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ABSTRACT ’ : - ‘,
' 3
The role of the high intracellular concentration of taurine in the
heart is not known. The effects of Mtaur},\ne depletion in: the heart were
examined using the taurine transport antagonist guanidinoethyl sulf_onate
(GES)s A six week treatment of rats with 1% GES in drinking water caused
myocardial taurine levels to decrease to 25-30% that of controle Tautline
depletion was found to be associated with specific changes in the‘
mechanical c'haraccgristics of papillary muscles. While maximal muscle
shortening velocity remained unaltered, relaxation time to 1/2 shortening
leggt‘t}\and the du’tat:iorix of isotonic contraction were prolonged. During-
isbmétric twitches, taurine—depleted muscles generated lower tetal
tensiond and the maximal rate of tension develop;ent was reduced, when - . f'
compa:?ed to controls. The durations of isometric coantractions of the
treated muscles tended to be prolonged. These treatment-induced,
differences were "not :Lnfluenced by varying-external calcium
concentrations or stimulation rates. These results indicate that the
intrinsic contractility of taurine-depleted hearts 1is depressed. The
contractile changes observed may be a result of decreased intracellular
calcium release and reuptake)during muscle countraction. Omne function of

tahrine in the heart may be modulation of calcium homeostasis.
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On ignore toujours le réle que joue’la présence d'une

c n_centration élevée de taurine intracellulaire dans le coeur., Ceatte
de examine les effets, sur le coeur, de 1'appauvrissement en
taurir;e, en utilisant 1l’acide guanidinoéthyl sulfonique (AGS), un

antagoniste au transport de la taurine. Lé traitement de rats,

pendant six semalnes, avee¢ 1% d’AGS ajoutéu’é la ration d'eau, a causé 9

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

contrdle. On a. trouvé qug cet appauvrissement en taurine est associé a”

des changements spécifiques des caractéristiques mécaniques des
uscles papiﬁaires Alors que la vitesse maximale de raccourcissement
meure inchangee le temps de relaxation nécessaire pour atteindre la
moitié (1/2) de la longueur de raccourcissement et la durée de la

con raction isotonique sont prolongés. Dans le cas des contract:ions
is

uscles appauvris en taurine générent des tensions totales plus

étriques une comparaison aux valeurs comtréles a montré que Tes

faibles et que le taux maximal dezdéveloppement de la tension est
réduit, La durée des contractions isométriques des muscles t:raités a
eu tendance & &tre prolongée, Ces différences induites-par le
traitement, n'ont ""pas été influencées par la variation.de la
concentration externe de calcium ou la variation du taux de T
stimulation. Ces résultats indiqu’ent que la contractilité intrinséque
du coeur pauvre en taurine est abaissée. Les changements contractiles
observés peuvent étre 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.,

étre la modulation de l’homéostase du g¢alcium.
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AP ' action potential ' .
A'l.'Pasé . adenosine tripho,’spg%tase ,
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SUMMARY OF FINDINGS

* denotes original contribution to knowledge

In this study myocardial contractile parameters were evaluated in

papillary muscles from taurine—depleted and taurine-repleted rats.

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

depletion in ventricular tissue, and *68% taurine depletion in papillary
muscle fibres.

2. *The 11 week GES-taurine treatment of taurine-depleted rats resulted
in myocardial taurine rep&etion, while high intracellular GES content was
maintained. )

Electrophysiology .

3. The QT intervals were prolonged in taurlne-depleted rats. This
effect was reversible with taurine repletion.

Contractility

Isometric, isotonic and unloaded contractions of rat papillary muscles

were studied.

T«

4, Isometric Twitch
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. Isotonic Twitch
Changes from control in taurine-depleted muscles:
*(A). The velocity of muscle contré&;}on remained unaltered; Vs was
unchanged. .
*(B). The relaxation 'of contraction was prolonged; RL1/2 was
significantly longer.
*(C). Contration duration was prolonged.
6. Unloaded Twitch , %
*Maximal velocity of contraction remained unalte;gd in

~
~

taurine-depleted muscles.
7. *Taurine-repleted muscles did not vary significantly from
age-matched controls in all of the contractile parameters

measured. )
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".eeSamuel Pickwick burst like

his chamber window, and looked out on the world beneath.
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another sun from his slumbers; threw ope

n_ ..
Goswell—stree(i

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

eye could reach, Goswell-street extended on his left; and the 6pposi§e

side of Goswell-street was over the way. “Such,” thought Mr. Pickwick,

"are the narrow views of those philosophers who, contert with examining

the things that lie before theﬁ, look not to the truths which are hidden

beyondeees”"

[y

Charles Dickens, Pickwick Papers




3
f%
%
?
t

TRTLE e

A A

ST TRAT e T

,
)

B R L L R

INTRODUCTION 2

- "
' o L <

General Comments &

.Taurine é2-am1noethane sulfonic acid), synthesized mainly 1in the
liver, is a sulfur-containing end product of methionine metabolism
(Awapara, 1976). Taurine in the free form is distributed widely in the
tissues of most mammalian species; including man (reviewed by ~Nacobsen
and Smith, 1968). This remarkable ubiquity of taurine and its relatively
high cytosolic concentrations is explained, in part, by transpaqrt
processes. In many tissues taurine is not synthesized, but specific
nf;nSport systems maintain and regulate its levels.

Despite the wide distribution oﬁ taurine, its only undisputed
physiologicél function is conjugation with cholesterol in the formation
of bile acids in the liver. Taurine does nét act as a metabolic
substrate because the sulfonate group replaces the carboxylic terminal
found in most amino acids; hence taurine can not form peptide linkages
(via its sulfonqte terminal), and, it can not enter the Kreb’s cycle.:

Thus the role of the millidolar concentrations of taurine %n excitable

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

remains to be determined.

Taurine in Excitable Tissues

Thé action of exogenous taurine has been studied on many different

tissues and preparations. As a result taurine is assdciateg with a

]

myriad of effects. . o

I3

The effects of taurine on excitable tissues have been studied by

‘both the pharmacologic approach and the analysis of taurine-deficiencies.

In the early sixties, exogenously applied taurine was shown to depress
neuronal qctivi;y 1n the central nervous system (Curtis and Watkins,
1960),' Afew, years later, intravenous infusion of taurine in millimolar

qdhéénbfat;ons46as shown to prevent cardiac arrythmias, induced by

zﬁinephrine, apd to reverse those induced by digoxin (Read and Velty,
1963). More recently, the infusion of taltrimide, a lipophilic taurine
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derivative, was shown to suppréss chemicaily-induhed seizures (Huxtable
and NakagaWa, 1985). Taurine has been shown to have a diuretic effegt
(Dlouha and McBroom, 1986), and, at the behavioural level, to modify
drinking and eating activities (Thut et al., 1976)., It haéralgo been
found to modify aggressive responses (Mandel et a%., 1985). These -and
many other studies, described in the books edited by Huxtable and Barbeau
(1976), Schaffer et al. (1981), and Oja et al. (1985), focused on
pharmacological manipulations of exogenous taurine and possible
therapeutic apglications, but did not contribute significantly to the
general understanding of the phisiological role of taurine in excitable
tissues. -

%he most convincing evidence which shows that taurine plays an
important 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 i
abnormalities in the e}ectroretinogram (ERG), degeneration of the
photoreceptors and eventual blindness (S?hmidt et al?, 1976). A recent
study which evaluated the effects pof long-term parenteral nutrition (that
does not provide taufinejxin children, has shown ERG deficits in these
patients. With the addition of taurine to the intravenous 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, 1983; Neuringer et al., 1985) ‘resulted in

‘the recent addition of taurine to commercial infaat 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
importance to the normal function of this tissue.

Taurine in the Cardiovascular System

K
. P

—t .
Taurine is the most abundant fréé amino acid in mammalian heart. In

tne rat, cardiac taurine levels are about 25-30 umol/g wet weight and
constitute over 60% of the free amino acid pool (Huxtable, 1976). These
levels are maintained and regulated by specific transport proceséés,

while local metabolism is less important (Huxtable, 1976). Rat cardiac
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taurine content can. be specifically depleted in vivo to about 257 that of

control values by the‘use of the transport antagonist, guanidinoethyl
sulfonate (GES)(Huxtable et al., 1979).

Many effects of taurine on the cardiovascular system have been
described (reviewed by Huxtable and Sebring, 1983); and include inotropic
actions, effects on calcium metabolism, antiarrythmic actions, osmotic
effects, and hypotensive actions. Most of these studies have ev?luated '
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 sﬁould be interpreted with caution.

Superfusion of taurine has been shown\to be ’‘cardio-protective’ in
hypoxia (Franconi et al., 1985). Kramer et al., (198l) reported a
protective role 'of taurine in the calcium paradox paradigm: when -a
calcium-free buffer containing taurine was used to superfuse the hearts
for varioué periods of time, the muscle was protected against an
irreversible damage that is associated with calcium overload when calcium
w;s~later added back into the medium. Exogenous tauflne has also been
reported 'to antagonize the negatfve inotropic effects caused by decreased
calecium concentration in the perfusate (Guidotti et al., 1971; Shaffer et
al., 1978). Although the above studies did not evaluate the
physiological function of myocardiﬁl taurine, they indicated that this
amino acid may be useful, pharmacologically, during cardiac surgery (ie.
transplantation), or possibly when reperfusion occurs during the
treatment of an acute myocardial infarction.

In a recent clinical study, oral administration of taurine to young
patients with borderiine‘bypertension was shown to normalize blood
pressure (Fujita et al,, 1987). Also, in double blind randomized °
crossover étudies, dietary suppleﬁents of taurine improved the clinical
manifestations of patients with congestive heart faillure (Azumdig;.al.,
1983; Azuma et al., 1985). Taurine suppléments have also been‘shqwn to
effectively reverse the dilated cardiomyopathy associated wiiﬁ 1§§ plasma
taurine levels in cats (Pion et al., 198f). The -site(s) of action of
these cherqpeutic effects of taurine, is, however, unknown.

One way to study the physiologic actions of taurine in the heart, 1sg
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to manipulate the intracellular cont;nt of this amino acid. In a recent
study in our laboratory, cardiac taurine depletion inm rats was highly
correlated with selective prolongation of the QT 1nte£val (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 currents which underlie
ventricular APs may also be involvéd in théz;xcitation—contraction
coupling process (ECC), the present study was designed to evaluate any
alterations of intrinsic myocardial contractile characteristics which may

accompany the electrophysiologic changes in taurine—-depleted rat hearts.

-

Hzgothesis

The study conducted by Lake et al. (1987) indicékgd that GES-induced
myocardial taurine depletfon in the rat is associated with changes in
cardiac electrophysiology. Other investigators repo}ted that CES-induced
tgurine depletion in the rat heart resulted in décrease of the heart
calcium content (McBroom and Welty 1985). Our hypothesisLis that taurine
depletion may also result in contractiie changes, which may.be reflective

of altered calcium homeostasis in taurine-depleted hearts.

Outline . *

. In this experiment the ﬁépillary\guscle mechanics-of GES-treated

rats were studied and compared to the results obtained from control °

X

- 5
animals. In order to study how taurine may effect the ECC process,
gpecific contractile parameters of unloaded, isotonic énd i1sometric

et

twitches were examined.

Rationale for the Use of GES-mediated Taurine Depletion

— s

Taurine-free diets are ineffectivé 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;_5,

Sturman; 1973), so GES treatment was used to induce taurine depletion

A
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(Huxtable et al., 1979; Lake et al., 1987).
A ‘ B (
0 NH
& CHeCH=N HO=&-CH=CHsNH-C7
HO § CH3CHyNH, 3CHFNH-C

¢ 4 NH,

Figure l. Chemical structures; of taurine.(A) and GES (B).

+

Rationale for the Use of Papillary Muscles

{
The term contractility describes the intrinsic performance of

cardiac muscle. Evaluation of the contractile state of an intact heart,
however, is difficult because of the intéraction of many variables. ®
Contractility itself is altered by catecholémines, glycosides or changes
in heart rate (Brutsaert and Sonnenblick, 1973). On an absolute level,
performance of the heart 4s a pump is affected by two major factors in
addition to contractility: the volume of the ventricle prior to the
contraction (preload) and the resistance to the ventricular emptying
(afterload). On a practical level, the geometry of an intact heart is
complicated, making calculations of maximal wall stress complex, and
comparative measurements difficult to interprets

Thus, in order to comﬁére the mechanical performance of different
cardiac muscles, contractile studies in vitro often rely on the use of
papillary muscles. Papillary muscles, found both . .in left and right
ventricles, are of a uniform, cylindrical shape. They project from the
base of the ventricles to the ventricular valves, preventing the latter
from inversion during contractions. Although papillary muscles do differ
in their size and weight, their aligned fibres and cylindrical shape
allow for normalization to cross-sectional area. \

Contraction of the papillary muscle can be described by three
inter-related variables: velocity of shortening, force of contraction,
and length of displacement (Brutsaert and Sonnenblick, 1973). The
force-velocity-length relation not only de3cribes the contractile state
of the cardiac muscle, but also serves as a direct analogy of the events

occurring 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 isolated papillary muscle translates ints the ventricular pressure
developed. The velocity of muscle shortening is analogous to the flow
rate during the ejection phasé of the pumping heart. Finally the changes
in length of the contracting papillary muscle correspond to the
dimensional changes of the working heart (end diastolic and end systolic
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 gccurately
ad justed and controlled, so that during the contraction the extent of
shortening or the force developed are maximal (see Methods)., It is
important thaé contractile studies are conducted at the optimal resting
tension (referred to as ﬁmax), since small deviations from Lmax produce
large changes in the extent of shorteﬁing and force devéloped during
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 lesions of the terminal
eﬁds of fibres, some change in series rgsistante, and some alteration in
the natural arrangement of myofibres. The preparation is limited to
muscle diameters that ca; be oxygenated by diffusion, as oxygen is
provided via a buffering'solution that--bathes the musclés instead of from
the vasculature. For thié’reason, the muscles used in this study were
limited to those of small cross-sectional area (0.5-1.2 mmz). ‘
Furthermore, to reduce metabolic demand, contractile studies were
conducted at a temperature well below the physiological range (26°C), and

%
low stimulation rates were used (O 1-0.6 Hz).

Rationale for the Use of the Rat as Species

The rat myocardial action potential (AP) differs from the myocardial
APs of other mammalian species. The main difference ‘is a shortened
duration of the AP plateau (Josephson et al., 1984a; 1984b), which is




‘ conpatible with the high heart rates (around 400 beats per minute)

encountered in the rat. The actual currents underlying the rat heart AP =
may be similar to those encountered 1n’othgr species, but their relative
magnitude may differ, so that some currents, like the sodium-calcidﬁ
(Na/Ca) exchanger current, are moré obvious in this species. In other
species, the depolarizing effect of the Na/Ca exchanger is most likely
disguised during their longer duration of AP plateau.

f% fact, some investigators see the rat as a simplified model for
the study of the myocardial ECC mechanism (Schouten and terKeurs, 1985).
These investigators found that varied stimulus patterns led to specific
mechanical changes. They hypothesized that consistent alterations in the
shape of APs, observed during different stimulus patterns, may be caused
by changes in sarcoplasmic reticulum (SR) calcium accumulation and

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

"formulation of a hypothesis of the ECC mechanism in the rat (terKeurs et
1

al., 1987). By using the rat in our study this hypothesis could be used

as a basis for interpregion. .
Finally, the most immediate reason for using the rat animal model

" was that the previous study by Lake et al. (1987) demonstrated in the rad .

cardiac electrophysiological changes associated with taurine depletion.

The Measurements of Myocardial Muscle Mechanics'

.In order to quancitate the effects of taurine depletion on
myocardial contractility, isometric, isotonic and unloaded contractions
were studied. Ip isometric contractions, tbe afterload is set higher
than Ehe»maximum tension that the muscle can génerate, hence shortening.
does not occur but rather maximum isometric force is pfoduced. The
maximum (total) tension developed by the muscle is indicative of the
number of activated contractile proteins, which is modulated® by the
concentration of free cytosolic calcium (Fabiato, '1983).

,Isometric twitches were evaluated at varied stimulation frequencies.
The force-frequency relationship is frequently used to assess the
function of SR. In this protocol as the relative changes in contractile

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

v 4



_ abnormalities ih SR processing of calcium may be revealkd.

Isometric twitches were -also assessed during the paired-pglse
stimulation. The paired-~pulse s;imqlatién paradigm produces contractile
potentiation (ie. increased total tension and maximal rate gf tension
development) which is attributed to calcium release and accumulation by
the SR (Wohlfart, 1982; Schouten, 1984). In rat myocardium, calci&m
influx- during khe action potential has little direct effect on
contractile proteins (Bers,1985), but it triggefs a release of
intracellular calcium which activates these proteins (Fabiato, 1983).
Witﬁhpaired stimuli, the extra calcium that enters during th& second

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

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

In isotonic contractions the afterload is the same as the preload,
while in ‘unloaded’ contractions the afterload is set lowerfthat the
preload. The study of contractile parameters of isotonic and unloaded .

witches allows for the assessment of the kinetics of calcium turnover as,
well as the maximal velocity of muscle shortening (Vmax). The inverse
relation between peak velocity of shortening and the’ force carried, the
velocity~tension curve, is 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 4 near
zero value, Vmax is obtained (Brutsaert and Sonnenblick, 1973). Vmax is
thought to’reflect the turnover rate of individual actin myosin
crossbridges, and is positively correlated with myosin ATPase activity
(Barany, 1967§ Carey et al., 1979). It is also dependent on the ratié of
myosin isozymes (Schwartz et al., 1981; Pagani and Julian, 1984;wapleau
et al.; 1986), and the rate of rise of free cytosolic cidlcium (De Clerck
et al., 1977). Vmax is also altered by phosphorylation of contractile
proteins (Winegrad, 19833.

Contractile parameters obtained from unloaded, isotdhic, and

isometric contractions characterize™ the intrinsic contractile”state of

.the muscle. When muscles obtained from animals from two different =

treatment groups are studied, sqgcific and consistent differences in
contractile properties between the groups may point to the mechanisms

that underly these changes. Thus measurements of papillatky muscle

-
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contraction may provide, in additipn to the assessment of the intrinsic o

‘ contractile state, torrelates of some of the molecular events that take
) N \ ~ %

place’ during muscle shortening. ’
d \ -

Myocardial Mechanics in the Rat -
)

<
Rat myocardial mechanical responses show large quantitative
variations with different stimulus patterns. To test contractility at

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

evaluated. Rat myocardium, unlike that of other mammals,, does noL /show a s
L ¥ T *
v ' positive force ﬁtaircase with a stepwise increase in stimulation
frequency. Instead negative force~-frequency relationship (Hoffman and -

Kelly, 1959; Forester and Mainwood, 1974), or. no change in force with

increasing frequency of stimulation is observed (Schqgtgnland’terKeurs,

cardiac muscle. ) . .

-

é;\ 1986). This may be reflective of an ECC mechanism specific to rat

Contractions of the rat myocafdium are highly dependent on the
o }:;telease and reuptake of intracellular calcium, and léss dependent on the
trans-sarcolemmal influx of calcium (Bers, l985). IAcreasing stimulation’
’ . frequency results in a change of contractlile state of the muscle
> (Brutsaert and Sonnenblick, 1973) and may be' accompanied by altered rates .
of intracellular calcium fluxes. . ‘

In the rat, changes(in stimulation rates ma} result in altered
kinetics of intracellular calcium recycling (ie. release and reuptake of
calcium by the SR). JInterruption of stimulation for a short period of
time results in a potentiated contractile response of the, twiteh that
follows the rest interval (Schouten et al., 1987). This ‘mechanical

' restitution’ response (contractile potentiation following a stimulus-free )
‘ interval) may reflect a greater releas¢ of intracellular calcium -
- (Schouten et al., 1987), since a greater amount of calcinn could have
been accdﬁulated in the SR during the rest interval (terKeurs et al.,
. 1987). . e
Other interpretations are possible. ' A change in stimulus frequency
pattiern can result in altered, trans-sarcolemmal ionic fluxes durlng the.

( AP; a rest interval being followed by an AR of lincreased duration
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(Schou;en, 1984). It is also possible that a rest interval may enhance
the trans-sarcolemmal calcium influx during’ the subsequent AP, which ..
could result in potentidted SR calcium release, and an enhanced force of
contractiod. A change in the sti@ulus frequency pﬁttern ﬁay also alter

the éaiq\becween the myocardial depolaxizatiob and the subsequent calcium

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

present, showever, thgge questions are not yet resolved and future gtudies

are required to address these alternate hypotheses.

METHODS N

s

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

into two groups; treated and'control. The treated group was subdivided

into ‘taurine-depleted’ and ‘GES—-taurine’ (taurine-repleted) groups. The-®

taurine uptake antagonist, GES,-was synthesized (Huxtablewet al., 1979),
purified by repeated crystallization from water, and its purity verified
by assays for taurine (Troll and Cannan, 1953) and GES (Guido;ti and
Costalgi 1970). ~

All animals were given free access to food and water. Treatment was
by additidh of 1% GES (weight/volume) to drinking water for a period of
six weeks which results in approximately 70% depletion of the heart

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

taurine-depleted group. After the six week treatment with 1% GES,
‘taurine-GES’ arnimals were treated with 1% GES and O. 1% taurine for five
weeks, and then 1% GES and 1% taurine for an additional six weeks.
During these last six weeks electrocardiograms QEst) were recorded every
five to nine days (following the megégda in Lake et al., 1987). 1In order
rto sedate the animals,gfior to rscording, an 1ntramqscular injection
(044 ml/kg) of ketamine hydrochloride (90.0 mg/ml, Rogar, Montreal,
Canada) mixed with acepromazine malate (2.3 mg/ml, Ayerst, Montreal,
Canadd) was, given. At the end of the treatment period, each animal was ‘

anesthetized with halothane-nitrous oxide gas mixture; the chest.cavity

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

muscles exciéed,after exposing them by cutting through the right  /

ventricular wall and septum. -
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-Eigure 2. Schematic diagram of the dxperimental apparatus. A -
stimulator, B - thermostat controlling the bath temperature, C -
water jacket, D - stainless steel ctamp holding the base of the
pai;:lllary muscle, E - platinum field electrodes, F - electro-magnetic
force/length transducer; G- air supply
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Biochemistry

Freshly digsected left ventricular tissue and papillary Quscles, as
well as muscles used for the mechanical studies, were individually
assayed for taurine, GES, and DNA -content. The tissues were blotted to
remove adhering medium, weighed, and homogenized in 85% ethanol. After a
12 hour incubation at -10°C, the tubes were centrifuged at 15,000 G. The -
resultant pellets were used for estimation of DNA content (Yates et al.,
1974). The supernatants, which contain free amino acids and GES, were
dried uhder a stream of nitrogen gas, and resuspended in 0.525 ml
distilled water. A 0.5 ml aliquot was passed over a dual bed ion
exchange column (0.8 x 2.0 cm of Dowex 50, H+ form, Bilorad; -layered over
2 cm of Dpwéx 1, Cl- 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, 1910). In order to concentrate the
effluent obtained from the’papillary muscles, it was lyophilized aﬁﬂ o
-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. All samples were
/

assayed in triplicate and compared to standards. p
P
Contractile Mechanics In Vitro N

One papillary musg;e from each animal was excised from the left
ventriclé and mounted in a bath in Krebs-Henseleit solution containing in
millimoles: NaCl, 117.4; CaCl2 s 2453 KC1, 3.6; MgSO4 s la2; NaHP03 s
l«Z;“ﬁéHCO3 y 25.0; and dextrose, 5.0. The pH was kept close to 7.4 by
continuous aergpion of the solution with 95% 02 /5% COZ « Temperature .
was kept at 29x0.5°C. . ) ‘ .

+ A schematic diagram of the apparatus is shown in Figure 2. The base
of the muscle was held by a stainless steel clamp and the other end tied
to a lever with an elettromagnetic feedback system that controlled force,

length, and velocity of contraction (Brutsaert et al. 1973)‘ The

-
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elastic damping of the lever feedback system was finely adjusted in order
to compensate for eleccro—meéhanical 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 all experimental conditions except where otherwise
stated. The amplified outputs from the force and length transducers were
recorded on a Gould 2400s chart Eecorder, and simultaneously digitized by
an IBM computer system which utilized a customized program, digitizing

card DT2821, and 500 Hz sampling frequency.

Determingtion of Lmax , -

In order to ensure that optimal force was generated by each muscle, ,
Lmax was determined by the following procedure: The preload was lowered
to 0 grams.. Subsequently the preload was increased in O.l gram steps. At
each newtpreload, after two minutes of stabilization, an isometric twitch
was recorded (ie. the contraction occurred against an afterlosd greater
than the tension the muscle' could generate, thus no change in length
occurred). The preload was increased until the tension generated was
maximal. This muscle length was called Lmax. The muscle was then
allowed to stablilize for 90 minutes, contracting isotonically at a
preload of less than Lma.. Then, Lmax was finely adjusted, and the
muscle was allowed to stabilize for a further 30 minutes contracting

isotonically at Lmaxe.

Experimental Procedures .

There were two parts to this study.,” In the first part (Protocol A)
contractility was evaluated in muscles from 14 taurine-depleted and 12
corresbonding control rats, and in muscles from 5 taurine-repleted
(GES-taurine) and 4 corresponding control rats by recordin; (I)‘isotonic
and isometric contractions at a basal stimulation rase, (II) the

isometric force—frequency relation, (ILI) isometric tension to a single

‘

¢

n
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stimulus following a 3 minute stimulus-free period, and (Iv) isometric .«
tension generated by twin puls|e stimuli. In order to assess the, effects '
of extracellular calcium, protc;c'ol A was conducted at three c}iffere,nt ® =
calcium” concentrations. In the second part (Proto::ol B) a complete )
velocity-tension relationship was decribed for muscles f;.'om 8 4 .
taurine—depleted and 12 control rats. This protocol was conducted at
four different calcium concentratdons. In both protocols, at each
calcium concéntraxion, the muscles were allowed to stabilize for 30
minutes contracting isotonically, before beginning the contractility
tegting.
Procaocol A
N

(I) Isotonic and isometric contractions (at Lmax preload) were
examined 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
paired stimuli, were evaluated.

(II) The force-frequency relationship for isometrically contracting
muscles at Lmax was examined at stimulation rates of O.l‘, 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.

(III1) Thefx’é’the"musclesﬁwere allowed to stabilize while contracting
isometrically at 0.1 Hz for at least fifteen minutes. Stimulation was
then interrupted for tgree minutes. The first isometric c'or;traction
follow:llng the stimulus—free period was recorded.

(IV) At the end of the force-fréquency protocol the muscles were
left to stabilize for fifteen minutes while contractiné“\ispmetrically at
O.l1 fz. Paired pulses with intervals of 200 or 300 ms were delivered to
the muscles. When the contractions attained a stable tension plateau, a
representative isometric contraction was-recorded. The first peak of the,

two fused contractions was analyzed. ’

»
™
, -
[}



Protocol B N A

s .

To obtain the maximum velocity of shortening at z'ero load (Vmax),
the load on the muscle at the time of activation was abruptly decr;ased.
A gerles of shortening velocities was obtained by clamping the load in
eight to ten increments encompassing 5 to 100%Z of total tension. Between
each tension step the muscles were permitted to restabilize while
contracting isotonically at Lmax for at least 10 stimuli. The baseline
response was established in medium containing 2.5 mM calcium, then the
calcium content was changed succesgively to 1.3 mM, 1.9 mM, 2.5 oM, 3.8

mM, and 2.5 oM. The meadurements at 2.5 mM were compared to check for

stability throughout the protocol.

-

Analzsis

Al

Changes in isotonic and isometric twitch characteristics between the
muscles from GES-treated rats and the rats from control groups were
compared using unpz;ired t-tests. Some* values were normalized to the
cross—sectional area of the muscle determined as follows: the papillary
muécles were measured in length when removed from the bath. Their
cross—sectional area (mmz) was calculated by assuming that the muscle has
a cylindrical shape, and dividing muscle weight by length using a
specific gravity of 1.0. Tension is expressed in g/mmz, and maximum rate
‘- of tension development is expressed in g/mm 2./3. Muscle shortening is
expressed in Zi.max and velocity of shortening is expressed as Lmax/s.

Data are presented as mean * SEM,

*For reference please consult '1‘7bles 3A and 4A. . N

.



RESULTS## : '
) - ) Treatn]ent of animals with GES did not cause gross behavioural
. changes, overt sickness or death. After six weeks of treatment all the
animals appeared healthy, and were in the same weigi\t range as controlse.
The animals which were treated for 8ix weeks with GES, and then an "
additional eleven weeks with GES and taurine, a‘lso remained in good ’
health and in the same weight range as controls.
There were no significant differences in papill:;ry myscle length,
( crogss-sectional area, or preload at Lmax between the muscles cbtained

from the controls and those from the treated animals (Table 1l).

Bi\Schemical studies

>

W

As seen in Table 2A, ventricular tissue from untreated rats
contained approximately 20 mM taurine and low amounts of GES. Rats
treated with GES for six weeks lost about 757 of their ventricular
taurine content and accumulated GES. Their DNA levels wereée unaffected, .
indicating that -no cell death occurred. Papillary muscle taurine and DNA

" content uﬁiri‘ored that of the adjacent ventricular tissue for both control
and treated rats. On this basis it is assumed,that papillary GES
contents were similar” to the ventricular values, as the papillary muscle

\ mass was insufficient to permit both taurine and GES assays.

Table 2B compares the taurine content of papillary muscles analyzed
directly following dissection to those analyzed after three to four hours
of in vitro study i‘t; the tissue bath (’perfused’ group), The perfused
muscles had taurine levels reduced by approximately 30% compared to the
freshly dissected muscles, regardless whether they were obtained from
control or GES~treated rats. No change was observed in DNA content
(expressed as mg/g wet weight) which suggests that some taurine washout,
rather than edema (which would dilute intracellular taurine), occured”

- during the experiments. _Since the fraction l¢st was about the same for
| - ”

!

‘ **Please note: For convenience the Figures and Tables have been
0 placed at the end of the Results section.
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both groups, the relative taurine depletion of treated versus controls
was the same in perfused as in freshly dis?}zted muscle. Some muscles
were assayed for blochemistry at intervals during the course of the

experiment. These results show that after the initial taurine washout

early during the muscle stdbilization in the bath, thé& muscle taurine

- content remained constant aver time. This suggests that the preparations

3

were stable for the period ‘of our evaluations.

Contractility studies

A representative recording of an isometric twitch is shown in
Figure 4. For isometric twitches, there were no differences between_the
taurine-d/epleted and control musclés in time to peak tensiomn or to half
tension decline (Table 3A). However, muscles from taurine-f.lepletled rats
generated significantly lower total tensions, and had lower rates of
maximal tension development at all calcium concentrations (Table 3A).
These differences persisted at four stimulation rates (Figure 6). After
a three minute stimulus—free in;erval, muscles from taurine-—depleted or
control rats generated -higher total isometric tensions and maximal rates
of tension development than during sf:eady state coanacti;&e\at O.1 Hz.
But the increases were such that taurine-depleted n;uscles still generated
significantly lower total tensions and maximal rates of tension
development than controls in 2.5 mM calcium (Figure 7; Table 5). The
durations/of isometric contractions had a tendency to be prolonged in the
muscles from taurine~depleted rats. This trend attained statistical o
significance 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 in the low calcium condition, but there was little change using

interval of 300 ms (Tables 6 and 7; Figure 8). None—the-less, muscles
from taurine-depleted rats generated significantly lower total tensions,
and maximgl rates of tension development than controls at the two calcium
concentrations tested.‘ .

For isotonic twitch characteristics tk'l\ere were no treatment effects

on shortening velocity or the time to attain peak shortening (Table 4A).
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Elgure 3 Effects of taurine depletion and replstion on the QT
interval of the rat EKG. Data shown are group means = SEM for 6

untreated age and weight-matched controls (X) and 8 rats (@) treated - °

with GES for 8 weeks and then taurine and GES for an additional 11
weeks (weeks 5 to 10 of the additional 11 week period shown here).
GES-Iinduced taurine depletion resuited in significant prolongation of
the QT intervals at 8 weeks (see also Lake et al., 1987). This effect
was reversed by treatment with taurine and GES .
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Significant {iifferences were found, however, in the kinetics of

contraction; taurine-dei;i:iza«muscles having prolonged relaxation time to
half shortening length, and increased duration of contraction (Table 44). 5\
These differences persisted at the three.calcium concentrations studied. |

Representative isotonic and unloaded contractions are shown in

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

rats in the maximal velocity of shortening (Vmax) of papillary muscles.
In both groups, the Vmax increased with increasing calcilum concentrations
(Figure 10). ) ) '

A previous study from our laboratory indicated that GES-induced
taurine depletion was assc;ciated with specific prolongation of the QT
interval of the EKG (Lake et al., 1987). In the present study QT
prolongation was reversed by subsequent treatment with GES and taurine.
EXG recordings were made in a subgroup of rats at weekly intervals
(Figure 3). The earliest recordings were done after five weeks of 1.07%
GES 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 constant but taurine was raised to 1.0%Z. At week ten the
treated rats (GES~taurine) had the QT intervals no different from
control, and studies of muscle mechanics and biochemical assays were made
one week later. As seen in Table 2A the gentricular and papillary /)
mugcles of GES~taurine rats had DNA contents indistinguishable from .
control, and taurine contents 90% of control, but they still contained
substantial levels of GES. At this point evaluation of various intrinsic
contractile indices -showed no differences between GES-t’:aurine rats and
uncreaCea age—-matched controls (Tables 3B and 4B), in contrasc‘to the
marked depression of contractility assgociated with taurine depletion
after six weeks of GES treatment (a description of which forms “the main
body oﬁ this thesis). It should be noted, however, that certain
parameters (dT/dt, TPT, RL1/2; Tables 3B and 4B) were significantly
different in these older animals (both control and ‘GES—taurine:) compared

to the younger control group (see Tables 3A and 4A). 1

-
-~
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Iable_ 1. Preload, Ie/ngth and cross-sectional area at Lmax of papillary muscles of
control and treated rats ‘ ) Co @
Preload Length . Cross-ssctional area,
N (g/mm2) (mm) (mm?2) -
Controal 28 1.0 = 0.9 6.2+ 0.2 1.0 = 0.1 - ‘
Treated 27 1.0 = 0.1 5.9 0.2 1.0z 0.1
Data shown are group means = SEM. N = number of samples

Iahle2 A, Effects of GES treatment on rat myocardial ventricular and papillacry tissues -
\ - ’

VENTRICLES i )

Taurine GES DNA . '

(nmol/g wet wt) (nmol/g wet wt) (mg/g wet wt)
Qontrol 20.23 = 0.62 (29) 0.08 = 0.02 (16) 0.467 = 0.024 (16)
GES-treated 4.99 : 0.24 (29)**** 14.62 =+ 0.47 (18)**** < 0.504 = 0.040 (18)
GES-taurine 18.34 = 1.368 ( 6) 6.33 = 052 ( 6)**** 0.509 = 0.023 ( 6)

PAPILLARY MUSCLES

Taurine e DNA

(umol/g wet wt) (mg/g wet wt)
Control 19.26 = 1.09 (28) ’ 0.433 = 0.040 (26)
GES-treated 6.00 = 0.38 (32)**** 0.492 : 0.030 (28) p ]
GES-taurine 20.30 = 3.30 (10) 0.540 = 0.059 (7)

Values are means =+ SEM. Number of samples is shown in brackets. Level of
significarfce of t-tests against control are indicated by w4t n<0.001,

Jable 2 B, Effects of perfusion on papillary muscle DNA and taurine content

' Taurine . DNA :
(nmol/g wet wt) (mg/g wet wt) )

Control ’ ‘ .
Freshly dissected 22.69 = 2.04 (8) 0.464 = 0.064 (9
Perfused 16.16 £ 0.50 (11)a 0.438 = 0.066 (10)
GES-treated -
Freshly dissected 7.20 = 0.42 (14)° 0.464 £ 0.039 - (11)
Perfused 5.26 = 0.45 (15)b,c 0.536 + 0.035 {14)

Values are mesns + SEM. Number of samples is shown jn brackets. Perfused

refers to those muscles assayed after being used for the in vitro studies, .
Muscles which ware only briefly exposed to the tissue bath wers excluded \ o
(although their vaiues are included in part A). \ 1
a p< 0.01 versus freshly dissected control group \ %
b p< 0.01 versus freshly dissected GES-treated group k

c p< 0.001 versus appropriate control group
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Iable. 3A, Papillary Muscle Mechanics of Control versus GES-treated Rats: Isometric
Contractions . ' .

N~ TT ~ dT/dt TPT RT 12 DC .,
(g/mm2) (g/mm2/s)  (ms) (msy (ms)

1.3 mM Ca 2+ \ ) t
Control 12 8.9 & 04 92 =5 127 = 4 28 = 5 448 = 15
GES-treated 14 6.8 £05*** 71 =6*- 131 =+3 134 =+ 8 509 x 19*
2.5mM Ca 2+ \ . ' ’
Control 12 ! 9.4 =05 100 =+ 8 126 =+ 3 130 = § 462 » 10
GES-treated 13 71 = B:5*** 76 = 7* 127 + 3 134 =+ 8 498 = 15
6.3 mM Ca 2+ ] - s K .

Control 12 9.5 + 05 107 +6 . 124:3 140 = 7 485 = 19
GES-treatsd 13 7.3 £ 05*** 80 =« 6* 129 + 4 144 =+ 4 510 = 23

.

GES-treated refers to the rats treated with GES for 6 weeks, while control refers to
untreated rats housed for 6 weeks in adjacent cages. Values are means = SEM., TT is
total tension, dT/dt is maximum rate of tension development, TPT is time to attain
peak total tension, RT 1/2 is time to attain 1/2 tension decline, DC is duration of
complete contraction.

*0<0.05 ***n<0.005

Jable 4A, Papillary Muscle Mechanics of Control versus GES-treated Rats: Isotonic
Contractions ’ -

b ] ’
N Vs TPS RL 1/2  DC S AL -
(Lmax/s) (ms) (ms) (ms) (Wimax)
1.3 mM Ca ¢ o T l
Control 12 156 = 0.09 147 : 4 57 = 3 369 + 10 014 = 0.0
QES-treatéd 14 179 =+ 0.11° 150 = 3 68 + 2* 399 » 8*  0.16 = 0.01
2.5 mM Ca 2* :
Control 12 177 £ 0.10 142 : 3 56 + 1 365 + 8 0.15 = 0.01
GES-treated 13 195 = 0.14 148 =+ 3 71 = 2%+ 389 + 10 0.7 = 0.01
6.3 mM Ca 2+ ' o N
Control 12 183 = 0.10 143 =+ 3 68 = 2 370 = 10 0.18 = 0.01
GES-treated13 203+ 015 148 :3 81 = 2" 400 = 9*  0.17 = 0.01

GES-treated refers to the rats treated with GES for 6 weeks, while control refers to-

untreated ra od for 8 weeks in afijacent cages. Values are means = S.EM., Vs is
maximum hon::isrb\?elocity - preload at Lmax, TPS is time to attain peak shortening,
tt

RL 12 s timeg to attain 1/2 shortening decline, DC is duration of complete .
contraction, AL is fractional change of papillary muscle length at peak shortening.
*P<0.05 **n<0.005 "p<0.001
3 W
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Table 3B. Paplllary Muscle Mechanics of Control versus GESfl’aurine-treated Rats:

lsometric Contractions , / .
4 ’ - @
N T dT/dt TPT” RT.1/2 DC "
(g/mm?2) (g/mm2/s) (ms) (ms) (ms)
1.3 mM Ca 2+ ‘ . . - . '» , ! '
Control-11 . 4 , 7.1 =06 72 £ 58 136 = 8 112 + 6 430 = 48
QES-taurine § 82 = 0.3 78 =52 144 » 62 134 + 8 499 = 24
2.5 mM Ca 2+
Control-11 4 72 = 07 73 68 132 £ 7 127 =+ 18 507 = 84
GES-taurine 5 85 = 04 81 = 59 141 = 28 14126 510+« 19
6.3 mM Ca 2+ .
Control-11 4 % 73207 75 =68 128 + 6 123 + 10 505 = 78
QES-taurine 5§ ., 83=z02 81 = 48 138 + 39 148 + 8 512 = 21

»

GES-taurine refers to the animals treated with GES for 8 weeks, after which time the
animals were given taurine and GES for an additional 11 weeks. Control-11 refers to
age-matched untreated rats housed in adjacent cafes. Values are means = S.EM,, TT
is total tension, dT/dt is maximum rate of tension development, TPT is time to attain
peak total tension, RT 1/2 is time to attain 1/2 tension decline, DC is duration of
complete contraction. \
a p<0.05 versus 'younger' control group (Table 3A)

.
Iable 48, Papillary Muscle Mechanics of Control GES/Taurlne treated Hats Isotonic
Contractions

N Vs TPS . RL 1/2 DC AL

(Lmax/s) {ms) (ms) (ms) (l./LmaxL

1.3 mM Ca 2+ ' :
Control-11 4 1.61 = 0.18 148 = 9 60 =5 4382 + 21  0.14 = 0.02

GES-taurine 5 181+ 015 157 +68 267 = 40 372 = 15 0.15 = 0.01 i

2.5 mM Ca 2* N N
Control-11 4 212:021 143 :8 6549 387 = 19  0.17 = 0.01

GES-taurine 5 1.87 + 0.15 158 = 4 72 + 40 380 = 14 0.15 = 0.01
4

8.3 mM Ca 2
Control-11 4% 213:023 142:8 71 58 373 + 28 0.17 = 0.01 -
GES-taurine 5 164 : 015 1568 76 =3b 390 = 18 0.15 = 0.01

GES-taurine refers to the animals treated with GES for 6 weeks, after which time the

animals were given taurine and GES for an additional 11 weeks. Control- 11 refers to

age-matched untreated rats housed in adjacent cages. Values are means + S.EM., Vs Is @
maximum shortening veldtity - preload at Lmax, TPS is time to attain peak shortening, :
AL 1/2 Is time to attain 1/2 shortening decline, DC is duration of complete

contraction, AL is fractional change of papillary muscle length at peak shortening.

a f)<0.05 versus ‘younger' control group (Table 4A)

b p<0.005 versus 'younger' control group (Table 4A)
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Table S, Papillary Muscle Mechanics of Control and GES-treated Rats: 3 Minute Rest

2

Interval - Ve
. ~>N
T dT/dt TPT RT 1/2  DC
N (g/mml’)bl (g/mm2/s) (ms) (ms) (ms)

1.3 mM Ca 2* ,

Control 12 9.7 £ 0.5 103 = 6 131 = 1 133 + 6 465 = 17

GES-treated 14 7.6 0.5*** 84 »+ 7 131 = 3 143 + 6 519 = 19*

25mM Ca2+ ]

Control 12 98 = 0.5 104 = 5 130 = 3 126 = 12 471 = 11
- Ges-treated 13 7.5z 0.5* 82+ 7* 130 =+ 3 138 = 7 509 = 21*

Values are means + S.EM., TT is total tension, dT/dt is maximum rate of tension

development, TPT is time to attain peak total tension,

tension decline, DC is duration of contraction.

<05 005

RT 1/2 is time to attain 1/2
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Jabla_8. Papillary Muscle Mechanics of Control and GES-treated Rats: Paired
Stimull i
200 ms Interval _ _ ° 300ms interval
T dT/dt 2 dT/dt
N (g/mm2) (g/mm?/s) (g/mm?2) (g/pm?rs)
1.3 mlﬁCa 2+ )
Control 12 868+ 05 101 =+ 5 0+ 04 94 + 8
GES-treated 14 73 £ 04*** 77 :+5*** @88 2 05" 72 : 6" e
- )’ ) .
25 mMCa?2+ . ( -
\ L
Control 12 98:04 99 =4 9.t £/0.5 92 :5
Ges-trqated 13 732 05*" 77 = 7* 71 & 0.5 72 2 6* ‘
Values are means =+ S.E.M., TT Is total tension, dT/dt is maximum rate of
tension development, *p<.08 * n<0.01 w0 <, 001
[ “ ] A '/ .

Table 7. Papillary Mu;cle Mechanics of Control and GES-treated rats: Basal

Stimuiation and Paired Stimuli

TT (/mm3 % 7TT

TT (g/mm?) - %TT
/
Basal 200 ms % Basal 300, ms % Basal
N Rate Iinterval ' tension Interval tension
hY
1.3 mM Ca 2+ _
Control 12 8.9 + 0.4 9.8 + 0.4 108 90:04 ' 101
GES-treated 14 6.8 = 0.5*** 7.3 £ 0.4**** 107 8.8 + 0.5*** 100 e
2.5 mM Ca 2+ ) .- - -
Control 12 9.4+ 05 9.5 + 0.4 101 9.1 205 97 .
GES-treated 13 7.1 £ 05" 7.3+ 05%* 103 7.1 £ 05%* 100
< i

Values are m»ans « SEM, TT Is total tension,
stimulus rate,’ paired stimuli.are superimposed on

01 » *p<.005 *+p<.001

Basal Stimulation refers to 0.1 H2

0.1 Hz stimulus frequency
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Eigure 4. A representative isometric twitch. Pen recorder traces of
the output from the length and force transducer. The upper trace
shows the change in muscle length, the lower trace shows the force
generated by the muscle. *
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j,. Elgure 5 The force-frequency relationship. Representative force-
frequency traces of isometrically contracting papillary muscle.
A,B.C and D indicate the stimulation frequency of 0.1, 0.2, 5.4. and

"~ 0.8 Hz respectively. Arrows indicate points at which tension
measurements would be made, after stability was achieved. The
negative staircase effect is apparent.
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Eigure 8, The force-frequency ;elationshlp of papillary muscles at
two calcium concentrations. Data points are means = SEM for 12
contral papillary muscles (X) and 14 tauri”ne-deplatad papillary
muscies (¢). Left hand panels show values for total tension, while
right hand panels Iillustrate dT/dt; the maximum rate of tension

development, as function of stimulation frequency. The
gignificance of unpaired t-tests is indicated by -
*p<0.05 **n<0.01 **n<0.005 w0 <0.001
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Eigure 7. The mechanical restitution response. Rep{tasentatlve Arace . &
of the potentiating effect of a 3-minute st interval on T - ;
isometrically contracting papillary muscle. The horizontal bar L
indicates the stimulus-free period, the arrow points to the '
potentiated contraction.
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Figure 8, Contractlle responses to paired stimuli. Representative
traces of Isometric contractions at two different caicium
concentrations in the bath. The horizontal bars above parts A and B
indicate the application of paired stimulation (300 ms interval).
The arrow In part A Indicates the’ response to the first paired
stimulus. The arrow in part C shows, under the same conditions -as
A, but higher sweep speed, the Increased, peak total tension which
was measured when the response to paired stimull had stabllized.

, Potentiation was most apparent in low calcium .

N
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Eigura 9, Isotonic and unioaded contractions. The upper trace shows
the shortening profile of the contracting muscle, the lower trace .
monitors the tension on the muscle before and during contraction. -
The velocity-tension relationship could be determined from this '
type of experiment (see Fig. 10.). -
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Eigure 1Q Velocity-tension curves for paplilary muscie at four
calcium concentrations. . Data points are means = SEM for 12 control
- . {X) and 8 taurine-depleted () papillary musclies. The «'s have bsen
- displaced by 0.04 units to the right on the tension axis for clarity.
- At each calclum concentration there were no significant differences
. between the values or the extrapolated Vmax for the two
- experimental groups.
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Eigure 11, Isotonic and Isometric Contractions. Superimposed ‘ =T .
traces of contractions of taurine-depleted (indicated by arrows) and
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DISCUSSION

C | o

. General Findings - ¢

In isometric éonqractions the total tension developed by the muscle
is indicat{ye of the number of activated actin-myosin sites, which is
modulaﬁed Sy the concentration of free cytosolic ééléium. ,
_Phosphorylation of the contractile proteins increases the kinetics of
contraction, but has little effect on the maximum force developed
(Winegrad, 1984). )
In the present study it was found that during isometric contractions
taurine—-depleted muscles generated significantly 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 proloﬂéed in
taurine—depléCed m&scles, suggesting that the processes that govern
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. L
Observed relative deficiencies in the tension generated and the
| maximal rate of tension development of taurinejgepleted muscles compared
to control were maintained at four different stimulation frequencies;
both groups of muscles displayed a similar negative force staircase
phenomenon at rates above 0.1 Hz.
While with increasing stimulation frequency ra% papfllary muscles
usually display a negative force frequency relationsbiﬁm(Figure 5), an

- inverse phenomenon is observed when the stimulation is 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 that a three minute rest interval
resulted in the greatest mechanical restitution in control papillary
N muscles. This time interval was used to study the contractile

( ) characteristics of taurine-depleted muscles. While the rest period was



-

i N .
followed by potentiation of contraction, taurine-depleted muscles

retained depressed contractile responses relative to control; the muscles
generated significantly I@yer total tensions and rates of maximal tension
development, and the contractions tended to be prolonged (Table 5).

As mentioned ea;lier, paired-pulse stimulation results in
contractile potentiatione< This potentiated response to the subsequent
stimulus is demonstrated in Figure 8; the arrow points to the first
palired stimulus. Only with’ the second paired stimulus does pésentiation
occur (Figure 8A). Potentiation by paired stimulation is observed most
5 ‘ readily at iow calcium céncentrations (Table 7) presumably because at

higher calc{um concentrations the calcium buffering sfigs and calcium
uptake processes are operating at near saturation. It is possible that
in low extracellular calcium, the rise in total tension to a neWw tension
plateau during'paired stimulation represents a higher steady state of
intracellular calcium recdirculation. At higher extracellular calcium
- concentrations there is no significant increase in the total tension
during paired stimulation (Table 7); the tension plateau reached by the s
musqles is similar for the basal frequency and paired stimulation (Figure
8B). This implies ‘that at 2. 5 mM calcium and 0.1Hz stimulation (basal),
the muscle is operating at a near optimal steady state of intracellular
calcium recirculation. Pairing stimuli under these conditions or at
higher calcium concentrations may not be able to augment calcium uptake '
,into (and release from) the SR. ﬂ ’
Both 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.
N Tgyrine—depleted muscles consistently generated lower total tensions and
k maximal rates of tension development. These differences were independent L
of the extracellular calcium concentration or the paired pulse interval
(Table 7).

In order to evaluate the kinetics of unloaded contractions, Vmax and
isotonic 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 -
Q 1ndividual| actin-myosin crossbridges (which is positively correlated with



-t “ t>

©35

-

myosin ATPase activity) or the rate of rise of free sarcoplasmic calcium f§°
(immediately precediég the contraction) is not influenced by taurine
depletion. The shortening veiocity and the time to attain peak
shortening also remained unaltered in the taurine-depleted muscles, but
the kinetics of &elaxation were different compared to the control.
Relaxation time to decline to half shortening length, and the duration of
contraction were prolonged. Since the relaxation phase is governed by
the rate of removal of, free cglcium from the sarcoplasm, these findings
support the concept that taurine depletion is associated with lower ‘
kinetics~of SR calcium uptake, ) '

A weakness of the preserit 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 taurine-depleted animals .
intracellular taurine was 907 repleted while GES levels remained high
(Table 2B). With taurine repletion the QT intervals sﬁbrtened back to
control veiues (Figure 3), and thegzghtractile indices were not different
from age-matched cdbntrols (Tables 3}B and 4B).- However, when comparisons
were made to the ’younger’ control group (ie. Tables 3B, 4B GES~taurine
cf. fables 3A, 4A) although the total tension attained control levels (of
the younger controls), other contractile parameters differed'from these
controls. But since the “older’ controls also differed from the
'youngef' controls on these very parameters, we concluded that there may
be age-dependent effects which are confounding our interpretation of ‘
repletion and recovery. .Age-dependent contractile differences in rat
myocardium are well documented (Froechlich et al., 1978; Lakatta and Yin,
1982; Wei et al., 1984), and in our study tauripe-repleted animals were
11 weeks older than ’‘younger’ controls. However, since the present
experiments had a small sample size (Tables 3B and 4B) our results need

to be confirmed and clarified in future studies. - .

Y




The Role of Calcium in Muscle Contraction

Between contractions the congractile 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(I
subunit chereby(releésing the inhibitory proteins’ action. Theﬁhalcium
responsible for activating the contractile proteins is released from
stores in the SR by membrane depolarization and translocated across the
sarcolemma via the second inward current (Isi) duéing the plateau of the
AP (Morad and Goldhan, 1973; Fabiato and Fabiato, 1975). Thué’the~
perfofmance of the heart as a pump and its contractile characteristics
during the muscle shortenihg, is, to a large extent, dependent on the
.concentration of calcium in the cytoplasm following depolarization.

) 'Couversely, the rate of relaxation of mammalian cardiac muscle is
directly related to the rate of cytosolic calclum decrease from systolic

concentrations (10'5

M) to diastolic concentrations (10—7M). The rate of
calcium removal from the cytoplasm depends on three factors: (I) the
uptake of calcium into subcellilar compartments (primarily the SR), (II)
the extrusion of calcium across the sarcolemma, and (III) the
phosphorylation state of the contractile proteins,' since phosphorylation
of troponin I decreases troponin affinity for calcium, enhancing muscle
relaxation (Winegrad, 1984). Although the three processes operate
simultaneéusly, in the rat heart reuptake is the single most important
factor controlling the beat—-to-beat calcium homeostasis.

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 isotonlc contractions are, to a large degree,
Xdependent on the rate of removal of calcium from the cytoﬁ{;sm. In thig
study there were three ma jor contractile changes observed in
taurine-depleted muscles: (I) lower total tension and lower maximal rate
of tension increase, (II) the durations of both isometric and isotonic
twiiches tended to be prolonged, and (III) the relaxation phase of

isotonic contractions was prolonged. Alterations of extracellular

calcium concentration had little or no effect on the magnitude of the

i
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'Elgure 12, Caicium and the Cardiac Cell. A model of the cardiac cell
after Katz (1977). A, B, C and D refer to the possible sites of
intracellular calcium buffering: A - the ‘"inner leaflet™ of the
sarcolemma, B - the sarcoplasmic binding compounds, C - the
sarcoplasmic reticulum (SR), D - the mitochondrion. Heavy black
lines indicate caicium circulation between the SR, the sarcoplasm
and the myofibrils. Three modes of calcium movement across the
sarcolemma are indicated: (a) that through specific caicium channeis
dyring the action potential (Isi), (b) the Na/Ca exchanger and (c) the
Ca-ATPase pump. ‘
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contractile changes from control. Each of the altered contractile
parameters 18 likely, however, to reflect intﬁaggllularfcalcium fluxese.
Hence, although no direct measurements of myocardial calcium content ;r
fluxes were done in this study, the data suggests cha&‘taurine'deficiency
alters intracellular calcium handling by the myocardium.

< In order to further interpret the data, the processes which alter
intracellular calcium oscillations and the possible role of taurine at
each of these levels must be analyzed. These inter-related processes
can, for clarity, be categoiized into three groups: (I) trans-sarcolemmal
currents and calcium fluxes, (1I) ’‘passive’ 1ntra£ellular calcium
buffering, pnd (III) calcium uptake, storage, and release bi

intracellular compartments (mostly the SR).

Sarcolemmal Modulation of Calcium Fluxes

Ventricular contractions are usually initiated by sarcolemmal
depolarizations. The ventricular AP of the rat can be divided into three
phases: depolarization, brief plateau, and repolarizatiomn. The
depolarizing upstroke of the AP is attributed mainly to the fast inward
sodigm current (tetrodotoxin (TTX) sensitive) (Mitchell et al.,” 1984).

-

This’ large sodium conductance is brief because of rapid voltage
inactivation of the channéls. Concurrently with the voltage inactivation
of Na=TTX channels, a transient outward potassium current
(4-aminopyridine sensitive) occurs that gives rise to a rapid
repolarizing deflection (Mitchell et al., 1984)« The Isi is thought to
be fiediated mostly by calcium lons passing

through specific channels (Isenberg and Klockner, 1980) and to be
responsible for the genesis of the plateau phase (Isenberg and Klockmer, |
1980). " ‘

The brief plateau phase in the rat stands in sharp contrast to the
prolonged plateau encountereld in other mammalian species, such as the
guinea pig (Coraboeuf et al., 1968). This short plateau of the rat AP
may result from two specific electrophysiological phenomena: high
intracellular free calcium — calcium current inactivation (intracellula:x

calcium inactivating Isi). (Josephson et al., 1984a), and an early'onigk
u’

[
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outward current (Josephson et al., 1984b). ‘
Finally, the rat AP has a pronounced slow phase of Eépolarization

which is dependent on the balance between outward conductance (most
‘likely due to potassium) and a depolarizing exchange current. The
depolarizing Na/Ca exchange'méchanism is in  turn dependent on
intracellular and extracellular sodium and cafkium concentrations
(Schouten and terKeurs, 1985).( It is a low affinity, high capacity
system that operates electrogenically, exchanging three sodium ions for
one calcium ion (Pitts, 1979). During the sloy repolarization phase of
the AP this Na/Ca exchange mechanism is involved in extruding calcium
lons across the sarcolemma, thus prolonging the repolarization process.

In addiﬁlon to the Na/Ca exchanger and the calcium channel (Isi),
heart sarcolemma contains a specific calcium transporter:
calcium~adenosine triphosphatase (Ca~ATPase) (Caroni and Carafoli 1980).
This ATPase is a high affinity, 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-micromqlar range, and to the transport of bulk
amounts of it. The sarcolemmal mé&brane also serves as a regulator of
calcium influx, which, in case of rat, triggers contraction vi; itsg
effects on the SR (Fabiato, 1983; Bers, 1985).

Rat héarts depleted of taurine show a prolonged duration of ‘the
ventricular AP (Lake et al., 1987), but the mechanism is as yet ug&nown.
One possibility is that changes in intracellular calcium homeostasis, as

'suggested by the present observations on contractility, may lead to a
prolonged slow repolarization phase (see below), but further studies are
_ required to exgiore this hybothesis.\ -
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Pagsive Intracellular Calcium’Buffering v

[y A - ”
The very low concentration of ionized calcium within heart cells,

" and the cight regulation of intracellular calcium fluxes are a

consequence, in large part; of high affinity|binding of calcium with
specific proteins (Fabiato, 1983). ' These proteins can be inided into

twq'funcﬁional classes, depending whether they are intégral components of“

membranes, or soluble in the cytoplasme The relative contribution of
these two classes of proteins tq‘homeostasis of caleium is still,
however, an unresolved qeestion.

There are two classes of soluble cytosolic compounds capable of
binding celcium: specific binding proteins} and low_molecular weigﬁt
compounds. They are both able to chelate calcium as well as other
divalent cations (Carafoli, 1985). Calmodulin, present in micromolar
concentrations in the cell, and troponin C, areoﬁhe two specific
calcium-binding proteins. Their primary role, however, may not be to
provide cytosolic buffering for calcium, but rather to mediate signal
transduction. Low molecular welght compounds such as adenine,

nicotinamide adenine nucleotides, inorganic phosphate, citrate and other

.tri- and dicarboxylates coutribute"significantiy to the buffering of

cytosolic calcium, keeping its ionic activity lower than its total
concentration (Carafoli, 1985). Future eiperiments are required to
assess how taurine may influence-calcium binding by the various cytosolic

-

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

" question.

While osmotic limitations restrict the quantity of soluble

calcium-binding compounds, calcium complexing proteins.integral to

- membranes are not so limited. In fact, sarcolemmal and sarcoplasmic‘

,reticular membranes are able to bind calcium in large amounts (Fabiato,

1983). Fabiato (1983) argues that despite their large capacity for -
binding, the available sarcolemmal binding sites may not be the major
contributors to physiological bugfering of free ionic caleiym because of
their low affinity. \

However, because many studies have suggested a ftole for tauri

tegulating the membrane affinity for calcium, intracellular calcidm

’P

~




‘binding to the membrane, suggest that taur

buffering via the sarcolempal membrane needs to be re-assessed in the

presence of physiologic concentrations of intracellular taurine. In the
late seventies Kulakowski et al. (1978) demonstrated the existence of
high and low %ffinity taurine receﬁtors on the sarcolemma. Chovan eE ale
(1979; 1980) found that taurine enhanced calcium binding to the membrane
and postulated that low affinity sarcolemmal taurine receptors are
involved in the regulation of calcium binding to the sarcolemma. MorF
recently, Sebring and Huxtable '(1985) reported that taurine increased
high affinity calcium binding to sarcolemmal vesicles in buffers
mimicking intracellular conditions (low ﬁi, high K), while it had no

" effect on calcium binding in buffers mimicking extragellular conditions.

It has been demonstrated that the sarcolemmal membrane is asymmetrical in

nature, and that there are significané differences in calcium binding to

.its respective sides (Nayler, 1982), Although Sebring and Huxtable did

not determine the ‘sidedness’ of their vesicles their findings suggest
that if taurine modulates calcium binding, the process occurs on the

intracellular side of the membrane. This hypothesis is consistent with

.the fact that high taurine concentration (in the ‘modulating’ range) is

found only in the sarcoplasm, not in the extracellular fluid. In the
future, in order to gquantitate the effects of taurine on calcium binding
to ‘the, 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. . C

Although presently it i1s not kpown how taurine may alter calcium
binding to the saréélemma, recent studies, which evaluated taurine

z:e may interact with the

membréne phospholipids (Sebring and Huxtable, 1985). It is possible that
this taurine—pﬁospholipid interaction on the inner aspect of the o
sarcolemma changes the membrane binding dynamics for calcium. |
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‘h{ntracell{ular Sites of Calcium Uptake and Storage
¢ PARE
o Within heart cells, calcium transporting systems are found in the

mitochondria and the SR, There are three basic calcium transport modes
/ found in these otganelle;: calcium ATPase, Na/Ca exchanger, and

electrophoretic uniporter (Carafoli, 1985). Assuming, arbitrarily, a Ka
of 1 uM as the dividing line between the high and the low affinity uptake

‘systems, only the ATPase transport systems fall into the high affinity

class. There are two different ATPase calcium transporters. one in the
sarcolemma (mentioned above), and another one localized in the SR.,6 The
two transporters have a similar value for Km (about 0.5 uM Ca), but Vmax

_for the SR enzyme is about 40 to 60 times greater than the sarcolemmal

one (Carafoli, 1985). Na/Ca exchangers are found in both the sarcolemmal
and the mitochondrial membranes, but the Vmax of the mitochondri

exchanger i8 much lower that that of the sarcolemmal (Carafc;li, T\S).

\ The electrophoretic calcium uniporter is found only in the mitochondria.
It is a low affinity uptake system that was found to have a low Vmax for
calcium transport, when tested in a buffer containing phyéiologic
concentrations of magnesium (Carafoli, 1985)

The existence of low and high affinity transport systems for the
regulation of the intracellular calcium concentration is in keeping with
the different demands of the signalling function of calcium. During the

o contraction and the relaxation cycle of the myofibrils, rapid amd precise
modulation of calcium in a very low ionict: concentration range is
required. However, since cardiac function is dependent on many variables
(ies load, volume, nutrient/oxygen delivery etc.), in some instances
larger amounts of calcium may have to be transferred from c;)mpartnients

~when its lonic concentration has increased to the micromolar range and
above. Under such conditions, low affinity transport sysiems fo;: calcium

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

s

caleium occurs, linked to the contraction/relaxation cyclé, is not well
- defined, since there is no precise information on the value of

sarcoplasmic calcium ion activity during tension develoémént:. Calculated

values iundicate that sarcoplasmic calcium oscillates below the micromolar

0 range during con”tféqtion/relaxation cy’cles,Ewith the exception of {Seak




activation — when this value may be exceeded (Fabiato, 1983). Thus the

systems regulating cardiac calcium must operate efficiently at
concentrations below one micromolar. Since the high affinity, large.-
capacity uptake system for calcium i8 found predominantly in the SR, this
organelle is generally accepted as the structure on which heart cells |
depend for the fine regulation of sarcoplasmicvcalcium. ‘

The reported results of studies that have evaluated the effects of A
taurine on calcium binding fo, and calzium uptake by the SR, as well as
-the effects of taurine on ATPase kinetics, are not in agreement; howeverl
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
millimol;t concentrations of taurine increased (by about 25%) the rate of
calcium uptake as well as the total sequestering capacity of the vesicle
(Huxtable and Bressler, 1973). But in another study, 20 mM taurine had
no effect on calcium binding to SR or on Ca;Mg—activated ATPase activity
in partially purified SR vesicles -from rat hearts (Chubb and Huxtable,

978). Contradictory results have also been reported for taurine effects
on gt;inea pig SR (Dolara et al., 1976; Remtulla et al., 1978).

Although some investigators still argue in favour of a mitochondrial
contribut on to calcium homeostasis and tension control in cardiac muscle
(Fry and,{:uller, 1985)., other studies indicate that mitochondria within
normal heart cells do not store large amounts of rapidly exchangeable
calciux; (Barnar}l, 1981; Somlyo et a]:., 1982). Most of the evidence
indicates that mitochondria can play a role only in long term calcium
homeostas;?.s in the heart (see discussion in“Ca\rafoli,' 1985). It would be
instructive ‘to evaluate the role of taurine in mitochondrial calcium
metabolism in the heart. This would be particularly interesting in
congestive heart failure, when myocardial taurine levels are known to
double (Huxtable and~Bressler, 1974).

Although the regulation of calcium fluxes within heart cells has
been studied for years, relatively little is known about the role of
taurine. The effécts of taurine deficiency in the heart can be studied -
i:y the use of the taurine-depletion paradigm. Rat hearts deplétedwof
taurine show electrophysiological (Lake et al., 1987), and contractile
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changes, but the mechanism is still not established. Exogenous taurine

has been demonstrated to influence éalcium binding to the sarcolemma,
and, in some studies, calcium exchange by SR. No studies are available
on sarcolemmal currents in hearts depleted of taurine, or on the effects
of taurine in mitochondrial metabolism of calcium. Although the effects
of taurine deficiency offer only an indirect way of looking at taurdne
action, this approach has opened a new avenue of investigation of the
physiological role of this compound in the heart. . The present
contractile studies, which utilized this ap.proach, indicate that taurine
:lepletion may be associated with calcium-processing deficiency of the SR.
Ve . ’ - .
Interpretation of Major Findings in Light of Calcium Homeostasis

The most recent hypothesis of ECC mechanism in the rat (terKeurs,
1987) states that following the upstroke of the AP, calcium entry into
cardiac cells (via Isi) triggers calcium release from the SR. Calcium =
released from the SR then activates the cont;ractile machinery, and,
during the relaxation phase of con&action, is partially sequestered into
the"SR together with some calcium that entered the cell during the AP

* (Fabiato, 1983). Since calcium influx across the sarcolemma must, in the

steady state, balance calcium efflux ~ the remaining calcium leaves the
cell through’ the sar@olemma, partially in exchange for sodium (Na/Ca
exchanger), gnd partially via the calcium pump (sarcolemmal calecium
ATPase). ‘ ) ;

In the early eighties, investigators who studied “the /kinetics of the
Isi concluded that there is an iw§e4‘éléflonship between the magnitude
of this current and its duration (Marban and Tsien, 1981). In the
following year, elaborating on this fiqding, a model for calcium
dependent calcium channel inactivation wvas proposed (Standen and
Stanfield, 1982). Two years later this hypothesis was tested in rat . B

ventricular cells and Isi was shown to be inactivated by intracellular —

‘calcium (Josephson et al., 1984a). This hypothesis was further tested in

combined contractile and electrophysiological studies (Schouten and
ferKeurs, 1985). In these studies the ‘post—extrasystolic potentiation’

protocol was utilized in order to obtain contractile potentiation; the
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baseline stimulation of a contracting muscle was followed by a short-

. burst of stimuli, then the stimulation waq_iqcerrhpted for a given time

interval, after which a single isometric twitch, with its accompanying
AP, was recorded. The force of contractiﬁﬁ was found to be increased,

the duration of the plateau of the AP was shortened, while the

repolarization phase and the overall duration of the AP was prolonged.

~The proposed mechanism was such that greater calcium release following

the brief stimulus interruption gave rise to more vigorous contraction,
and resulted in earlier inactivation of the Isi (hence the shortening of —
the plateau of AP). At the same time, the higher level of sarcoplasmic
calcium present during the relaxation phage of contraction served as -
additional substrate for the Na/Ca exchanger, thus proloﬁging the
repolarization process and AP duration. Other studies that utilized
different contractile protocols (1ie. paired pulse paradigm) 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 ECC hypothesis. This
interpretation may provide some insighté into the physiological role df
myocardial taurine. B

In the present contractile studies it was found that total temsion
and the maximal rate of temsion development were significantly lower than
control in taurine-depleted muscles. These differences were independent
of calcium concentration in the bath or the rate of stimulation. Since
these tension parameters are. dependent on the level of sarcoplasmic
calcium during contraction, these. findings suggest that in ,
taurine-~depleted muscles the release of calcium from SR may be\depressed.
With less calcium release from SR, a smaller fraction of myofibrils would
be activated, hence iower total tensions.and decreased maximal rates of
tension development>would be expected during isometric contractions. The
s1miiar time to peak tension of isometric contractions of
taurine~depleted and control muscles, suggests that the actual aﬁount of
relgased calcium 1s depressed.

One way to depiess_SR calcium release might be by decreasing calcium

/
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uptake into this 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, to a large degree, upon the rate
of removal of calcium from the sarcoplasm. A decrease in SR calcium
uptage'in taurine depleFFd hearts is compatible with the work of Huxtable
and Bressler (1973). It 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 twézch duration found in the taurine depleted
rat hearts. Since force freq¥ency studies in taurine depleted myocardium
gave rise to a similar negative staircase responsercompared to control,
abnormalities in calcium transport, if present, do not appear to be
stimulation rate dependent. .

In addition to our contractile findings, egrlier
electrophysiological studies conducted in our laboratory (Llake et al.,
1987) are consistent with the interprgtation,chat taurine depletion is
assoelated with lowered calcium uptake and release by the SR. Slower
repolarization led to sighificant prolongation of the AP duration
observed in the absence of upstroke changes in rat papillary muscles
depleted of. taurine (Lakg et al., 1987)., If taurine-depleted muscles
have slower calcium uptake into the SR,'more calcium may be recirculating
through the sarcolemma. Hence, with each Beat, delayed repolarization
may be reflective of relatively higher activity of the sarcolemmal Na/Ca

exchangée mechanism. ’ -, )

’ There is an alternative explanatioﬁ for the above findings. Taurine
depletion may decrease calcium release by the SR indirectly. It 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 shown. Some support for this ‘alterad SR
calcium storage’ hypothesis comes from the studies which showed that when

timulation was interrupted for three minutes (the time required in
controls for maximal potentiation of contraction), taurine depleteé
muscles still generated signifi%antly lower total tensions than controls.

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

R s
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the SR appears to be lower in cau?ine-depleted muscles, possibly because

the releasable pool is smaller. .

Thus from this study it would appear that the high physiological -
concentrations of myocardial taurine may be important in intracellular
calcium homeostasis. The contractile data indicate that taurine-depleted
muscles have qepressed”codntractilit:y. The specific contractile changes
suggest that calcium handling by the SR may be altered in ' N
tahtine—depleted muscles such tha®vcalcium release by the SR is decreased
during muscle contfaccions. The depressed calcium release by the SR may
:bé a Z{nsequence of decreased calcium uptake and storage by this
organelle in taurine—depletgd muscles+ Decreased kinetics of calcium
uptake by the SR and, copsequently, relatively higher activity of the
Na/Ca exchanger, could account for both the contractile and the

electrophysiological changes observed in taurine-depleted muscles.

o
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