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ABSTRACT 
" d 

, -

~he rol~ of'the high intracellular coucentration of taurine in the 

heart is- not known. The effects of _ taurfne depl~~ion in: the heart w~re 
examined using t~e taurine tranBport~ntagonist guanidinoethyl sul~onate 

(GES). A six week treatmenç of rats with 1% GES in drinking water caused 

myocardial taurine levels 'to decrease to 25-30% that of control. Taurine 

depletion was found to be associated with specifie changes in the 

mechanical charact~ristics of papillary muscles. While maximal muscle 
~ 

shortening velocity remained unaltered, relaxation time to 1/2 sh~rtening 
\;; 

le~g~~~_ and the du'ration of isotonie contraction were prolonged. During-

isometr1c twit~hes, taurine-depleted muscles generated lower t~tal .. 
tensioga and the maximal rate of tension development was reduced, when 

compa;ed to controls. The~rations of isometx:ic contractions of the 

treated muscles tended to be prolonged. These~reatment-induced. 

dHferences were -not influenced by varying,-external. ca~~ium 

concentrations or stimulation rates. These results lndicate that the 

i,ntrinsic conttactility of taurine-deple~ed hearts 1s depresaed. - The . " 
contractile changes observed may be a resul.t of decreased 1ntracellular 

calcium release and reuptake\ during muscle contraction. One function of 

taurine in the heart may.be modulation of calcium homeostasie • 
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On ignore toujours le rôle que jouel>la présence d'une 

élevée de taurine intracellUlaire dans le coeur. Cétte 

de examine léS effets, sur le coeur, de l'appauvrissement en , 
taurine t en utilisant l'acide guanidinoéthyl sulfonique (AGS) , un 

antagoniste au transp'ort de la taurine. Lé traitement de rats, 

pendant six semaines, avec 1% d'AGS ajouté) à la ration ~' eau, a causé ~ . ' 

une baisse des niveaux de taurine myocardiaux de 25 à 30% de la valeur 

contrôle. On a. trouvé qu~ cet appauvrissement en taurine est associé à / 

des changements spécifiques des caractéristiques mécaniques des 

papillaires. Alors que l~ vi tesse maXimale de raccourcissell!ent 

inchangée, le temps de relaxatipn nécessaire pour atteindre 1f! 

tié (1/2) de la longueur de raccourcissement et la durée de la 

raction isotonique sont prolongés. Dans le cas __ dés contractio~s 
, 

étriques t une 

app~uvris 

faibles et que le 

,comparaison aux valeurs contrôles a montré que l'es 

en taurine génèrent des tensions t:qtales plus 

• taux maximal de développement de la tension est 

réduit. La durée des contractions isométriques des muscles traités a 
\ . 

eu tendance à être prolongée. Ces différencé's, induites-par le-
, 

traitement, n' o.nt "'as été influencées par la variati?n ,de la 

concentration externe de calcium ou la variation du taux de .. . 
stimulation. Ces résultats indiquent que la c0.ntractilité intrinsèque 

du coeur pauvre en taurine est abaissée. Les changements contractiles 
, . 

observés peuvent- être le résultat d'une diminution de la libération et 

de la recapture du calcium intracellulaire pendant la contraction 

musculaire. Une fonction de la taurine dans le coeur pourrait donc.". 

être la modulation de 1 'homéostase du ça1oium. , 
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SUMMARY OF FINDINGS 

* denotes original contribution to knowledge 

In this study myocardial contractile parameters were evaluated in . , 
pap111ary muscles from taurine-depleted and taur1ne-repleted rats. 

Biochemistry ..... 
1. The 6 week treatment of rats with GES resulted in 75% taurine 

depletion 1n ventricular tissue, and *68% taurine depletion 1n papillary 

muscle fibres. 

x 

2. *The Il week GES-taurine treatment of taurine-depleted rats resulted 

in myôcardial taurine re~etion, while high intracellular GES content was 

ma1ntained. 

Electrophys10logy 

3. The QT intervals were prolonged in taur1ne-depleted rats. This 

effect was reversible with taurine repletion. 

Contractil1ty 

lsometric, isotonie and unloaded contractions of rat papillary muscles 

were stud1ed. 

4. Isometric Tw1tch 

Changes from control in taurine-depleted muscles: 

*(A). Total tension was depressed. 

*(B). Maximal rate of tension development was depressed. 

*(C). Contraction duration tended to be prolonged. 

5. Isotonie Twitch 

6. 

7. 

Changes from control ln taur1ne-depleted muscles: 

*(A). The velocity of muscle contràt:,ion rema1ned unalteredj Vs was 

unchanged. 

*(B). The relaxation 'of contraction was prolonged; RLl/2 was 

s1gnificantly longer. 

*(C). Contration duration was prolonged. 

Unloaded Twitch 

*Maximal velocity of contraction remained unalte~~ in 

taurine-dèpleted muscles. 

*Taurine-repleted muscles did not vary s1gn1f1cantly from 

age-matched controls in aIl of the contractile parameters 

measured. 
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fi ••• Samuel Pickwick burst l1ke another sun from his slum~ers j threw oper---

his chamber window, and looked out on the world beneath. Goswell-stree\ 

was at his feet, Goswell-street was on his right hand - as far ~s the \ 
1 

eye could reach, Goswell-street extended on his left; and the opposi~e 

side of Goswell-street was over the wa~. 'SuCh,' thought Mr. Pickwick, 

'are the narrow views of those philosophers who, content with examining 

the things that lie before them, look not to the cruths which are hidden 

beyond •••• 'fI 

Charles Dickens, Pickwick Papers 
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IN'l;'RODUCTION " 

General Comments 

.Taurine (2-aminoethane sulfonic aCid), synthesized mainly in the 

liver, 18 a sulfur-containing ~nd product of methlonine metabolism 

(Awapara, 1976). Taurine in the free fôrm i8 distributed widely in the 

tissues of most mammalian species; including man (reviewed by ~acobsen 

and Smith, 1968). This remarkable ubiquity of taurine and its relatively 

high cytosolic concentrations is explained, in part, by transpqrt 

process~8. In many tissues taurine 18 not synthesized, but specifie 
1 

cransport systems maintain and regulat~ lts levels. 

Despite the wide distribution OF taurine, its only undisputed 
{ 

physiological function is conjugation with cholesterol in the formation 

of bile acids in the liver. Taurine does not act as a metabolic 

sub8trate because-the sulfonate group repla~es the carboxylic terminal 

found in most amino acids; hence taurine can not form peptide l~nkages 

(via its sulfon~te terminal), and, it can not enter the Kreb's cycle., 

Thus the role of the milli.olar concentrations of taurine in excitable 
( .. 

tissues including the brain, the retina, skeletal muscle and the heart 

remains to be determined. 

Taurine in Excitable Tissues 

Thè action of exogenous taur'ine has been studied on many different . -
tissues and preparations. As a result taurine ls associated with a 

myriad of effects. o 

The effects of taurine on excitable tissues have been studied by 

both the pharmacologie approach and th~ analysis of taurine'deficiencies. 

In the early sixties: exogenously applied taurine was shown to depress 
\., ....... 1 

neuronal ~ctivL;y t~'~he central nervous system (C~rtis and Watkins, . , .-
1960) ~ k 'A '~ew~ years later, intravenous infusion of taurine in mill1molar 

C!.crnéentJ~t:frons.f1as shown to prevent cardiac arrythmias, induced by 
....:, .. 

• epinephrine, aod ta reverse those induced by digoxin (Read and vlelty, 

1963). More recently, the infusion of taltrimide, a lipophilic taurine 



0' 1 

o 

derivative, was shown to suppress chem1caily-i~duced seizures (Huxfable 

and Nakagawa, 1985). Taurine has been sho,wn to have a piuretic effe~t 

(Dlouha and McBroom, 1986), and, st the behavioural level, to modify 

drinking and eating activ1t1es (Thut et al., 1976). lt has also been 

found to mod1fy aggressive responses (Mandel et al., 1985). These'and 
t 

many other studies, described in the books edited Dy Huxtable and Barbeau 

(1976), Schaffer et al. (1981), and Oja et al. (1985), focused on 

pharmacological manipulations of exogenous taurine and possible 

therapeutic applications, but did not contribute sagnificantly to the ~ 

general understanding of the physiological role of taurine in excitable 

tissues. 
'" The most conv1ncing evidence which shows that taurine plays an 

im~ortant physiological role in excitable tissues comes from deficiency 

studies. Prolonged absence of dietary taurine in the cat leads to a 

decrease in the taurine content of the retina, accompanied by 

abnormalit1es in the e~ectroretinogram (ERG), degeneration of the 

photoreceptors and eventual blindness (S~dt et al~, 1976). A recent 

study wh~ch evaluated the effects pf long-term parenteral nutrition (that 
1 

does not provide taurine) in children, has shown ERG deficits in ~hese 

patients. With the addition of taurine to the 1ntravenous solution, the 

ERG defects disappeared (Geggel et al., 1985). These and other studies . 

which have shown developmental deficits associated with low taurine diets 

and taurine deficiency (Lake, 19&3; Neuringer et al., 1985)'resulte~ in 

,the recent addition of taurine to commercial infant formula, to the level 

found in breast milk. At the same time these studies suggested that high 

intracellular concentrations of taurine in the retina may be of critical 
1 1 

importance to the normal function of this tissue. 

Taurine in the Cardiovascu~ar System 

'4' 

Taurine is the most abundant fr~ amino aeid in mammalian heart. In 

the rat, cardiac taurine levels are about 25-30 umol/g wet weight and 

constitute over 60% of the free amine acid pool (Huxtable, 1976). These 

levt'ls are ma:!,ntain,fi!d and regulated by specific transport processes, 

while local metabolism is less important (Huxtable, 1976). Rat cardiac 

.' . 
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taurine content can,be specifically depleted 1n vivo to about 25% that of' . -
control values by the use of the transpors antagonist, guanid1noethyl 

sulfonate (GES)(Huxtable et al., 1979). 

Many effects of taurine on the cardiovasc~lar system have been 

described (reviewed by Ruxtable and S~bring, 1983), and include inotropic 

actions, effects on calcium metabolism, antiarrythmic actions, osmot1c 

effects, and hypotensive actions. Most of these studies have evaluated , 

the effects of exogenous administration of taurine in millimolar 

concentrations. Since plasma tauripe levels are normally two orders of 

magnitude lower than the concentrations used in these studies, their 

conclusions should be interpreted w1th caution. 

Superfusion of taurine has been sho~ to be 'cardio-protective' in 

hypoxia (Franconi et al., 1985). Kramer et al. (1981) reported a 

protective role 'of taurine in the calcium paradox paradigm: when-a 

calcium-free buffer contain1ng taurine was used to superfuse the hearts 
, 

for various periods of time, the muscle was protected against an 

Irreversible damage that is associated with calcium overload when calcium . 
was ,la ter added ba~ into the medium. ,Exogenous taurine has also been 

reported'to antagonize the negative inotropic effects caused by decreased 

calcium concentration 1n the perfusate (Guidotti et al., 1971; Shaffer et 

al., 1978). Although the above studies did not evaluate the 

physiological function of myocardial taurine, they indicated that this 
t 

amino acid ma~"be useful, pharmacologically, during cardiac surgery (ie. 

transplantation), or possibly when reperfusion occurs during the 

treatment of an acuçe myocardial infarction. 
\ 

in a recent clinical study, oral administration of taurine to young 

patients with borderline ~ypertension was shown to normalize blood 

pressure (Fujita et al~, 1987). Also, in double blind randomized -

crossover studies) dietary supple~ents of taurine improved the cl1nical 

manifestations of patients w1th congestive heart failure (Àzu~~,~_al., 

1983; Azuma et al., 1985). Taurine suppl~ments have also been shown to . -- ~- ~ 

effectively reverse the dilated card10myopathy associated with ~~ plasma 

taurine levels ln cats (Pion et al., 1987). The-site(s~ of action &f 

these therapeutic effects of taurine, i6, however, unknown. 

One way to study the physiologic actions of taurine in the heart, i8 

... 

.. 
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to manipulate the intracellular contènt of this amino acid. In a'recent 

study in our laboratory, cardiac taurine depletion in rats was highly 

correlated with selective prolongaêion of the QT interval (Lake et al., 

1987).' This prolongation was accompanied, and accounted for, by an 

increase in the duration of the ventricular muscle action potential (AP) 
-

(Lake et al., 1987). Since some of the cur,rents which underlie 
" 

... ;: ;, 

ventricular APs may also be involved in the excitation-contraction 

coupling process (ECC), the present study was designed to evaluate any 

alterations of intrinsic myocardial contractile characteristics which may 

accompany the electrophys1ologic changes in taurine-depleted rat hearts. 

Hypothesis 

The study conducted by Lake et al. (1987) indicat~d that GES-induced 

myocardial taurine depletion in the rat i8 associated with changes in 
. 

cardiac electrop,hysiology. Other investigators reported that GES-induced 
~,-. . 

taurine depletion in the rat heart resulted in decrease of the heart 

calcium content (McBrôom and Welty 1985). Our hïPothesis~s that taurine 

depletion may also result in contractile changes, which may be reflective 

of altered calcium homeostasis in taurine-depleted hearts. 

Outl1ne 

In this experiment the papillary~muscle mechanics-~f GES-treated 

rats were studied and compared to the results obtained from-control 
-d' 

animaIs. In arder to study how taurine may'effect the ECC process, 
> 

1 

specifie contractile parameters of unloaded, is~tonic and isometric 

twitches were examined. 

Rationale for the Use of GES-mediated Taurine Depletion 

Taurine-free'diets are ineffectivè in depleting the myocardial 

taurine stores of adult rats, because of compensatory changes in liver 

biosyn~hesis and renal excretion of this compound (Huxtable, 1976; 'c' 

Sturman,' 1973), so GES treatment was used to induce taurine deple~ion 

, . 

, " 
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'(Huxcable et al., 1979; Lake et al., 1987). 

A B 

o ~NH 
Il /7 

HO-s-CH-C~NH-C 8 2·7. 'NH 
2 

Figure 1. Chemical structures,\ of taurine. (A) and GES (B) • 

.. ' 
Rationale for the Use of Papillary Muscles 

The term contractility describes the intrinsic performance of 

cardlac muscle. Evaluation of the contractile state of an intact heart, 

5 

42ft 

however, Is difficult because of the Inceract'ion of many variables. 

Contractillty itself is altered by catecholkmines, glycosides or changes 

in heart rate (Brutsaert and Sonnenblick, 1973). On an absolute level, 

performance of the heart As a pump is affected by two major factors in 

addition to contractility: .the volume of the ventricle prior to the 

contraction (preload) and the reslstance to the ventricular emptying 

(afterload). On a practical level, the geometry of an intact heart is 

complicated, maklng calculations of màxlmal wall stress complex, and 

comparative measurements.difficult to interpret~ 

Thus. ln order to compare the mechanical performance of dilferent 

cardiac muscles, contractile studies in vitro often rely on the use of 

papillary muscles. Papillaty muscles, found both,in Ieft and right 

ventricles, are of a uniform, cylindrical shape. They project from the .' 

base of the ventrieles to the ventrlcular valves, preventing the latter 

from inversion ,during contractions. Although papillary muscles d,O differ 

in their size,and weight, their aligned fibres and cylindrical shape 

allow for normalization to cross-sectional area. \ 

Contraction of the paplllary muscle can be described by three 

inter-related variables: velocity of shortening, force of contraction, 

and length of displacement (Brutsaert and Sonnenbllck, 1973). The 

rorce-velocity-length relation not only describes the contractile state 

of the cardiac muscle, but a1so serves as a direct anal~gy of the events 

occur~ing in the intact heart. Performance of the heart has been 
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, expressed in hemodynamic terms as changes in pressures, flow rates and 
\ 

volumes (Brutsaert and Sonnenblick, 1973). The active force generated by 

the 1solated papillary muscle translates into the ventr1cular pressure 

developed. The velocity of muscle shortening 15 analogous to the flow 

rate during the ejection phasè of the pumping heart. F1nally the changes . 
1n length of the contracting pap1llary muscle correspond ta the 

l __ 

dimensional changes of the working heart (end diastolic and end systoliç 

volumes). Unlike -the heart in situ, the isolated papillary muscle 

permits normalization of the variables measured. Furthermore, in 

isolated cardiac muscle, resting tension (preload), can be accurately 
>! adjusted ana controlled, so that during the contraction the extent of 

shortening or the force developed are maxlmal (see Methods). lt 18 . 
important that contraétile studies are conducted at the optimal resting 

tension (referred to as Lmax), sinêe small deviations from Lmax produce 

large changes in the extent of shortening and force developed durlng 

contraction (Lakatta and Jewell, 1977). 

The use of papillary muscles presents some technical difficulties. 

The muscles must be detached from the ventricular wall. During this 

procedure some fibres on the excised side may be damaged. Clamping the 

ends (for fixation) of the muscles results in les ions of the terminal 
! 

ends of fibres, some change in series resistance, and some alteration in 

the natural arrangement of myofibres. The preparation i6 lim1ted to 

muscle diameters that can be oxygenated by diffusion, aS oxygen is 

provided v1a a buffering solution that-'bathes the mUBclès instead of from 

the vasculature. For this reason, the muscles used in this study were 

limited to those of small cross-sectional area (0.5-1.2 mm2). 

Furthermore, to reduce metabollc demand, contractile etudies were 

conducted at a temperature weIl below the physiologieal range (26°C), and 
W 

low stimulation rates were used (0.1-0.6 Hz). 

Rationale for the Use of the Rat as Speeies 

The rat myoeard1al action potential (AP) differs from the myocardial 

.. APs of other mammalian species. The main difference 'is a shartened 

duration of the AP plateau (Josephson et al., 1984a; 1984b), which is 
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. compatible with the high heart rates (around 400 beats per minute) . 

encountered in the rat. The actual currents underlying the rat hesrt 4P 

may be similar to those encountered in other species, but their relative 

magnitude may differ, so that some currents, like the sodium-calcium 

(Na/Ca) exchanger current, are more obvious in this species. In other 

species, the depolariz1ng effect of the Na/Ca exchanger is most likely 

disguised during their longer duration of AP plateau. 
~ - f ~u fact, some investigators see the rat as a s1mplified model or 

the study of the myocardial EC(}mechanism (Schouten and ,terKeurs, 1985). 

These investigators found that varied stimulus patterns led to specifie 

mechanical changes. They hy~othes1zed that consistent alterations 1n the 

shape of APs, observed dur1ng different stimulus patterns, may be caused 

by changes in sarcoplasmic ret1culum (SR) calcium accumulation and 

release (Schouten and terKeurs, 1985). These studies gave rise to the 

'formulation' of a hypothes1s of the ECC mechanism in the rat (terKeurs et , 
al., 1987). By using the rat 1n our study this hypothesis co~ld be used 

<.' 

as a basis for interpret1on. 

Finally, the most 1mmediate reason for using 

was that the previous study by Lake et al. (1987) 

the rat aniÎDàI model 

demonstrated in the ra~ 

card1ac electrophysiolog1cal changes associated with taurine depletion. , 

The Measurements of Myocardial Muscle Mechanics' 

In order to quantitate the effects ~f taurine depletion on 
", 

myocardial contract111ty, isometric~ 1sotonic and unloaded cont,ractJ,ons 

were studied. In 1sometric contractions, t~e afterload 1s set higher 

than the 'maximum tension that the muscle can gênerate, hence shortening

does not occur but rather maximum isometric force is produced. The 

ma~mum (total) tension developed by the muscle 1s indicative of the 

number of activated contractile proteins, which is modulated~by the 

concentt:at1on of free cytosolic calcium (Fabiato, '1983). 

Isometric tw1tches were evaluated at var1ed stimulation frequenc1es. 

The force-frequency relat10nship ls frequ~ntly used to assess the 

function of sa. In this protocol as the relative changes in contractile 

character1stics (from control) reflect the calcium turnover by the SR, 

.... -fi·) 
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abnormalities ib SR proces~~ng of calcium may be~reveal~d. ~ 

lsometric twitches were'also assessed during the paired-pulse 

stimulation. The paired-pulse s~im~lation paradigm produces contrac~ile 
J 

potentiation (ie. increased total tension and maximal rate pf tens~on 

development) which is attributed to calcium release and accumulation by 

the SR (Wohlfart, 1982; Schouten, 1984). In rat myocardium, calcium 

influx' du ring the action potential has little direct effect on 

contractile PFoteins (Bers,1985), but it triggers a relea8e of 
.,J 

intracellular calcium which acti~tes these proteins (Fabiato, 1983). 
b ' 

With paireQ stimuli, the extra' calcium that enters durlng tht second 

8 

action potential ls taken up into tQe SR, and more .calcium is released in 

-response to the first of the next pair stimuli. o 

In isotonie contractions the afterload is the same' as the preload, 
" while in 'unloaded' contractions the afterload is set lower tbat the 

preload. The study of contractile p~rameters of isotonic and unloa4ed. 

,witches allows for the assessment ot the kinetics of calcium turnover as,\ .. " 

w,ll as the maximal velocity of muscle shortening (Vmax). The inverse 

relation betwe~n peak velocity of shortening and the'force carr~d, the 

veloclty-tenslon curve, 18 one of the fundamental and most frequently 

analyzed characteristics of active cardiac muscle (Brutsaert and 

Sonnenblick, 1973). When the load on the muscle Is decreased to a near 

zero value, Vmax is obt~ined (Brutsaert and Sonnenblick, 1973). Vmax Is 

thought to'reflect the turnov~r rate of individual actin myosin 

crossbridges, and is positively correlated with myosin ATPase ac~lvity 
~ (Barany, 1967r Carey et al., 1979). lt is also dependent on the ratio of 

myos~ isozymes (Schwartz et al., 1981; Pagani ~nd Julian, 1984;.Ro~leau 
et al., 1986), and the rate of rise of free cytosolic cAlcium (De Clerck 

et al., 1977). Vmax is also altered by phosphor~lation of contractile 

proteins (Wlnegrad, 1983) • 

Contractile parameters obtâined from unloaded, isotonic, and 

isomc'tric .contractions characterize" the intrinsic contractilel!tstate of 

,the muscle. When muscles obtained from animaIs trom two different 

treatment groups are studied, specifie and consistent differenees in i " . 
contracl' Ile properties between the groups may point to tht mechanisms 

that undeily theae changes. !bus measurements or paPilla( œosele 

) 

.. 
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contraceion ~y provide, in addition to the aBBessme~ of the intrinsie 

contracti~e st~te, correlates of some of the molecular events that take 
\ 

plac~ during, muscle shortening. 

Myocardial Mechanies in the Rat 

..... 
Rat myoeardïal mechanical responses show large quantitative 

variations with dlfferent stimulus patterns. To test ~ontractility at 
...-

different+rates of stimulation, often the force-frequency relationship is 

evaluated. Rae myocardium, unlike that oi other mammals,. doe& n~~ow a 

positive force itaircase w1th a stepwise increase in stimulation {,' 

frequency. Instead~ n~gative force-frequency relationship (Hoffman and 

Kelly, 1959; ~orester and Maînwood, 1974), or. no change in force wlth 
, , 

increasing frequency of stimulation is observ~d (SChOjtftn and terKeurs, 

1986). This may be reflective of an ECC mechanism specifie to rat 

cardiac muscle. 
~ , , 

Contractions of the rat myocardium are highly dependent on the 

~release and reuptake of intracellular'calcium, and lëSs dependent'on the, 

trans-sarcolemmal influx of calcium (Bers, 1985). Increasing stimulation' 

frequency results in a change of éontractile sta~e of the muscle 

(.Brutsaert and Sonnenblick, 1973) and may be,1 accompanied by altered rates', 

of Intracellular calcium fluxes. 
~ -

In the rat, changes ln stimulation rates may result in altered 
" kinetics of intraeellular calcium reeycling (ie. release and reuptake of 

c~lcium by the SR). .Interruption of stimu~tion for a short period' of .,., 
time results in a potentiated contractile response of the,tw1tçh that 

\ 1 .r .. 

follows the rest 1nterval (Schouten et al., 1987). This 'mechanical 

re~titution' response (contractile potentiat10n follow1ng a stimulus-free 

interval) may reflect a greater releas~ of intracellular calcium 
'" (Schouten et al., 1987), since a greater amou~t of calcium could have 

been accumulated 1n the SR dur1ng the rest l~te~val (terKeurs et ~l., 
1987) • 

Other interpretations are pOSSible. ' A change in stimulus frequency 

patn::ern can result in alterejt-,trans-sarcolemmal ionic fluxes du ring the, 

APi a rest interval being followed by an~f tincre~sed duratlon 
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(Schou~en, 1984). 

, 

I~ is also possible that a rest interval may enhance , .. 
the trans-sarcolemmal calcium influx during'the subsequent AP, which 4, 

~ 

10 

could result in potentiâted SR calc~um release, and an enhanced force of 

contractio~. A change in the sti~ulus frequency ~~ttern may also alter 
-

the ga1Il.. between the myocardial depola,r1Z,ation and the subsequent calcium 

, release from the SR towards an enhanced force of contraction. At 

present, ~owever, the,~ questions are not yet resoived and future ~tudies 

are required to address these aiterpate hypotheses. 

METHODS 

Male,Sprague Dawley rats of initial weight 200-230 g were divided 

into two group~; treared and 'control. The treated group was subd1vided 

into 'taurine-depleted' and 'GES-taurine' 'taurine-repleted) groups. The" 

taurine uptake antagonist, GES,-was synthesized (Huxta~l~t al., 1979), 
, l ~ 

pùrif1ed by repeated crystallization from wa~eF' and 1ts pur1ty verif1ed. 
, , ' 

by assays for taur1ne 

Costalgi, 1970). 

(Troll and Cannan, 1953) and GES (Guido~ti ~~ 

AlI an1mals were given free access to food and water. Treatment was 
, ,.j 

by addition of 1% GES (weight/volume) to drinking water for a period of 
~ 

s!x week~ which results .in approximatlüy 70% depletton of the heart 

,taurine content (Lake et al., 1987). These animaIs were ,the 

taurine-depleted group. After the six week treatment with 1% GES, .. . 
'taur1ne-GES' adimals were treated with 1% GES and 0.1% taurine for five 

weeks, and then 1% GES and 1% taurine for an additional six weeks. 

During these Iast six weeks electrocardiograms 'EKGs) were recorded every -
five ,to nine days (following ,the met~ds in Lake et al., 1987). In order 

ro sedate the animals,pjior to recording, an intramuscular injection 
li • 

(0.44 m~/kg) of ketamine hydrochloride (90.0 mg/ml, Rogar, Montrèal, 

Canada) mixed with acepromazine malate (2.3 mg/ml, Ayerst, Montreal, 

Canada) \wa~ given. At 'the end of the treatm:nt perio~,.. each animal was 

anest~t1zed with halothane-nitrous ox1de gas mixture, the chest,cav1ty 

opened, and the' heart removed. The atria were 'trimmed, and the papillary 

muscles excised,after exposing them by cutting, through the r1ght 1 
ventricular wall and septum • 

, 1 
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Figure 2. Schematlc dlagram of the experlmental apparatus. A
stlmulator, B - thermostat oontro,lIng the bath temperature. C -
water Jacket, 0 - atalnless 8teel clamp holding ~he ba8e of the 
papillary muscle, E - platlnum fJeld eleetrodes, F - eleetro-magnetlc 
force/length transdueer; a=-- air supply 
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Biochemistry 

~ 

Freshly dissected left ventricular tissue and papillary muscles, as 
, 

(' weIl as muscles used for the mechanical studies, were individually 

assayed for tq~,ri'qe, GES, and DNA 'content. The tissues were blotted to 

remove adhering medium, weighed, and homogenized 1n 85% ethanol. After a 

12 hour incubation at -10 oe, ~he tubes were centrifuged at 15,000 G. The 

resultant pellets we~e used for estimation of DNA content .(Yates et al., 

1974). The supernatants, which contain free amine acids and GES, were 

dried under a stream of nitrogen gas, and resuspended in 0.525 ml 

distilled water. A 0.5 ml aliquot was passed 6ver a dual bed ion 

exchange column (0.8 x 2.0 cm of Dowex 50, H+ form, Biorad; ~ayered over 

2 cm of Q_o~x l, 9- form,' B~orad). The column was washed with 3 ml 

distilled water and the effluent assayed for taurine (Troll and Cannan, 

1953) and GES (Guidotti and Costalgi, 1970). In order to concentrate the 

effluent obtained from the papillary muscles, it was lyophilized and 

. reconstituted in 0.65 ml of distilled water. This raised the 

concentration of taurine to a level detectable by our assay, however, the 

limited volume did not permit GES assays. Simultaheous taurine and GES 

assays were only possible with the ventricular tissues. AlI samples were 
, 

assayed in triplicate and compared to standards. 
"AI' 

Contractile Mechanics ln Vitro 
" 

One papillary muscle from each animal was excised from the left ,,-
ventricle and mounted in a bath 1n Kr~bs-Hensele1t solution containing in 

millimoles: NaCl, 117.4; CaC1 2 ' 2.5'; KCl, 3.6; MgS04 ' 1.2; NaRP0 3 ' 

~.2;-jaHc03 ' 25.0; and dextrose, 5.0. The pH waà kept close t~ 7.4 by 

continuous aera~ion of the solution with 95~ O2 /5% CO 2 • Temperature 

was kept at 29:0.5 0C. 

~ A schema'tic diagram of the apparatus 1s shown in Figure 2. The base 

of the muscl,e was held by a stainless steel clamp and the other' end tied 

to a lever with an electromagnet1c feedback system that controlled force, 
A 

length, and veloc1ty of contràction (Brutsaert et al. 1973)'" The 
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elastJ.c damping of the lever feedback system was finely adjusted in order 

ta compensate for electro-mechanical transients (Brutsaert et al. 1973) • 

. Two platinum field electrodes were arranged vertically on either side of 

the muscle in the bath, and they pelivered a field stimulation from a 

Grass S88 stimulator using a 5 ms square-wave pulse at a voltage of 10% 

above threshold for muscle contraction and a frequency of 0.1 Hz. This 

rate was used in aIl experimental conditions except where otherwise 

stated. The amplified outputs from the force and length transducers were 

recorded on a Gould 2400s chart recorder, and simultaneously digitiz~d by 

an IBM computer system which utilized a customized program, digitizing 

card DT2821, and 500 Hz sampling frequency. 

Determi.n$tion of Lmax 

In arder ta ensure that optimal force was generated by each muscle, ;J; 

Lmax was determined by the following procedure: The preload was lowered 

to 0 grams., Subsequently the preload was increased in 0.1 gram steps. At 

each new preload, after two minutes of stab11ization , an isometr1c twitch 
\ 

was recorded (ie. the contraction occurI'ed against an afterlo~d greater 

than the tension the muscle' could generate, thus no' change in length 

accurr~d). The preload was 1ncreased until the tension generated 'Was 

maximal. ThlS muscle length was called Lmax. The muscle was then 

allowed to stabl1lize far 90 minutes, contracting isotonically at a 

preload of less than Lma/.. Then, Lmax was finely adjusted, and the 

muscle was allowed ta stabilize for a turther 30 minutes contracting 

isotonieally at Lmax. 

Experimental Procedures 

There were two parts to this study." In the first part (Ptotocol A) 

contract1lity was evaluated in muscles from 14 taurine-depleted and 12 

eorresponding control rats, and in muscles from 5 taur1ne-repleted 

(GES-taurine) and 4 correspanding control rats by recording (1) isotonie 

and isometrlc contractions at a basal stimulation rate, (II) the 
/ 

isometric force-frequency relation, (III) isometric tension to a single 

f 
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stimulus following a 3 minute stimu1us-free period, and (iV) 1sometr1c 
1 

tension generated by t~in pulse stimuli. In crder tc assess the. effects 

of extracellular calcium, protcèc! A was conducted at three d1ffer~nt • . ' 
ca!cium~ concentrations. In tne second part (Protoco! B) a complete . 
ve!ocity-tension l'elationship was decribed for muscles from 8 \. 

taurine-depleted and 12 control rats. This protocol was conducted at 

four different calcium concentrat-d.ons. In both protocols, at each 

calcium ccncentration, the muscles were allowed to stab1lize for 30 

mj,nutes contracting isoton1cally, before be,g1nning the contractility 

teeting. 
r, 

Prococol A 

(1) Isotonie and isometric contractions (at Lmax preload) were 

exam1ned sequentially in media containing 2.5 mM, 1.3 mM, 2.5 mM, and 6.3 

mM calcium. In addition, at 1.3 mM calcium level and the subsequent 2.5 

mM calcium level, muscle responses to varied frequency of stimulation and 

pa1red stimuli, were evaluated. 

(Il) The force-frequency relat.1.onship for isometr1~a~ly contracting 

muscles at Lmax was examined at stimulation rates of 0.1, 0.2,0.4, and 

0.6 Hz. At each frequency, when the muscles stabilized, as judged by a 

plateau in total tension, a representative twitch was recorded. . ~ 

(III) TheF"he muscles were allowed to stabilize while contracting 

isometrically at 0.1 Hz for at least fifteen minutes. Stimulation was 
~ . 

then interrupted for three minutes. The first isometr1c conttaction 

following the s timulus-free per10d was recorded. 

(IV) At the end of the force-fréquency protocol the muscles were 

left to stabllize for fifteen minutes whlle contracting'ts~metrically at 

0.1 ~z. Paired pulses with intervals of 200 or 300 ms were del1vered to 

the muscles. When the contracticns atta1ned a stable tension plateau, a 

representative iscmetric co,ntraction was- recorded. The first peak of the., 

twc fused contractions was analyzed. 

( 
.. 
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Protocol B 

To obtain the' maximum velocity of shortening at zero 10ad (Vmax), 

the load on the muscle at the time of activation was abrupt1y decreased. 

A series of shortening velocit1es was obtained by clamping the load in 

eight to ten f;ncrements encompassing 5 to 100% of total tension. Between 

each cension step the muscles were permitted ta restabilize while 

contracting isotonically at Lmax for at least 10 stimuli. The basel1ne 

response was
l 

established in medium containing 2.5 mM calcium, then the 

calcium content was changed succes~ively to 1.3 mM, 1.9 mM, 2.5 mM, 3.8 

mM, and 2.5 mM. The mealfurements at 2.5 .mM wer~ compared ta check for 

stability throughout the protocol. 

Analysis 

Changes in isotonie and isometric twitch characteris tics between the 

muscles from GES-treated rats and the rata from control groups were 
r 

compared using unpa~red t-tes ts. Some* values were normalized to the 

cross-sectional area of the muscle determined as f ollows: the paplllary 

muides were measured in length when removed from the bath. Their 

cross-sectional area (mm 2) was calculated by assuming that the muscle" has 

a cyl;lru:lI1cal~hape, and div1ding muscle weight by length uaing a 

specifie gravit y of 1.0. Tension ls expressed in g/mm 2, and maximum rate 

. of tension development 18 expressed in g/mm 2-1s. Muscle shortening ls 

expressed in %Lmax and veloci ty of shorten1 ng 18 expres8ed as Lmaxl s. 

Data are presented as mean ± SEM • 

*For reference plesse consult (bles 3A and 4A • 

... 
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RESULTS** 

f Treatment of animals with GES d1d îlot cause gross behav10ural 

changes, overt s1ckness or death. After six weeks of treatment all the 
• animaIs appeared heal thy, and were in the same weight range as cOlltrols. 

The animals which were treated for six weeks with GES, and then an 

add1tional elevep weeks with GES and taurine, also remained in good 

health and ln the same weight range as controls. ~ 
There were no signiÙcant differences in paPill~ry m sele length, 

cross-sectional area, or preload at Lmax between~ the musc s dbtalned 

from the controls and tQose from the treated animaIs (Table 1). 

\.. 
Blochemical studies 

As seen in Table 2A, ventricular tissue from untreated rats 

contained approximately 20 niM taurine and low amounts of GES~ Rats 

treated with GES for six weeks lost about 75% of their ventricular 

taurine content and accumulated GES. Their DNA levels werè unaffected, 

indicat1rtg that ·no cell death occurred. Papillary muscle taurine and DNA 
» 

~ content mirrored that of the adjacent ventricular tissue for both control 

and treated rats. On this basis it is assumed, that papillary GES 

contents were similarrto the ventricular valu~s, as the papillary muscle 

mass was insufficient to permit both taurine and GES assays. 

Table 2B compares the taurine content of papillary muscles analyzed 

dir~ctly follow1ng dissection to those analyzed after three to four hours 

" of 1n vitro study in the tissue bath ('perfused' group), The perfused 

muscles had taurine levels reduced by approximately 30% compared ta the . 
freshly dissected muscles, regardiess whether they were obtained from 

control or GES-treated rjlts. No chanee was observed in DNA ~ontent 

(expressed as mg/g wet weight) wh1ch suggests that some taurine washout, 

rather than edema (which would dllute intracefïular taurine), occured' 

during tbe experiments. _ Since the fraction lost was about the same for 
1 

1 <' 

1 

**P~ease note: For convenience the Figures and TaDles have been 

placed st the end of the Resulte section. 
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both groups, the relat~ve taurine d~plet10n of treated versus contraIs 

was the sa~e in perfused_as in freshly d1s~~ed ,mu&~le. Some muscles 

were âs-sayed for b10che~trY at 1ntervals dur1ng' the course of the 

exper1ment. These resul s show that after the initial taurine washout, 

early dur1ng the muscle st b11izatlon ln 'the bath, thé'muscle taurine 

17 

. content rema1ned constant aver time. This suggests that the preparations 

were stable for the period of our evaluations. 

Contractil1ty studies 

A representat1ve recording of an 1sometric twltch 1s shawn in 

Figure 4. For isometric twitches, there were no differences between_the 

taurlne-depleted and control musclés in time to peak tension or to half 
( . 

tension decl1ne (Table 3A). However, muscles fram taurine-deplet,ed rats 

generated slgnlficantly lower total tensions, and had lower rates of 

maximal tens1o~ develapment al: a11 calcium concentrations "(Table 3A). 

These differences persisted at four stimulation rates (Figure 6). After 

a chree minute stimulus-free interval, muscles from caurine-depleted or - - ( 

control rats generated~1gher total ~sometric tensio~s an~ maximal rates 

of tension development than during steady state con~ract10~at 0.1 Hz. 

But the increases were' such that taurine-depleted muscles still generated 

s1gnificantly lower total. tensions and maXimal rates of tension 

development than controls in 2.5 mM calcium (F1gure 7; Table 5). The 

dura tians ra; 1sometric contractions had a tendency to he prolonged in th~-,. 
muscles fl-om taurine-depleted rats. This trend attained statist·idll 

sign1ficance only in the low- calcium condition (Table 3A). 

Paired pulses, with intervals of 200 ms, delivered to isometrically 

contracting muscles established a higher total tension plateau in both . 
,groups ln the low calciulll -condition, but there was littie change using 

interval of 300 ms (Tables 6 and 7; Figure 8). None-the-Iess, muscles 

from tâurine-depleted rats.generated significantIy lower total tensions, 

and maxlDUJ.l rates of tension development than contraIs at the two calcium

concentrations tested.\ 

For isotonie twitch characterist1cs tnere were no treatment effects 
1 

an shortening velocity or the time to attain peak shorten1ng (Table 4A). 
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Figura 3 Effects of taurlne_ dépletlon and repletlon on the CT 
Interval of the rat EKG. Data shown are group maans ~ SEM for 8 
u"treated age ànd welght-matched contrais 00 and 6 ra~ <t5> treated - 1 

with GES for 6 weeks and then taurine and GES for an addltlona! 11 
weakl (weeks 5 ta 10 of the additlonal 11 week perlod shown here). 
GES-Induced taurine depletlon resulted ln slgnlflcant prolongation of 
the QT Intervals at 8 weeks (S88 al$o Lake et al., 1987). This affect 
wu re"lersed by tr8atment with taurine and GES . 
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Slgnificant -'1fferences were found, however, in the kinetics of 

contraction; taurine-depiêè-;a< muscles having prolonged relaxation time to 

half shortening length, and increased duration ot contraction (l'able 4A). 

These differences persisted at the three;: calciu~ concentrations studied. 

Representative isotonic and unloaded contractions are shown in 

. Figur~ 9. There were no differences between control and taurine-depleted 

rats in the maximal veloe! ty .9f shortening (VmaxY of papillary muscles. 
c , 

In both groups,. the Vmax increa~éd with increasing calcium concentrations 

(Figure 10). 

A previous study from our laboratory indicated that GES-induced 

taurine depletion was associated with spec:tfic prolongation o~ the QT 

interval of the EKG (Lake et al., 1987). ln the present study QT 

prolongation was reversed by -subsequent treatmetlt with GES and taurine. 

EKG recordings were made in a subgroup of rats at weekly intervals 

(Figure 3). The earliest recordings were do ne after five weeks of 1.0% 

CES with 0.-1% taurine treatment which, we thought, may result in taurine 

repletion, however the QT intervals of .the treated group remained 

prolonged. For the subsequent six weeks of treatment, GES concentration 

was held cons'tant but taurine was raised ta 1.0%. At week ten che 

treated rats (GES-taurine) had the QT intervals no different from 

control, and s tudies of muscle mechanics and b10chemical assays were made ~ 

one week later. As seen in Table lA' the ~entricular and papillary 

muscles of GES-taurine rats had DNA contents indis tinguishable from 

control, and taurine contents 90% of control, but chey s,:111 contalned 

substant.ial levels of GES. At this point evaluation o~ various intrinsic 

contractile indices. ·showed no differences between GES-taurine rats and . 
uncreated age-matched controls (Tables 3B and 4B), in contrast ta the 

marked depression of contractility associated with tauÏ'1ne depletion 

after six weeks of GES treatment (a description of which forms' the main 

body of this thesis). lt should be noted, ho'Wever, chat certain 

parameters (dT/dt, TPT, RLl/2; Tables 3B and 4B) were sign1f1cantly , 

different in these older animais (both control and GES-taurine) compared 

to the younger control group (see Tables 3A and 4A). l 
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Table 1. Preload, length 
control and treated .-"rats 

and cross-sectlona' area at Lmax of papillary muscles of 

Preload Length Cross-sectlonal area. 
N (g/mm 2) (mm) (mm2) 

Control 28 1.0 :t 0.1 6.2:t 0.2 1.0 :t 0.1 
--Tr.eated 21 1.0 :t 0.1 5.9 zO.2 1.0 :t 0.1 

Data shown are group means z SEM. N D number of samples 

Table2 A. Effeets ot GES trsatment on rat myocardlal ventrlcular and paplllaf:y tissues 

~EtfiBICLëS 
TaurIne GES DNA 
(I4m~l/g wet wt) h1mollg w~t wt) (mg/g wet wt) 

Control 20.23 z 0.62 (25) 0.08 % 0.02 (16) 0.467 % 0.0,24 (16) 
.GES-treated 4.99 :t 0.24 (29)**-* 14.62 :t 0.47 (18) **** " 0.504 :t 0.040 (18) 
GES-taurlne 18.34 :t 1.36 ( 6) 6.33 z 0.52 ( 6)**** 0.509 z 0.023 ( 6) 

PAPILLARY MUSCLES 
Taurine DNA 
(J1mol/g wet wt) (mg/g wet wt) 

Control 19.26 % 1.09 (28) 
GES-treated 6.00:t 0.36 (32)**
GES-taurlne 20.30 :t 3.30 (10) 

0.433 :t 0.040 (26) 
0.492 z 0.030 (28) 
0.540 z 0.059 (7) 

Values are me ans :t: SEM. Number of samples Is shown ln bracksts. Level of 
s!gnlflcartes of t-tests 6galnst control are Indlcatee;! by **** p<O.OOl. 

Table 2 B. Effects of perfusion on paplllary muscle DNA and taurine content 

Control 
Freshly dlssected 

Perfused 

GES-treated 

Freshly d,lssected 

Perfused 

Taurine 
(f.lmol/g wet wt) 

22.69 % 2.04 

15.15 % 0.50 

7.20:t 0.42 

5.26:t 0.45 

( 8) 

(ll)a 

(14)C 

(16)b,c 

ONA 
(mg/g wet wt) 

, 
0.464 :t 0.064 
0.438 :t 0.066 

0.464 :t 0.039 

0.538 :1: 0.035 

( 9) 
(10) 

(11 ) 

(14) 

Values are me&'1S :t: SEM. Number of samples is shown jn brackets. Perfused 
refers to those muscles assayed after belng used for the ln vitro studles. 
Muscles whlch w~re only brlefly exposed to the tissue bath were excluded 
(alUïough thelr vàlues are included ln part A). 
a p< 0.01 verSl":; freshly dlssected control group 
b p< 0.01 versu~ freshly dlssected GES-treated group 
c p< 0.001 versus appropriale control group 

'ta
.. 'VI 
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Tabla., 36. Paplllary Musclé Mechanles of Control versus GES-treated Rats: Isometrlc 
Contractions ' 

TT di/dt 

1.3 mM Ca 2+ 

Control 12 
GES-tr-eated 1 4 

(g/~m2) ) (g/mm 2/s) 

8.9 ~ 0.4 92:1: 5 

TPT 
(ms) 

RT 1/2 
(m~ 

oc 
(ms) 

2.5 mM Ca 2+ 

Control 12 1 

GES-treated 1 3 

6.3 mM Ca 2+ 

Control 12 
GES-treated .J 3 

" 

6.8 , 0.5*- 71 :1: 6* 

9.4 :1: \0.5 100 :1: e 
7.1 :1: b:5*** 76 :1: 7* 

9.5 :t: 0.5 107 :1: 6 
7.3 :t: 0.5*- 80 :t: 6* 

, 127 :1: 4 
131 :1: 3 

126 :1: 3 
127 :t 3 

124:1: 3 
129 :1: 4 

130 :1: 5 
134 :1: 6 

448 :1: 15 
509 ~ 19* 

462 :1: 10 
498 :t 15 

140 :1: 7 485:t 19 
144:t:4510:t23 . 

--------------------------------------------------------------~----GES-treated refers to the rats treated wlth GES fpr 6 weeka, whlle control refers to 
untreated rats housed for 6 weeks ln adjacent cagea. Values are means :t: S.E.M.~ TT la 
total tension, dT/dt la maximum rate of tension development, TPT Is tlme to attsln 
peak total tension, RT 1/2 le tlme to attaln 1/2 tenelon decllne, OC la duratlon of 
complete cOfltractlon. 

*p<O.05 ~ ***p<O.OO5 

Table 4A. Paplllary Muscle Mechanlce of Control versus GES-treated Rats: Isotonlç 
Contractions fil 

;/1 

N 

1.3 mM Ca 2+ 

eontrol 12 
eES-treatèd 14 

2.5 mM Ca 2+ 

Control 12 
GES-treated 13 

6.3 mM Ca 2+ 

~ Control 12 
GES-treated 13 

Vs 
(Lmax/a) 

1.56 :1: 0.09 
1.79:1: 0.11' 

1.n:t: 0.10 
1.95 :t: 0.14 

1.83 :t: 0.10 
2.03 :t: 0.15 

TPS 
(ms) 

147 :t 4 
150 ~ 3 

142 :t 3 
148 :1: 3 

143 :t 3 
148 :1: 3 

RL 1/2 OC 
'(ms) (ms) 

. \ 
57 :t: 3 369 :t 10 
68 :1: 2*** 399 ~ 8* 

58 :1: 1 365 :t 8 
71 :1: 2**** 389 ~ 10 

66 :t: 2 370 :t: 10 
81 :t: 2**** 400:1: 9* 

6l 
(LJlmax) 

. 0.14 :1: 0.01 
0.16 :t: 0.01 

0.15 :t: 0.01 
0.17 :t: 0.01 

0.16 :1: 0.01 
0.17 :t: 0.01 

GES-treated refera to the rats treated wlth GES for 6 weeks, whlle control refers to' 
untreated r~:~d for 6 weeks ln atfJacent cages. Values are means :1: S.E.M., Vs la 
maximum ~hortenln velocity - preload at Lmax, TPS 18 tlme to attaln peak shortenlng, 
AL 1/2)9 tlme to aU in '1/2 shortening decllne, OC Is duratlon of complete • 
c:ontraètfon, 6tle fractlonal change of papillary muscle length at eeak shortenlng. 

*p<0.05 ***p<O.OO5 *f'*p<O.OO1 
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1 Tabl. 3B. Paplllary Muscle Mechanles of Control versus GESlTaurlne-treated Rats: 

'aometrlc Contractlona ' 

4 

N TT 
(g/.mm2) 

1.3 mM Ca 2+ 

Contro'-11 " 4 .; 7.1 s.0.6 
-

GES-taurlne 5 8.2 s 0.3 

2.5 mM Ca 2+ 

Control-11 4 7.2 s 0.7 

s:s :t 0.4 GES-taurlne 5 
. ( 

6.3 mM Ca 2+ 

Control-11 

GES-taurlne 

4 ~ 7.3 s 0.7 

5 8.3 s 0.2 

dT/dt 
(g/mm2/s) 

12 :t 58 

78 :t 58 

73 :t 68 

81 "* Sa 

TPT':r 

(ms) 

136 s 6 

144 :t 88 

132 :t 7 

141 s 2'1 

128 :t 6 

138 :t 3a 

RT ~1/2 OC 
(ms) 

, 
(ms) 

, ~ , 
112 :t 6 430 :t 48 

134 :t 8 499 :t 24 

127 :t 18 501:t 84 

141 :t 8 510:t 19 

123 :t 10 505:t 78 

148 :t 8 512:t 21 

GES-~;-~eTerSt';th;-a-nï';;ëï;tr;âted-;ith-GES-'f~8;;eks:-;;;-;hiëh-ti~;-th; • 
animais were given taurine and GES for an addltlonal 11 waeka. Control-11 refera to 
age-matchad untreated rats hous"ad ln adjacent cabes. Values are means :t S.E.M.. TT 
Is total tanS'lon, dT/dt la maximum rate of tension development. TPT la tlme to' attaln 

- -peak total tension, RT 1/2 la tlme ta attaln 1/~ tension decllne, OC la- duratlon of 
complete contraction. 
a p<0.05 versus 'younger' control group (Table 3A) 

~ 
Table 46. P8pillary Muscle Mechanlcs of Control GES/Taurlne-treatad Rats: Isotonie 
Contractions .. 

N 
"9 

Vs TPS AL 1/2 OC Al 
(lmax/s) (ms) 

4 
(ms) (ms) ~LJLmaxl 

1.3 mM Ca 2+ 

Control-11 4 1.61 :t 0.18 148 :t 9 60 :!: 5 ,~382 = 21 0.14 :t 0.02 

GES-taurlne 5 1.61 :t 0.15 157 :t 6 <167 :!: 4b 372 = 15 0.15 :t 0.01 

2.5 mM Ca 2+ " Control-11 .4 2.12 :1: 0.21 143 :t 8 65 :!: 4b 387 :!: 19 0.17 :t 0.01 

GES-taurlne 5 1.67 :t 0.15 158 :!: 4 72 :!: 4b 3~9 :!: 14 0.15 :t 0.01 
t 

6.3 mM Ca 2{ 

Control-11 4'" 2.13 :t 0.23 142 :1: 8 71 :1: 5a 373 :!: 28 0.17 :t 0.01 

GES-taurlne 5 1.64 :t 0.15 156 :t 8 76 :!: 3b 390 :!: 18 0.15 :t 0.01 .... 

GES-taurlne refere ta the animais treated wlth GES for 6 weeks. after whlch time the 
animais were give1 taurine and GES for an additlonal 11 weeks. , Control- 11 refers to 
age-matched untreated rats housed in adjacent cages. Values are maans :1: S.E.~ .• Vs la 
maximum shortenins velotity - preload at Lmax, TPS 18 time to altain peak shortenlng, 
AL 1/2 Is time ta attain 1/2 shortenlng decllne. OC Is duratlon of complete 
contraction, âL Is fractional change of paplllary muscle length at peak shortenlng . .. 
a p<O.05 versus 'younger' control group (Table 4A) 
b p<O.005 versus 'younger' control group (Table 4A) 
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Table 5. Papillary Muscle Mechanlt:a of Control and GES-treated Rats: 3 Minute Rest 
'ntarval J 

~ 

-----------------------TT ~T/dt TPT RT 1/2 OC 
N (g/mm2~ (g/mm2/s) (ms) (ms) (ma) 

--- ---------------
1.3 mM ca 2+ 
Control 12 9.7 ~ 0.5 103 ~ 6 131 ~ 1 133 z e 465 z 17 
GES-treated 1 4 7.6~ 0.5*** 84 ~ 7* 131 ~ 3 143 z 6 519 ~ 19* 

2.5mMCa2+ 

--~------------------------------------------------~-----------------Control 
Ges-traated 

12 
13 

9.8 ~ 0.5 
7.5: 0.5*-

104 :t 5 
82:7* 

130 ~ :3 
130 ~ 3 

126 z 12 
138 : 7 

471 ~ 11 
509 ~ 21* 

___________________ \1--__ :.--____________ _ 

VaJues are meana : S.E.M., TT la total tension, dT/dt la maximum rate of tenalon 
( development, TPT la tlme to aHaln peak total tension, RT 1/2 la tlme to attaln 1/2 

tension d.cllne. OC Is duratlon of contraction. 
iIp<.05 ***p<.OOS 
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rab'. fl. Paptllary Muset. Mechanlel of Control and OES-treated Ratl: Palred 
Stimuli 

N 

200 m. Jnttry.' 

dT/dt 
(g/mm2/s) 

. aGOml fot.ry.' 

TT 
(g/mm 2 ) 

dT/dt 
(g/\Dm2]"s) 

------_---...----~ .... _--------- . -~-----~-------1.3 m~Ca 2+ 
Control 12 
GES-treated 1 4 

2.5 mM Ca 2 + 

9.8 :f: 0.5 101 :1: 5 
7.3 :1: 0.4**** 77 :1: 5*" 

94:1: 8 ' 
72 :1: 6* 

ëo~troï-----1i---9:e-;-o.4----99-;-I---"':9"T ~ 0.5----92-:'5----
Ges-treated 13 7.3 :t 0.5·... 77:f: 7* 7.1 0.5** 72:t 6* - .. 

--------._----~-------------------------------------------------Values are maIns :1: S.E.M., TT 19 total tension. 
tension devalopment, ·p<.05 ** F!<o.01 

... 

dT/dt 18 maximum rate of 
****p<.OO1 

-" 

Table 7. Papfllary Muscle Mechanles of Control and GES-tre8ted rats: Basal 
StimulatIon and Palred Stimuli . 

TT (g/mm2) "TT TT (u/~ %,TT 
1 

Basal 200 ms % efj!al 30°ot ms % Basal 
N Rate Interva' ' tension Interval tension 

------+---- - ----- ------------------1.3 mM Ca 2+ 

Control 12 8.9:1: 0.4 9.8 ~ 0.4 108 9.0 :t 0.4 f 101 
GES-treated 14 8.8 :t 0.5*** 7.3 :f: 0.4**** 101 8.8 :t 0.5*** 100 

• ____________________ w-_________ ~-----------------------------. ____ _ 

2.5 mM CE 2+ " 

Control 12 9.4 :1: 0.5 9.5 :f: 0.4 101 9.1 :t 0.5 91 
GES-treate('f 13 7.1 :1: 0.5*** 7.3 ~ 0.5**· 103 7.1 :1: 0.5** 100 

Values are m~ans :1: SEM, TT la total tension, Basal Stimulation refers to 0.1 H% 
stlmulua rate,t palrad stimuli ,are auperlmposed on 0.1 Hz stimulus frequency 

"p<.01 .p "**1'<:005 ~<.001 
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Figure 4. A representatlve Isometrlc twltch. Pen recorder traces of 
the output from the length and force transducer. The upper trace 
shows the change ln muscle length. the lower trace shows the force 
generated by the muscle. ' 
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Figura 5 The force-frequency relatlonsh/p. Representative forca
frequancy traces o.f Isomatr/cally contraetlng papfllary muscle. 
A,S,C and 0 Indleate the stimulation f(aqueney of 0:1. -0.2, &.4, and 
0.8 Hz raapectlvaly. Arrows Indlcata points at whlch tension 
measuremants would be made, after stability was aeh/evad. Tha 
negatlve stalrcase effect la app~rent. 
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" Figure Q. The forcf!-frequency relatlonshlp of pap/llary muscles at 
two calcium concentrations. Data points are maans :1: SEM for 12 
control. papillary muscles (X) and 14 taurîne-depleted paplllary 
musclas (e). Left hand panels show values for total tenalon, wh Ile 
r'ght hand panels "4Jatrate dT/dt; the maximum rata of tension 
development, as aJ functlon of stimulation frequancy. The 
signlflcance of unpalred t-tests la indlcated by 

*p<O.05 **p<O.01 ~<O.005 -P<O.OO1 
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Flgyre 7, The mechanlcal restitution response. Representative .trace 
of tha potantlatlng effect of a 3-mlnuta ~lIt Intarval on 
laometrlcally conttactlng papllIary musc'e. . Th. horizontal bB:,r 
'nd.catea the stlmulus-free perlod, the arrow points to the 
potentlated contractl~n. 
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Figure 8,. Contractile responses to pa/red st/mull. Representative 
traces of Isometrfc contractions at two dlfferent calcium 
concentrations ln the bath. The horizontal bars above parts A and B 
Indlcate the application of pa/red stimulation -(300 ms Interval). 
The arrow ln part A Indlcates the' response to the flrsLpa/red -
stimulus. T'1-e arrow ln part C show,s, undsr the same conditions -as 
A. but hlgher sweep speed, the Increased, peak total tension whlch 
wa. measured when the rssponse to palred stimuli had stabillzed. 
Potentlatlon was most apparent ln low calcium. -
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Pf.:eJoaci arterJoad ( 1.0 preJoad) O.8preJoad 0.6 pr.Joad 

t~ 
ms 

11.08 
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0.4preload O.2pre1Oad 0.1 preload 

Flgur' 9. Isotonie and unloaded contractions. The upper trâce shows 
the Ihon.nlng profile of the contractlng muscle, t~e low.r trace 
monitors the tension on th. muscle before and durlng contraction. 
Th. veloclty-tenslon relatlonshlp could be determfned -from thle 
type of ·.xperlment (see Fig. 10.). 
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Figure 10 Yeloclty-tenslon curves for papl/lary muscle at four 
calcium concentrations. _ Datà points are means % SEM for 12 control 
(X) and 8 tauilne-depleted (e) papiUary muscles. The- ·'s have baan 
dlsplacad by 0.04 unlts to the rlght on tha tension axis for clarlty. 

_ At eaoh calcium concentration there were no slgniflcant dlfferences 
betVifeen the values or the extrapolated Ymax for the two 
experlmental groups. 
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Flgyr. 1 f, 'sotonlc and Isometric Contractions. Superlr:nposed 
,trac,ls of contractions of taurlne-depleted (Indlcated by arro~~) and 
control papillary muscl.s. Part A dlsplays Isotonie contraction. parL 
B • Isqmetrlc. - {' ' 
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DISCUSSION 

General Findings 

In isometric contractions the total tension developed by the muscle , 

18 indicative of the number of activatea actin-myosin sites, which is 

modulated by the concentration of free cytosolic calcium. 

Phosphorylation of the contractile proteins increases the kinetics of 

contraction, but has little effect on the maximum force developed 

(Wlnegrad, 1984). 

In the present study it was found that during isometrlc contractions 

taurine-depleted muscles generated slgniflcantly lower tensions and lower 
, 

maximal rates of tension development than controls. This suggests that 

cytosolic calcium in taurine-depleted muscles did not rise to levels as 

high as controls. Also the twitch duration tended to be prolonged in 
~ 

taurine-depleted muscles, suggesting that the processes that gavern 

sarcoplasmic calcium removal were less efficient. Varying extracellular 

calcium concentrations did not alter these differences, suggesting that 

,an abnormality in intracellular calcium uptake and release (most likely 

by the SR) may be present • 

Observed relative deficiencies in the tension generated and the 

maximal rate of tension development of taurine-~epleted muscles compared 

to control were maintained at four different stimulation frequenclesj 

both groups of muscles displayed a similar negative force staircase 

phenomenon at rates above 0.1 Hz. 

Whi!e with increaslng stimulation frequency ra1 pa~lary muscles 

usually dlsplay a negative force frequency relatlons~ (Figure 5), an 

inverse phenomenon is observed when the stimulation ls interrupted for a 

short period of time; the first stimulus following the rest interval 

results 'in a potentiated contractile response the so called 'mechanical 

restitution' response (Figure 7). 

In preliminary tests we' found chat a three minute res,t inte~val . 
resulted in the greatest mechanical restitution in control papillary 

, muscles. This time interval was used to study the contractile 

characteristics of taurine-deplet~d muscles. While the rest period ~as 
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1 
followed by potentiation of contraction, taurine-depleted ~scles 

retained depressed contractile responses relative to control; the muscles 

genér~ted significantly '~er total tensions and rates of maxi~l tension 

development, and the contractions tended to be prolonged (Table 5). 
F 

As mentioned earlier, paired-pulse stimulation results ln 

contractile potentiation~ This potentiated response to the subsequent 

stimulus is demonstrated ln Figure 8; the arrow points tq the first 

pa1red stimulus. Only with'the second paired stimulus does p06entiation 

occur (Figure 8A). Potentiation by paired stimulation ls observed most 

readily at low calcium concentrations (Table 7) presumably because at 
, 

higher calcium concentratio~s the calcium bufferlng s~s and calcium 

uptake processes are operating at near saturation. ~t ls posslble that 

in low extracellular calcium, the rise in total tension to a new tension 

plateau during paired stimulation represents a higher steady state of 

intracellular calcium reèirculation. At higher extracellular calcium 

. concentrations there is no significant increase in the total tension 

du ring paired stimulation (Table r); the tension plateau reached by the 

mus1les is similar ,for the basal frequency and paired stimulation (Figure 

8B). This implies that at 2.5 mM calcium and O.1Hz stimulation (basal), 

the muscle is operating at a near optimal steady state of intracellular 

calcium reclrculation. Pairing sti~uli under these conditions or at 

higher calcium conce~trations may not be able ta augment calcium uptake 

,into (and release from) the SR. 

Bath taurine-depleted and control muscles showed an equal degree of 

potentiation to paired stimulation, thus the relative (baseline) 

differences between the two groups remained the same and significant. 

Taurine-depleted muscles consistently generated lower total tensions and , 
maximal rates of tension development. T~ese differences were independent 

of the extracellular calcium concentration or the paired pulse interval 

(Table 7). 

In order to evaluate the kinetics of unloaded contractions, Vmax and 

isotonie contractions were studied. There were no differences in Vmax 

between the taurine-depleted and the control muscles at the four calcium 
" 

concentratibns tested. This finding suggests that the turnover rate of 

individual actin-myosin cross bridges (which is positively correlated with 
1 

, 
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myosin ATPase activity) or the rate of rise of free sarcoplasmic calcium ~ 
• 

(immediately preceding the contraction) i8 not influenced by taurine 

depletion. The shortening velocity and the time to attain peak 

~ short~ning a1so remained unaltered in the taurine-dep1eted muscles, but 

the kinetic8 of ~elaxation were di~ferent compared to the control. 

Relaxation time to decline to ha If shor~ening length, and the duration of 

contraction were prolonged. S~nce the relaxation phase is governed by 

the rate of removal of, free calcium from the sarcoplasm, these' findings 

support the concept that taurine depletion ls associated with lower 

kinetics~of SR calcium uptake. 

, A.weakness of the present study arises due to the required 

pharmacologic induction of taurine depletion; as taurine depletes~ GES 

accumulates in the tissue (Table 2A). Taurine repletion, while w 

maintaining high intracellular GES content, was attempted using 

GES-taurine protocol. In a subset of taur1ne-depleted animaIs 

intracellular taurine was 90% repleted wh1le GES levels remained high 

(Table 2B). With taurine repletion the QT intervals shortened back to 

control v~lues (Figure 3), and the~ntractile indices were not different 

from age-matched c~nt~ols (Tables ~B and 4B).' However, when comparisons 

weie made to the 'younger' control group (ie. Tables 3B, 4B GES-taurine 

cf. Tables 3A, 4A) a~though the total tension attained control levels (of 

the younger contraIs), othe+ contractile parameters d1ffered from these 

controls. But since the "oider' contraIs also diffeJ:ed from the 

'younger' controls on these very parameters, we concluded that there may 

be age-dependent effécts 'which are confounding our interpretation of 

r~pletion and recovery. .Age-dependent cOI\.t-ractiie differences in rat 

myocardium are weIl documented (Froechlich et al., 1978; Lakatta and Yin, 

1982; Wei et al., 1984), and in our study taurine-repleted animaIs were 

Il weeks oider than 'younger' controls. However, since the present 

experiments had a sma!l sample size (Tables 3B and 4B) our results need 

to be confirmed and cIa~ified in future studies. 
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The &ole of Calcium in Muscle Contraction 

Between contractions the contractile unit of cardiac muscle, the 
~ 

myofibril, is maintained in a relaxed state by the thin filament 

inhibitory proteins, troponin and tropomyosin. During contraction the 

·myofilaments become activated when calcium ions bind to the troponin l 

subunit therebyl releàsing the inhibitory proteins' action. ThePcalcium 

responsible for activating the contractile proteins is released from 

stores in the SR by membrane depolarization and translocated across the 
, 
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sarcolemma via the second inward current (Isi) d~ring the plateau of the 

AP (Morad and Goldfuan, 1973; ~abiato and Fabiato, 1975)~ Thu~ the 

performance of the heart as a pump and its contractile characteristics 

during the muscle shortenlng, ls, to a large extent, dependent on the 

concentration of calcium in the cytoplasm follow!ng depolarizatlon. 

Conversely, the rate of relaxation of mammalian cardiac muscle is 

, directly related to the rate of cytosolic calcium decrease from systolic 

concentrations (lO-SM) to diastolic concentrations (lO-7M). The rate of 

calcium removal from the cytoplasm depends on three factors: (1) the 

uptake of calcium into subcelYùlar compartments (p~imarily the SR), (II) 

the extrUsion of calcium across the sarcolemma, and (III) the 

phosphorylation state of the contractile proteins; since phosphorylation 

of tropon1n l decreases troponin afflnity for calcium, enhancing muscle 

relaxation (Winegrad, 1984). Although the three processes operate 

simultaneously, in the rat heart reuptake 1s the single most important 

factor controlling the beat-to-beat calcium homeos~asis. 

The force of myocardial contraction is directly dependent upon the 

level of free cytosolic calcium present during the contraction, while the 

durations of isometric and isotonie contractions are, to a large degree, 
~ ~ 
dependent on the rate of removal of calcium from the cytoplasm. In this 

study there were three major contractile changes observed in 

taurine-depleted muscles: (1) lower total tension and lower maximal rate 

of tension increase, (II) the durations of both isometric ~nd isotonie 

t~itches tend~d to be prolonged, and (III) the relaxation phase of 

isotonie contractions was prolonged. Alterations of extracellular 

calcium concentration had littl~ or no effect on the magnitude of the 

• 
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6gure 12. Calcium and the Cardlac Cell. A model of the cardlac cell 
after Katz (1977). A, B, C and 0 refer to th&.·poaslble sites of 
Intracellular calcJtlm bufferlng: A - the 'Inndr leaflet!''' of the 
sarcolemma, B • the sarcoplasmlc ..blndlng compounds, C - the 
~arcopla8mlc retlculum (SR), 0 • the mitochondrlon. Heavy black 
IInes indlcate calcium circulation between the SR, the sarcoplasm 
and the myollbrlls. Three modes of calcium movement aeross the 
aarcolemma are Ind,lcated: (a) that through specifie calcium channels 
d~rlng the action potentlal (lsl), (b) the Na/Ca exchanger and (c) the 
Ca-ATPase pump. ' 
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-
~ contractile changes from control. Each of the altered contractile 

paramecers is 11kely, however, to reflect int~llular' calcium fluxe~. 
Hence, although no direct me8surements of myocard1al calcium contenb or 

fluxes were ~one in this study, the data suggests that taurine deficiency 

alters intracellular calcium hand11ng by the ~yocardium. î 
In order to further interpret the ~ata, the processes whiè~ alter 

intracellular calcium oscillations and the possible role of taurine at 

each of these lévels must be analyzed. These inter-related processes 

can, for clarity, be categorized into three groups: (1) trans-sarcolemmal 

currents and calcium f~uxes, (II) 'passive' intracellular calcium 

buffering, ,nd (III) caÎcium uptake, storage, and release by 

intracellular eompartments (mostly the SR). 

Sarcolemmal Modulation of Calcium ·Fluxes 

Ventricular contractions are usually initiated by sareolemmal 

depolarizations. The ventrieular AP of the rat can be divided into three 

phases: depolarization, brief plateau, and repolarization. The 

depolar1zing upstroke of the AP is attributed mainly to the fast inward ~ 

sodiQIm current (tetrodotoxin (TTX) sensitive) (Mitchell et al. j- 1984). 

This/large sodium conductance is brief beeause of rapid voltage 

inactivation of the channels. Concurrently with the voltage inactivation 
, 

of Na~TTX'channels, a transient outward potassium current 
) 

(4-aminopyridine sensitive) occurs th~t gives rise to a rapid 

repolar1zing deflection (Mit.eh,ell et al., 1984). The lai is· thought ,to 

be ~ediated.mostly by calcium ions passing 

through specific channels (Isenberg ~nd Kloekner, 1980) and to be 

respons1ble for the genesis of the plateau phase (Isenberg and Klockner, 

1980). 

The brief plateau phase in the rat stands in sh~rp e~ntrast to the 

prolonged plateau etteounter~ in other mammalian species, su ch as the 

guinea pig (Coraboeuf et al., 1968). This short plateau of the rat AP 

may result from two specifie electrophysiological phenomena: high 

intrac~llular free calcium - calcium eurrent inactivation (intraeellula~ 

calcium :tnactivating Isi), (Josephson et a1.., 1984a), and an early' o~ 
v" 
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outward current (Josephson et al., 1984b). 

F1nally, the rat AP has a pronounced slow phase of r~polarizatiOn 

which is dependent on the balance between outward conductance (most 

'likely due to potassium) and a depolarizing exchange current. The 

depolarizing Na/Ca exchange mechanism i8 in' turn dependent on 

~nt~acellular and extracellular sodiu~ and calcium concentrations 

(Schouten and terKeurs, 1985). It is a low affin1ty, high capacity 

sYS.tem tnat operates electrogenically, exchanging three sodium ions for 
" one calcium ion (Pitts, 1979) .. - Duril)g the slot repol~r1zation ~hase of 

the AP this Na/Ca exchange mechanism is involved in extruding calcium 

ions across the sarcolemma,' thus prolonging the repolarization process.·· .,. 
In addition to the Na/Ca exchanger and the calcium channel (Isi), 

heart sarcolemma contains a specH·ic calcium transporter: 

calcium-adenosine triphosphatase (Ca-ATPase) (Caroni and Carafoli, 1980). r . 
Thi8~TPase ls a high affln1ty, low capacity system, which exports 

calcium with essentially the same efficiency throughout the entire 

functional cycle of heart cells (Caroni and Carafoli, 1980). 

Thus the sarcolemma, containing both low and high affinity calcium 

export systems,-.contributes both to the precise intracellular regulation 
~ 

of calcium in the sub-mi~r~ar range, and to the transport of bulk 

amounts of it. The sarcolemmal m~rane a1so serves as a regulator of 

c~lcium influx, which, in case of rat, triggers contraction via its 

effe~ts on the SR (Fabiato, 1983; Bers, 1985). 

Rat h~arts depleted of taurine show a prolonged durat!on of 'the 

v~tricular AP (Lake et al., 1987), but the mechanism is as yet unknown. 

One possibility is that changes in intracellular calcium homeostasis, as 

suggested by the present observations on contractility, may lead to a 

prolonged slow'repolarlzation phase (see below), but further studies are 

required to ex~ore this hypothesis., . 

. . 
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Pass1 ve Intracellular Calc1wIl Buffer1ng .. 
,... 

The very low concentration of 10n!zed calcium wtthin hearE cèlls, 

and the tight regulation of intracell~lar calcium fluxes are a 

consequence, in large part, of hlgh aff1~tYlbinding of calcium with 

specific proteins (Fabiato, 1983). ' These proteins èan be div!ded into 

twq 'functional classes, depending whether they are intdgral components of 

membranes, or soluble i~ the cytoplasm. The relative contribution of 

,these two classes of pro,teins to. homeostasis of calcium 18 still, 

however, an unresolved question. 

There are two classes of soluble cytosolicocompounds capable of , 
b~nding calcium: specific bind1ng proteins~ and low molecular we1ght 

compounds. Th~y are both able to chélate calcium as weIl as othe~ 

divalent cations (Carafoli, 1985). Calmodulin, present in micromolar 
Q 

concentrations in the cell, and tropon1n C, are the two specifie 

calcium-binding proteins. Their prl~ry ~ole, however, may not be ~o 

provide cyt080Lic buffering for calcium; but rather to med1at,e signal 
~ . 

transduction. Low molecular we1ght compounds such as '~adenine" 

nicotinamide aden1ne nucleotides, inorganic phosphate, citrate and other 

.tri- and dicarboxylates contribute"significantiy to the buffering of 
o 

cytosolic calcium, keeping lts ioqic activity lower than its total 
" • concentration (Carafol!, 1985). Future experiments are reqfiired to 

assess how taurine may influence calcium binding by the various cytoso11e 

.' (Ir i 

constituents, as no studies, to my knowledge, have yet addressed this , 

question. 

. .. Whlle osmotic limitations restrict the quantity, of soluble 

calcium-binding eompounds, calcium complexing proteins-integral to 

membranes are not s~ lim1ted. In faet, sarcolemmal and sar~oplaSmicl 

,reticular membranes are abl~ to bind calc1um in large amounts (Fabiato, 

.. 

1983). Fabiato (1983) argues that despite their large eapaci.ty for -

bind1ng, the available sarcolemmal bind1ng sites may not be the major 

contributors to physiologieal bu;ferin~ of free ionic calcivm because of 

the1r low affinity. 
, ~ 

How?ver, because ~ny stud~es have sU8gested ~ role for taur~ 

regulating the membrane affin1ty for calc1um, 1ntraeèllular calè1~ 

( 
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bufferlng via the sarcole~l membrane needs to be re-assessed in the 

presence of physiologie concentrations of intracellular ta~rine. In the 

late sevent~es Kulakowski et al. (1978) demonstrated the existence of 

hlgh and low ~finity taurine receptors on the sarcolemma. Chovan et al. 

(1979; 1980) found that taurtne enhancea' calcium binding to the membrane 

and postulated that low affinity sarcolemmal taur;lne receptors are 

involved in the regulaeion of calcium binding to the sarcolemma. More 
\ 

recently, Sebring and Huxtable '(1985) reported that taurine increased 

high affinity calcium binding to sarcolemmal vesicles in buffers 
.i:> Jk. ? 

~micking intracellular conditions (low Na, high K), while it had no 
:tI fi 

effect on calcium binding in buffers mimicking extra~llular conditions. 

lt has been demonstrated that the sarcolemmal membrane is asymmetrlcal ln . 
nature, and that there are slgniflcant dlfferences ln calc~um binding to 

. ies respective sides (Nayler, 1982). Although Sebring and Huxtable did 
:li 

not determine the 'sidedness' of thelr vesicles their findings suggest 

that if taurine modulates calcium bindlng, the process o~curs on the 

Intracellular side of the membrane. This hypothesis is consistent with 

,the fact that high taurine concentratio~ (ln the 'modulating' range) is 

found only in the sarcoplasm, not ln the eÀtracellular flüid. In the 

futlUre, in order to quantitate the effect& of taurine on calcium binding 

to'th~ inner leaflet of the sarcolemma, the 'inside-out' and the 

'right-side-out' sarcolemmal vesicles should be pre-separated (Mas-Oliva 

et al., 1980) before the binding studies. 

Although presently.it is not k~own how taurine may alter calcium 

binding to the sarcolemma, recent studies, fhich evaluated taurine 

-binding to the, membrane, sugges t that taurine may lnteract wi th the 

memb~an~ phospholipids (Sebring and Huxtable, 1985). It ls possible that 

this taurine-phospholitpid interaction on the iuner aspect of the 

sarcolemma changes the membrane bind1ng dynamics for calcium • 
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Jntracellular Sites of Calcium Uptake and Storage 

Within heart -cells, calcium transport1ng systems are found 1n the 
-
mitochondr1a and the SR. There are three basic calcium transport modes 

found in these organelles: calcium ATPase t Na/Ca exchanger, and 

electrophoretic uniporter (Carafoli, 1985). Assuming, arbitrarily. a Km 

of 1 uM as the dividing Une between the h1gh and the low affin1ty uptake 

. systems, only the ATPase transport systems fall into the h1gh affin1ty ....... 
class. There are two different ATPase calcium transport ers : one ln the 

sarcolemma (mentioned above), and another one locaHzed 1n the SR. The 

two transporters have a ![Iimilar value for Km (about 0.5 uM Ca), but Vmax 

for the SR enzyme 1s about 40 to 60 times greater than the sarcoletmnal 

one (Carafol1 t 1985). Na/Ca exchangers are found 1n both the sarcolemmal 

and the Iilitochondrial membranes, but the Vmax of the m1tochondri~ 

exchanger is much lower that that of the sarcolemmal (Caraf~lit 1985). 

The electrophoret1c calcium uniporter 15 found only in the mitoehondr1a. 
- --

lt is a low affinity uptake, system that was found to have a low Vmax for 

calcium transport, when tes ted 1n a buffer eontaining physiologie 

concentrations of magne sium (Carafoli, 1985). \ 
~ '"' The existence of low and high affinity transport systems for tne 

regulation of the 1ntracellular calcium concentration is in keeping w1th 

the d1fferent demands of the signalling funetion of calcium. During the 

(} contraction and the re~axation cycle of the myof1brlls, rapj.d and precise 

modulation of calcium in a very low ionie concentration range 1s 

required. However, since cardia'C function is d~pendent on many variables 

(ie. load, volume, nut:ri,ent:/oxygen del1very eté.) t in some instances 

larger amounts of calc1~m may have to be transferred from compartment:s 

- - when i t:s ionie coneent:ratlon has 1ncreased to' the md.cromolar ran~e and 

above~ Under such conditions, low affin1ty transport systems for calcium 

may be utilized. Presently, the exact range in which the regulation of c_, 

calcium occurs, l1nked to the contraction/relaxation cyclé, 18 not well 

def1ned, sinee there 1s no precise information on the value of 

sarcoplasmic calcium ion activity during tension development. Calculated 

__ values 11&dicate that sarcoplasmic calcium -ôscÜlates below the micromolar . -

rang~ dur1ng contra<;t10n/relaxation cycles, with the exception of teak 

.. 
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activation - when shis value may be exceecied (Fab1ato, 1983). Thus the 

systems regulating cardiac calcium must operate efficiently at 

concentrations below one micromolar. Since the high affinity. large-~ 
., 
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_capacity uptake system for calcj.um 1s found predominantly in the SR, this 

organelle is generally accepted as the structure on whi~h heart cells 

depend for the fine regulation of sarcoplasmic calcium. 

... lt 

The reported results of studies that have evaluated the effects of "

taurine on calc1um binding .fa, and ca1:ium uptake by the SR, as well as 

~the effects of taurine on ATPase kinetfcs, ate not in agreement; however 

they have been done on different species and tissues, and have utilized 

different methods. In one study, which assessed the effect of taurine on 

SR vesicles isolated from rat skeletal muscle, it was found that 

millimolar concentrations of taurine increased (by about 25%) the rate of 

calcium uptake as weIl as the total seques tering capac1 ty of the vesicle 

(Huxtable and Bressler, 1973). But in anotller scudy, 20 mM taurine had 
... p 

no effect 00 calcium bioding ta SR or on Ca-Mg-activated ATPase activity 

\.. :0 partially p~r1fied SR vesic1es 'fro.m raC hearts (Chubb and Huxtable, 

"1.978). Contradictory results have also ,been reported ,for taurine effects 
o 

00 guinea pig SR (Dolara et al., 1976; Remtulla et al., 1978). 

Although some investigators still argue in favour of a mitochondrial 

contributron to calcium homeostasis and r-ension control ln cardlac muscle 

(Fry and."lw.ller, 1985), other 'studles
l 

lndicé\.te that mitochondria wlthin 
J • 

normal he-art cells do not store large amoun.ts of rapidly exchangeable 
o ' 

calcium (Barnard, 1981; Somlyo et' al., 1982). Most of the evidenae 

indicates that mitocho'ndria can play a raIe only in long term calcium 

homeostasis in the heart (see discussion in--Carafoll; 1985). lt would be 

instructive ,to evaluate the role of taurine in mitochondrial calcium 

metabolism in tlhe ~eart. This would be ... particularly ilfteresting in 

congestive heart failure, when myocardial taurine levels are known ta 

double (Huxtable and Bressler, 1974). 

Althollgh the regulation of calcium fluxes within heart cells has 

been studfed for years,~ relatively 11ttle ls known about the raIe of 

taur~ne. The effects of taurine def1c1ency' ln the heart can be studied 

by the use of the t,aurine-depletion paradigme Rat hearts depl~ted of 

taurine show electrophys:f:ological (Lake- et- -al., '1987)., and contractile _; 



...... 't-

• 

., 

o 

44 

ch~nges, but the mechanism is still not established. Exogenous taurine 

has been demonatrated to influence calcium binding to the sarcolemma, 

~nd, in some s tu dies , calcium exchange by SR. No s tudies are avallable 

on sarcolemmal currents in hearts depleted of taurine, or on the effects 

of taurine in mitochondrial metabollsm of calcium. Although the effects 

of taurine def{ciency offer only an indirect way of looking at taut:i.ne 

action, this approach has opened a new avenue of investigation of the 

physiological role of this compo~nd in the heart. . The present 

contractile studies, which utilized this approach, indicate that taurine 

depletion m&f be associated with calci~m-processing deficiency of the SR. 

r 
Interpretation of Major Findings in Llght of Calcium Romeostasls 

The most recent hypothesis of ECC mechanism in the rat (terKeurs, 

1987) states that following the upstroke of the AP, calcium entry into 

cardiac ~ells (via ISi) triggers calcium release from the SR. Calcium 

released from the SR then activates the contractile machinery, and, 

during the relaxation phase of con~act1on, i8 partially sequestered Into 

the SR together with some calcium that entered the cell during the AP 

l' (Fabiato, 1983). Slnce calcium influx across the sarcolemma must, ln the 

steady state, balance calcium efflux - the remaining calcium leaves the 
, -::, 

cell through the sarcolemma, partially in exchange for sodium (Na/Ca 
\ 

exchanger), and partially via the 

ATPase). 

calcium pump (sarcolemmal calcium . 
\ 

ln the early elghtie8, investigators who studied -the kinetics of the ---
ISi concluded that there is an inverjie--rêlationship betweEm the magnituri.e 

, - -----------of this current and its duratiCon (Mar ban and Taien, 1981). In the 

following yesr, elaborating on this finding, a model for calcium 

dependent calcium channel inactivation -was proposed (Standen and 

Stanfield, 1982). !WO years later this hypothesis was tested in rat _ l) 

ventricular cells and Isi was shown to be inactlvated by 1ntracellular 

'calcium (Josephson et al., 1984a). This hypothes1s was further tested in 

combined contractile and electrophysiological studies (Schouten and 

ferKcurs, 1985). In thesè studies the 'post-extrasystolic potentiation' 

protocol was utilized in order tu obta1n contractile potentiation; the 
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baseline sUmulation of a contracting, muscle was followed by a short· 

, burst of stimuli, then the stimul.ation wa~_i~terrupted for a given time 

Interval, after which a single isometric twitch, w1th its accompanying 
- - ~ - '\ 

~, was recorded. The force of contraction was found to be increased, 

the duration of the plateau of the AP was shortened, whi!e the 

repolarizatfon phase and the overall duratlon of the AP was prolonged. 

45 

. The proposed mechanism was such that greater calcium release following 

the brief stimulus interruption gave rise to more vigorous contraction, 

a~d resulted ln earlier inactivation of the lsi (hence the shortening of 

the plateau of AP). At the s~~e time, the higher level of sarcoplasmic 
\ 

calcium present during the relaxation phase of contraction served as -

additional substrate for the Na/Ca exchanger, chus prolonging the 

repolarization process and AP duration. Other studies that utilized 

different contractile protocols (ie. paired pu~se paradigmr showed 

findings that were consistent with this model of calcium fluxes 

(Schouten, 1984). 

Taurine depletion in the rat heart is associated with specific 

electrophysiological (Lake et al., 1987) and contractile changes which 

can be Interpreted in the context of the above EeC hypothesls. This 

Interpretation may prov,1de some insights Into the physiological role of 

myocardial taurine. 

In the present contractile studies it was found that total tension 

and the maximal rate of tension development were significantly lower than 

control 1h taurine-depleted muscles. These differences were independent 

of calcium concentration in the bath or the rate of stimulation. Since 

these tenSion parameters ~re.dependent on the level of sarcoplasmic 

calcium during contraction, these_ findingf! suggest that in 

taurine-depleted muscles the release of ca!cium from SR may be depressed. 

W1th less calcium release from SR, a smaller fracti~n of myofibr1ls would 
'" ::i 

be activated, hence iower total tensions_and decreased maxima~ rates of 

tension development'would be expected during isometr1c contractions. The 

s1milar time to peak tension of isometric contractions of 
\ \ 

taurine-depleçed and control muscles, suggests that the actual amount of 

re!eased calcium is depressed. 

One way to depress SR calcium release might be by decreas1n~ calcium 

.\. 
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uptake into chis organelle. In taurine-depleted muscles the durations of 

isotonic contractions were increased due to a prolonged relaxation phase 

(Table 4). This finding suggests that calcium~uptake into the SR was 

slower, since relaxation is dependent, ta a large degree, upon the rate 

of removal of calcium from the sarcoplasm. A decrease in SR calcium 

uptake' in taurine depleted hearts is compatible with the work of_Huxtable 
1 " 

and Bressler (1973). lt is thus possible that taurine depletion results 

in a deficiency of calcium transport and storage in the SR and that this 

led to the prolongation of t~ch duration found in the taurine depleted 

rat hearts. Slnce force freq\enCy studies in taurine depleted myocardium 

gave rise to a sim1lar negative staircase response compared to control, 

abnormalities in calcium transport, if present, do not appear to be 

stimulation rate dependent. 

In addition to our contractile findings, e~rlier 

electrophysiological studies conducted in our laboratory (Lake et al., 

1987) are consistent with the interpretation.that taurine depletion is , 
associated with lowered calcium uptake and release by ,the SR. Slower 

~ repolarization led to signif1eant prolongation of the AP duration 

observed in the absence of upstroke changes in rat "papillary muscles 

depleted of. taurine (Lake et al., 1987). If taurine-depleted muscles 

have slower calcium uptake into the SR, more c~lcium may be recirculating 

through the sarcolemma. Renee, with each beat, delayed repolarization 

may be reflective of relatively higher activity of the sarcolemmal Na/Ca 

exchange mechanism. 

There i8 an alternative explanation for the aBo've f indings. Taurine 

depletion maye decrease calcium rel~ase by the SR indirectly. lt is 

possible that myocardial taurine plays a role in calcium storage through, 
" 

perhaps, an effect on calcium binding. Taurine enhancement of 

sarcolemmal (Huxtable and Sebring, 1986), and SR (Dolara et al., 1976) 

calcium binding has been shawn. Some support for this 'alterJd SR 

calcium stora'ge' hypothesis cames from the studies which showed that when' 

r'ti~ulation was interrupted for three minutes (th~ time required i~ 
controls for maximal potentiation of contraction), taurine depleted 

muscl~s still generated signiff~antly Iower total tensions than controls. 

Thus, ~ven with a long rest interval, the amount of calcium released by 

\ 
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the SR appears to be lower in caurine-depleted muscles, poss1bly because 

the releasable pool 1s smaller. t 

Thu!1 from this study it would appe,ar that the h1gh physiological 

concentrations of myocardial taurine may be important in intracellular 

ca~cium homeostasis. The contractile data indicate that taurine-depleted 

muscles have depressed~ contract:ility. The specifie contractile changes 
<) 

suggest that calcium handling by the SR may be altered in \ 

taurine-depleted muscles such tha~cal.cium release by the SR is decreased 

during muscle contractions. The depressed calcium release by the SR may 

bè a ~sequence of decreased calcium uptake and Btorage by this 

organ~lle 1n tau-rine-deplet~d muscles. Decreased kinet1cs of calcium 

upcake by the SR and, cOJjlsequeptly, ·relati vely higher acti vi ty of the 

Na/Ca exchanger, could- account for both the contractile ând -'the 

eleccrophysiological chan~es observed in taurine-depleted muscles. 
'. 
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