mM induced a highly visible increase in total 
Ca2+ fluorscence intensity as compared to control situation (A). The white 
scale bar is in µm. The color scale below represents pseudocolor intensity 
levels of Ca2+-fluo-3 fluorescence from 0 to 255. Cell number is CP232-flo-
2. 
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As can be seen in figure 13 B, short-term exposure _to normal 

circulating level of taurine (1 mM) had no effect on steady-state total Ca2
+ 

level in heart cells when compared to control level. Taurine at 5 mM 

slightly increased but not significantly the steady-state mean total Ca2
+ level 

(Fig.13 C). Exposure to high concentrations of taurine (10 and 20 mM) 

significantly increased in a concentration-dependent manner the mean Ca2
+ 

level when compared to control level (almost by 43 and 52% respectively) 

(Fig.13 D-E). The application of higher concentrations of taurine ( 40 and 

80 mM) was found to induce the same increase in the sustained level of 

Ca2
+ as the one induced by 20 mM taurine ( data not shown). Thus using 

fluo-3 confocal microscopy measurement of free Ca2
+ we narrowed the 

study of the concentration-dependent taurine-induced sh01t-term effect on 

[Ca2+]ï in heart cells to the application of both low (1 mM) and high taurine 

concentration (20 mM). These results with the confocal microscopy 

confirm the short-term concentration-dependent taurine induced increase in 

the steady-state total [Ca2+]ï measured using fura-2 Ca2+ fluorescence 2-D 

microfluorometry technique. Thus the same effect was demonstrated using 

two different Ca2
+ fluorescence measurement techniques. 
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Figure 13 - Short-term effect of taurine on total three-dimensional 
intracellular Ca2

+ Ievel in isolated heart cells (measured using confocal 
microscopy technique). A: Basal mean relative Ca2

+ fluorescence 
intensity using fluo-3 three-dimensional (3-D) measurement of Ca2

+ 

fluorescence intensity. B: Short-term exposure (10 to 20 min) to 1 mM 
taurine had alrnost no effect on total whole cell Ca2

+ fluorescence intensity. 
C: Taurine at 5 mM increased the Ca2

+ fluorescence intensity in heart cells 
but not significantly. D-E: Short-term exposure to 10 and 20 mM taurine 
significantly increased the mean steady-state Ca2

+ fluorescence intensity in 
heart cells when compared to control levels. Serial optical images were 
recorded after each sequential addition of taurine to the extracellular 
medium, after a steady-state period was attained. Mean Ca2

+ fluorescence 
intensity of 3-D reconstructed cells was measured. The data are expressed 
in terms of mean relative Ca2

+ fluorescence intensity. Values are 
represented as means ± s.e.m. with the number of experiments indicated in . 
brackets. * p < 0.05; *** p < 0.001. 
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3.1.3 Short-term effect of taurine on total intracellular free Na+ level in 

single ventricular heart cells 

It has been suggested by several investigators (SPERELAKIS et al, 

1992) that taurine may exert its actions on the heart via directly modulating 

[Na+]i thereby regulating [Ca2+]i indirectly through the Na+/Ca2+ -exchanger 

system. Studies on taurine effect on [Na+]i were ail done using the whole-

cell voltage clamp technique to measure taurine effect on either the slow 

TTX-insensitive INa or the fast TTX-sensitive INa (SATOH, 1994a; 

SPERELAKIS et al, 1992) and there is no single study that demonstrates the 

effect of taurine on total [Na+]i in heart cells. Thus in a separate series of 

experiments, the effect of short-term exposure to both low (physiological) 

and high (pharmacological) concentrations of taurine (1 and 20 mM 

respectively) on total intracellular Na+ level was determined using Na+ 

fluorescence measurement technique. At first the Na+ fluorescent probe 

SBFI was used to load single heart cells and intracellular Na+ level was 

measured using the 2-D fluorescence digital imaging and microfluoromet:Iy 

techniques. However, due to the unsatisfactory loading of cells with this 

Na+ indicator despite the long periods of incubation and due to the fact that 

we were not able to detect any change in fluorescence of loaded cells when 
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a battery of known modulators of [Na+]i were used, this senes of 

experiments was ceased and we referred to the use of another Na+ -

fluorescent probe, Na+- Green. 

Thus, the short-term effect of taurine on total intracellular free Na+ 

level in single heart cells was studied using the Na+- fluorescent probe 

sodium-green and measurement was done with the use of 3-D confocal 

microscopy technique. Single isolated ventricular cells of 10-day-old 

embryonic chick heart were loaded with the Na+- fluorescent probe sodium-

green according to the protocol described in the Materials and Methods 

section. To determine the short-term effect of taurine on [Na+]i, single heart 

cells were scanned prior to and after the sequential addition of taurine ( 1 

and 20 mM) to monitor the cell response to taurine. Serial optical scans 

were performed 2 min after addition of each taurine concentration and at 5 

min interval (total 15 min) in the presence of one concentration of taurine. 

A sagittal and cross-sectional view of a 3-D reconstructed isolated 

ventricular myocyte shows that the basal resting Na+ fluorescence intensity 

in 10-day-old ventricular chick embryonic heart cell measured using 

sodium-green 3-D confocal microscopy is not homogeneous (Fig.14 A), 

similar to the finding with the basal resting 3-D Ca2+ fluorescence in heart 

cells. The application of low concentration of taurine (1 mM), close to 
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normal circulating taurine level, to the extracellular milieu for 10 to 20 min 

visibly increased the steady-state total intracellular Na+ fluorescence 

intensity when compared to control (Fig.14 B), although not significant 

(Fig.15 B). Exposure to high concentration of extracellular taurine (20 

mM) induced a highly visible increase in total Na+ fluorescence intensity 

that was not homogeneous but rather localized in some areas within the cell 

(Fig.14 C). Taurine at 20 mM applied to the extracellular milieu induced 

an almost 50% increase in total Na+ fluorescence intensity when compared 

to control levels (Fig.15 C). 

3.2 Long-term effect of taurine on total [Ca2+]! and [Na+]! in isolated 

heart cells 

As it was stated in the Introduction, there are no studies that show 

the long-term effect of taurine on intracellular free Ca2+ and Na+ which may 

explain in part its cardioprotective effect against Ca2+ overload. Thus, in 

these sets of experiments, we tested the long-term effect of low 

concentration of taurine (1 mM), close to normal circulating taurine level, 

medium concentration (20 mM) and high concentration (80 mM), close to 

therapeutically administered dose of taurine. 
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Figure14 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular heart cell illustrating the effect of short-term 
exposure to taurine on total intracellular Na+ level. A: Basal mean Na+ 
fluorescence intensity in isolated heart cell measured using sodium-green 3-
D confocal microscopy. B: Exposure to 1 mM taurine for 10 to 20 min had 
a slight visible increase in Na+ fluorescence intensity although not 
significant. C: Exposure to 20 mM taurine induced a significant increase in 
total Na+ fluorescence intensity when compared to basal (A). The white 
scale bar is in µm. The color scale below represents pseudocolor intensity 
levels of sodium-green dye fluorescence from 0 to 255. Cell number is 
cp231-na++g-3. 
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Figure 15 - Effect of short-term exposure to taurine on total 3-D free 
Na+ lev el in isolated heart cells. A: Basal total mean Na+ fluorescence 
intensity of 10-day-old embryonic chick heart cells measured using Na+-
green 3-D measurement of free Na+ level. B: Short-term exposure to 1 
mM taurine had no significant effect on total steady-state mean Na+ 
fluorescence intensity. C: Exposure to 20 mM extracellular taurine 
significantly elevated total mean Na+ fluorescence intensity. The data are 
expressed in terms of mean relative Na+ fluorescence intensity. Values are 
expressed as means ± s.e.m. The number of experiments is indicated in 
brackets. *** p < 0.001. 
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3.2.1 Long-term effect of taurine on total [Ca2+]! in isolated heart cells 

measured using the fura-2 Ca2+ fluorescence imaging technique 

The effect of long-term treatment (24 hrs) with taurine on total 

[Ca2+]ï in single heart cells was measured using the 2-D fura-2 Ca2+ 

fluorescence imaging technique which enables us to measure changes in 

[Ca2+]ï of several cells simultaneously, thus increasing the sample number 

and eliminating the contribution of variations in [Ca2+]ï of single cells due 

to experimental manipulations. Single ventricular heart cells were exposed 

to a single concentration of taurine (1, 20 or 80 mM), that was added to the 

culture medium, for 24 hrs during which the cells were kept in a 5% CO2, 

95% air incubator at 37°C. Afterwards, the same concentration of taurine 

was also kept during incubation and hydrolysis periods and during 

measurement of [Ca2+]i. As can be seen in figure 16 B, exposure of 10-day-

old embryonic chick ventricular heart cells to normal physiological taurine 

concentration ( 1 mM) added to the extracellular milieu for 24 hrs induced a 

very significant (p < 0.001) decrease in the steady-state basal total [Ca2+]i 

when compared to control levels (almost by 30% ). Exposure of isolated 

heart cells for 24 hrs to a high concentration of taurine (20 and 80 mM) 

applied to the extracellular milieu did not induce any further decrease in 
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Figure 16 - Long-term effect of taurine on total [Ca2+]i in single heart 
cells measured using fura-2 Ca2

+ imagery. B: Long-term exposure (24 
hrs) to 1 mM extracellular taurine significantly decreased total [Ca2+]i in 
heart cells. C-D: Prolonged exposure to higher concentration of taurine (20 
and 80 mM) did not further decrease [Ca2+k Results are expressed in terms 
of intracellular [Ca2+]. Values are expressed as means ± s.e.m. with the 
number of experiments indicated in brackets. *** p < 0.001. 
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steady-state basal total [Ca2+]ï of ventricular heart cells (Fig_ 16 C-D), 

measured using the fura-2 Ca2
+ fluorescence imaging technique. 

3.2.2 Long-term effect of taurine on total intracellular Ca2
+ overload in 

ventricular heart cells measured using 3-D confocal microscopy 

The effect of long-term exposure (24 hrs) to normal ci.rculating level of 

taurine (1 mM) on [Ca2+]i in isolated ventricular heart cells was also 

determined using fluo-3 3-D confocal microscopy technique. Since using 

the 2-D fura-2 Ca2
+ fluorescence imaging technique we found that long-

term exposure (24 hrs) to either low (1 mM) or high (20 and 80 mM) 

taurine concentration would induce a similar decrease in steady-state basal 

[Ca2+]i, only the effect of normal circulating level of taurine (1 mM) on 

total [Ca2+] i using the 3-D fluo-3 Ca2+ fluorescence confocal microscopie 

measurement was determined in this set of experiments. Thus, single heart 

cells were only exposed to 1 mM taurine, added to the extracellular milieu 

for 24 hrs during which they were kept in a 5% CO2, 95% air incubator at 

37°C. Afterwards, the cells were loaded with fluo-3 Ca2
+ probe for 30 min 

and then allowed to hydrolyze the acetoxymethyl ester groups for an 

additional 30 min before starting the measurement of intracellular Ca2
+ 
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fluorescence. The same concentration of taurine ( 1 mM) was also added 

during loading, hydrolysis periods as well as during the measurement. 

Figure 17 shows a sagittal and cross-sectional view of a 3-D reconstructed 

isolated ventricular myocyte illustrating the effect of long-term exposure to 

normal taurine concentration ( 1 mM) on total intracellular Ca2
+ level. As 

can be seen in figure 17D and 18 B, prolonged exposure (24 hrs) to normal 

physiological concentration of taurine ( 1 mM) very much significantly (p < 

0.001) decreased total intracellular Ca2
+ level as compared to control 

(almost by 60%), an effect similar to the one measured using fura-2 Ca2
+ 

fluorescence imaging technique. 

To study the effect of long-term exposure to normal physiological 

concentration of taurine ( 1 mM) on Ca2
+ overload in heart cells, isolated 

ventricular cells were exposed to an elevated extracellular K+ concentration 

([K+]0 ) (30 mM), as it has been shown by BKAILY et al (1992) that a 

sustained exposure to elevated [K+]0 would induce a sustained 

depolarization of the cell membrane and thereby sustained activation of the 

R-type Ca2
+ channel resulting in a sustained steady-state increase of total 

[Ca2+]i. As can be seen in figure l 7C and 18C, prolonged exposure (24 hrs) 

of single ventricular heart cells to both 30 mM [K+]0 and normal circulating 

level of taurine (1 mM) was found to increase significantly the total 3-D 



93 

intracellular Ca2+ level as compared to control levels (almost by .60%). The 

same effect on intracellular Ca2+ level was demonstrated when isolated 

heart cells were exposed only to 30 mM [K+]0 for 24 hrs (Fig.17 B). On the 

contrary, prolonged exposure of isolated heart cells to normal physiological 

concentration of taurine (1 mM) for 12- 24 hrs prior to exposure to elevated 

[K+]0 (30 rnM) in the presence of 1 rnM taurine for an additional 12 hrs was 

found to have no significant effect on total intracellular Ca2+ level when 

compared to control (Fig.17 E and 18 D). 

Thus, long-term treatment with normal physiological concentration 

of taurine ( 1 rnM) was found not to block the increase in total intracellular 

Ca2+ level induced by sustained depolarization of the cell membrane 

elicited by prolonged exposure to elevated [K+]0 (30 mM). However, it did 

preventit. 

3.2.3 Long-term effect of taurine on total intracellular Na+ level in 

isolated ventricular heart cells under normal and Ca2
+ overload 

conditions 

Several investigators suggested that taurine may regulate [Ca2+]i in 

heart cells via modulating [Na+]ï. However, no study was done to detennine 

the long-term effect of taurine on total intracellular Na+ level in heart cells 
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Figure 17 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular heart cell illustrating the effect of Iong-term 
exposure to taurine on total intracellular Ca2+ level. A: Basal mean 
fluo-3 Ca2

+ fluorescence intensity in 10-day-old chick embryonic heart cell 
measured using fluo-3 3-D confocal microscopy. B: Exposure to 30 mM 
[K+]0 for 24 hrs significantly increased mean fluo-3 Ca2+ fluorescence 
intensity as compared to basal. C: Exposure to both 30 mM [K+]0 and 
normal taurine concentration (1 mM) for 24 hrs further increased fluo-3 
Ca2

+ fluorescence when compared to basal. D: Pretreatment with 1 mM 
taurine alone for 24 hrs decreased fluo-3 Ca2

+ fluorescence when compared 
to untreated (A). E: Pretreatment with 1 mM taurine for 12 hrs prior to 
exposure to 30 mM [K+]0 for an additional 12 hrs in presence of 1 mM 
taurine reduced fluo-3 Ca2+ fluorescence intensity significantly when 
compared to (B). The white scale bar is in µm. The color scale on the right 
represents pseudocolor intensity levels of fluo-3 Ca2

+ fluorescence from 0 
to 255. 
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Figure 18- Long-term effect of normal physiological concentration of 
taurine on Ca2

+ overload in single ventricular heart cells. A: Basal 
mean Ca2+ fluorescence intensity of 10-day-old embryonic chick heart cells . 
B: Long-term exposure (24 hrs) to 1 mM extracellular taurine significantly 
decreased mean Ca2

+ fluorescence intensity when compared to control level. 
C: Prolonged exposure to bath elevated [K+]0 (30 mM) and 1 mM taurine 
for 24 hrs induced a significant increase in 3-D intracellular Ca2

+ level. 
D: Prolonged exposure of single heart cells to 1 mM taurine for 12-24 hrs 
followed by exposure to 30 mM [K+] 0 in the presence of 1 mM taurine for 
12 hrs had no significant effect on mean intracellular Ca2

+ level when to 
compared to control. The results are expressed in terms of mean relative 
Ca2+ fluorescence intensity. Values are expressed as means ± s.e.m. The 
number of experiments is indicated in brackets. ** p < 0.01 ; *** p < 0.001. 
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under normal and Ca2+ overload conditions. Since we showed · that long-

term exposure to either low (normal circulating level of 1 mM) or high 

taurine concentration would induce a similar decrease in steady-state basal 

[Ca2+]i in ventricular heart cells, the long-term effect of taurine on 

intracellular Na+ level in heart cells was limited only to one concentration 

of taurine, the normal physiological taurine concentration (1 mM). Thus, to 

determine the effect of long-terrn treatment with normal physiological 

concentration of taurine (1 mM) on total intracellular Na+ level, single 

ventricular heart cells were exposed to 1 mM taurine added to the 

extracellular milieu for 24 hrs during which they were kept in a 5% CO2, 

95% air incubator at 37°C. Then the cells were loaded with the Na+ 

fluorescent probe Na+-green/AM for 30 min and allowed to hydrolyze the 

acetoxymethyl ester groups for an additional 30 min before measurement of 

total intracellular Na+ level was done using 3-D confocal microscopy 

technique. The same taurine concentration (1 mM) was also added during 

loading and hydrolysis periods as well as during the experimental 

measurements. As can be seen in figure 19 B, long-term treatment with 

normal physiological taurine concentration (1 mM) had no significant effect 

on the total 3-D intracellular Na+ level in single ventricular heart cells when 

compared to control level. To induce Ca2+ overload in heart cells, single 
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cells were exposed to elevated [K+]0 (30 mM) for 24 hrs, as it has been 

demonstrated by BKAILY et al (1992) that elevation of [K+]o induced 

sustained depolarization of the cell membrane and thereby sustained 

activation of the R-type Ca2+ channel resulting in sustained increase in the 

steady-state basal [Ca2+]i in heart cells. It was found that prolonged 

treatment for 24 hrs with an elevated [K+]0 alone ( data not shown) or with 

both elevated [K+]0 and low taurine concentration (1 mM) had no 

significant effect on total intracellular Na+ level (Fig.19 C). On the 

contrary, long-term treatment with 1 mM extracellular taurine for 12-24 hrs 

prior to exposure to elevated [K+]0 in the presence of 1 mM taurine did 

significantly (p < 0.001) increase the total intracellular Na+ level as 

compared to control (almost by 180%) (Fig.19 D). 
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Figure 19 - Long-term effect of taurine on total intracellular Na+ level 
in single heart cells under normal and Ca2+ overload conditions. The 
total intracellular Na+ level was measured as 3-D mean relative Na+- green 
fluorescence intensity using confocal microscopy technique. A: Basal mean 
relative Na+ - green fluorescence intensity in 10-day-old embryonic chick 
ventricular herut cells. B: Long-term treatment with 1 mM taurine had no 
effect on steady-state basal total intracellular Na+ level. C: Prolonged 
exposure to both 30 mM [K+]0 , to induce Ca2+ overload, and 1 mM taurine 
also did not affect the basal total intracellular Na+ level. D: Prolonged 
exposure to 1 mM taurine for 12-24 hrs prior to exposure to 30 mM [K+]0 in 
the presence of taurine induced a highly significant increase of total 
intracellular Na+ level when compared to control. Values are expressed as 
means ± s.e.m. with the number of experiments indicated in brackets . *** 
p < 0.001. 

-
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3.3. Effect of 8-alanine, a blocker of taurine- Na+ cotrans·porter, on 

short-term taurine-induced effect on total [Ca2+); in ventricular heart 

cells 

Our results in section 3 .1.1 to 3 .1. 3 showed that taurine induced a 

steady-state increase in bath [Ca2+]i and [Na+k Thus, it is possible that the 

sustained increase in [Ca2+]i due to short-term exposure to taurine could be 

due to Na+ influx through the taurine-Na+ cotransporter and an increase in 

[Na+]ï would in turn induce Na+ outflow and Ca2+ influx through the 

Na+/Ca2+-exchanger. Thus, in this set of experiments, we went on to 

detennine the effect of ~-alanine, a blocker of taurine-Na+ cotransporter, on 

short-term taurine-induced sustained increase of total [Ca2+]i in ventricular 

heart cells. 

Thus isolated heart cells were exposed to a single concentration of~-

alanine (500 µM) for 10 to 20 min after a steady-state increase of [Ca2+]i 

was induced by a high concentration of taurine (20 or 40 mM), and the 

effect on [Ca2+]i was measured using fura-2 Ca2+ fluorescence imaging 

(Fig.20 A-C), as well as 3-D fluo-3 Ca2+ fluorescence confocal microscopy 

(Fig.21 A-C). As expected short-term exposure of isolated ventricular heart 

cells to 20 mM extracellular taurine induced an increase in steady-state total 
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[Ca2+]i (Fig.20 A-B) and a significant increase in Ca2+ fluorescence 

intensity (from 68.1 ± 8.0 up to 97.6 ±10.7, n=4, Fig.21 A-B). In the 

presence of 20 mM taurine, the application of 13-alanine (500 µM), a 

blocker of taurine-Na+ cotransporter, did not reverse taurine-induced 

steady-state increase in total [Ca2+]i in heart cells, measured using fura-2 

Ca2+ imaging (Fig.20 B-C) and fluo-3 Ca2+ fluorescence confocal 

microscopy (Fig.21 B-C). Similar to that for 20 mM taurine, 13-alanine did 

not block taurine-induced sustained increase in steady-state total [Ca2+]i 

when 40 mM taurine was used (Fig.22 A-C). Thus, 13-alanine had no effect 

on taurine-induced sustained increase in [Ca2+]i when ventricular heart cells 

were preexposed to taurine. 

In another set of experiments, we verified the effect of preexposure 

of heart cells to j3-alanine (500 µM) for 10 to 20 min on taurine-in_duced 

short-term effect on (Ca2+]i measured using fura-2 Ca2+ microfluorometry 

technique. As can be seen in figure 23 A-B, short-term exposure to 13-

alanine had no effect on basal steady-state total [Ca2+]i in single heart cells. 

However, when heart cells were preexposed to 13-alanine, the sequential 

addition of high concentration of taurine ( 40 and 80 mM) in the presence of 

13-alanine did not induce any effect on [Ca2+]i (Fig.23 C-D). Thus, 13-

alanine, a blocker of taurine-Na+ cotransporter, could only prevent the 
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Figure 20 - Two-dimensional view of isolated ventricular heart cells 
illustrating the effect of J3-alanine and CBDBMB on short-term 
taurine-induced increase in total [Ca2+]i• A: Steady-state basal [Ca2+]i in 
10-day-old embryonic chick heart cells measured using fura-2 Ca2

+ imaging 
technique. B: Addition of 20 mM taurine induced a large increase in 
steady-state [Ca2+]i in both heart cells. C: Application of 500 µM J3-alanine 
did not reverse the [Ca2+]i increase induced by 20 mM taurine. D-F: 
Addition of CBDBMB at l0µM reversed taurine-induced [Ca2+]i increase as 
early as 1 min, with further attenuation reached after 10 min. The time 
indicated above each image represents the real time elapsed between 
addition of the drug and recording of the image. The pseudocolor scale on 
the right represents the level of [Ca2+k The substances were added 
sequentially after a steady-state effect was reached. Cell number is DCP 
2078 . 



• CONTROL - TAURINE 20 mM 

20 min . 

• CBDB MB 10 µM • CBDBMB 10 µM 

1 min . 5 min . 

CHICK HEART CELL # OCP 2078 

• 13 - ALANINE 500 µM 

20 min . 

• CBDBMB 10 µM 

10 min. 

3246 

1"2 

887 

521 

190 

117 

. 7 1. 

2 3.7 

12.e 

4 . 49 

105 



106 

Figure 21 - Effect of 13-alanine, a taurine-Na+ cotransporter blocker, 
and CBDBMB, a Na+/Ca2+-exchanger blocker, on short-term effect of 
20 mM taurine on total [Ca2+)i in isolated ventricular heart cells 
measured using fluo-3 Ca2+ fluorescence confocal microscopy. A: Basal 
mean relative Ca2+ fluorescence in 10-day-old embryonic chick heart cells. 
B-C: Taurine at 20 mM induced a significant increase in steady-state total 
intracellular Ca2

+ fluorescence intensity that was not affected by addition of 
j3-alanine(500 µM) to the extracellular milieu. D-E: Taurine at 20 mM 
induced a significant increase in steady-state total intracellular Ca2

+ 

fluorescence intensity. F: Application of 10 µM CBDBMB significantly 
reversed taurine-induced increase in total intracellular Ca2+ fluorescence 
intensity to control level. The data are expressed as mean relative Ca2

+ 

fluorescence intensity. Values are given as means ± s.e.m. with the number 
of experiments indicated in brackets. ** p < 0.01, *** p < 0.001. The 
numerical values in A-Fare respectively: 68 .1 ± 8.0, 97.6 ± 10.7, 110.9 ± 
10.3, 70.4 ± 10.2, 103 .2 ± 7.2 and 76.3 ± 8.4. 
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Figure 22 - Effect of CBDBMB, a Na+/Ca2+-exchanger blocker, on 
short-term taurine-induced effect on total [Ca2+]i in isolated ventricular 
heart cells measured using fura-2 Ca2

+ imaging. A: Mean basal [Ca2+]i in 
10-day-old embryonic chick heart cells ( 41.1 ± 2. 0 nM). B: Taurine at 40 
mM induced a significant increase in steady-state total [Ca2+]i (225.7 ± 20.2 
nM). C: Application of P-alanine (500 µM) to the extracellular milieu did 
not block taurine-induced increase in steady-state total [Ca2+]i. D: 
Application of CBDBMB (10 µM) in the presence of P-alanine 
significantly attenuated the increase in total [Ca2+]i induced by taurine, but 
to a level still above the control (167.3 ± 6.9 nM). E-G: Application of 
CBDBMB (10 µM) in the absence of P-alanine had the same effect on 
taurine-induced increase in steady-state total [Ca2+]i. The data are expressed 
in terms of [Ca2+]i in nM. Values are given as means ± s.e.m. with the 
number of experiments indicated in brackets. 
*p < 0.05, *** p< 0.001. 
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Figure 23 - Effect of pretreatment with ~-alanine, a blocker of taurine-
Na + cotransporter, on short-term taurine-induced effect on total [Ca2+]i 
in ventricular heart cells. A: Basal [Ca2+]ï in single 10-day-old chick 
embryonic heart cells measured using fura-2 microfluorometry (88.6 ± 3.3 
nM). B: Preexposure of heart cells to ~-alanine (500 µM) for 10 to 20 min 
had no effect on basal [Ca2+]i (90.9 ± 3.7 nM). C-D: High concentrations of 
taurine (40 and 80 mM) had no effect on steady-state total [Ca2+]ï when 
single heart cells were preexposed to P-alanine (C= 91.1 ± 4.3 and D= 90.6 
± 3.3 nM). The results are expressed in terms of [Ca2+]i. Values are 
expressed as means ± s.e.m. The number of experiments is indicated in 
brackets. 
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short-term concentration-dependent taurine-induced increase in steady-state 

total [Ca2+]i when single heart cells were preexposed to it prior to the 

addition of extracellular taurine, and it did not block the taurine-Na+ 

cotransporter in a therapeutic manner. 

3.4 Effect of the Na+/Ca2+-exchanger blocker, CBDBMB (an amiloride 

derivative), on short-term taurine-induced effect on total [Ca2+)i in 

single heart cells 

We have seen that short-term exposure to high concentration of 

taurine (20 mM) induced a significant increase in both total intracellular 

Na+ and Ca2+ levels in single heart cells measured using Na+-green and 

fluo-3 confocal microscopy. Also when cells were preexposed _to ~-

alanine, a blocker of taurine-Na+ cotransporter, the addition of high 

concentrations of taurine did not induce any effect on total [Ca2+]ï in 

ventricular heart cells. If this increase in [Ca2+]i induced by taurine is due 

to an increase in [Na +]i which in turn will induce Ca2+ influx through the 

Na+ /Ca2+ -exchanger, then a blocker of this exchanger should block the 

increase in [Ca2+]ï induced by taurine. Thus, in this set of experiments, we 

determined the effect of a low concentration (10 µM) of a specific 
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Na+/Ca2+-exchanger blocker, CBDBMB (an amiloride derivative), on 

taurine-induced increase in [Ca2+]i in single heart cells using fura-2 Ca2+ 

fluorescence imaging (Figs.20 and 22) as well as 3-D fluo-3 Ca2+ 

fluorescence confocal microscopy (Figs. 21D-F and 24), in the absence 

(Figs. 21 D-F, 22 E-G and 24) or presence (Figs. 20 and 22 A-D) of the 

taurine-Na+ cotransporter blocker. 

As can be seen in figure 24, using fluo-3 3-D Ca2+ fluorescence 

confocal microscopy, superfusion with 10 mM taurine induced a significant 

visible sustained increase in steady-state total intracellular Ca2+ 

fluorescence (Fig.24 B). The addition of CBDBMB, the Na+ /Ca2+ -

exchanger blocker, at 1 OµM was found to decrease taurine-induced increase 

in steady-state total intracellular Ca2
+ fluorescence near the control level 

(Fig.24 C). As observed for 10 mM taurine, CBDBMB also significantly 

blocked the steady-state increase in total intracellular Ca2+ induced by 20 

mM taurine. As summarized in Fig.21 D-F, 20 mM taurine increased total 

intracellular Ca2+ fluorescence from 70.4 ± 10.2 up to 103 .2 ± 7.2 (n=4). 

The addition of 10 µM CBDBMB reduced taurine-induced increase in Ca2+ 

fluorescence to 76.3 ± 8.4. However, when taurine concentration was 

increased to 40 mM (steady-state total [Ca2+]i increased from 30.0 ± 0.8 to 

180.3 ± 18.7 nM, n=6) (Fig.22 E-G), the addition of 10 µM CBDBMB 
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Figure 24 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular myocyte illustrating the effect of CBDBMB on 
taurine-induced increase in total intracellular Ca2

+ level. A: Basal 
resting mean fluo-3 Ca2+ fluorescence intensity in 10-day-old embryonic 
chick heart cell measured using fluo-3 3-D confocal microscopy. B: 
Exposure to 10 mM taurine added to the extracellular milieu for 10 min 
induced a highly visible increase in steady-state mean fluo-3 Ca2+ 
fluorescence intensity when compared to basal. C:Application of 
CBDBMB, a specific Na+/Ca2+-exchanger blocker, at 10 µM reversed 
taurine-induced increase in total fluo-3 Ca2+ fluorescence intensity down to 
basal control level within 15 min. The white scale bar is in µm. The color 
scale below represents pseudocolor intensity levels of fluo-3 Ca2+ 
fluorescence from 0 to 255. Cell number is CP293-fluo-2. 
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was found to decrease taurine-induced sustained rise in total [Ca2+]ï to a 

level still significantly above control(l28.2 ± 13 .9 nM, n=6) but also 

significant (p < 0.05) when compared to the level of [Ca2+]i induced by this 

very high concentration of taurine. 

In the same series of experiments, when ~-alanine failed to reverse 

the sustained increase in [Ca2+]i induced by 20 mM (Fig.20 A-C) and 40 

mM (Fig.22 A-C) taurine, the addition of 10 µM CBDBMB significantly 

(p<0.05) decreased taurine-induced increase in [Ca2+]i (from 338.6 ± 37.2 

to 167.3 ± 6.9 nM, n=9) (Fig.22 C-D); however, not to the control level, as 

it was observed for the effect of CBDBMB when 40 mM taurine was used 

in the absence of ~-alanine (Fig.22 F-G). Thus, using fura-2 Ca2+ imaging 

and 3-D fluo-3 Ca2+ fluorescence confocal microscopy we found that the 

application of the Na+/Ca2+-exchanger blocker, CBDBMB, blocked taurine-

induced steady-state increase in total [Ca2+]i. This effect was found to be 

dependent on taurine concentrations. 

3.5 Effect of taurine on cytosolic and nuclear free Ca2+ and Na+ levels 

in heart cells 

Recently several investigators have demonstrated that intracellular 

free Ca2
+ is not homogeneous at the subcellular level and that cell 
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stimulation may elicit differential rise in Ca2+ in various compartments of 

the cell such as the cytosol and the nucleus (BURNIER et al, 1994; HIMPENS 

et al, 1992). Also it was shown lately that the nucleus may act as a 

cytosolic Ca2+ buffer (BKAILY et al, 1997). Thus it is possible that tamine 

may affect Ca2+ distribution and localization via modulating cytosolic and 

nuclear Ca2+ and Na+ levels differentially in heart cells. 

3.5.1 Effect of short-term exposure to taurine on cytosolic and nuclear 

free Ca2
+ level in heart cells 

In order to determine the localization of the intracellular Ca2
+ 

increase induced by short-term exposme to taurine, steady-state cytosolic 

and intranuclear free Ca2
+ levels were measmed in single ventricular cells 

from 10-day-old embryonic chick heart using double labeling with fluo-3 

and the nuclear marker, Syto-11, 3-D confocal microscopy technique 

(BKAIL Y et al, 1995; BKAIL Y et al, 1996a). Thus single isolated 

ventricular heart cells were loaded with the fluorescent Ca2+ probe, fluo-

3/ AM, to monitor changes in Ca2+ fluorescence upon the application of 

taurine to the extracellular milieu. At the end of the experiment, cells were 

labeled with the nuclear marker, Syto-11, in order to delineate nuclear from 
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cytosolic Ca2+ fluorescence. 

In this series of experiments we tested the effect of short term 

exposure to normal ( 1 mM) and high (20 mM) concentrations of taurine on 

cytosolic and nuclear free Ca2+ levels in heart cells. As can be seen in 

figure 25A, the steady-state resting basal level of nuclear free Ca2+ in heart 

cells was higher than that in the cytosol. These results with nuclear and 

cytosolic free Ca2+ are similar to those recently rep01ted by our laboratmy 

for single heart cell preparations (BKAILY et al, 1996a). Short-term 

exposure to normal concentration of taurine ( 1 mM) slightly increased but 

not significantly both steady-state nuclear and cytosolic free Ca2+levels 

(Fig. 25 B). Increasing the concentration of taurine up to 20 mM further 

increased both steady-state nuclear and cytosolic free Ca2+levels although 

significant only in the nucleus ( almost by 100% when compared to control 

levels) (Fig.25 C). 

3.5.2 Short-term effect of taurine on cytosolic and nuclear free Na+ 

levels in isolated heart cell 

As was shown previously using 3-D Na+ measurement technique, 

short-term exposure to taurine was found to modulate total Na+ level in 
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Figure 25 - Short-term effect of taurine on 3-D cytosolic and nuclear 
free Ca2

+ levels in isolated heart cells. A: Basal mean relative nuclear 
and cytosolic Ca2

+ fluorescence intensity of 10-day-old embryonic chick 
heart cells. B: 3-D measurement of steady-state effect of short-term 
exposure to 1 mM taurine on cytosolic and nuclear Ca2

+ fluorescence 
intensity. C: Significant increase of nuclear Ca2

+ fluorescence intensity 
induced by short-term exposure to 20 mM taurine. Serial optical images 
were recorded after sequential addition of each taurine concentration to the 
extracellular milieu. Mean fluorescence intensity values were calculated 
from the nuclei and cytosol of 3-D reconstructed cells as described in the 
Methods section. The data are expressed in terms of mean relative Ca2

+ 

fluorescence intensity. Values are represented as means ± s.e.m. with the 
number of experiments indicated in brackets. *** p < 0.001. 



120 

250 C 
>, 

."t:: Nucleus *** Cf) 
C 
Q) Cytosol ..... 
C 200 
Q) 
0 8 C 
Q) 

A 0 
Cf) 

150 Q) ..... 
0 
:J 

LL 
+ 

C\J 
ctl 100 ü 
Q) 

.;?: ..... 
ctl 
Q) 50 a: 
C (14) ( 11) (7) 
ctl 
Q) 

0 
Contrai Taurine Taurine 

(1mM) (20mM) 



121 

heart cells. Thus, in another series of experiments, the effect of short-term 

exposure to taurine on steady-state levels of cytosolic and nuclear free Na+ 

levels was determined using double labeling with the Na+ fluorescent probe 

sodium green and the nuclear marker, Syto-11, 3-D confocal microscopy 

technique. As can be seen in figure 26 A, the steady-state level of nuclear 

free Na+ was higher than that in the cytosol. Short-term exposure to 1 mM 

taurine slightly increased both nuclear and cytosolic free Na+ levels (Fig.26 

B). Increasing the concentration of taurine up to 20 mM further increased 

nuclear and cytosolic Na+ levels, although more significant in the nucleus 

than in the cytosol (almost by 80% when compared to control) (Fig.26 C). 

3.5.3 Effect of long-term treatment with taurine on cytosolic and 

nuclear Ca2+ and Na+ levels in heart cells 

As was shown previously using 2-D Ca2+ and Na+ fluorescence 

measurement, long-term effect of taurine was found to be different from 

that of short-term exposure to the amino acid. Thus, in this series of 

experiments we tested the effect of long-term exposure to taurine on 

cytosolic and nuclear Ca2+ and Na+ levels using 3-D measurement 

techniques. Three-dimensional cytosolic and nuclear Ca2+ and Na+ levels in 
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Figure 26 - Effect of short-term exposure to taurine on 3-D cytosolic 
and nuclear free Na+ level in single heart cells. A: Basal nuclear and 
cytosolic sodium green fluorescence intensity of 10 day-old embryonic 
chick heart cells. B: Short-term exposure to 1 mM taurine had no 
significant effect on both cytosolic and nuclear Na+. C: Short-term 
exposure to 20 mM taurine induced a significant steady-state increase of 
both nuclear and cytosolic Na+. The results are expressed in terms of mean 
relative Na+ fluorescence intensity. Values are expressed as means ± s.e.m. 
The number of experiments is indicated in brackets. 
* p < 0.05; *** p < 0.001. 
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single 10-day-old embryonic chick ventricular heart cells were measured by 

confocal microscopy using fluo-3 and sodium green respectively (BKAILY 

et al, 1994; 1996a). As can be seen in figures 28 A and 29 A, the resting 

basal levels of nuclear Ca2+ and Na+ in heart cells were higher than in the 

cytosol. Figure 27 A shows a sagittal and cross-sectional view of a 3-D 

reconstructed isolated ventricular myocyte illustrating the intracellular 

(cytosolic and nuclear) distribution of Ca2+. Prolonged exposure (12 to 24 

hrs) to normal concentration of taurine ( 1 mM) significantly decreased both 

nuclear and cytosolic Ca2+ levels (Fig.27 D and Fig.28 B). Figure 27 D 

shows a sagittal and cross-sectional view of a 3-D reconstructed isolated 

heart cell illustrating the intracellular ( cytosolic and nuclear) distribution of 

Ca2+ after 24 hrs treatment with 1 mM taurine. Nuclear Na+ level was also 

decreased with long-term treatment with taurine without any significant 

change in cytosolic Na+ level (Fig.29 B). 

These experiments showed that long-term exposure to normal 

taurine concentration had an opposite effect on cytosolic and nuclear Ca2+ 

and Na+ levels when compared to the effect of short-term exposure to 

n01mal concentration of the amino acid . 
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Figure 27 - Sagittal and cross-sectional view of a 3-D reconstructed 
isolated ventricular myocyte illustrating cytosolic and nuclear Ca2

+ 

distribution in control and in response to long-term treatment with 
lmM taurine and/or KCl-induced depolarization. The white scale bar is 
in microns. The color scale on the left represents pseudocolor intensity 
levels of Ca2+-fluo-3 fluorescence from O to 255. The upper right panels of 
(A) to (E) represent a 3-D look-through reconstruction of the nucleus (Syto-
11 staining) while the lower right panels represent 3-D reconstruction of the 
cytosol and nucleus using double labeling with fluo-3 and Syto-11 . A, B, C, 
D and E are different representative cells. 
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Figure 28 - Effect of long-term exposure to taurine and high 
extracellular [IC] on 3-D cytosolic and nuclear free Ca2+ in heart cells 
measured using fluo-3 3-D confocal microscopy. A: Resting basal Ca2

+ 

fluorescence intensity in the nucleus and cytosol of 10-day-old chick 
embryonic heart cells. B: Long-term exposure (12 to 24 hrs) to 1 mM 
taurine induced a significant sustained decrease of cytosolic and nuclear 
free Ca2+. C: Long-term ( 12 to 24 hrs) depolarization of the cell membrane 
with 30 mM [K+]0 induced a highly significant sustained elevation of 
nuclear free Ca2

+ without affecting cytosolic Ca2+. D: Long-term 
depolarization of the membrane simultaneous with long-term treatment 
with 1 mM taurine did not black the increase of nuclear free Ca2+. E: 
Pretreatment with taurine for 12 hrs and depolarization of the cell 
membrane for an additional 12 hrs ( in the presence of taurine) prevent 
nuclear Ca2+ overload induced by high [K+]0 • Values are represented as 
means ± s.e.m. with the number of experiments indicated in brackets. 
** p < 0.01; *** p < 0.001. 
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Figure 29 - Effect of long-term treatment with taurine and elevated 
[IC] 0 on cytosolic and nuclear free Na+ in isolated heart cells measured 
using sodium-green 3-D confocal microscopy. A: Basal resting sodium-
green fluorescence in the nucleus and cytosol. B: Long-term treatment (12 
to 24 hrs) with 1 mM taurine induced a significant decrease in nuclear free 
Na+ while having no effect on cytosolic Na+. C: Long-term (12 to 24 hrs) 
depolarization of the cell membrane with 30 mM [K+]0 had no effect on 
both nuclear and cytosolic free Na+. D: Long-term depolarization of the 
membrane simultaneous with long-term exposure to 1 mM taurine for 24 
hrs apparently decreased nuclear free Na+ level but not significantly. E: 
Pretreatment with 1 mM taurine for 12 hrs followed by depolarization of 
the cell membrane for an additional 12 hrs (in the presence of taurine) 
increased both nuclear and cytosolic free Na+ significantly. Values are 
represented as means ± s.e.m. with the number of experiments indicated in 
brackets. * p < 0.05; ** p < 0.01. 
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3.5.4 Effect of long-term treatment with taurine on cytosolic and 

nuclear Ca2+ and Na+ levels under Ca2+ overload conditions in heart 

cells 

In order to induce Ca2+ overload, membranes of single heart cells 

were depolarized by increasing extracellular [K+] from 5 to 30 mM 

(BKAILY et al, 1992; 1994). The cells were exposed to 30 mM [K+]0 for 12 

to 24 hrs. As seen in figures 27 B and 28 C, long-term sustained 

depolarization of the cell membrane with high [K+]0 significantly increased 

the steady-state nuclear Ca2+ level without having an effect on the level of 

cytosolic Ca2+. However, there were no changes in either nuclear or 

cytosolic Na+ level with permanent long-term depolarization of the 

membranes of heart cells (Fig.29 C). Inducing nuclear Ca2+ overload with 

long-term permanent depolarization of the cell membrane (24 hrs) followed 

by (not shown) or together with long-term exposure to 1 mM taurine in 

presence of high [K+]0 generated a further increase in nuclear Ca2+ level 

(Figs.27 C and 28 D), along with an apparent non-significant decrease of 

nuclear Na+ level (Fig.29 D). There was no change in cytosolic levels of 

"th C 2+ + e1 er a or Na . 
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However, long-term pretreatment with normal concentration of 

taurine 1 mM (12 to 24 hrs), followed by long-term depolarization (12 hrs) 

of the cell membrane of heart cells with elevated [K+]0 in the presence of 

taurine prevented the increase in nuclear Ca2+ induced by depolarization 

only (Figs.27 E and 28 E). On the other hand, both cytosolic and nuclear 

free Na+ levels were significantly increased (Fig.29 E). 
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IV. DISCUSSION AND CONCLUSION 

Previous work has shown that the actions of taurine on the heart are 

associated with the regulation of intracellular calcium homeostasis through 

the modulation of calcium and sodium fluxes . Attempts to determine the 

effects as well as the mechanisms of taurine-induced effects on [Ca2+]i and 

[Na+]r in heart cells were mainly directed towards measuring taurine effect 

on both Ca2+ and Na+ ionic currents in heart cells (BKAILY et al, 1996b; 

SATOH, 1994a; SATOH and SPERELAKIS, 1993; SPERELAKIS et al, 1992). 

These studies showed that in single 3-, 10-, and 17-day-old embryonic 

chick heart cells in culture, taurine (5 mM) activates two transient inward 

Ca2+and Na+ currents (BKAILY et al,1988a; SAWAMURA et al, 1990; 

SPERELAKIS et al, 1992). Also taurine was shown to block the L-type Ca2+ 

channel whereas it activates the T-type Ca2+ channel and the TTX-

insensitive fast transient slow Na+ channel (Table 1). In single cells of 3-

and 10-day-old chick embryonic heart which showed only a L-type 

component of Ca2+ current (Ica(L)), taurine blocked this current and induced 

a T-type component of Ica (Ica(T)) (Table 1). The rapid (1 min) transient 

decrease of slow action potential (AP) amplitude and dV/dt by taurine 

reported by SAWAMURA et al (1986b) could be explained by the decrease of 
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the slow Iea(L)· It is also possible that the sustained increase in total [Ca2+]i 

by short-term exposure to taurine could be due to stimulation of the R-type 

Ca2+ channel (BKAILY et al, 1992) by this amino acid. This sustained 

increase in (Ca2+]i would accelerate the inactivation of the L-type Ca2+ 

channel, thus explaining in part the decrease of this type of current by 

taurine. 

It has been suggested that the increase or activation of a fast (TTX-

sensitive) Na+ current by taurine would increase [Na+]i near the 

sarcolemma, which in turn may reverse the Na+/ Ca2+ -exchange and thus 

allow Ca2+ to flow inside the cell by tlus pathway. Thus the positive 

inotropic effect of taurine might not be mediated through an increase in the 

inward L-type Ca2+ current (SAWAMURA et al, 1986b; SPERELAKIS et al, 

1992), but could be due to Ca2+ influx through the T-type and the Na+/Ca2+-

exchanger, resulting from an increase in Na+ influx via activation of the fast 

Na+ current and/ or taurine- Na+ symporter. On the other hand, taurine 

exerts a dual effect on the TTX-sensitive fast INa, with inhibition or 

stimulation at lower concentrations (1 and 5 mM) and inhibition only at 

higher concentrations ( 10 and 20 mM). 

These earlier studies on taurine effects on Ca2+ and Na+ channels 

were almost all done using the whole-cell voltage-clamp technique, which 
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causes a disruption of the cell membrane. Moreover, they were done at 

short-term exposure of heart cells to high concentration of extracellular 

taurine ( 10 to 40 mM), if one considers the normal circulating taurine level 

(0.1-1 mM). Most important, they reveal that the action of taurine on Ca2+ 

and Na+ channels is complex; however, they do not correlate between 

taurine-induced multiple effects in heart cells, and thus do not provide a 

clear understanding of the positive inotropic effect of taurine nor its 

cardioprotective effect against Ca2+ overload. 

4.1 Effect of short-term exposure to taurine on total basal [Ca2+Ji and 

[Na +li in ventricular heart cells 

Our results showed that short-term exposure (10 to 20 min) to 

normal physiological concentration of taurine (1 mM) had no effect on the 

steady-state basal total intracellular [Ca2+] in isolated ventricular heart cells, 

measured using fura-2 microfluorometry technique. The same results were 

also confirrned using fluo-3 Ca2+ measurement three-dimensional confocal 

microscopy. However, short-term exposure to increasing concentrations of 

taurine added extracellularly from 5 to 80 mM induced a significant 
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concentration-dependent increase in the steady-state basal total [Ca2+]i of 

ventricular heart cells. 

Short-term exposure to relatively high concentrations of taurine 

actually elevated the total sustained basal [Ca2+]i presumably resulting from 

the stimulation of the R-type Ca2+ channel (BKAIL Y et al, 1992; 1997) in 

resting heart cells as well as the Na+/ Ca2+-exchanger, and in working heait 

cells from the stimulation of Ca2+ influx through the T- and R-type Ca2+ 

channels and the Na+/ Ca2+-exchanger (BKAILY et al, 1997). Thus, taurine 

may exert a positive inotropic effect by such mechanisms. 

Short-term treatment with 1 mM taurine was also found to have no 

effect on the resting steady-state basal total [Na+]i in ventricular heart cells, 

measured using sodium-green 3-D confocal microscopy measurement of 

free Na+. Exposure to high concentrations of taurine (20 mM) induced a 

dose-dependent sustained increase in resting total [Na +]i in heart cells. 

Our findings that pretreatment with ~-alanine, a blocker of taurine-

Na + cotransporter, prevents (but does not reverse) taurine-induced dose-

dependent increase in [Ca2+]i in heart cells and that CBDBMB (an 

amiloride derivative), a specific blocker of Na+/ Ca2+-exchanger at low 

concentration, blocks the increase in [Ca2+]i induced by short-term 

treatment with taurine led us to conclude that : 1) the increase of basal total 
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[Na+]i by short-tenn treatment with taurine could be due to Na+ entry 

through the taurine- Na+ cotransporter (BKAIL Y et al, 1997; JONES et aL 

1992); 2) the increase in the basal steady-state [Ca2+]i could then be due to 

an increase in [Na+]i which in tum favors sarcolemmal Ca2+ influx through 

the Na+/ Ca2+ -ex changer (BKAIL Y et al, 1994; 1997), and excludes a 

possible taurine activation of Ca2+ influx via stimulation of the sarcolemmal 

voltage-dependent R-type Ca2+ channel. 

4.2 Effect of short-term exposure to taurine on intracellular Ca2+ and 

Na+ distribution (cytosolic and nuclear) in ventricular heart cells 

Using fluo-3 three- dimensional confocal microscopy rneasurement 

of free ca2+, we found that the basal cytosolic free Ca2+ level in ventricular 

heart cells of 10-day-old chick embryo is lower than that of the nucleus. 

These results are in accordance with that recently reported by our 

laboratory (BKAILY et al, 1996a) and others (AL-MOHANNA et al, 1994 ; 

HIMPSEN et al, 1994 ; O'MALLEY, 1994), but yet in disagreernent with others 

(BURNIER et al, 1994; HALLER et al, 1994). This disagreernent can be 

attributed to either differences in cell type, differentiation status and/ or 

methods of cell isolation, culture, loading and experimental setup (HALLER 
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et al, 1996; HIMPENS et al, 1992). The sarne approach using the sodium 

fluorescent probe, sodium-green, also showed that the resting steady-state 

basal cytosolic free Na+ in ventricular cells is lower than that of the 

nucleus. These results suggest a possible role of the nucleus in cytosolic 

Na+ buffering in heart cells. The mechanisms by which Na+ crosses the 

nuclear membrane as well as its nuclear physiological role are not known. 

Using 3-D confocal Ca2+ and Na+ fluorescence measurements, our 

results showed that the increase of basal intracellular free Ca2+ and Na+ by 

short-term treatment with high concentration of taurine ( 5mM) is mainly 

nuclear. The increase of basal nuclear sustained free Na+ by taurine could 

be due to possible presence of a taurine- Na+ cotransporter on the nuclear 

membrane. However, the increase of nuclear sustained free Ca2+ could be 

due to cytosolic Ca2+ buffering by the nucleus (BKAIL Y, 1994 ; BKAIL Y et al, 

1996a; 1997). 

4.3 Effect of long-term exposure to taurine on intracellular Ca2+ and 

Na+ distribution {cytosolic and nuclear) in ventricular heart cells under 

normal and Ca2
+ overload conditions 

Our results showed that the long-term effect ( 12 to 24 hrs) of taurine 

on sustained intracellular Ca2+ and Na+ levels in heart cells is different from 
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its short-term effect. Long-term treatment with physiological concentration 

of taurine (1 mM) significantly decreased both cytosolic and nuclear 

sustained free Ca2+ as well as nuclear free Na+ without a:ffecting cytosolic 

Na+. The decrease of basal nuclear free Ca2+ and Na+ levels by long-term 

taurine treatment could be due in part to a decrease in the minimum Ca2+ 

and Na+ buffering capacity of the nucleus by taurine (BKAILY, 1994; 

BKAILY et al, 1996a; 1997). However, the decrease of cytosolic free Ca2+ 

by long-term treatment with taurine could be due in part to stimulation of 

sarcolemma and/ or sarcoplasmic reticular Ca2+ -pump activity (STEELE and 

SMITH, 1992). 

Long-term sustained depolarization of the cell membrane of heart 

cells with elevated extracellular [K+] (30 mM) had no effect on sustained 

cytosolic free Ca2+ and Na+ levels as well as nuclear free Na+. However, 

there was a significant increase in sustained nuclear free Ca2+. The absence 

of an effect of long-term depolarization of the cell membrane on cytosolic 

Ca2+ could be due to cytosolic Ca2+ buffering by the nucleus (BKAIL Y et al, 

1996a; 1997) and the ability of long-term Ca2+ -pumping by the 

sarcolemmal Ca2+ -pump. 

Long-term pretreatment with 1 mM taurine followed by long-term 

depolarization with high extracellular [K+] prevented the sustained increase 
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of nuclear free Ca2+ induced by sustained depolarization of the cell 

membrane only. However, it significantly increased bath cytosolic and 

nuclear free Na+. It is possible that the preventive effect of taurine on the 

long-term sustained depolarization-induced sustained elevation of nuclear 

Ca2+ could be due in part to stimulation of sarcolemma and nuclear Ca2+ 

outflow and Na+ inflow (most probably through the Na+/ Ca2+ - exchanger) 

and/or to a predecreased minimal sustained basal Ca2+ buffering capacity of 

the nucleus by long-term taurine treatment which may in turn mask the high 

elevation of nuclear Ca2+ induced by sustained membrane depolarization 

The fact that taurine failed to black the observed sustained elevation 

of nuclear Ca2+ pre-induced by sustained long-term depolarization of the 

membrane suggests that this amino acid possesses only a preventive effect 

on nuclear Ca2+ overload. A preventive effect of taurine against Ca2+ 

overload as well as against several types of cardiac pathological conditions 

was suggested previously by several laboratories (AZUMA et al, 1984 ; 

SAWAMURA et al, 1983 ; TAKIHARA et al, 1985 ; 1986 ; 1988). 

In conclusion, these results indicate that short-term treatment with a 

taurine concentration (1 mM) close to normal physiological circulating 

level had no effect on basal Ca2+ and Na+ transport in ventricular heart cells. 
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However, long-term treatment with taurine which may muruc a more 

normal physiological situation, decreased both cytosolic and nuclear Ca2+ 

levels and nuclear Na+. Moreover, long-term taurine treatment seems to 

prevent intracellular Ca2+ overload which seems to be mainly intranuclear, 

but does not block it. The mechanisms implicated in taurine action on Ca2+ 

and Na+ transport across the sarcolemma and nuclear membrane await 

further elucidation. 

4.4 Implication of the nucleus in excitation-contraction coupling of 

heart cells 

Recently, usmg confocal laser rmcroscopy with Ca2+ -sensittive 

fluorescent probes, vast evidence has been accumulating demonstrating that 

intracellular free Ca2+ is not homogeneous at the subcellular level and that 

cell stimulation may induce a differential rise in Ca2+ in various 

compartments of the cell such as the cytosol and the nucleus (BKAIL Y et al, 

1997; BURNIER et al, 1994; HALLER et al, 1996; HIMPENS et al, 1994; 

MINAMIKAWA et al ,1995; this work). Moreover, it has been reported that 

the amplitude and the direction of the nucleo-cytosolic Ca2+ gradient, as 

demonstrated in various cell types at rest and after stimulation, depends on 

the cell type, differentiation status and type of the agonist (HALLER et 
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al,1994; HIMPENS et al, 1994). The mechanisms ofhow the nucle9-cytosolic 

barrier is controlled by these cellular parameters and how the nucleus 

interacts with the extranuclear medium still remains largely unresolved. 

It has been suggested that the existence of the nucleo-cytosolic Ca2
+ 

gradient at rest implies that there are mechanisms that do not allow Ca2
+ to 

diffuse freely into the nucleus through the nuclear pores maintaining [Ca2+]n 

different from [Ca2+]c- Severa! investigators found that the resting nucleo-

cytosolic Ca2
+ gradient was abolished by treatment with the endoplasmic 

reticulum Ca2
+ - pump inhibitor thapsigargin. This indicated that the resting 

Ca2
+ gradient is dependent on active Ca2+ sequestration possibly in the 

perinuclear compartment (HIMPENS et al, 1994). The asymmetric distribution 

of Ca2
+ in the nuclear and cytosolic compartments at rest could then result 

from different rates of Ca2
+ sequestration and release for nuclear versus 

cytosolic compartments together with a limited diffusion of Ca2
+ through 

the nuclear pores (DINGWALL, 1991 ; HALLER et al, 1994; HERNANDEZ-CRUZ 

et al, 1990; WAYBILL et al, 1991). 

As it is for the differential distribution of Ca2
+ at rest, several 

investigators have shown that the nucleus does not follow the changes in 

[Ca2+]c after cell stimulation and thus suggested that Ca2+ permeability 

barriers and Ca2
+ transport systems must therefore exist at the nuclear 
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membrane (GERASIMENKO et al, 1996; HIMPENS et al, 1994; NICOTERA et al, 

1994; SANTELLA, 1996). Subsequent studies showed that the differential 

rise of [Ca2+]n over [Ca2+]c during agonist stimulation could be attributed to 

a passive influx into the nucleus of Ca2
+ released from cytosolic Ca2

+ 

stores, or to Ca2
+ released from the nuclear envelope (HALLER et al, 1996; 

HIMPENS et al, 1994; MATTER et al, 1993) and/or to Ca2
+ released from an 

intranuclear storage site possibly mediated by a process dependent on the 

inositol phosphates (HIMPENS et al, 1992; MALVIYA et al, 1990). ln this 

regard, lnsP3 (inositol 1,4,5-triphosphate) receptors, which are involved in 

the release of Ca2
+ from the interna! stores, have been localized at the 

nuclear envelope (HUMBERT et al, 1996; MATTER et al, 1993; STEHNO-

BITTEL et al, 1995), the swTounding endoplasmic reticulum (VILLA et al, 

1993) and inside the nucleus (DIVECHA et al, 1993; HENNAGER et al, 1995; 

MAL VIY A et al, 1990). Moreover, it has been shown that the nucleus 

contains the enzymatic pathway for the production of lnsP3 (DIVECHA et al, 

1993; YORK and MAJERUS, 1994). 

As for myocardial cells, it has been shown that during the movement 

of cytosolic Ca2
+ waves in contracting single heart cells (BKAIL Y et al, 

1996a; MINAMIKAWA et al, 1995; TANAKA et al, 1996), the nucleus takes up 

Ca2
+ and then releases it as the Ca2

+ wave moves across the nuclear region. 
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This regulatory mechanism by the nucleus allows to maintain sufficient 

level of cytosolic Ca2+ to be available for sustained tonie tension without 

compromising the waste of intracellular Ca2+ via the sarcolemmal Ca2+ -

A TPase, and would permit enough time for this Ca2+ level to be sensed by 

the contractile filaments. At the same time, the close proximity of the 

nuclear membrane and the endoplasrnic reticulum (ER) may allow for 

efficient and rapid refilling of the ER upon release of intranuclear Ca2+ 

while cytosolic Ca2+ 1s being pumped out of the cell through the 

sarcolemmal Ca2+ -ATPase. Moreover, this movement of Ca2+ in and out of 

the nucleus could provide a delay mechanism in which to prolong the time 

for enough Ca2+ to pass through gap junctions in order to initiate 

contraction of neighboring cells. 

4.5 Perspectives 

In perspectives, it would be of significant relevance to what we have 

discussed about the role of taurine in modulating nuclear Ca2+ and Na+ 

levels in ventricular heart cells to determine: (i) the effect of taurine on 

nuclear Ca2+ and Na+ in sarcolemma-permeabilized ventricular heart cells; 

that is direct effect of taurine on Ca2+ and Na+ transport across the nuclear 
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membrane; (ii) the effect of the taurine- Na+ cotransporter blocker, 13-

alanine, and the Na+/ Ca2+-exchanger blocker, CBDBMB, on taurine-

induced effects on Ca2+ and Na+ transport in sarcolemma-permeabilized 

heart cells; and (iii) the effect of taurine on nuclear Ca2+ and Na+ buffering 

capacity in heart cells on both short and long-term. 
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