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ABSTRACT Lo
. ="

The essential role of creatine phosphate (CP) in energy
utilization~in the myocaﬁgium was i;vestigated in é;eatine
depleted rats, Depletion was achleved by feeding rats a diet
guppleménted with strucfural analogues; eifhér with 27
B-guaﬁidinobutyric acid (GBA) or 17 B—guénidinopropionic acid
(GPA). Both analogues are poor substrates for creatine Einase.
After 7 weeks, total creatine (creafine and CP) decreased in the

left vegtricle by 757 in both GBA and GPA groups as compared to
pgir fed controls. Aftér 10 weeksg, the decline in total creagine
was by 807 in the GBA group and by 847 in the GPA group.

The effects of creatine depletion on mypcardiai performance
were tested first at the tissue 1evel,-by éssessing the
contractile properties of isolated ventricular papillar& muséles
and second, at the whole organ level by investigating the
.heabdynamic per??fﬁance of the i1solated blood—perfuséd working
rat heart. - |

Creatine depletion of 75-90% did not alter contractile
characteristics of single isometric twitches. Also, the
imposition of trgins pf high frequency stimuli did not
significantly altcf‘the performance of the creatine depleted
papillary muscles from that of contro}\gegil&ary muscles at 25°C
or 31°C. However, the subsequent recovery from the tra&ns af

high frequency stimull was significantly longer in creatine

deﬁleted muscles than in the controls. Paired stimulation did



vi.
not affect the ctreatine depleted muscles more than if did the

v
controls at intervals longer than 180 ms. However, fuslon of the

two twitches occurred at significantly longer intervals in the
creatine depleted muscles than in controls. Hypoxia did not
alter the contractile characteristics more adversely in. creatine

. '“—‘--n\ .
depleted muscles”than in controls at a low stimulation rate.

Heﬁodynamic performance was measured in the isolated bload
perfused rat heart preparation and no significant differences
were observed in the creatine depleted hearts when compared to
controls in the maximum and submaximum cardliac output at a
constant arterial pressure of 110.cm H2

time the crgatine depleted hearts were able to maintain the

0. However, the 1ength of

- submaximal performangm was decreased with decreasing 1e¢els of
total myocardial creatine. Under hypoxemic conditions, the
submaximal performance in creatine depleted hearts began to
decline at a significantly higher partial pressure of oxygen,
The number of hearts that survived in the GPA group was
significantly less than In the control or GBA groups at higher
ﬁartial pressures of oxygen.

Créatine depletion of 75~90% did not~alter contractile

dhafacferistics of papillary mfisctes, nor the initial performance

of the .isolated blood perfused rat heart, Therefore, 1t does not

—_—

appeér.that CP 1s essential in the heart on a heat-to-beat basis,

but it is important in buffering ATP .levels.



INTRODUCTION

Living cells use adenosine triphosphate (ATP) as a source of
‘energy in numerous functions.. In the myocardium, for example,
fatty acids and glucose are oxidized aerobically to produce ATP
-and—the energy generated by ATP production is used in the steps
of excitation, contraction and relaxation (as reviewed by Bing
1965; Ross and Sobhel 1972; Neely and Morgan 1974), Creatine
phosphate (CP) also plays a role in energy provision but has
always been considered a buffer, or a secondary store of energy
maintaining ATP levels. This classical view of CP has been
accepted since CP is present in the myocyte at a coqcentration
five times that of ATP. Also, during contraction, the termi?§1
phosphate group (~Pi) is cleaved off from ATP and 1s replenished
‘hy CP, preventing a decline in ATP levels.

However, with the discovery of creatine kinase (CK) isozyﬁes
and theilr specific location within che cell, the concept of the
relative importance of CP in cellular energetics has changed.
Moreover, several 1nyestigators (Seraydarian et al. 1961;

Gudbajarnason et al. 1970; Dhalla et al. 1972) who attempted to
correlate some index of myocardlal contractility with tissue
levels of ATP, illustrated iIn experiments using ischemic and
Anoxic models, that ATP did not correlate well with
contractility, but CP did. These findings led to "functional
compartmentation” of ATP and then to the hypothesis about CP,
acting as a shuttle, transferring high energy phosphate between
discrete ATP pools In cellular sources and sinks (Bessman and

Geiger 1981; Saks et al, 1978). The hypothesis was well

received, particularly because within cells, creatine kinase (CK)



isozymes hdd.beén discovereq to be in the vicinitv of organelles
involved in energy proddgtion and consumption.

On the other hand, it has also been proposed by Mever et al,
{1984) that CP.funstions as an energy buffer which can provide a
mechanism for faciizﬁated diffusion of high energy phosphates,
Mainwood and Rakusan (1982) proposed that CP maintains a high
ATP/ADP ratio at the sites-of utilization by its abilitv to
diffuse faster throughout the cell. In addition, Garkinkel and
Kohn (1980) suggested,tﬁat CP buffers against sudden changes in

oxygen supply and demand during transition from low to high )
workloads by maintaining high ATP levels in a myocvte.

In attempts to determine what the funetion of C? is in
energy fransduction, researchers have used creatine analogues to
étudy the effects of creatine depletion on skeletal muscle
fﬁnction (Fitch et al. 1974, -1975, 1978: Fitch and Chevli 1980:
Petrofsky and Fitch 1980). <These studies have 1llustrated that
Cf is not essential for skeletal muscle function. 1In fact,
endurince of some muscle types was improveq in CP depleted
animals, )

This study was undertaken to determine if the reduction of
total creatine (crea;ine and CP) will affect the norﬁgl
functioning of the heart, thus determ;ne if CP 18 an essential
transporter of energy or an energy buffer in the myocardium. Ve
will déscri;e experiments in which contractile characteristics
and hemodynamic parameters have been investigated in rats that

were depleted of total creatine by the substitution of structural

analogues, B-guanidinobutvyric and B-guanidinopropionic acids.
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REVIEW OF LITER&EURE

A) Myocardial Energy Production and

-

onsumption

The heart works continuously e&ven when an organism is at

fesf, and unlike skeletal muscle i} can work for only several
~

geconds in the absence of oxygen. the heart is deprived of

oxygen, aerobic energy productlion falters an ’thg pump's
performance deteriorates within seconds (BrJznwald, 1979). The
beating heart, per-gram, consumes 0.08 to 0?15 ml. of oxygen per
min and the energy derived from thiélox§gen_consumption 1s used
to maintain norma} pump function {Gibbs 1978).

Energy is generaped with or without oxyvgen in one of two
ﬁetabolic pathways, glycolysis or oxidative phosphorvlation. As
has been reviewed by Glbbs (1978), in the heart under normoxic
conditions, the major energy producing reaction is oxidati;e

s

phosphorylation which must be sustained if the heart is to
maintain normal function. Under hypoxic or ischemic conditions,
ATP production takes place predominantly by the glycolvtic
pathw;y and compensates for the cessation of aefobic ATf
production for a short period of time. Ultimately, under
ischemic conditions accumulation of glycolytic intermediates and
protons, qccurs, leading to the inhibition of glycolysis and to
the development of intracellular acidesis which results in
inhibition of all energy production (Ach et al., y979).

r Oxidative phosphorylation takes place within the
mitochondria that are lined up in parallel w%th the myofibzils.
Fats, carbqhydrates and 1acta€g are, the main substrates for

aerobic metabolism and are oxidized to carbon dioxide and water

by the tricarboxylic acid (TCA} cycle (summarized by Lehninger
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1971). Carbohydrates or fatty aclds are depraded to acetyl-CoA
(acetyl coenzyvme A) and enter the TCA cvele which generates ATP
through a series.of oxidatlve reactions, catalyzed by enzymes of
the respiratory chain. These enzymes are-tightly bound to the
inner surface of the %Pner mitochondrial membrane, coupling ATP
formation to oxidation of nicotinamide—n&:;} e dinucleotide

N

(NADH) and flavin-adenine dinucleotide (FADH These reduced

coenzymes have been produced when carbodydrﬁtes and free fatty
aclds were oxidized in the TCA. During the oxidation of NADH and
FADH2 in the respirétory chain, a large amount of energy is
liberated and can be trapped in the form of high-energy phosphate
bonds of tﬁe ATP, TFrom one single mole of glucose, 36 moles of
ATP can be produced through this qxidativ; process while through
anaerobic glvcolysis only two molgs of ATP can be produced.

The rate of ATP production in £he mitochondria is determined
primarily by the availability of substrates, oxygen and the
relative concentrations éf AfP,'ADP and inorganic phosphate ("1}
(Kohn et ai., 1979). As long as the myocardium reﬁains_well
o¥ygenated, ATP is formed at the rate at which 1t 1s utilized and
a fine balance is usually maintained between oxygen supply and
demand. However, pathologlcal conditions creating chronic
overload situations, increase the requireﬁent for oxygen that may
surpass the aerobic capacity and compromise the\fdnction of the
m&ocardium (Braunwald, 1971Y.

Researchers as early as 1915 (Evans and Matsuoka 1915)
noted that a d;rect correlation between cardiac oxygen
consumption and the work of the heart existed. Sarnoff et al.

‘

(1958) recognized the importance of oxygen demand and discovered
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that greater oxygen cost was incurred when cardiac work increased

during "pressure work" as opposed to "volume. work". These

.authprs realized that tension development against augmented

pressur? (Increaséd afterload) required greater expenditure ofd
energy than when Increased work was the result of greater volume.
Thus, wall tension was observed to be a fundamenfal determinant -
of oxygen consumption in the working heart. A later study showed
that othea parameters such as the velocity of contraction was
also a determinant of oxygen ;onsumptionl(Sonnenblick et al.
1966). By the earlv 1970's, the requirement for oxygen was
accepted as a function of several comhonénts of ventricular
contractioﬁ (Braunwald 1971):,

- tension development .

- velocity of contraction

—~ contractile state

- heart rate
: ~ basal metabolism

- depolarization

- repolarization

- direct metabolic effects of catecholamines

’
- activation

////;/’/ -~ maintenance of active state

\

a

- shorténing agalnst a load -- the Fenn effect
) o .
8

The supply of oxygen was recognized as being determined by

- relaxation

{Weber 1979):

- arterial oxygen content

- hemoglobin concentration



- myoglobin concentration
- cofonary flow and its distribution through the
mict;circulatory network, éuch as redistribution ;ﬁ
flow from non-exchanging to exchanging vessels
- density of open vessels
- anatomlc characteristics of the coronary
microcirculation, including the relation of
caplllaries to ﬁyocardial fibers and the diffusion
distances for oXygen
-~ the proportion of the delivered oxygen that is
driven from the“cépillaries into the intracellular
coﬁﬁartment.
ﬁalaﬁce between oxygen demand and supply is essentinl to
maintain optimal myocardial function. An increment in
wentricular chamber pressure, volume, inotroplc or chronotropilc
state of the heart, increases the metabolig demand and an
increase in oxygen supply 1s essential. Since 1t takes time (30
to 60-seconds) for adjugtments to take place to,increase oxvgen
and substrate delivery, the heart must have some readily
mobilizable reserve of chemical energy to meet sudden increases

in ATP utilization. This role has been given to CP 1n the early

1900's after the discovery of ATP (Lohmann, 1929),
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B) High Egéréy Phosphogens

#Creatine was first described by Chevreul in 1835 who
isolated it 1n a crystaliine form from meat extract. Thunberg
(1911) was the first to show that adding cteatine to respiring

muscle homogenate increased the rate of oxvgen uptake. Riesser

(1922) who was impressed by the distribution of creatine within |

. I
‘tissues found that 1t was present In greater amounts in rapidly 2?

contracting white muscle than in the slower red muscle.

Prior to 1927, crgatine was considered to he the onl
ess%ntial enerpgy component of muscle function. But in 19%3, a
"phosphogén" (now referred to as CP) was discovered by the
Fggletons (Eggléton and Eggleton 1927) and iﬁdependently by Fiske

IS
and Subbarow (1927). It was the first compouné to be
characterized as aﬁ energy metabolite carrying a‘"high energy
phosphaté& bond". \Subééquently the energetics of CP hydrolysis
were quantified by Meyerhof and Lohmann in 1928, and in 1930,
Lipman and Meyerhof had shown that CE broke down during muscular
'activity liberating free creatine. 1t was at this time that CP
was established as a direct energy domnor.

The role of CP in muscle contraction became complicated by
the discovery of ATP by Fiske and Subbarow i; 1929 and by Lohmann
(1929).- In 1934, Banga and Szent—E;Brgyi demonstrated that
actomyosin contracts only upon the addition of AT%. In 1934
IL.ohman proved that CP éplitting in muscle could not occur unless
adenylate compounds were present and showed that the "Lohman
reaction" (as 1t became known) was reversible:

£

Y +
ATP + C = ADP CP

. “\
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In the early 1940's, CP was considered to he an energv
buffer made available %or resynthesis of ATP, which was used in
muScle contraction. . However, in physiological termé.no direct

fexperimental eyideqce showed that ATP was the true energy, donor
\\\\gznce no one had demonstrated that ATP broke down iﬁlliving
muscle. So far, wifh either-sihgle twitches or tet;;?,”rhe only
changes in high-enéfgy compounds seemed to he the breakdown of CP
(Meyerhof and Suranvi 1927{ Héyerhof and Schultz 1935). Hilt
(1950) challenged'biochemists to show that ATP was truly the
source of energy for muscle contraction. Tn fact, in 1954
Mommaerts showed that ATP levels did net change during
contraction, sgppgrting Hill's challenge. THrect proof that ATD
was the immediate source of energy for contraction was finally
provided by Cain and Davis (1962}, who demonstrated a decrease in
ATP in single twitches of muscle poisoned with{l-fluoro-2,73-
»
dinitrobenzene (FDNB, a nan—specific inhibitor ofNcreatine
kinése). AdenosineKdlgbdsphate fhereased while no chpnges In
levels of CP were observed.

This presumably settled the role of ATP and CP In muscle
contraction; when ATP was consumed during the contraction, it wasg
replenished by CP. However, the details of energy aﬁﬁbﬁv and
demagd within a cell were still nebulous.

Studies on energy utilization in cardiac tissue hy
Gudbjarnason et al. (1970), Seraydarian et al, (1961), and Dhalla

= A et al. (1972) emerged with the conclusion that under conditions
of hy ia, ischemia or energy restriction by inhihitors of

glycolygls and oxidative phosphorylation, a rapid decrease in CP

content’ (by 75%) accompanied the decline in contractile force.



The modeat changes in ATP (decline bnyQZ) were difficult to
explain wﬁeﬁ?cardiac contractions stopped. Moreover, Gercken and
Schlette (1968) showed that CK inhibition in intact_cardiac cells
allowed,only a qull pool of ATP to be u;:d-directly for
contractaon. {
Similar results were obtained in experiments that correlated

the declining CP levels with th; decreagse in the ability to
develop tension both in the frog sartorius (Seraydarian ;t al .-
1961), and in the mouse soleus {Spande and Schottelius 1970),
Furthermore, increased rates of relaxation in frog gastrocnemiu;
correlated with dimdnishing CP levels in exper;mentizwhere a b
stimulus was given untf& the muscies were fatipued (Dawson et al.
1980) . ‘ . ¥

| A postulate arose from these experiments thaf a large part
oi/;he'cellular‘ATP is not directly accessiple for use in
contracti;n, that only a small amouﬁt oé ATP around the
mydfib;ils is available and has a high rate of turnover. When CP
declines and is nofﬂ}egenerated, this portion of the ATP pool 1is
not replenished é d contraction ceases (Gudbiarnason et al.

J l

I )
1970). It was furtker postulated, that this small pool of ATi is
. ‘ : . !
normally replenished at the expense of CP, which had heen

-
v

suggested to be a carrier of high energy phosphate bonds
connecting mitochondrial ATP p501§ and possibly pther pools
within a cell. — '

Studies conducted between 1964 and 1973 lead to the
recognition of two Important aspects of intracellular energy
transport. One, that functional compartmentation of ATP in the
cell may prevent rapld transport of energy within muscle cells

and two, that a GB pathway for energy transport from the
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‘compartmentalized sites of ATP to the sites of utilization

involving several creatine kinase isozymes may exist.

Creatine kinése (ATP:creatine-phosphotranaferase, EC2.7.3.2)
was first‘described by Burger et al. (1964) who ident{fied three
isozymes of CK separable on apar gel e1ectrophor;sis and named

them MM,-MB and BB, That same vear, Jacobs et al. (1964)

isolated. a fourth CK present in mitochondria from isolated bratln,
heart and skeletal muscle. This CK was further identified by and
specified by Sohel et al. (1972) as CKm. Ry 1973, Scholte had
proven that CK; is bound to the outer side of the inner,

mitochondrial membrane nné\that it accounts for approximately 407

of the total enzyme activity within a cell. r!

, r]
0f the other isozymes, MB, BB and half of MM are located in

the cytoplasm and account for another 407 of the total CK

activity. The remaining MM igsozymes are bound to myofibrils,

-

sarcoplasmic reticulum and plasma membhrane, accounting for 207 of

the total CK activity. The fraction of MM bound to the

I

mycfibrils was shown to be located at the M-lines of the
) \

sarcomeres (ﬁ%rne?‘et al, 1973; McClellan et al, 1983; Savabi et
al. 1984) and appears to be an integral element of the M-l1ine
structure and the A bands (Sharov et al. 1977; Mani and Kay
1976). Tn contrast the BB isozymes were demonstrated to exist on
the Z line region, but only in the chicken gkeletal muscle and

;

heart (Willimann et al. 1977)., ]
Yagi and Mase (1962) and Mani and Kay (1976) proved that the
MM isoczvme binds to isolated, purifed myosin. When CP and ADP

were supplied to the myosin, the myosin ATPase activitv was much

higher than when ATP was added alone in the presence of calcium
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ions. MeClellan ét al. (1983) ﬁléo provided evidence for the :
presence of adenine nucleotides at the myofibrils, proving that
the two were tightly bound, 'They concluded that the bond

A

necessitates the phosphoryvlacion of ADP to ATP at the site and
that the conversio?jwas done by the CP-dependent CK at.the .
myofibrils. These findiﬁgs have led investigators to conclude
that botﬁ the energy production and 1its consumption depends on

bl

highly active CK and that Fhe very specific 1ocalizaFion and )
activity of the isozymes 1s unique tc cardiac cells, playing a
key role in intracellular energy regulation.

The first investigatofs to formulate the CP-shuttle
hypothesis were Gercken and Schlette (1968). Tﬁey postulated
that, once the ATP produced by oxidative phosphorylation is
transferred from the inner mitochondria to the intermembrénous,
spacenfGP is formed and diffuses to cytoplasm. It then can be

used for ATP synthesis by the cytoplasmic CK isozymes located

near the myofibrils. The créati%e

formed in this reaction
o

—

shuttle%pgack to the mitochondria to stimulate respiration and
produce more ATP aqﬂ ultimately‘CP that shuttles to the sites of
utilization (Figuf;{l). This hypothesgis in the last two decades
has been supported\and expanded by a number of investigators
(Bessman and Fonyo 19663 Saks et al. 19743 1975; LQQE; 1978
1980; Gudbjarnason et al. 1970; Seraydarian et al. 1974; Jacobus
and Lehninger 1973; McClellan et al. 1983; Savabi et al, 1984;
Jacogas ;985; Bessman and Carpenter 1985).

The most convincing evidénce to support this hypoghesis

came from studies on isolated mitochondria, which under

appropriate experimental conditions (high creatine to total
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/

Figure 1:

Schematic representation of the creatine phosphate

shuttle. CK CK » CK

Te creatl
mit’ cyt y A tine

myo,membr
kinase isozymes located in mitochondria (mit),
cytoplasm (cyt) and bound to mvofibrils (myo) or
sarcoplasmic reticulum and }lasma membrane (memhr&,
respeg}iﬁely. T is adeniné nucleotide translocase;
FDP, 1,3-DPG, PFP, Lac, are: frucose 1,6-dlphosphate,
l,3-diphosphoglycerate. phosphophenolpyruvate, and

lactate respectively. (redrawn with permission from

Jacobus & Ingwall, 1980)
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"adgnylate ratio) demonstfated that creatine is a powerful
stimulator of respiration and showed that CP is rhe primary high L
energy phosphate leaving the mito;hondria (Ressman and Fonvo

19663 Jacobus and Lehninger 197%). Also, a study by Yanpg et nl.‘
(1977) rev;aléd that labelled inorganic phosphate hnd‘n faster
incorporagion into CP than ATP in a bath contninin# isolated
.muscle mitochondria, Such eﬁﬁérimental evidence led several
in@espigators (Saks et al. 1976; Bessman and Geiger 1982) to
éoncludé that mitochondrially produced. ATP had preferential :

access to the %éactive sites on the CKm. This finding wasg

further supported by Vigna;s;f1976) who showed that an adenine

nucleotide translocator was incorrorated into the inner
mitochondrial maérix and functioned to import ADP*Trom the

cytosol and‘simultaneously export ATP*into the intermitochondrial

gpace. |

,

Klingenberg (1970}, and Jacobus and T.ehninger (1973) o~
postulated that some type of "functional coupling" may occur | ( ’\\:
between the adenine nucleotide translecator and CKm nine; the
latter is localized on the‘outer slde of the inner mitochondrial
membraqg. Saks et al. (1978) proposed that 1argé_amounts of CP
are produced not only because the adenine nucleotide trnnnloéator
increases the concentration of ATP on the ouger aspect of the

membrane but also because it transports ATP directly to the

active sites of CK, due to the spacilal proximity of the adenine

A.p‘

nucleotide translocator to the CKm( According to Saks et al.. i

(1978) the rate of CP production depends on the rate of ATP and

ADP translocation.

‘ '
Several investigators tried to provide further experimental
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evidence using physiological preparations to support the shuttle.

One such group was that of Saks et al.-1976) who placed strips of

frog heart in a bath for 8 hours and observed changes in

contractile force as well as in intracellular ATP, CP and

creatine levels, During the 8 hours, the muscle strips developed
a "hypodynamic state" which resulted in a small decline in ATP,
and a significant fall in CP and creatine as force development
decreagsed. Adding creatine to the perfusate in concentrafions up
to 40 mM rapidiv increased the intracellular levels of creatine,
augmented contractile force three fold but did virtually nothing
to the values of ATP. Although these authors claim that the
addition of creatine increased contractile force in frﬁg“
preparations, similar additioné of creatine to mammalian skeletal
muscles or myocardial preparations hgve not vielded the same
results. Addition of CP to mammalian speciles has not shown to
increase developed force, mainiy becaﬁse phosphorylated compounds
do not cross mammalian membranes (Mainwood and Alwart,
pnpublished détai.

Another group of researchers (Rosenshtraukh et al. 1979),
who added NaCN to frog ventricle strips, found a rapid decrease
in contractile force to 10% Of the original value. At the same
time, CP levels declined to 10-15%Z of initial levels, but ATP
concentration remained unchanged. They showed that the addition
of CP to the system not only increas;d the force of contraction
but also affecped the iahic processeé of cell membranes. The
duration and magnitude of the ATP plateau phase was increased
concomitantly with force.

Saks (1980) and other researchers (Bessman and Carpenter

1985; Rosenshtraukh et al. 1979) began to believe that the
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hypodynamic state was related to the decreased efficiency of
energy transport by CP, the level of which decreased asrn result N
of creatine washout. Since creatine was not present in the
perfusing medium, a gradient was set up, allowing diffusiﬁﬁ along
the gradient to take place. Even though these experiments have
never been duplicated in any mammalian species, the conclusion
was'Fhat the contractile force does not relate to totﬁ1 ATY
levels but rather to CP levels.

In summary then, it had been proposed that the movement of
ATP through the cytoplasm is restrictéd hecause the molecule is
compartmentalized and that CP would sefve as a mobile hiph energv.4 ‘ &
carrier between the sites of production to the sites of
utlilization, i

Mainwood and Rakusaq (1982) in an atéempt to determine if CP
is essential for cellifunction, elther as a buffer or a shuttle, \
analyzed the diffusion profiles of ATP and CP from the cell's
periphery to the core. This was done in the presence of adequate
CK, insuring that an equilibrium between\fﬁe high energy
phosphates existed. When the diffusion profiles were calculated
with ATP alone, ATP c;ncentratton dec;eased and ANP concentration
increased substantially from the periphery to the core of the
cell. Also, the maximum work per mole of ATP hydrolyzed
(-dG/dE), which is dependent on the ATP/ADP ratio, fgll from
about 60 kJ/mole to about 50 kl/mole whén calculated.at the
periphery and the core of the cell., When ATP and CP were
consldered together, with enough CK present to ensure that ATP,

ADP, CP and creatine were maintained in equilibrium at all rates

of ATPase activity, then ATP levels at any point in the cell werec
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maintained within 17 of theilr initial resting value. This was
true until about half of Ehe CP in that total area was utilized.
Similnriy, ADP gradients were virtuall&‘abolished and -dG/dE was
maintained at a high level. These ob;ervations were made on the
assumption that ATP difﬁusion is not restricted but diffusion of
CP 1in the cytosol is 30%Z greater than that of ATP.

Bagsed on these calculations, Mainwood and Rakusan (1982)°
proﬁosed‘that CP can be an effective agent.for the transfer of
energy over large distances in the cytosolt which is able to
maintain an adequate supply of high energy phosphates from the
mitochondriéuto sites of utildization, with little change in
-dG/dE. These authors stﬁted that diffusion of ATP is probably
_not restricted nor compartmentalized, but CP can diffuse féster
than ATP from the periphery to the core of the cell, increasing
the efficiency of high enérgy phosphate transport through the
cell. '

Tﬁis concept of efficient energy transfer by CP had been
further expanded by Meyer et al. (1984). These investigators
proposed that it is more appropriate to tonéider CP as an energy
buffer which provides a mechanism for facilitated diffusion of
high epergy phosphates, This idea was based on facilitated
diffusion of oxygen as oxymyoglobin., By applying Fick's law of
diffusion, and using concentrations of ATP, ADP, CP and creatine
at the myofibril surface as 5, 0.02, 20 and 8 mM and a K of 100
for CK, Meyer et al. (1984) calculated that over 99% of the flux
of high energy phosphates can be carried by CP. These
calculations are represéntative of a near equilibrium reaction.

This is true even if the reaction 1s displaced from equilibrium,
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as long as the ATP/ADP r;tio is greater than 1,

Also, éccording to Meyer et -al. (198&5, fhe so-called
intimate coupling between ATP and CK enzymes occurs to raise the
local enzyme actlvity where the net flux 1Is the greatest. By
this mechanism, the overall reaction’is maintained near
equilibrium with less total enzvme activity than would be
. necessary with uniformly distributed enzyme. Terhaps the
existence of different enzymes is to achieve this purpose, that
is, the "couﬁling or so—called lecalization". Furthermore, Mever
eg al. (1984) postulated that by maintaining the reaction at
equilibriqm, compart;entation of ATP does Pot occur.

In their opinion, the classic storage-buffer function of CP
has been viewed to be the- consequence of the eauilibg\um status
of the CK reaction. Similarly, the tra;spprt function of CP is
also thought to occur when the reaction is at equiazbrium. Thus,
according to Meyer et al. (1984) both the gransport and storage
function of|CP are equivalent and inseparable functlons of CP and
the CK reactlon responds instantaneously to any chéngc in ATP,
ADP and creatine, minimizing changes in their levels as the high
energy phosphates are utilized in the cell. Therefore, a high
ATP/ADP ratio 1s maintained as a conséquenge of the near
equilibrium reactioq\sf CK and the gréater diffusability of CP is
not the result of any functional compartmentation of ATP.

In a previous study, Mever and Terjung (1979) observed that
in rat soleus as in cardiac muscle only a 107 decrease in ATP was
obsgrved during stimulation to exhaustion. However, if the

soleus muscle was gstimulated after treatment with iodoacetate,

blocking glycolysis, up to 75% of cellular ATP was hydrolyzed.



18.

Similarly, in frog skeletal muscle, electrical stimulatidn_to

}
exhaustion with added caffeine caused over one—hqlf of the

remaining ATP to. be utilized {Nasser-Genting et al, 1981).

Thereﬁoré, ATP compartmentation may not be the explanation for .

’

failure of muscle contraction under ischemic, anoxic or’

exhaustive conditions. According to Meyer et al, (1984), in

- order to show that a compartment exists, experimental evidence

F) -

must be provided based on quantitative\?nalysjs‘which cannot
first be explained by facilitated diffusion.

Garfinkel and Kohn (1980) and Ach et-al. (1979) believed
that the purpose of the CP is to buffer the cgll aéainst sudden .
changes in available oxygen. The cell with itg\limited
nucleotide transit may be more easily impaired by anoxia and CP
can buffer theése suddep changes. Garfinkel and Kohn (1980)
argued that ths heart must always malntain ATP level sufficiently
hi%h to support mechanical work, drive ion pumps and malntain
substrate level phosphorylation. It must also'adjust to
physiological conditions including changes in workload that
increase the use of ATP more rapldly than the rate at which ATP
can be :znthesized. Thus, the heart must have somé readily

mobilizghle form of energy to meet transient falls in ATP.

- "
The heart 1s afforded some metabo¥lic reserve by the vascular

resistance of coronary arteries and by the ability to increase
- A

oxygen extraction. At the onset of increased work, transient
hypoxia ocecurs and coronary flow increases, possibly because of
the release of adenosine or the decrease in partial pressuye of

oxygen (Rubio et al. 1972). The flow mav be redistributed front

nonexchanging vessels to exchanging vessels or the densitv of

A,

S

»
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open channels may}increase {Friedman 1968). T1f the ok&gen demand
keeps increasing, an aef;bic limit will be reached nﬁd the
coronary resefve dilating-capacity will be exceeded. With

continual increase In myocardial contractility at the limit of

myocardial oxygen capacity, hypoxid.ensues and results 1n 1ncﬁnte

production which in turn limits contractility (Braunwald 1971;
. . N

Weber 1979).

In order to provide evidence to supporf the CP huffier thcnrv.
a computer model of ;n isolated working ﬁyruvnte—perfused rat ’
heart based on previous models (Kohn et al. 1979) was desipgned by
Ach et al. (£979). Using the data from experimental work by
Illingworth et al. (1975) of a pyruvate-perfused rat heart
prepa;ation, they reproduced the levels of metabolilc suvﬁtrntcs
and their fluctuations with apprnpriate temporal profiles. The
model showed that durins the first 0.5 min of the simulated
workjump, CP decrgased by 507 while ATP levels remained constant.
When oxidative phosphoryldtion increased in response to the
increased workload, CP levels recovered. Thils sugpested to these

authors that even when oxidative metabolism was increased 1in

response to the increased work of the heart, some buffering of

[
-~

ATP by CP did occur and was necessary in the transgicion step from

low to high workloads.

A similar model based on egperiments'by Op;e et al, (1971)
was simulatéd by Garfinkel et al. (1979) 1in which a glucore-
perfused rat heart was suddenlf made to work hard. Bursts of
glycogenolysis were acc;mpanied by an increase in Hg+2 levels,

which increased the activity of glycolytic enzymes. After a few

seconds, coronary flow and hence oxygen delivery inoreased,

&
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allowing Increased oxidation of free fatty acids. During the
period of adjustment, ATF feil by 9% and CP fell approximately by
55%Z but later 1ncreased, showing partial recoverylas steady—étate
work was achieved. Thus whén workload increases faster than
oxygen supply, fhe CK equilibriuﬁ is shifted by.phe falling pH
(during the glvcolytic period) toward the produétion of ATP at
the myofiﬂrillnr end.of the celi. This experiment suggested to
Garfinkel and Kohn (1980) that there is.a great dependence on CP
to.mnintain ATP levels. On‘the basis of these results they felt
that ATP levels are huffered at the expense of CP, which
supplements endogenous storeé of fuels and oxygen to sustain AT#

production and contractile function during periods of stress.

ty
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C) The Use of'Analog es to Deplete Creatine and Creatine

Phosphate in Muscle
N

.To test the CP shuttle vs, Euffér theorv, CK &nhihdtors
would/permit the ﬁost direct expeFimentation however, no
'CK—spé fic inhibitors are presently available. Although Cain
.and Davis used FDNB to inhibit CK; it 1is not specific to CK
isozymes only and mav inhibit other enzymes and affect various
proteins. There are, however, creatine analogues such as
g-guanidinopropionic acid (GPA) and B—guénidinohutyric acld (CHA)
which inhibit creatine uptake by muscle, permitting one to studv
the effects of creatine and CP depletion on muscle function.
These structural analopues have been svnthesized. and fed to
animals in attempts td study creatine metabolisﬁiin muscle (Fitch
et al. 19683 19743 1975; 1978; Fitch and Chevli 1980: Mohanna et
al., 1978; Petrofsky and Fitch 1980; Mainwood et al. 1982a,bh).
Depletion of total creatine (creatine and CP) by 65-907 in
skeletal muscles was achieved by replacing creatine and CP with
the analogue, GPA, %his analogue as well as GBA is absorbed '
through the gastrointestiﬁal tract, 1s Eransported to the muscle
and competes for entry with creatine at the uptake ;ites of the
sarcolemmic membrane (Fitch et al. 1968).

In order to determine the effectiveness of the method which
replaces creatine by the analogues, Fitch and Shields (1966)
first studied dreatine movement acfoss the rét extensor digitorum
longus (EDL) muscle using creatine—Cla. They 'found that the
entry process of creatine is energy—deﬁ%ndent and carriler-
mediated. They also observed that creatine is retained

intggcellularly by 1ts phosphorylation. How the unphosphorplated
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form of creatine is normally retained in_muscle.is not completely
understood.

In 1968, Fitch et al. investigated the 5ubstrate‘specificit§
and the inhibition of this transport svstem. A variety of
compounds were tes;ed, and those that were able to inhibit entry,
sqch as N-ethylguanidinoacetic acid, guanidinoacetic acid and GPA
ﬁossessed the amidine group. Fitch et al. (1968} concluded that
crentine and its analogues enter the cell via a transport site
specifically adapted to interact with an amidine group. From all

of the analogues tested, GPA was fhe most effective and most

competitive in inhibiting creatine entry into skeletal muscle.

"

The Vmax of GPA 1s identical to that of creatine but the Km is

* less: 0,2 mM for GPA versus 0.5 mM for creatine (Fitch et al.
. -

1968). Shields and Whitehair, (1973) used GPA in feeding trials
and found that the analogue was a competitive inhibitor of
creatine entry into skeletal muscle, without the appearance of
any marked histoiogic or functiomal alterations. Since then, GPA
has been used e#ténsively to study the effects of creatine
depletion in skeletal muscle.

Fitch et al. (1974} dﬁﬁieted rat gastrocnemius of CP by 937

(from 22.5 to 1.6 ymol/g of wet tissue) using GPA in 1%

_proportion to the standard chow, and a new phosphorylated

puanidine compound was found in concentrations as high as 30
umol/g of wet weight after 5 weeks of feeding the analég;e. On -
examination by chromatography this new compound was
indistinguishable from phosphorylated B-guanidinopropionic acid
(GPAP) formed in vitro. These authors also found that the GPAP

that is formed in vitro is‘relatively ineffective as a substrate
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for CK. However, when the gastrocnemius muséles of the GPA-fed
rats were stimulated under gnoxic conditions, the GPAP decreased
significantly (from 17.0 umol/g to 13.3 ¥mol/g of wet weight),
while GPA increased from 6.5 uﬁol/g to 10,5 Umol/g of wet weight.
Adenosine triphosphhte decreased negligibly, which suggested to
the authors that under anoxic conditions GPAP is labile and may
be able to serve as a regenerating svatem for ATP 1in the same
manner as CP. Fitch et al. (1974) also shggested that metabolic
adaptations could occur, since the animals appeared to be in good
health despite tﬁé)Severe depletion of CP in vivo. They surmised
that GPA might be able to serve as a subatrate for CK but further
studv of this mechanism was warranted, particularly since in
vitro GPAP was found to be ineffective as a substrate for CK.

Fitch et al. (1975) fed rats 17 GPA 1in their standard diet
to determine the extent and effects of depletion in various
organs. They found that GPA accumulated in skeletal muscle,
heart, liver, kidney and spleen and depleted the muscle of
creatine by 70-807. Phosphoryléted guanidinoproplonic acid
accumulated only in skgtétal muscle and the heart, neither GPA
nor éPAP was detected in the brain or testes.

In another study, Fitch et al., (1975) stimulated hvpoxic rat
anterior tibialis muscle to contract isometrically in situ unti]
tWitch tension fell to 25% of the peak value. '‘Muscles of rats
fed 17 GPA failed to exhibit a "staircase'" phenomenon and
developed 287 less tension than muscles of control rats.

Creatine phosphate in the muscle of contrel decreased from IS.??

to 1.52 umol/g of wet tissue while in the depleted muscle, CP

decreased only from 0.73 to 0.30 Ymol/g and GPAP decreased from
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30.34 to 19.45 vmol/g of wet tissue, Thes% researchers
calculated that the use of higﬁ—energy phgsphatés wés reduced by
"32% in the GPA-fed rats. They concluded that GPAP can replace CP
as a source of energy and may be able to sustain muscle
contraction even though isometric twitch tension declined more
raﬁid]y in the GPA—fed rats than in the controls.

However, in a later study where rats were fed 17 GPA, Fitcé
et al, (1978) found that GPAP acéumulated in both soleus and
plantaris muscle in concentrations of 20-25 Umol/g and was not
used significantly for muscle contraction, With fatiguing
isometric contfactions, the GPAP concentration decreased by less
than 127, while CP concentrations decreased by 68-707%7 in muscles
of control rats. This difference in phosphogen consumption
showed that skeletal muscle does not use large amounts of the
phosphorylated analogue during contractile activity.

This finding was further substantiated by Mainwood et al.
(1982a), whgaégiggzéted diaphragm strips from rats fed 17 GPA in
the presence of inhibitors of respiration (NaCN) and glycolysis
(1odoacetate). They postulated that if GPA was phosphorylated
and used instead of CP during muscular activity, inhibition of
respiration and glycolysis would test the use of any effective
enerpy reserve that may be present. The muscles were stimulated
every 10 s by a 0.2 second tetanic stimulus of 100 Hz. Control
diap?ragm strips gave 15 * 2 contractions before contracture
developed while the strips from GPA-fed rats gave only 4 + 1
contractlions. The authors concluded that GPAP was not
contributing to any effective energy reéerves of the muscles,

They proposed that feeding analogues to decrease CP levels is an
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effective method which may-be used to.studyrthe function of CP in
muscle. .

To Investigate the function of contrnctile characteristics
of skeletal muscle, Petrofsky aﬁd Fitech (1980Y fed rats IZ_GPA
fo? 10 weeks. They found that the maximal isomergic tetanic
tension was d&creased by approximately 12% in ghe creatine
depleted p}antaris muscle and that the muscle weighed 307 less
than control muscle. No other variables were affected 1n-the
plantaris muscle. On the other hand, the creatine depleted
soleus muscle took 347 longer to reach maximal developed tension
which was 377 lower. However, the frequency of synchr;nous
stimulation required to obtain maximal isometric tension was only
30 Bz versus 50 Hz for the controls.

ht

B These authors also measured the Ilsometric endurance of the
soleus muscle by sequentially stimulating motor nerves at 0 Nz
while the muscle was held at the optimal length (55% of the
previously measured fatlguing isometric contractions). The
length oOf time.that these contractions coul&wbe held was called
the isometric endurance of the muscle. Petrofsky and Fitch
(1980) found that isométric endurance was almost three times as
long in the creatine depleted muscles than in cont?ols. Recovery
of the depleted muscles was almost complete within liminute after
the end of stimulation, the same amount of time it took the
control muscies to recover.

Mainwood et al. (1982b), after feeding rats 17 GPA for 4-5
weeks,.found that the diaphragm of the GPA-fed rats had 10nger'

time to peak tension and half-relaxation in single twitches. and

that maximum contraction tension during a 0.2 second tetanus at

N

N
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100 Hz was only 8% less than in the controls. Time to
hnlf—rélaxation however was reduced by about 247% in thel
créntine-dcpleted muscles. Recovery from a train of 0.2 second
tetanus at 100 Hz was faster in the creatine depleted muscles
than in controls énd the depression of tensilon was less.

In contrast, high intensity acti;ity appears ta be affected
in creatine depleted animals as was reported by Shields et al.
(1975). They evaluated the muscle function of rats fed 1% GPA on’
a high intensity, short duration exercise program us%ng the run-
ning wheel. The running performance of the rats, assessed by the
number of revolutions performed on the running wheel, was
decreased. The Type II (white) fibers from the gastrocnemius
musc;:‘were qmaller in analogu; fed rats than in goptrolshgng
whan the mean area of the fiber tvpe (Type TI) was divided'bQ'éhe
body weights, the dPeference persisted. The Type I fibers in the
soleus were not significantly different in the analoggerfed rats
than Iin the controls. |

From these studies, it can be concluged that depletion of
creatine and CP does not effect the Type iI fibers (fast-twitch),
but decreases the power output of the Type I fibers (slow-
twitch). On the other hand, the endurance of Type 1 fibers at
submaximal worklcads appears to be improved and the recovery from
these workloads 1is also enhanced. This may mean that the aerobic
capacity of the Type I fibers is Increased while the anaerobic
capacity is reduced.

As demonatrated by the ahove expe;iments, (PA has heen used
extensively to study the effects of depletion of creatine and CP.

/

This analcgue has been used because it is a poor substrate for

CK. But GPA can accumulate (at least in skeletal muscles} in its -
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phosphorylated fo?m up to concentrations of 30 wmol/g of wet
weigh;; Although the phosphorvlated GPA ié“a pﬁo; éuhstrute:for
CK, having a Vmax of d.l% of that produced by CP, 1t can still
substitute to a limited ;xtent for Cﬁ (Fitch and CHevli 1980).
.Another analogue, B—guanidinobutyric acid (GRAY, has heen

studied by fifch and Chevli (;980) and was also found to Iinhibit
creatine transport into muscle. GBA does not serve as a
] substrate for CK, having aleax of 0.017 that of creatine and 1t
does not inhibit CK aétivity. GBA has been shown to be as patent
as GPA in depléting creatine bu;‘does not accumulate as a
phosphorylated gompound and has not been used as extensively as
GPA, | ’

The structures of creatine, GPA and GBA are shown in Figure
2. Creatine has the same molecular formula as GPA but has a
methyl gfoup attached to the guanidine group. The two analogues
have the guanidine group present in the position on the same
cﬁain, but GBA differs from GPA by having a methyl side-chain.
Some of these diffgii:fes among these compounds may account for
the different affinitv’ for the carrler and also for the ability
of the\phOSphorylated analogue, (GPAP) to be potentlallyv used as
a substrate:by CK tFitch and Chevli, 1980). The similarities
among the three compounds may explaiq their ability to bind to
the same carrier.

GPA can also deplete myocytes of taurine. This has so far
been demonstrated dnly when a heart 1s isolated and pérfused with
a perfusate containing GPA. Dietary regimes using GPA to deplete

taurine have not been reported. When compared to several

compounds that inhibit' taurine entry, GPA was the least
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effective. GPA decreased taurine éoncgntration by 21% while
é-guanidinoetﬁyl sulfonate {(GES) decreased taurine concentration. -
in the myocardium by 807% (ﬁuxtable et al: 19795.

Taurine is found in the heart in high concentrations and
comprises up to 607 of the total free amino acid poel. Although
it 1s elevated aboﬁe normal‘levels in, K congestive heart failure,
and has shown to nntagonizedfhe negébive inotropic effect brogght
about by low Ca++ concentrations, the depletion of taurine from
normal levels by 80 to 907 by GES has no dramatic effect on the
heart (Guidotti et al. 1971). Although GPA does decrease
myocardial taurine, it does only by 21%7. Therefore, effects of
GPA on taurine metabolism and ité cénsequences on heart function
may be disregarded. GBA has not been investigated with reépeét

to its effect on taurine displacement from the heart, ‘and its

effects on taurine are unknown.

’
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Figure 2: Molejiiar structures of creatine and
B-guanidinopropionic acid (B-GPA) and

R~-guanidinobutvric acid (B-GRA).

+
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D) The Use of P31

-NMﬁ'to)Studv the Role of Creatine Jhosphate

in the Myocardium ' ) S i

Over the past 10 years, a new tool has been dgviséd and ugéd
in the study of the metabolism of phosphate—contaiging tissues v [_
such as muscles. Hault et al. (1974) were among the fifst
researchers who demonstrated th#t nuclear magﬁctic réﬂonnnéo
(NMR) can be applied to living tissues. Since then P31-NMR has
been used extensively to study the metabolism of isolated frog,
rat and human skeletal and heart muscle as well ns‘other organs
(Mgver et al. 198%; 1985). P3]-NMR has mgasured noninvasively
. high energy phosphates such as CP, ATP*and inorganic phosphate
(Pi). Over the past 5 years P31—NMR has detected changes in high
energy phosphates during a cardiac cycle; enabling researchers té

measure the flux of CP and ATP.

Also, attempts have been made to investipate the importance

-

of CP in muscle function by studying the relationship bhetwegen
metabolic fluxes through the CK enzvme in Langendor;; preﬁar
tions and in iIsolated buffer-perfused working hearts. Mat
al. (1981) found that the reaction mediated by CK does rem)
equilibrium when steady~state work is performed by the perfused

heart., However, Kuprivamov et al. (1984) observed that the rate

t
of flux from CP to ATP was increased by 507 and that oxygen

consumption correlated with the rise when the work of the hea;t
was Increased. Bittl and Ingwall (1985) who measured reaction
rates from CP to ATP in a buffer-perfused working rat heart,
reported an increase in flux when potassium arrested heagta
underwent a transition to increased worklocads. The reaction at

that moment was closely coupled to oxygen consumption and ATP
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production. Bittl and Ingwall (1985) argued thaf at times of

guch close coupling, the reactilon could not be at equilibrium and

that energy channeling had to odqcur through the CP ;;attle. This

hypothesis was supported by the tTesults of MicT&IE‘E?\q&: (1983),

erformed a similar experiment. { .
.. B

Hoyever, in 1983,.Ingwall et al. found that under normal

steady-state conditioné in glucose— or pyruvate-perfused hearts,

the CK reactlon was in equilibrium and that flﬁx increased only

when external work was increased, such as in a transition from

potassium arrest to external workloads of 150 mmHg of systolig
. pressure. lThéy stated that the CK reaction is in eqﬁilibriuml

. : ]
over-a range of normal workloads and that the flux tﬁrough the
reaction could indrease with increasing workload. The CK
reaction was activated only when an energy "emergency" occurred
and was an energyv reserve.

Meyer et al. (1984) investigated the effects of total
creatine depletion using P31-NMR\0n rat hearts using a
Langendorff preparation, No differences were found in the
measured oxygen consumption between the hearts of rats fed 2% GPA
for 6 months and control hearts, even though the CP levels in the
hearts of analogue-fed rats were less than 107 of control levels.
Slow hydrolysis of GPAP occurred in ischeﬁic preparations, but %F
was too slow f&F GPAP t? substitute for CP in mediating a steady
state ATP turnover. |

From the above mentioned studies it can be seen that the
investigators using NMR spectroscopy have attempted to prove the
physiological importance of CP in the myocardium either as a

buffer or a shuttle. However, these studies do not provide

conclusive evidence about the role of CP in myocardial cells.
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Summary ¢ (

At present, the controversy ahoht the role of CP in muscle
function gtill exists. Several rvesearch groups still believe the
classic theory that CP functions as an energy huffer. providing
high energy phosphates to ATP, mnintaining'u high ATP/ADPP ratio
via a mechanism of facilitated diffusion of high eﬂﬁpgy
phosphates. In contrést, another group of 1nvesﬁqgntors support
the~thepry that CP sWﬂttlesrbetween the‘sites‘ f energy

préduction to the sites of utilization car¥¥ing essential

. _/‘—/ é
quantitlies of energy phosphates, ?

Since direct measurement of the CP-CK interactibn to date .
has not been possible, researchers have tried to study the
importance of CP in energy tré%gduction from the mitochondria to
the sites‘of utilization, by depieting muscles of total creatiné
(éreatine,and CP). This has been achieved by substltuting
structural analogues of creatine in the cell. These analogues,
GPA and GBA competetively inhibit the gntry of creatine'into the
myocyte. Athough both of these analogues are poor substrates
for CK, éPA can be phog;horylated and accumulate to high
concenfrations in the c;ll. Tt can substitute for CP hut to a
}imited extent, while GBA does neither. Mevertheless, GPA has
been used extensively in studies trylng to determine the effects
of crgatine depletion on muscle function but the results show
that CP depleted skeletal muscles are not 1impaired by the
dépletion, in fact, Type I fibers appear to have their
endurance capacity enhanced.

Over the past flve years, NMR gpectra on isolated

non-working and working heart preparations have been used
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to determine whether CP plays an important role in energy
transpoBF in' the myocardial gell. The results from these studies
have provided evidence both for and against the importance of CP

in energy transport and they do not clarify the role of this

phosphogen in the energy .transduction in the myocardium.
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Statement of the Purpose

The heart 1is primarily an aerobiﬂ'orgaﬁ which produces most
of its energy (ATP) within the mitochondria. Tn view of the
controversy regarding the role of CP 1Jhenergy transductig; in
the myocardium, we wanted to gain more information nﬁout the
physiological role of c;eatine and CP in the heart. To achleve
this goal, we studied myocardial performance under normoxic and

. . .
hypoxic conditions at fat various workloads in hearts of 'rats that
were fed GPA or GRA.” This was done at the tissue level, by
assessing the contractile properties of the fsolated ventricplar =
papillary muscles; and, at the whole organ level, by .
investigating the hemodynamic propertigs of the iﬁnlnteq bhlood- _ (

perfused working heart preparation.

At each stage of experimentation the following questions

N

/.‘

* were asked:

— ¢

1. DOKS creatine depletion by analogue substitdtion affect
the performance of -the myvocardium?
2. Do the two analogues have different effects on the

perfgg;zgze of the mvocardium? .

3. Can depletion of creatine by these analogues provide a

useful model to test the importance of CP 1in the myccardium?

—



A)  Treatment of Animals
. Male Sprague Dawley rats -(250-300 g} were purchased from \\\Hﬂ,#f*j>

35.

METHODS AND MATERTALS

-

Charles River Canada Inc., St. Constant, Que. On arrival, they
were randomly diviifﬁ:jjfo three groups. Group 1 was the control
and received standard ground rat chow (Purima). Group 2 received

27 GBA in the ground rat chow, while group 3 received 1% GPA in

. the ground rat chow. All groups were fed 15 g of their diets for

: . -]
each of the first 3 days, after which time the amount was

increased by 3 g every 3 éys up to day l4. TFrom then on, all

gébups received 25 g and water was provided ad libitum. At 5

weeks, biochemlical analysis‘of the myocardium was done to

determine the extent of depletion of creatine and CP. Since

depletion to this level was not adequate {see results for values,

/
Table 1), the rats were fed for 7 weeks,

After 7 weeks of'analogue feeding, we deplg;ed rats of total
creatine to levels comparable to those obtained by other
investigators (Fitch énd Chevli 1980; Mohanna et al,. 1980}.
H&wever, we also wanged_go determine the length of time it takes
to maximally deplete the rats of %yocardial total creatine, 1In

order to determine that, we randomly distributed Sprague-Dawley

rats (250-300 g) into one of the three groups {(control, GBA or

GPA) and fed them one of the three die;é for up to 12 weeks.

" Five rats in each group were sacrificed éfter 2, 4, 6, 8, 10 and =~

12 weeks to 'determine total myocardial creatine and analogue

concentrations.



B)' Synthesis of Analogues

The synthesis of GBA was doﬁe according to Rodiey et al.
(197i) with minor modifications. The substrat;s for the
synthesis were DI.-R-aminobutyric acid (United States Blochemical:
Co.) and cyanamide (Siéma Chemicals): Di.~-f-aminobutvric acid (?
M).and cyanamide (2.4 M) were dissol#ed in the smaliest amount of
water that would dissolve the compounds (in our case, it was 175
ml). Upon filtration of the mixtﬁre. 20 m1 of concentrated
ammonium hydrofide were added. After 10 days at room
temperature, the crude product was filéercd and the crystals were

washed with hot water (85-90°C). Wext, they were. quickly

filtered and kept at 4°C for 24 hours xﬁ:hpximize crystal

:

" formation. This hot water wash was repeated once more.

To the filtrate ogtained from the initial crude product,
10-15 g of cyanamide were added. The filtrate then was kept at
4°C for 24 hours aqd thé crystals that formed were wnshed as |
described above, as was the crude produce. Next, nll formed
crystals were dissolved in water (24°C) and filtered again. TIce
cold acetone wds added until no further crystal formation wns
evident. The mixture was filtered and the crystals were dried
for 24 hours. The final yield obtained was B0 * 107.

For quality control, proton nuclear magnetic resonances (NMR)
spectral analyses were run to ident;fy the syntheasized compound
and to czmpare it to the reference sample provided hy Df C.
Fitch. The analogues synthesized in our laboratory and the
ref;rence sampfés were the same componund, Mélting-poinﬂ (M.P.)

analysis to determine the extent of impurities was performed on

all of the samples and compared with the reference sample (M.P.

/\\\‘ . “
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2%L°C). Any product that had a melting point which varied by
mére than 2% was discarded, Guanidinopropionic acid was

purchased from Sigma Chemicals.
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C) Investigation of Contractile Mechanics in Vitro

The concentrations of total creatine after 7 Qeeks of -GBA or
GPA feeding were comparable to those concentrations ohtained bv
other invfstigétors. Howeﬁer. maximal dépletion of total
creatine was attained after 10 weeks of analogue feeding.”
Therefore, we investiéated contfactile characteristics and
hemodynamic parameters in rats fed GBA and GPA for 7 and 10
'wéeks. |

l. ?reparation of Papillary Muscles-

After 7 and 10 weeks dn the diet, the rats were stunned by a
ﬂlow to the head and immediately decapitated. The chest cavity
was opened, and the heart was dissected out ana dropped into a
beaker of cold saline. The atria were carefully trimmed, and the
paplllary muscles were exposed by cutting through the right
ventricle and the septum, ‘After the isolation and separation of
the paplllary muscle from the left ventricle, the muscles were\
placed in cold sgline. The rest of the heart was quickl# fFrozen
between aluminum blocks in i&quid nitrogen and stored for
chemical aﬁalyses that were Eirformed later. The excised
papillary muscles were mounted between two acrylic clamps on
duplicate Palmer muscle stands. The upper clamp was attached to
a stainless steel wire that was connected to an iso;etric force
transducer {Gould Statham UC2). Two platinum electrodes (2.2 x
_Q.S cm) were arranged vertically on either side of the muscle
‘ E%{é. 3). The muscles were immersed in 120 ml of modified
Krebs-Ringer solution of the following concentrations (in mM}:
NaCl 117.;, CaCl

2.5, KC1 3.6, MgsSo, 1.2, NaH_PO, 1.2, NaHCO,_ 25

2 4 274 3
and glucose 5.5. The pH was kept In the range of 7.38-7.45 by

N
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aerating the solution with 957 02[52 co Temperature was kept

9
at 25°C for all of the experimenté except for one (;n which it
increased to 31°C) by a‘fhermostatic bath (Radibméter vVts).

Upon immersion, the muscles were field sﬁimulated through
electrodes.wish a square-wave pulse of 5 ms duratién at a ‘
supramaximalmﬁgltage (20% above threshold) by a Grass stimulator
588 and its slave through which the second muscle was
stimulated . The output from the force transducer ﬁas amplified
by a low level DC pre amplifier {(Grass Model 7P1F) then by a
driver amplifier (Grass Model 7DAG). The signal was |
‘simultaneously fed into a diiferentiator {Grass Model 7#20). The
amplified output from hoth the force transducer and the
differentiator was recorded on the Grass polygraph oscillograph
(Model 7EWU16P) (Fig. 4). The one-half amplitude.frequency was
get at 75 Hz and the frgduency response of the cq@bined ampi??ier
and oscillograph was linzﬁr within +57 and -107 from DC to 45 Hz.
The length of the muscleﬂéas measured with g micrometer

{Starrett, Mass, USA) attached in a fixed position.relative to

the adjustable arm of the Palmer stand.
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Figure 3: Schematic representation of a papillary muscle in a
thermostatically controlled bhath

A- Grass 88 stimulator
. »

B- Waterpump and thermostat
C~ Outer water jacket with Inflow and outflow outlets

for a waterpump and thermometer

~

. -~
D- Clip stand \\ M
~_ )

E- Platinum electrodes
F- Force transducer

G- Micrometer
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Figure 4: Schematic diagram of papillary muscle ‘menitoring
apparatus for isometric contractions
A- Stimulator and slave
B- Force transducer
C- Low level NC pre-amplifier
D-* Driver amplifier
E- Diffeantiator
F- Timer '
G- Driver amplifier'

H- Oscillograph
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';2. Experimental‘Procédure ' TR

Several protocois were appiied to the muscles, each designed
to increase the workload of the muscle. This was achieved by 1)
appl&ing’trains of progress!Vely.higher stimulation frequencies
to the muscle, 2? by pa;r—pulsing the musele with progre;sively
decreasing inﬁequlg between the palr of'stimuli, 3) by
increasing the temper;;ure of the fluid in which.the miscles are
bathed and simultaneocusly applying trains of stimulation at
progressiveiy incré;singofrequencies. We also attempted to
measure the response of créatine depleted muscles to hvpoxia, hv
gradually decreasing the ;artial pressure of oxygen.in the
bathiﬁg.fluid of the muscles,

a) Frequency-Force Relationship at 25°C 4

The muscles of rats fed control, GBA and GPA d;ets for 7 and
10 weeks.were left to stabilize in the bath at a temperaturc of |
25°C for 30 min at a preload of 0.5 g and at a stimulnéion rate
of 6 pulses/min, After 30 min the preload was reduced t6 0 g,
and the stimulation rate was decreased to 3 pulses/min. TIlpon
stabilization a stepwise increase in preload of 0.25 g was begun.
At each preload, aftér stabilization, the length of ie mugéle
was noted and the ilsometric twitch was recorded at a paper speed
of 100 mm/s. This loading of the muscle was repeated until no
further increase in force development éas observed. The muscle
length at which maximum force development was attained was canlled
maximal length (Lmax). At Lmax a frequgncy-force relationship
was examined at a stimul;:)bn rate of 3, 6, 12, 24, 4B, 96 and
192 pulses/min. At each freggency, the muscle was allowed to

stabllize and a reprTsentative twitch was recorded at a paper ‘ ~

LS
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speed of 100.m¢js. .At the end of each experiﬁent, ihe muscles
" were removed, blotted dry and weighed.

b) ;séﬁhtric Contractlons During Palred Stimulation

The papillary muscles‘of‘rats fed control.'GBA and GPA diets
for 10 weeks.@ere left to stabilize at 3 pulses/min aﬁd the Lmax
was established as above; The muscles were kept at the
rested-state stimulation rate (3 pulses/min) but superimposed on
that were paired-pulses with decreasing intervals of 700, 500,
300, 200 ms. Then the paired—puiée intervals were decreased By 5
ms until fusion of the two tyitches was observed and only one
twitch was obtained. .

The maximum developed force (DF) of each twitch during the
palred-pulse stimulation was recorded as a percent of the DF |
obtained during éiﬁgle pulse stimulation (at 3 pulses/gin) just
before the onset of the paired-pulse protocgl. lCBmparison of the
percent DF of each twitch among the three groups was made at
each paired stimulation frequency. )

After the completion of this protocol, the muscles were
stimulated at 3 pulses/min and then in order to depiete the
potential energy sﬁpply of the cells, a.traln of single pulses at
a rate of 192/min was applied for 20 s. Following a S5 s rest
periqd: a single stimulus was giveé to assess the recovery.

c) Isometric Contractions During Hypoxila

A pilot stﬁdy was performed on the muscles in section b) to -
determine 1if hypoxia has an effect on isometric contraction.

Thus, when protocal b) was completed, the buffer was aerated with

4

95% nitrogen and .5% 002 while the stimulation rate of 24

pulses/min was applied. The partial pressure of oxygen and pH of
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v

samples of the Krebs-Ringer solution were measured every 2 miﬁ
for a total of-}b min on the IL 813 Blood Gas Analyzer and
isometric twitches wére recorded evefy 2 minutes at 100 mm/s,
Upoﬁ.completioh of.thﬁs protocol, the mﬁscles were removed,
blotted dyy and weighéd.
d)  Frequenc -force Relntioﬁship at 31°C

' Muscles of ratslfed control, GBA and GPA diets for 10 wecks
were stabilized for 30 minutes at 3 pulses/min but nE a bath
temperature of 31°C. Upon establishment of Lmax, the muscle
length was reduced to 757 of the Lmax and the papillary muscles
were stimulated at 270, 300, 330, 360 and 390 pulses/m{n for 85
s. Between each frequencv of stimulation, the muscles were
allowed to stabilize at 3 pulses/min. At each frequency an
isometric twitch was reco?ded at a high speed at 7 and 80 s after
the onset of stim;1ation to assess the contractile mechanics., At

the end of the experiment, the muscles were removed, blotted drv

and aeighed.
\‘i

v
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n) Investigation of Hempdynamic Parameters in the Isolated
r

Blood-Perfused Rat

. Preparation of Reconstituted Blogd
A
Human red.cell concentrate (RCC) preserved in citrate
o -

> »

phosphate dextrose adenine solution (CPDA-1) was obtained from

the Ottawa Chapter of the Canadian Red Cross., The RCC was washed
twice Qith saline and sbdium bicarbonate (30 mM) Qnd;once with
Kfehs-Henseleit biqargonate solution ‘consisting of

(concentrations 1n mM): NaCl 120, KC1 4.7, CaCl, 2.5, MgSO, 1.2,

2 4

K,P0, 1.2, pyruvate 2.0, NaHCO, 30.0, and glucose 11,0, For the

final reconstitution of red/blood cell (RBC) perfusate, 15 g/l of

-

bovine albumin ?&%action s addeq to the Krebs-Henselelt

st
solution, which was mixe

)

with the washed RCC to obtain a final
hematocrit of 25-277%. -

Lt

The perfusate was warmed to’ in’a’ifrge reservoir (1000
ml) placed in a water Bath and'hoaggeneity of the RBC perfusate
was maintained by a magnetrilc ‘stirring device that was placed
under the résgrvoir.‘ The RBC perfusate was coﬁtinuously pumped
by a peristaltic puﬁp (Masterflex, 1-100 RPM) into a2 Bentley
infusion blood fi&ter (PFF 100) from which it péssad into an
artificial kidney (Cordis DOW C-Dak 1.8D) through the inner
hollow fibers, while 957 OZISZ C?Zgas flus#ed thE outer

compartment. The RBC perfugate entered a small, preheated,

wuter—jacke;ed, atrial reservoir (20 ml), from which it either

N

entered the heart or was returned to the main reservoir (Fig. 5).

Before the experiment, the RBC perfusate recirculated thr3ugh the



clrcuit for 1 hour to equilibrate the perfusate at the above gas
mixture and to maintain the pH of the perfusate hetween 7.38-7.642

(measurfa by 1L 813 pH/Rlood Gas Analvzer).

\y
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Flgure 5: The perfusion apparatus for the 1solated blood-
" perfused rat heart
A~ Retrograde perfusion/reservoir

B~ Small atrial tes olr
{ .

C- Thermostatic bath for small atrial reservoir
D- Pressure transducer R

E- Heart
. . ) .
"F- Thermostatic bath for the heart

€

G- Gas oxXygenator

- Eléctromagnetic flow probe
\,

- Filter

J- Peristaltic pump

€

K- La¥ge"perfusate reservoir
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2. Igsolation of the Heart and_iﬁs Connection to the
Apparatus B

Male Sprague-Dawley rats (350-400 g) were anesthetiged with
ether. A laparotomy was performed and heparin (200 IU) was
. injected into the abdominal vgna cava.l The‘;%t was bled aﬁd a
thoracotomy was performed. The thymus was removed, and the
aortic arch and the pulmonary artery were isolated. The superioé ‘
and inferior.venae cavae were ligated and cut. The a;rta was
transecggd high in the aortic arch, and the heart was removed and
quickly dropped”into a small beaker filled wi;h ice-cold saline.

The heart was fitted ovér a strailght stainless steel cannula
(inside/outside diameter, ?.15/3.2 mm), and retrograde perfusion
with oxygenated Krebs-Henseleit buffer was begun from a column
helght of 100 em H_, 0. The pulmon;ry artery was cannulated with a

2
plastic cannula (inside/outside diameter, 1.57/2.08 mm) to allow.

for the collectigfi of the blood from the coronarv sinus. Then
‘the left atrium wgs cannulated through one of the pulmonary veins
with a curved stainless steel cannula (inside/outside diameter,
2.15/3.25 mm). Once cannulation of the left atrium had been
completed, the preparation was switched from non-working to the
working mode, in which the RBC perfusate entered the heart from a
small atrial réﬁervoir (described in section 1). An overflow
system was made éggfe the small atrial reservoir which allowed
the excess perfusat; to return to tﬂe large reservoilr. On a part
Bf the overflow system, a stepladder was used to increase the

hydrostatic colymn of RBC perfusate entering the heart when a

-
step on the ladder was clamped. This allowed indirect control of
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the end-diastolic volume by increasing or decreasing the column .
of perfusate entering the heart. The atrial perfusing pressure
was measured immediately above the left atrial cannula‘hy the
Statham pressure transducer P23, The RBC perfusate was then
ejected into the aorga agalnst a hyvdrostatic pressure of ‘110 cm
HZO' The.aortic output was measured by an electromagnetic
flowmeter (Biotronex Model 610) by placing the flow probe
(Biotronex-2032-F03, 1/8 inch) in the aertic line. After passing
through the flowmeter probe, the perfusate passed through o smnl}
bubble trap and then returned to the large veservolr. Within the
first 2-3 min, upon stabilization of the heart's hemodvnamic
variaﬁles, the heart was pierced through the left vengricle with
a 22 gauge needed to measure intracavitarv pressure (Statham

pressure transducer P23) and 1ts first derivuthe {dP/dt). The

s

outpu% from this transducer along with the left atrial and naortic 5(

output were amplified by a pressure amplifier (Grass Model 7PIF)
then by a driver amplifier (Model 7DAG) apd.-hoth signals were

displayed on a Grass oscillograph (Model 7EWU16P).
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3.  Experimental Protocol

a) Normoxemia

In this series of exﬁeriments,hearts from rats fed control,
GBA and GPA diets for 7 and 10 weeks were prepared as in section
2, Hearts were removed from the fafs and retrogradely perfused
in the ﬁon—working mode In less than 2.5 minutes. After
stab%lization of the hearts, the left atrial-pressure was
increased to values between 18 and 23 cm HEO to obtain the
maximum cardiac output of gach heart. The left atrial p;essure
was then decreased to obtain cardiac output of 75 to 807 of the
initial ﬁaximum. Th;s was 1dentified as the submaximum steédy
state cardiac output.

The left atrial and aortic pressure, aortic and coronary
Elqws of the hearts were monitored continuously throughout the
experimené. Partial pressures of oxygen, of carbon dlioxide and
ths\pH of the RBC perfusate were measured using the IL 813
pH/ﬁlood Gas Analyzer. Oxygen content was calculated once the
oxyﬁemoglobin percent saturation was determined on the II, 283
Cdégyémeter every 15 minutes unti]l the cardiac output decreased
tﬁ less than fOZ of its submaximal stéady-state. The variab}es
listed in Fig. 6 were obtained. Upon completion of the
experiment, the hearts were then quicgzy removed- and frozen
between precooled aluminum blocks, placed in liquid nitrogen and
finally stored at -80°C until biochemical analyvses were

undertaken.
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Figure 6: - Measured and calculated variables of the isolated

» blood perfused -rat heart.

MEASURFED VARIABLES

Aortic flow

Coronary flow

Leftr atrial lateral pressure

Aortic lateral pressure

Intraventricular pressure

First- derivative of intraventricular pressure
Atrial, aortic and coronary sinus* partial pressure

carbon dioxide

of oxygen and
&

Atrial, aortic and coronary sinus oxyren content {percent

saturation) gfﬁ}
Atrial, aortic and\ coronary sinus pH

-

CALCULATED VARIABLES#**
Arterio—venéus oxygen difference
Myocardial oxygen consumption
Work input, power i1nput

Work output, power output

Efficiency

*Collection was done by placing a cannula in the pulmonary

artery. ®

**%(gee Appendix 1 for calculations of values)
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N b) Hypoxemia

In these experiments, fresh .(1-3 d?y qld) humap red cells
preserved in heparin were used'insfead of the stored cells (3-4
weeks) preserved in c}trate phosphate dextrose adenine solution
{CPDA-1) used in section 3a). |

The basic circuit in this experiment was set up as in
section 1 (Fig. 5 howgver, some parts of it were duplicated so
that tﬂe'normoxemic phase could be followed by the hypoxemic
phase. Therefore, an additional peristaltic pump, filter,
oxygenator and a large RBC reservoilr were added. The two large
reservoilrs were placed in the waterbath and maintained at 37°C.
From the first reservoir the perfusate was pumped through a

RBently filter and equilibrated with 95% O?ISZ CO,, when.it passed

2
through the hollow fiber oxygenator. The perfusatelentered the
small atrial reservoir and returned to the first large reservoir
in the waterbath through an atrial overflow outlet. From the
second reservoir, perfusate was pumped through a second Bently
filter, then passed into an oxygenator and was equilibrated with
557 N2/52 COZ' The perfusate then reéurned into the second large
reservolr and recirculated through this system until p0, of the
perfusate reached 30-40 mmHg. Since deoxygenation proceeded
slowly, recirculation through the second circuit was begun 45
minutes before the onset of the experiment so ghat pO2 of 30-40
mmHg was obtained at the start of the experiment. When the

' normoxemic perfusate was replaced with the hypoxemilc one, two
gtopcocks were switched such that it allowed only one of the

perfusates to enter the atrial reservoir and the heart. Upon

switching, some mixing of normoxemic and hypoxemic perfusates
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occurred in Fhé small atrial reservoir, and the initial pﬂ2
entering the heart increased t6 LS—SS mmig .
Samples of aorqic and coronary sinus ef fuent (froﬁ the
pulmonary artery) were takef every 10 minutes and the measurement
of hemodvnamic variables was continuous until failure (defined as

107 or less of the submaximum steady state cardiac output).
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E) Biochemical Techniques

1. Freezing and Extraction . . . s

For the deéermination of tﬁe creatine and analogue
concentrations at 2, 4, 6, 8, 10 and 12 weéis, rats at these 2
week intervals were stunned by a blow to the head and
decapitated. The hearts were quickly exposed and frozen between
precooled a}uminum blocks, then welghed in a covered styrofoam
weighing dish to keep the hearts from thawing during weighing.
The rats from which papillary muscles were obtained were
sacrificed in the same manner and the hearts were frozen
immediately after the removal of the papillary muscles. All
hearts were droﬁped into precooled (in liquid nitrggen)
containers containing liquid nitrogén.and stored aé -80°C until
analysis.

The extraction procedure (previously described by Mainwood
et al. 1982a) was performed at 0°C. Approximately 100 mg of the
heart was crushed Into a fine powder in a precooled mortar and
pestle, It was then transferred to a precooled test-tube kept on
ice, and 0.8 ml of perthoric acid was added. The contents were
mixed for 1| min and allowed to stand on ice for 20 min. Affer
the second mixing the samples stood on ice for 10 min. TFollowing
the third mixing the contents were centrifugediat 10,000 g for 10
min. The supernatant was collected into a fresh, precooled
test-tube and neutralized with 120 ul of 2.5 M potassium
carbonate,’ The extracted sample was immediately used or stored

at -80°C.
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2. Acid Hydrolysis

To hydrolyze CP inkthe extracted sample, 150 yl of 0.5 N HCL
pos ‘

was added to 0.5 ml of the s;mple. This mixture was then heated
at 60°C for 10 min. Immediately after heating, the samples were
cooled on ice and neutralized with 5-12 ¢l of 2.5 M K,CO

2
{(Mainwood et al. 1982a}.. g

3

3. Determination of Total Creatine

An- assay described by Ennor and Rosenberg (1952) was
modified and used to determine the total creatine content in
hydrolyzed heart extracts. The reactinn'éixture contalined 1.0 ml -
of distilled water, b;l ml of muscle extract and 0.5 ml of 0,057
butane-2,3-dione. After letting the reacpion mixture sit for 30 -
min, it was read spectrophotometrically at 510 nm at room
temperature. A linear standard curve was made from 0 <o 100 nM
based on total creatine levels from previous studies, which
ranged from 10 to 80 ymoles of creatine/g of‘heart wet weight.
N Both GPA and GBA react to a small degree with butane-2,3-
dione and give a positive colorimetric reaction when the creatine
assay is performed. Thermethod of Mainwood and Totosy ‘de
Zepetnek (1985) ﬁas followed. A known quantiéy of elther CBA or
GPA was udded in the absence of creatine to the standard assa&}of
creatine and read spectrophotometrically. A correcdtion factor
(F, ranging from 0.12 to.0.18) was obtalned from the ratio of the

analogue reading to the creatine reading from an equivalent

amount of creatine, The corrected creatine (Crc) Iin ench sample k\\\
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was ehtimated acéording to the'follcﬁing formula: .
Crc = Cra - F x Gp or Cb

 where Cra is the apparent creatine concentration-and Gp/Gb

is the puanidine {proplonic/butyric acid) concentration,

4, Determination of Total B-gaanidinopropionic aﬁd
g-guanidinobutyric aciq T

_ The color reaction, first described by Sakaguch1/£1925) was
used to estimate the guanidine levels as used by B’ as et al.
(1965). The reaction mixture contained 1.0 ml of distilled
water, 0.1 m%;£¥‘hydfolyzed heart extract, 0.25 ml of thymine-a-
napthol mixcure, 0.1 ml of sodium hypochlorite, and 0.1 ml of ZZ.
thiosulfate. This mixture stood on ice for 5 min and was read
spectrophotometrically at 510 nM at 10°Cf A linear standard
curve was made from 0 to 60 nM based on t;tal guanidine levels
from previous studies, which ranged from 5 pymoles to 20 pmoles of

guanidine compound/g of heart wet weight.



\4

57.

) Electron Microscopv" , _ |,

Sprague-Dawley rats -(n=4 in each group) fed control, GRA and

GPA di for 7 weeks were aﬁesthetized with Somnotol,. (50

mg/kg), hepar (200 1U) and perfused through the carotid

artery with a fixative containimg: 0.045 M cacodviate buffer,

1.57 gluteraldehyde, 400 mOsmol/kg H,0 maintained at pll of 7.4<;mvj’

Upon fixation, the-hearts were excised and cut into 2 mm picces.
The .Individual pieces of the ventricle were fixed for 2 h in 27
osmic acid and 150 mM.cacodylape buffer and embedded in Araldite
(520) for 12 h at QOQC, followed by 24 4 at 60°é'and then 18 h at
90°C. Semi-thin and thin section were cut with a diamond knife,

The sections were stained with urany]. acetate (saturated in 507

‘methanol, pH 4.4) for 30 min at 25°C,.counter-stained with

Reynold's lead citrate (pH 12.0) for 20 min at 25°C.
'Ran&om samples of subendocardial, midwall and subepicardial

sections were selected for analysis and were examined with a

-

Philips Elu electron microscope.

N

1
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G. Statistical Analysis

All data (means and standard erTTors of the mean) were
.ana].yzed using one-way analysis of variance to determine
slgnificant changes_among the three treatment groupé.
éignificant. differences among the gvroups wera amalyZed using the
éﬁost—hoc Scheffe .tes.t. Ca‘lculs‘xtion of ;:h;a percent survivail was .,
done accordin;z,.to Cur] e-r and Ederer _(1958) and Fleis*s et a]:.A

) . rd .
(1976), modgfied for this study and Chi-square analysis was

performed to obtaln significance between the .groups,' centrol, GBA

T~ . 7

Q and GPA, and significant differences were analvzed using a

post-hoc Chi-square test.

'
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. RESULTS

A)  Preliminary Feeding Trials

Concentrations of total creatine (drentine and CP) and of

“total GBA and GPA were measured in hearts of rats on control, GHBA

, < .
and GPA diets for 5 weeks. As&ﬁhoyn in Table 1, the levels of

total creatine decreased to 337 in the GBA group and to 317 in
the GPA group of the levels obta¥ned in the control group at 5
weeks. Negligible amounts of guanidino-reactive compounds were

found in control muscles (Téble 1) when the puanidine-assay wns

k]

used (Bonas et al. 1965) to analyze the control musclis.

Since decreases in cresatine: to 25-207 were desi;able, rats

- v

were fed for up to 7 weeks, and the results are presented 1in

Table 2, The myocardial concentrations of total creatine in rats

a . -
fed the GBA diet decreased to 217 of concentrations obtained 1in r§£

the control rats ép 7 weeks, and to 257 in the rats féd rhe,ﬂPA;%ii
diet. The GBRA ana{ogue‘in the Qyocardium of the GBA fed ratst o
idcreased to 537 of the GPA analogue observed in the myocard{um
of tﬂe GPA fed rats. This was not anticiéated, since in both
groups, creatine was depleted to the same extent.
L R

When we_measured the levels of total crefAtine and of the
analogues every two weeks for a total of 12 weeks, we ohserved
that total creatine increased up to 1B weeks in the cpntroi
group, but little chqnge.was observed thereafter (Table 3).

Also, in the GBA and GPA groups, concentrations of total creatine

decreased up to 10 weeks but ﬁégligible éhange wag obgerved after

-
th time.

o The 8ecrease in total creatine in the GBA group was to 117
i : '

and in the-G?A'group'it was 8 147. This was the ‘maximal
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] . kel .
depletion obtained, bven when we fed sgvefal aniﬁals'up to 16
weeks in a pilot study.
The accumulation of the GBA and GPA in the control,'GBQ and

GPA groups 1is shown 1n Table 4. The accumulation of GPA wés]SOZ

preater than that of GBA with little difference 1in creatine

-depletion betweem the two groups (Table 3).

The effect; of the-tﬁo analogues on body weight at Q, 2, 4,
6, 8, 10 and 12 weeks of feeding are given in Table 5. Body
weight was no; significantly diffeuent amo;g'the three groups at
the start of the feeding trial, but retardation of grow£h~in the
GBA fed .rats was noted by 8 weeks of feeding, and by 10 weeks the
CRA group had significantly lower body weight (p<0.01,.F=13£§)
than the cont?&i group. Significant differences were obtained

t :
hetween the two experimental groups at 10 weeks (p<0.05, F=5.7)
but Eu;ther decreases were not observed thereafter. The
difference in body weight occurred.in spite of the effort to
control the caloriélintake (see meéhods section A) of the three
groups to minimize differences in weight due to a differential

B
food intake. 2 '
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Table 1: Concentration of total creatine, GBA and GPA in pmol/g
. ) " . . ) )

wet muscle weight in hearts of rats fed control, GBA

and GPA diet for 5 weeks.

Total Creatine Total guanidino-reactive compound

4 1
Control 13.0 + 1.1 0.25 + 0.07 ,
Al
4 .
= Total Creatine Total GRA Total GPA
GBA-fed 4.3 + 0.5 * 3.4 0.2 - —_—
GPA-fed 4,0 £+ 0.8 —— 7.6 + 0.5
. ¢ :

¢

- all values are means and standard errors of the mean

-0 is 5 in all groups

.

o
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Table 2: Concentrations of total creatine and analogues, (GBA
and GPA)} in pmol/g of wet weight of hearts in rats fed

control, GBA and GPA diets for 7 weeks.

Total Creatine Total guanidino-reactive compound
N
Control . 13.8 + 1.8 0.45 £-0.03
Total creatine " GBA GPA
/7 :
GBA ' - 3.0+ 0.8 4.7 + 1.5 —
k]
GPA : 3.4 0.7 - 8.9 £ 0.9

- all values are means and standard errors of the mean

- n equals five hearts in each group

-t
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Tabléﬁ3;. Total creatine levels in pmol/g wet muscle weight in

hearts of rats fed control, GBA or GPA diets for 2, 4

-‘gf\gi 10 and 12 weeks.

WEEK CONTROL CBA-fed GPA-fed
2 9.6 * 0.6 ‘5.0 + 0.3 s43 + 0.2
4 10.2 + 0.8 4.1 £ 0.8 4.0 % 0.4
6 13.6 + 0.9 3.3 £ 0.5 2.2 %+ 0.2
8 | 13.8 + 1.5 2.8 % 0.5 2.5 + 0.5

10 15.2 + 0.4 1.5+ 0.2 1{310J

12 15.3 + 0.2 1.7 + 0.1 2.2 % 0.2

1

— all values are means and standard errors of the mean

- n is 5 in all groups
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Table 4: Total analogue levels (GBA, GPA) in umol/g of wet
muscle weight in hearts of rats fed control, GRA or GPA

diets for 2,'4, 6, 8, 10 and 12 weeks.

WEEK Guanidine;Compound GBA in GBA-fed GPA 1in GPA-fed
~ Lo
in Control :
L~

2 0.3 £ 0.04 2.4 £ 0.2 5.1 £ 0.9

4 0.4 + 0.10 3.4 * 0.3 6.8 + 0.7

6 0.3 * 0.09 4.2 £ 0.7 8.4 ¢+ 1.1

8 4,9 + 0.7 9.4 + 1.0

10 5.1 £ 0.8 10.0 + 0.5

12 0.2 + 0.04 5.0+ 0.8 * 0.04

10,7

//’

- all values are mean$ and standard errors of the mean

- n is 5 in all groups
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Table 5: Body welghts in grams“of rats fed control, GRA and GPA

diets for up to 10 weeks

WEEK CONTROL | GBA-fed  GPA-fed |
0 262 + 5 257 + 8 : 250 + 7
2 307 * 6 304 + 8 \_\-303:3
4 339 + 5 345 + 5 132 + 8
6 375 & 6 373 * 6 369:7
8 389 = 9 376 & 7 183 + 16
10 5617 £ 5 381 # 7R+ a08 + 8

all wvalues are means and standard errors of phe mean
p <0.01, statistically different from control
p < 0.05, statistically different from GPA

n is 3 in each group
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R) Mechanical Characteristicé In Vitro

L. Contractile Characteristics of ﬁ Single Isometric
Twitch
Tnitial experiments were done after 7 weeks, at which time

the levels of total creatinelin the heart declined to 21% in the
GRBA group'anh to 25% in the GPA group of the levels obtained in
the control group. The e#perimgnts were repeated after 10 weeks
at which time-total creatine decreased to 117 in GBA group and to
147 in GPA group of ‘the levels in the control group. The
differences 'in concentrations of total creatine hetween GBA group
and GPA group at 7 or at 10 weeks were not'statistically
significant.

| Contractile characteristics were compared among the three
proups at Lmax as defined in methods section C 2a.

Representative sample of a single twitches developed at Lmax at a
éate of 3 pulses/min are displayed in Figure 7. Preload, length
'nnd cross~sectional area of the papillary muscles are shown in
Table 6 in the control, GBA and GPA‘groups after 7 weeks and 10
weeks. Cross-sectional area (mmz) was calculated b& first
converting the weight of the muscles (mg) into volume using
density of 1,063 and then dividing the volume by.length (mm) ;f
each muscle at Lmax. After 7 weeks the preioad necessary to
attaln Lmax in the GBA group was significantly lower (p<0.01,
F=8.1) than that in the control and GPA groups and no significant
differences existed between control and GPA groups. This
discrepancy is most likeiy.due to the fact that a technician
performed the 7 week experiments and the author the 10 week

experiments.,
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The cobtained force was_expressed as tension by normalizing

force'psr cross—éectiqnal area (see Appendix ]i fpr concept of
normaligation). The maximum developed tension (DT), the rate of
tension de\_rélopment (dT/dt), mean rate of tension ‘developmenr
(mean AT/At), time to maximal tension developmént (TMT) and time
to ﬁalf-relaxation (T &% R) are presented in Table 7. NWo .
significant differences were féund in any of the;c variables.

* During the preliminary feeding trial, we noted that the body
welghts of the rats differed among the‘rhree‘groups after 10
weeks on the three diets. In that trial, the hearté were
immediately frozen, therefore left and right vegtricular heart
weiéhts cquld not be obtained. Thus, during this experimental
protocoi, we welighed the hearts and recorded whole heart, left
ventricular (plus septum) and the right ventricular weights in
each group both after 7 and 10 weeks on the diet, These weights
aﬁﬁzgresented in Table 8. Norsignificant differences were
observed among the three groups in whole heart, left or right
ventricular weights dfter 7 weeks., After 10 weeks, the left
ventricular weight In the GBA group was less than that in control
and GPA groups, but the difference was not statistically

significant. Upon normalization of heart weight per boedy weight,

the difference was even less apparent (Table 9).

'\
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Figure 7: Recording of_a single isometric twitch in a
‘ paplllary muscle of a rat fed fhe control diet for
7 weeks, The uppér tracing 1s force (F) and the
lower tracing is the firsf derivative of developed
force (dF/dt). Stimulation rate was 3/min, bath

temperature was 25°C. ..
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Table 6: Preload, length and cross-sectional area at Lmax in

papillary muscles of rats fed coﬁtrol, GBA and GPA

J/ diets for 7 and 10 weeks
n. Preload (g/mm?) ~ Leﬁgth (mm) Cross-Sectional
- Area (mm?)
7 WK
Control 9 1.6 £ 0.1 6.2 + 0.9 C 1.2 £ 0.1 ,
CBA-fed 10 1.1 £ 0.1% 7.2 + 0.3 1.1 + 0.1
GPA-fed 9 ¥1.5 0.1 7.1 £ 0.4 1.0 0.1
10 WK
Control 10 1.5 % 0.2 6.2 0.4 1.0 & 0.1
GRA-fed 10 1.5 + 0.1 6.1 = 0.2 1.1 % 0.1
GPA-fed 8 1.7 + 0.2 6.3 + 0.5 1.3 £ 0.2

- all values are means and standard errors of the mean

- stimulation rate is 3/min

- temperature is 25°C . . “‘,;,,—

- five animals were used in each group

- n refers to the number of muscles -

* p <0,01 statistically different from control and GPA

o

it
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Table 7: Contractile Eharaqteristics at Lmax of papillary

muscles of rats fed control, hBA and GPA diects for

7 and 10 wéeks

"\\? DT dT/dt AT/ At

™F T} R

{ms) {ms)

o (g/mm?) (g/s/mm?) Eg/s/mmz)
- ' o 7 WK

Control 9  3,7%0.3 37.8%£2.0  23.320.7
GBA-fed 10 4.5+0.9  45.5%9.6 23.8x4.4

GPA-fed 9  4.1%0.5 4330£5.0  24.0%2.2
' 1\ Wk

Control 10 3.6x0.7 33.5+3.8 19.522.3

GBA-fed 10 4.0£0.5 29.8%6.3 10.0£7.1

‘GPA-fed 8 3.7+1.0 34.6%8.9  18.7+8.0

179+8 153+18

L]

186£10—~ 19034

iy
17319 174%213

182x8 ' 164220

s
f - P
200+15 19114
,®:

19848 19248

7

DT - maximum developed tension

dT/dt - rate of tension development
’ !

AT/At — mean vate of tension development
TMT - time to maximum tension development

T 3 R - time to-one-half relaxation

\ +

- g@imulatioq rate is 3 pulsesimin '
. . :
~ temperature is 25°C

~ n refers to the number of muscles

- five animals were used in each group

)
«

- 21l values are means and standard errors of the mean
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Table 8: Whole heart (WH), left (left ventricular and septum,

LV) and right ventricular (RW) welghts in grams of rats

LY

fed control, GBA and GPA diets for 7 and 10 weeks

+

-

7 WK WH . LV RV
Control 1.26 + 0.07 (8) | 0.86 £ 0.04 (9)  0.39 * 0,04 (8)
GBA ©1.13 £ 0.08 (8) 0.8  0.06 (8)  0.29 + 0.08 (8)

- . * )

GPA 1.33 £ 0.07 (9)  0.8% + 0.04 (9)  0.42 + 0.08 (9)

10 WK WH LY . RV

N
Control 1.ﬁl/£ 0.08 (&) 0.90 + 0.04 (6) 0.5]1 + 0,07 (&)
GBA ©1.30 £ 0.07 (6)— 0.86,% 0.06 (6)  0.44 * o.nsj'ﬁ)
GPA 1.37 £ 0.11 (7)  0.94 £ 0.08 (7)  0.44 * 0.06 (7)

Fame I

¥

-
- all values are means and standard errors of the mean \\\‘

\

- numbers in brackets represent the number of animals
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Table 9: Percentages of whole heart (WH), left (left ventricle
L

and'septum, LV) and riéht ventricular (RV) weights of

bt

body weights of rats 'fed control, GBA and GPA diets for

7 and 10 weeks,

»

7 WK ‘ WH | LV RV

0.01 (9)  0.09

Control 0.32 % 0.02 (8) 0.22 # + 0.02 (8)
GBA 0.30 £:0.22 (9) ' 0.22 :_0.02 (9) 0.08 = 0.01 (9)
GPA 0.34 + 0.02 (9) 0.2# + 0.01 (95 0.11 +# 0.01 (9)
\
10 WK WH LV RV
Control 0.33 + 0\O1 (6) 0.22 ¢ 0.01 (6) 0.14 # 9.02 (6)
GBA 0.35 * 0.02 (6) 0.23 + 0.01 (6) 0.12 * 0.02 (6)
"GPA 0.34 + 0.02 (7) 0.23 % 0.01 «(7) 0.11 + 0.01 (7)
- A

"~
'/
- all values are mii;f and standard errors of the mean

- numbers in bracket \iepresent-the number of animals
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2)  Frequency-Force Relationship at 25°C

Contractilg meﬁhanics of the papillary muscle. are shéwn in
Table 10. A negative inotropic responée in the maximum developed
force (P?) was seen in all three %youps with nﬁﬁincrense in the
stimulation rate from 3 to 192 pulses/min (Table 10). The DF at

3 pulses/min was assigned the value of 1007 in each muscle in

each group and the DF attained at higher frequencies was taken as

a percent of the DF obtained at 3 pulses/min. There were no

sig@ificant differences in DF at any stimulation frequency among

the groups. J

FA similar trend was-observed in all of the contractile
characteristics that were examined such as the rate of for :
developmént (dF/dt) (Table 11), mean rate of force developﬁenr.
(aF/at) (Table 12), timelto maximal force development (TMT)

(Table 13), and in time to half relaxation (T % R} (Table 14).

No significant differences were ohserved at 7 or 10 weeks in nny.r(\m\‘:’“‘“tr
of these twitch characteristics among the three groups at anv of
the frequencies. ({Actual values obtained are 1n Appendix VI,

Tables 1 to 5).
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Table"10: Frequency-force relationship in the papillary muscles of rats fed
. -_;L

control, GBA and GPA diets for 7 and 10 weeks i
Frequency of
Stimulation ‘
(per min) 3 6 12 24 _48 96 192
7 WK ) 7 of Maximum Developed Force
Control 100 89 * 83 + 6 76 £ 436 54 * 4.5 38 % 28 ¢+

<
ne=9
’ v —— »

GhA-fed 100 92 * R2 *-4 75 *+ & 53 £ 7 36 x 23
n= 10 =
GPA-fed 100 86 # 71 +5 60t 8 50 £ 4 36 = 26 &
n=9

[ ]
10 WK
Cdntrol 100 89 # 78 £ 9 64k 5 56 + 5 38 ¢+ 28 #
ne=10
GBA-fed 100 94 * 81 £ 4 752 53 £ 5 36 ¢ 27 +
n=10
GPA-fed 100 85 £ 72 £ 3 60 + 7 50 + 4 37 + 26 *
n=348 .

I

all values are means and standard

percent of the maximal force developed at 3 pplses/min

1

n is qu number of muscles

bath temperature was 25°C

five animals were used in each group

errors of the mean and are expressed
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Table 11: Rate of force development (dF/dt) af inéreasing fntés

~#fimulation in the papillary muscles of rats led

Pl
®

-cﬁgéf?l,*GBA and GPA diets for 7 and 10-weeksy

Frequency -of -

Stimulation.
(per min) R 6. 12 24 48 96 197
% of dF/dt

7" WK o
Control 100 9083  87%k 6885  63+3 46+2 39ri
n=9 ’ )
GBA-fed 0100 97:3 78616, 7325 523 434 3824
n=10
GPA-fed 100 71£3 7623 65%4 563 433 363
n=9

IOWK ;
Control 100 95+3 - 75%14  73xl4  73%12 617  4B#7
n=10

GBA-fed 100 79410 67+9 64210 51¥7  49%8 - 41%6
n=10 “ | 7

.GPA-fad - 100 79410 -62+8 607  50%8 - 4628 388
n=8 ‘ <

; ) ’

-~ all values are means and standard errors of the mean and are

taken as a percent of the value obtained’at 3 pulses/min

n is the numbe:/;f muscles

five animals ware used in each group

bath temperature was 25°C
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Téble 12: Mean rate of force development (AF/At) at increasing
rate of stimulation in the papillary muscles of rats

fed contro%. GBA and GPA diets for 7 and 10 weeks.

Frequency of

Stimulation

(per min} 3 6 12 24 48 96 192
7 of maximum AF/At

7 WK ' .

Control 100 80%2 76%2 603 5323 G2 2282

n=9 ‘

GBA-fed 100 923 7623 l65t6 4457 4623 3943

n=10 | \

CPA-fed, 100 87%2 80¥3 7223 644 56%3 3242

n=9

10 WK '

Control - 100 954 9045 90:4. 8547 60+8 428

n=10 ‘

GBA-fed 100 952  85*5  B5:3  60x4  50%4 3636

n=10 |

" GPA-fed 100 8553 918 65s5 7086 6612  38%5

n=8

all values are means and standard errors of the mean and are
taken as a percent of the maximal value obtained at 3
pulses/min

n is the number of muscles

1

five animals were used in each group

bath temperature was 25°C
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Table 13: Time to maximal developed force (TMF) at increasing
rates of stimulation in the papillarv muscles of rats

fed control, GBA and GPA diets for 7 and 10 weeks.

Frequency of

Stimulation «fiquh i
{per min) .3 6 - a2 24 48 96 192
Z of TMF
7 WK
Control 100 10024 97+4 §7ih 96+4  B1tS 77%5
n=9
GBA-fed 100 101+4 96%4 98+7 9925 8113 74:8
n=10
'‘GPA-fed . - 100 98+6 92+6 8324  77B- 798 6715
. | . .
10 WK
Congrol 100 96+3 934 85:4 7845 ';76i6 598
n=10 |
" GBA-fed 100 100+2 94+2 93+2  Blt4 764 68+5
n=10
'GPAOfed 100 9622 96+3 8923 864 BlE3 737
n=8

] -

l

all values are means and standard errors of the mean and are
taken as a percent of the maximal value obtalned at 3

1ses/m},
?u ses Q@g

n 1s the number of muscles
1

five animals were used in each group

1

bath temperature was 25°C
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Tablg 14: Time to half-relaxation (T 3 R) at increasing rateé of

stimulaﬁidn.iﬁ the papillary muscles of rats fed '

control, GBA and GPA diets for 7 and 10 weeks.

Frequency of

+

Stimulation
(per min) 3 6 12 24 48 96. 192
: Zof THIR
4
- 7 WK
Control 100 808 70+9 67+10 61h 51&8 48+12
n=9
GBA-fed 100 817 8011 73%12 ' 62%9 5517 La+e
n=10
GPA-fed 190 7912 7048 65+13 556 51+10 48+8
n=9 )
10 WK
Control 100 100+7 99+5 82+8 7024 6215 496
n=10 A i
GBA-fed 100  75+3 89+3 6745 5€E4 53x1 37+6
n=10 )
GPA-fed 100 9822 90+3 87x4 864  63%6 ‘ 4£3*10
n=8

taken as a percent of the maximal value obtalned at 3

pulses/min

n is the number of muscles

bath temperature was 25°C

five animals were used in each group

all values gre means and standard errors of the mean and are
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k)] - Effects of Paired Stimulation

'The DF of each twitch during paired-pulse protocollwas-tnken
as percent of the DF oLtained d?ring\siﬁgle'stimulntio; at 3
pulses/min. At any paired-pulse intervni, the first twitéh never
decreased below 957 of that obtained at single stimulation ;nre
of 3 ﬁulses/min in aﬂy of the three groups.

The DF of the Second twitch was less than that of the first
twitch and no significan; differences in DF of the seconq twitch
among the three gfqupswcre observed at any.of Fhe paired-pulses
intervals above 180 ms. But at 180 ms and af lower intervals,
the DF in the GBA and GPA groups was significantl; lens (p<0.05,
F=8.4) than in the control group (Table 15).  Also, fusion of the
first and second twitch occurred at a longer paired 1ntérva1 in
the creatine-depleted muscles than in controls. In Fig. 8, we
provide an example of the twitches in the GBA and GPA groups
whfre ‘the twitches are almost fused at an interval of 175 ms
while the control muscles still manifest two separate twitches.
_

The paired-pulse interval at which fusion occurred was

significantly lower (p<0.0l, F=10.4) for the control group, 14%

i+

I+

9 ms, than for sthe GBA (170 * 11 ms) and for the GPA group2(173
3 ms). No significant differences were obtained in the time at
whigbp usion occurred between the experimental groups.

After the last paired-pulse interval, the musclesg were
stimulated by a train of pulses of I92/min for 20 s, Stimulation
was stopped and after 5 s rest period, a single pulse was given
to assess the recovery. The DF at 192 pulses/min ywas taken as a2

percent of the DF obtained at 3 pulses/min and was 42.9 * 1.97 in

'
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the control group, 47.5 + 8.8% in the GBA group and 36.6 * 8.3%
in the GPA group. The DF obtained with a singlé stimulus was

66.4 + 6.6% in control, 70.0 t 5.8% in GBA and 58.7 * 8.37 in the

GPA group.
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Table 15: Developed force of paired twitches in papillary '
muscles of rats fed control,-GBA and GPA diets for 10

weeks,

‘-
Z OF MAXIMUM DEVELOPED FORCE

CONTROL GBA .. GPA

"y
PAIRED PULSE INTERVAL (ms)

A Twitch = 7

700 ‘ 2 73.8 ¢+ 3.1 69.1 + 5.2 f2.1 £ 2.5
500 2 711872 . 65.4£6.9  60.6 £.2.9

300 2 274 Tag 26.3 £ 7.9%  27.4 ¢ 8.3 j
200 C2 20;5 * 3.9 19.7 * 7.3 22,9 + 4.8

190 2l 17.9 £ 2.9 17.6 + 1.7 14.1 = 3.1 -
180 2 17.6 + 2.3 - 9.9 £ 2.8« ° 0,] 3-2.6*

n J) 8 6 8

.
- the pulse interval between the twitches degrcased_from 700 to . h7'

500 to, 300 to 200 ms to 190 and to 180
- values are means and standard errors of thé mean and are

expressed as percent of the values obtained at

< , ’

//’_\3\35}§E§7min

~ %*p<0.05 statistical significance between control and

experimentél groups, no slgnificant differences hetween
experimental groups

- n the number of muscles

1

four animals were used in each group

mg refers to milliqeconds

bath temperature was 25°C

>
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. ‘}Tigure

8: A recording of papillary muscle response to paired
stimul{ of control, GBA and GPA fed' rats for 10 weeks.
>The upper tracing in ‘f.ach case 1s force (F) and the
lower is the first deriﬁative of the.dévé10ped force
(dF/dt)}. The paired-pulse interval in each case was

175 ms, Bath temperature was,25°C.
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GBA

GPA
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artifact
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4) Effects of Hypoxia on Contractile Chardcteristics
" ‘

A pilotlexperimeﬁr wag performed to determine if hypoxia

-

would affect DF differently in the creatine depleted muscle than
in controls. Immediately following the protocol im section 3,
the stimulqtion rate was increased from 3 to 24 pulses/min and a

a8 mixture of 957

and 57 Coé\hfs introduced into the buffer.

Maximum developed force was ‘faken as a percent of the DF obtained
at 24 pulses/min when the muscles were immersed 'in buffer with

high p0, values.

2 . .

The NF decreased from 100% (that was taken as a percent of‘
the DF obtained before the onset of hypoxia at 24 pulseg/hin) as
PO, decreased from 500 * 50 mmHg to 30 * 10 mmHg (Table 16). No
significant differences werelobtained in DF among the three
proups. Similarly no significant differences were obtained in

any other contractile characteristics among the 3 groups at any

p02 measured.

When the rate was increased to 48 pulses/min, the papillary
muscléslin all 3 groups failed within several beats after the
! _

introductiog of nitrogen/carbon dioxide gas mixture.
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5) Frequen;y—Force Relationship at 31°C

Contractile cha;acteristics of rats fed control, GBA and GPA
diets for 10 weeks were examined with trains of sfimuli at 270,
300, 330, 360 and 390 pulses/min. The temperature of the bathing
fluid in which the papillary muscles were kept was brought to
31°C to increase the metabolic rate§gf the muscle and to decrease
the amount of dissolved oxygen.

No significant differences were observed in preload, length
of cross-sectional area among the three groups at Lmax (Table
173. Plso the contractile characteristics wefe very similar
among the three groups when measureg at Lmax (Table 18).

When we compared the contractile characteristics that we
obtained at 25°C to those at 31°C, we found that the dT/dt and
AT/At‘were greater at 31°C and T™MT and T } R were shorter than at
25°¢C (Tablé.lﬁ). This was true for all thréé proups.

The isometric twit%hes-uere recorded at each stimuiation
rate for a period of 85 s and DF was measured at 7 and 80 s after
the onset of eacil stimulation rate (Fig. 9). A fast recording at
100 mm/s is represented in Fig. 10. At most frequencies of
stimulation, the DF was lower in mpscles of the analogue fed rats

,___\\;:an in those of control fed rats however the differences in DF
among the three groups were not stacistically significant (Table
19). 1Incomplete relaxation was obsérved in all of the papillary
" muscles stimulated at all fréquencies, si?f;lthe pulses were

plven at a faster rate than that required for complete

relaxation.
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After each train of higﬁ frequency stimuli lasting for 85 s,

- the rate was decreased to 3 pulses/min and the DF with each
subsequent stimulus 1increased until a plateau was reached,
Measurements of DF were done con;inuous]y for 35 min in each
group, and the statistical analysis (one-wav analvsis of
variance) of DF ;mong the g;oups was done at that time. This DF
of the control group was higher after each train of stimuli than
the DF of the GBA and GPA groups. 7Tt was also significantly
greater in the control group after the train of stimuli 360{m1n
(p<0.01, F=8.9} and 390/min (p<0.01, F=10.8) than DF 1in the GRA
and GPA groups. The DF of GPA group was signiffcantly lower than
the DF of.the GBA group after each of these two trains of stimu]f
(Fig. 11). '

The length of time at 3 pulses/min required to reach their
maximal DF and to reach a plateau was significantly longer
(p<0.001, F=89 at 270-300 pulses/min, F=41 at 300-330 pulses/min,
F=39 at 330-360 pulres/min, F=24 at 260-390 pulses?min and T=53
afte; recovery from 390 pulses/min) in the creatineudepleted.
muscles than in controls after everv traln of stimu]i (Fig. 17).
It took s}gnificantly less time (12 min) for the control muscles
to reach this plateau, while 1t took 31 min for the muscles in
the GBA and GPA groups to reach the plateau after every frequency

of stimulation,



87.

Table 1%: Preload, length and cress-sectional area of papillary
muscles at Lmax at 31°C of rats fed control, GBA and
GPA diets for 10 weeks
/‘
Preload(g/mm?) Length (mm) Cross-Sectional Area{mm?)
Control 1.6 + 0.3 5.6 + 0.6 1.0 £ 0.1
n=10
CBA-fed 1.4 + 0.1 6.5 £ 0.3 1.0 £ 0.5
n=9 l
GPA-fed 1.5 ¢ 0.1 6.4 % 075 1.1 £ 0.1
n=10

-

all values are means and standard errors of the mean

- n refers to the number of muscles -

five animals were used in each group

gtimulation rate was 3 pulses/min
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Table 18: Contractile characteristics at Lmax, 25°C and 31°C of

papillary muscles of rats fed control, GRA- and GPA-fed

diets for 10 weeks.

dT/de ATHAL

DT. TMT T i R
n (g/mm*)  (p/s/mm?)  {(g/s/mm?)  (ms) (ms)
10 WK (25°C)
Control 10 3.6£0.7  33.5£3.8  19.5+2.3 1828  164%20
GBA-fed 10 4.0%0.5 29.8%6.3  10.0%7.1 259:15 19114
GPA-fed 8 3.7+¢1.0  34.6+8.9 18.748.0  198+8  192:8
10 WK (31°C)
Control 10  4.2+0.8 57.7:11.7 43.629.8 1126 86+9
GBA-fed 9 5.0%0.8 66.3t8.8 43.0%6.4  118+5 9710
GPA-fed 9 4.7+¢0.7  66.6£11.3 36.5:5.6  125%5 9346

DT - maximum developed tension

AT/At - mean rate of tension development

~dT/dt - rate of tension development

TMT - time to maximum tension dévelopment

T } R - time to onme-half relaxation

n is the number of muscles used
five animals were used in each group

stimulation rate was 3 pulses/min

all values are mearis and standard errors of the mean
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Figure 9: Recording of papillgry‘muscle twitches at a

stimulation rate of 360 pulses/min of a ¥at fed the
control diet for 10 weeks. The upper tracing is force
{(F) and the lower tracing is the first derivative of
the developed force (dF/dt). Measurements of maximum F
and dF/dt were done at 7'and 80 s after the onset of

stimulation. Bath temperature was 31°C.

)
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Figure 10: Recordings of papillary muscle twitches of rats fed
the control, GRA and GPA diets for 10 weeks. ¥
Measurements of paximal developed force (F) and its
first derivative (dF/dt) at 100 mm/s were done at 7 and
80 s after the onset of stimulation at 330 pulses/min.
The upper tracing is force (F) and the lower is the
first derivative of developed force (dF}dt). Rath

s

temperature was 31°C,
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1

Figure 11: The maximum developed force (DF) in papillary muscles

Y

-

of rats fed control, GBA and GPA diets for 7 wéekﬁ.
The DF was measured at 3 pulses/min after each
Lstimulation rate of 270, 300, 330, 360, and 390.
pulses/min.untii a plateau 1in DF was obtained. The
number of muscles was 10‘in Control and GPA and 9 in
GBA. ive animals were used in each group. Barh
‘temperature was 31°C. _ 1
*p<0.01, statistical differences between GBA and GPA
groups |

+p<0.01 statistical differences between the two

. ]
analogue treated groups and the control group

=
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Figure 12:_-.__ Thi“s figure represents t_‘r;e nv“érage pe\rcent DF at
- ;rl':imulation‘rates of 3,.279 aﬁd 390 pulses/min over a
56 min period in th‘e conﬁrol, GBA and GPA groups.
The temperature was 31°C. The number of muscles was 10
in control and GPA groups and 9 in GBA group. Five

animals were used;bin each group.
Az
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The major findings of these experiments are:
1) Contractile characteristics of single isometric
twitches are not significéntly altered by 75-907%7 depletion of

total creatine. ~

2) Imposition of workloads up ég;lgg pulses/min at 25°C
did not alter force development during r;;o;ery at stimulation of
3 pulses/min in creatine depleted papillary muscles when compared
to controls.

3 In creatine depleﬁed papillary muscles, the interval
~ between paired-pulses af which fusion occurred was significantly
I;nger than in controls,

4) - Hypexia did not alter contractile characteristics more
adversely 1n creatine depleted papillary muscles than 1in
controls at a stimulation rate of 24 pulses/min,

5}  Imposition of high workl ads of 'up to 39b pulses/min at
31°C did not élter actual force devel ent In creatine depleted
papillary muscles but the subsequent recovery at low freéuency of

stimulation took significantly longer and the recovered developed

force was significantly lower than in controls.

20



e

95.

C) Hemodynamic Performance of the Tsolated Blood-Perfused

Working Rat Heart

1. Hemodynamic Performance After 7 and 10 Weeks of
Analogue Feeding

. Cardiac performance was evaluated in hearts of rats fed
control, GBA and GPA diets for 7 and 10 weeks. All variables
(see methods for descfiption) were obtainﬁd at times 0, 15, 30,
45,-60, 75, 90, 105 and 120 min of perfusion in control, GBA and
GPA grbups. Since no significant differences were obtalned in
any of the hemodynamic variables during the firit 15 min of
steady state among the three groups at 7 or 10 weeks or among the
corresponding groups of rats fed the diet for 7 and 10 weeks, the '
data was summarized and is given in Table 20.

Of the recorded hemodynamic variables (Fig. 6) cardiac
output {CO) was the first and most immediate indicator of the
performance in each group. TFigure 13 shows that after 7 weeks,
all, of the hearts were able to maintais the initial submaximal
J{z:dy—state CO (as defined in methods) for 60 min. During the
skcond hour,CO began to decline in all the hearts however the
rate of decline was much faster in the GBA aﬂg GFA groups than in

the control group.’' By 75 min, CO.decreased by 507 in the GBA

group and by 447 in GPA group, which was significantly lower

' (p<0.05, F=6.4) than the output of the control group (89%). Ry

120 ‘min, the hearts of both the GBA and GPA groups had a CO of
less than 207 while the control hearts had a CO of 547 of the
initial submaximum steady-state CO. No significant differences
:fre obtained between the hearts of the GBA and the GPA groups

(see Appendix VI, Table 6 for actual values of CO).
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Table 20: Pooled hemodynamic data of isolated working rat hearts during the first

15 minutes of steady state function in control, GBA and GPA rats fed

for 7 and 10 weeks perfused with red blood cell enviched perfusate.

N

dioxide; C 02 = total oxygen content; Hb = heﬁohlobin; LVP = peak left

ventricular pressure; LVEDP = left ventricular end-diastolic pressure.

. Control GBA GPA
n 15 15 15
Hematocrit 7 27 = 1 27 1 26 + |
'pH v 7.42 + 0.03 T.41 + 0.04 7.43 £ 0.0?
pH c.s. 7.34 + 0.02° 7.32 + 0.01 7.33 £ 0.07
PO2a mmHg 305 + 72 291 + 50 344 + 6R
PO2cs mmHg ’91 + 3 3? 5 32+ 3
PCOZa mmHg 40 * 7 36 + 9 40 + 2
pcchs mmHg 46 = 2 43 + 6 46 + 4
C O28 ml 02/d1 13.1 + 1.3 14.1 + 1.1 14,1 * 1,6
c 02cs ml Ozfdl 9.2 £ 0.9 9.1 ¢£.2,0 9.8 £ 1.5
Hb g7 8.6 £ 0.9 9.7 £ Q.7 9.7 * 0.4

. -~ -
Heart Rate Bpm 290 + 15 305 + 20 275 + 30
Aortie Flow ml/min/g 55 + 6 51 % T
Coronary Flow ml/min/é 6.6 + 1.1 6.7 £ 0.9 5.2 + 1.3
Myocardial Oxygen .
Consumption ml/min/g 0.32 = 0.11 0.30 £ 0,13 0.27 + 0.12
Power Input mW/g 117 ¢ 14 106 + 19 104 £ 13
Total External Power mW/g 10;8 + 1.8 10.1 ¢+ 1.6 9.7 £ 1,1
Efficiency 7% 9 +1 10 + 2 10 ¢ 2
LVP mmHg 125 + 6 120 + 10 119 + 2
LVEDP mmHg 8.8 + 1.5 11.8 £ 1.2 11.5 = 1.6
+dP/dt mmHg/s 3558 % 105 3636 + 350 3296 * 193
~dP/dt mmHg/s 3265 + 286 2944 + 241 3116 + 207
a = aortic; c.s. = coronary sinus;_POz, PCOsz partial pressure of oxygen, carhon

—~ All data expressed per gram refer to left ventricular wet weight (free wall and

septum) and n refers to the number of hearts.
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Figure 13: Tﬁis figure represents cardiac output during 120 min
o?‘perfusion and 1s expressed as percentage of the
highest values of cardiacloutputvof control, GBA and
GPA fed rats for 7 and 10 weeks; The highest cardiac
oﬁtput was achieved within 15 minutes of stahilization,
and was assigned the value of 100Z. The numﬁers in
ﬁrackets represent initlal numbers of hearts in each
group.. -+ represents one heart'fhat has failed
(achie%ed pardiac output of less than 107 of the

b0
maximum).c” The mean values represent the average

cardiac output of the surviving hearts.
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After 10 weeks on th; diet, the CO attained during steady-
state in all three groups was similar to that in the rats fed for
7 weeks. However, the onset of failure in the hearts of the GBA
and GPA groups occurred sooner as seen in Fig. 13. By 45 minf
the CO had declined by 337% in the GBA group and by 407 in thé GPA
group while the control group maintained their submaximum
ateaéy—state CO. The decliﬂe in CO observed at 45 minutes in GBA
and GPA groups was significantly lower (p<0.05, F=4.5) from chat
of the control group buf no significant differences were observed
in CO between.the two creatine depleted groups. By 90 min ai] of
the hearts in the GBA and GPA groups had failed, while the
control group maintained 827 of the CO obtained during steady-
state,

After CO, the second most significant indicator of cardiac
performance was the rate of survival. A survival curve was
constructed (Appendix III).to describe %ardiac performance since
statistical analysis became Invalld as an increasing number of
hearts failed in the second hour of perfusion, in rats- fed for 7
and for 10 weeks. Survival of the hearts was definad as
maintenance of CO greater than 107 of the initial submgximal
steady state CO. After 7 weeks of feeding, 56% of the GBA and
GPA groups had survived by 90 min (Figure 14) while 897 of the
hearts in the control group had survived. By 120 min, only 237%
of the GBA group and 327 of the GPA group had survived as
compared with 78% of the control gr;up (p<0.05, X2=12.2). After
10 weeks on the diet, 507 of the GBA group and 407 of the GPA
group had survived by 60 min while he;rts of the control group

were still functioning at 100%Z. At 90 min all of the hearts of
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the contreol group survived, while all hearts in the GBA and GPA
groups failéd.

The next most Important indicator of performance was
myocardial oxvgen consumption, then stroke volume, power input
and output, the rate of pressure development (+dP)dt{ and the
rate of relaxation (-dP/dt) and efficlency. These parameters
were compared.among the control, GBA and GPA groups (Appendix VI,
Tables 7, 8, 9, 10, 11, 12 and 13) and a similar pattern of
‘decline was obtéined in the three groups.' This pattern of
decline resembles that of cardiac outﬁut in the 7 and 10 Qeek Fed

rats during the submaximal steady-state cardiac performance. The

only parameter that did.not vary was heart rate (Appendix VI,
Table 14).
Left ventricular end-diastolic pressure (LVEDP) was compared
among the three groups at 15, 90 adn 105 min in the surviving
hearts of rats fed for 7 weeks and at 15, 45 and 75 min in
surviving hearts of 10 weeks. 1In Fig. 15 representative examples
of intragentricular pressure at 15 and 75 min are given for
hearts of rats fed control, GBA and GPA diets for 10 weeks.

After 7 weeks, LVEDP was significantly higher in the GRA
group than in the control and the GPA groups at 90 and 105 min
(p<0.01, F=9.20) (Table 21). After 10 weeks LVEDP was higher in
both the GBA and GPA groups than in the control group at 75 min

"however; statistical analysis was not performed since only two

hearts were functioning in the experimental groups atygthat time.
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Figure 14;: ?ercentage of surviving hearts of rats fed control,
.GBA and GPA diets for 7 and 10 weeks, whose'cardiac

output remained ahove 107 of the initial value. The
initial n value was 9 in all three groups fed for-7

weeks. Initial n was 6 in the control and GBA groups

and 7 in the GPA group fed for 10 weeks,
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Table 21: Left ventricular end-diastolic pressure (mmHg) in
. A ‘ ¢

hearts of control, GBA and GPA-fed rats for 7 and 10

wegks.
7 WEEK 15 min o 90 min 105 min
Control 9.7 + 1.7(9) 10.5 + 1.6(9) 12.3 £ 1,7(9)
GBA 13.8 * 1.2(9) 17.6 + 1.7(6)%  21.4 % 2.7(6)%
GPA 10.7 * 1.9(9) 12.7 & 2.0(4) 12.8 + 2.2(4)
10 WEEK 15 min 45 min 75 min
Control 7.9 £ 1,0(6) 8.0 + 1.0(6) 11.8 * 1.4(6)
GBA 9.7 % 0.8(6) 9.7 &+ 0.3(6) 14,7 + 0 "(2)
GPA - 10.3 £ 1.2(7) 12.0 *+ 1.8(5) 18,3 £ 0 (2)

- the numbers in brackets represent the numbers of surviving

hearts -

* p<0,01 statistically different from CQHEFOl and GPA

“<s
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Figure 15: Recordings of intraventricular pressure obtained
in hearts of rats fed control, GRA and GPA diets for

10 weeks.
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In summéry it can be stated thqt creatine depletion does not
appear to Have an effect on the initial pe;fbrmance of isolated
blood perfused heart at the maximum cardigc output at constant

arterial pressure (110 cm HZO). However, the length of time that

the creatine depleted hearts were able to maintain initial

"submaximal (75%) cardiac output.decreased with decreasihg levels

of myocardial creatine. A similar paftern of decrease was

observed in all other parameters measured, except heart rate

which did not chaﬁge significantiy from its initial rate. The
survival time of the creatine depleted hearts under the gbove

experimental conditions was significantly shorter than that of
the control hea;ts, A significant increase in LVEDP with time

\_ |

was also observed }n the creatine-depleted isoclated hearts.

a CE i . -
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2. Hemodynamic Performance in Hvpexia
Hearts of rats fed control, GBA and GPA diets for ;.weeks
| were perfused ®ith normoxic perfusat:(po2 350-400 mmMig) for 10
minutes and were stabi]ized'at 75-807 of their waximum 60
{submaximal steady-state C0Y. No significant differences in any
of the hemodynamic variables were observed among the three groups
during the initlal normoxemic period, and the'hemodynamic data
are given in Table 22, After 10 min, the perfusa}es were
switched, and the hearts received hypoxlc RBC perfusate with a
starting pO2 of 39 = 5 mmHg in control group, 45 # 6 mmHg in the
GBA group and 45 t 4 mmHg in the GPA group.

The maximum steady-state CO attained during the normoxemic

period was not significantly different among the three groups and

was 64.7 * 4.9 ml/min/g in the control group, 65.0 * 5.2 ml/min/g:

N

in the GBA group, and 59.2 * 6.9 ml/min/g in the GPA group. When

cardiac output was expressed as a percent of the initial

submaximal steady-state CO and related to decreasing p02,
L]

significant differences between the coptrol and experimental

2

decline from normoxic steady-sfate CO, (onset of decline was

groups were observed (Fig.. 16). The pO "at which CO began to

chosen as the point when CO decreased to 907 of the submaximal

stead}—state CO} was significantly higher (p 0.01, F=25.5) in the

1+

GBA and GPA groups {43 * 2 and 43 * 3 mmHg respectively) than in

the control groups (33 * 1 mmHg). As the p0, was decreasing from

2
40 to 30 mmHg, the CO of GBA and GPA gro&ps was lower than that

y

of control group. For example at p0O, of 33 mmHg when the CO of

2
" the control group was 87Z the CO in GBA and GPA groups had

declined to 427 and 397 respectively. ) b
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This pattern remained in both analogue treated groups} until

the pO2 decteased.to 25 mmHg. At that p0,, all of the hearts in

2!
the GPA group had failed while the hearts in the GBA group were
maintaining 407 of their initial CO (Fig. 16)., Also, the number

of hearts surviving in this group was greater than in the control

(Fig. 17)}. ¢ g
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Table 22: Hemodynamic data at the end of the first 10 min of normoxemia of

igolated blood perfused working hearts of control, GBA and GPA rats fed

for 7 weeks,

Control CRA - QPA
n ' 5 ; 5 5
Hematocrit % 26.0 £+ 1.0 27 * 1.0 27 + 1.0
pH a 7.46 + 0.07 7.44 % 0,01 7.44 + 0,01
pH v 7.44 £ 0.02 7.44 + 0.03 7.42  0.03
PO,  mmg 350 + 51 385 % 25 344 + 48
Pozcs mmHg 34 £ 4 38 + 3 35 £ 4
PCO, ~mmig 41 % 6 40 + 9 I8 + 6
PCO, _ mmig 46 * 2 43 + 6 46 £ 4
£ 0, mlo,/dl - 13.2 % 12.9 + 1.6 13.5 + 1.8
C 0,5 1 02/d1 8.8 ¢ 8.2 1,1 00
Hb g% 8.4 % 9.0 + 0.7 2+ 0.6
Heart Rate bpm 320 + 20 305 + 15 310 % 25
Aortic Flow ml/min/g 59.2 + 4.4 59,5 + 5,2 53,2 + 6.9
Coronary Flow ml/min/g 5.5 2,1 5.5 % 2.1 6.0 £ 3.2
Myocardial Oxygen. ‘
Consumption ml/min/g 0.30 * 0.1 0.27 + 0.09 0.29 + 0.12
: Power Input mW/g 115.0 £ 10 . ¢ 105 * 8 11+ 13
‘Total External Power mW/é - 11.4 + 1.9 ' 12.1 + 2.8 10.5 + 3.6
Efffciency %\ . . 10.1 + 1.1 11.7 % 1.0 9.8 + 1.6
- LVP mmHg ‘ 129+ 4 130 + 4 126 + 7
LVEDP mmHg \ 6.3 £ 1.7 10.0 £ 1.9 10.4 + 2.0
+dP/dt mmHg/sec ) 3750 + 200 3985 £ 155 3280 + 190
-dP/dt mmHg/sec 3250 * 245 3150 + 210 2850 * 155
~

a = aortic; c.s. = coronary sinus; P02, PCO2 = ‘partlal pressure oxygen, carbon
dioxide; C 02 = total oxygen content; Hb = hemoglobin; LVP = peak left
ventricular pressure; LVEDP = left ventricular end-diastolic pregsure. Data were
expressed per gram of left ventricular wet weight (free wall and septum).

n refers to the number of hearts.
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)
Figure 16: The effects of decreasing partial pressure of oxygen
on caréiac butput. Cardiac output was expressed as a
percentage of the highest value of cardiac output of
control, GBA and GPA fed rats for 7 weeks. The highest

value achieved within ten minutes was taken as 100%.

The number of hearts in each group was 5.
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The survival of isqlated hearts as related to decreasing pO2
1s shown in Fig. 17. The number of hearts that survived in the
GPA gfoup at pO2 of 34 * 3 mmHg was B0Z while all hearts in the

control and GBA groups survived. At p0, of 32 + 4 mmHg, only 407

2
of the hearts survived in the GPA group (p<0.0l, x2=11.4) while
all of the hearts In the GBA and control groups were still survi-

ving. At p0, of 25 % 3 mmHg 607 of the hearts in the GBA and

2 ¥

control groups were surviving and all hearts failed in GPA group.
| Coronary flow rates In the all three groups were not
significantly different during normoxemia. However, when the
hearts began receilving the hypoxemic perfusate the increase in
coronary floﬁﬂwas sign{ficantl§ lower (p<0.05, F=3.9) in the GBA
group than in ﬁontro] and GPA groupe. The maximal coronar%‘Flow
obEEEped in the GBA group was 12.9 % 1.0 mi/min/g,'while in the
control group it was 15.9 * 1.3 ml/min/g and in the GPA group it
was 16.3 * 1.2 ml/min/g (Fig. 18). The maximum increase in
goféngfy flgw oﬁéﬁrred at sigﬁifiqagg%y.ingr_(ﬁ;O.Q;t.F=?.1):p02:

e

in the control group. than.in the GBA and GPA groﬁps'ana.tﬁe p02

Qas 33 1, 43 £ 2 and 43 + 3 mmHg in the control, GBA and GPA
groups respectively.

The end—diastolic left ventricular pressure was higher in
both the CBA and GPA groups than in the control group in
normoxemia (Fig. 19). During hypoxemia, as the pO2 decreased to
about 38 * 2 mmHg, LVEDP increased significantly (p<0.05, F=5.7)
in both GBA (15.2 * 2.7 mmHg) and GPA groups (16.2 + 2.0 mmig)
from that of the control group (7.6 * 1.0 mmHg). Although LVEDP

increased in all three groups as p0, decreased, it remained

2
significantly higher in the creatine depleted hearts.
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Figure 17: Percentage of surviving hearts of contrel, GBA and
GPA fed rats for 7 weeks at decreasing partial
pressﬁres of oxypgen. The percentage of hearts that
survived was base? on the total number of hearts that

. mailntained. cardiac output aboﬁeIIOZ of”khe.init{n]

‘'value. The number of hearts at the onset was 5.



109a.

- SURVIVAL

100

80

60

P\

40~

H CONTROL
B--8 GPA

40 .30




110.

Figure 18: The effect of decreasing partial pressure of oxygen
on coronary flow in control, GBA and GPA fed rats

for 7 weeks. The number of hearts in each group wﬁs 5.

¥
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Figure

19: The effect of decreasing partial pressure of oxygen
on the left ventricular end-diastolic pressure in
hearts of sontrol, GBA and GPA fed rats for 7 weeks,

Thg number of hearts in each group was 5.
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Myocardial oxvgen consumption (MVOé) was not significantly
diffefent‘among the three groups at normoxemic p02 values. A
similar pattern of decline to that observed with CO was ohserved
in HV02 as pO2 decreqsedlfnd is shown in Table 23. |

| During steady-state under normoxXemic conditions, no
significant differences were obderved in the heart rate, power
inp%& andeoutput, or -efficlenty (Appendix VI, Tables 15, 16, 17
and 18). Power input qgg)&ower and efficiency was higher in GBA

group than in the other two groups. These difflerences werec not

statistically significant due to intragroup variabilitX; and g

steady decline in the above variables was observed 1n all thrae
groups, agai;féimilar to the paEtern observed in CO (Fig. 16).
The rate of pressure deyelopment (dP/dt) (Table 24) , and
more so the rate of relaxation, (-dP/dt) (Table 25), was lower in
the creatine-depleted rats at pO2 values between 40 to 30 ﬁmHg

when compared to controls. The variability among the hearts in

.

“each group was too large and thus these values were not

statistically significant. -

s
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In.summary. the performance of creatine;depletLd hengts._on
the isolated blood-perfused preparation, under hvpoxic
conditions, began to decline from submaximum stea&y—state
performance at higher;po2 than Ehé;uof the.control hearts. A
decline in the number of surviving hearts at higher pﬂo was
observed only.in the GPA group. The LVEDP {increased
significantly in GBA and GPA groups at the same PO, n? which the
onset of decline from maximum steady-state €O occurred, however,
an increase in LVEDP was ohserved in-all three groups as po.,
decreased. Coronary flow increased significantly as PO,
decreased, but the increase was significantly lower In the GBA
group than in the control and GPA groups. Although the rate of
pressure development and the rate of relaxation were lower in che
crgatine depleted hearts than in controls after the onset of
hyvpoxemia, due to intragroup variability, the differeﬁcos were
not statistically significant. Similarlv, the pattern of decline
in MVOZ’ power 1nput and output of the GBA, OPA and control
groups were gimilar to that of cardiac output. fhat 14, the
MVOZ, power input and ocutput at p02 above 45 mmHg in the creatine
depleted groups was similar to that ' the control group which
maintained its maximal MVO,, power input and output to down to
38 mmHg. DNecline in these parameters 1in all three groups
occurred below 45 mmllg in the GBA and GPA proups and helow 38

mmHg Iin the control group.
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E) Electron Microscopic Analysis'of Hearts from Control

and GBA- and GPA-fed. Rats

1

Electron microscoplc analysis was performed in the control,

GRA and GPA rats fed for 7 weeks. The transmission electron
micrograph in Fig. 20 Iis representative of the control rat left
ventricular midwall myocardium in long}tudinal section., The
cardiocyteé are well preserved, with ciearly visible T-tubules,
myofilaments and mitochondria. Similarly, the ventricular wall
(either subendocardial, midwall or subepicardial) in the analogue
treated rats fesemﬁled that of;the céntrol rats as shown in
Figure 20. .

‘ Some focal changes were obhserved and are described in Figure
21. This figure shows an electron micrograph of the left
ventricular midwall longitudinal section of a GBA-fed rat. The
cardiocvterhas some formation of myofibrillar strips and lysis.
A few dilated mitochondria with deranged cristae are evident.
However, these changes were very r;re, extremely focal and cannot
be taken as definitive signs of degeneration. Degeneration is
usually manifested by a.high number of lipofuscin granules which
are rather scarce in thése micrographs. On the whole, most of

the myocardium of both analogue~fed groups looks very similar to

that of the control myocardium in Fig. 20.
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Figure 20: This transmission electron micrograph shows a portion

of the left ventricular midwall mvocardium of a control
rat. Clearly visible are the rows of mitochondria (M)
lining the sarcomeres. The T-tubules (T) and
sarcoplasmic reticulum (SR) are clearly seen in the
lower right hand corner. A portion of the nucleus (N)
is seen on the left hand side of the micrograph..

Magnification is 13,800%. A\



1i8a.
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-

Figure 21: Phis transmission electron micrograph shows the left

ventricular myocardial midwall from a heart of a GRA

fed rat for 7 weeks. Some myofibrillar strips and

[

lysis (MTS) are evident along with several dilated

mitochondria (M). Magnification ix 21,000X.
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DISCUSSION

-

The discusgion is divided fnto 2 major sections. The first
deals with the effects of deplepion of total creatine on the
animal. The second 1s divided into three subsections and each
deals with one of the questions asked on page 34. The first
deals with the effects of creatine depletion by analogue
substitution on myocardial perfqimance. The secopd deals with
the.differences the two analogues have on myocardial performance
and the third deals with the usefulness of analopue feéding in

testing the essehtiality of creatine and CP 1in the heart,

A) General Effects of a Diet Containing Creatine Analogues
‘ .

on the Animal

In order to investigate the effects of various chemicals on

animal function, researchers in many instances have added

" chemicals to the animal's diet. The effects of such supplemented
diets may result in bbdy or organ welght gain or loss, depending
upon the chemical in question. Weight loss in the test animal
may be due to ; direct effect of the chemicals on the body and/or
on specific organs, or v decreased consumption of the modified
diet. Unfavorable taste or smell of thé chemical additives may
lead to decreased food intake by the animal if it 1g fed ad
libitum. To preclude the effects of decreased food intake,
so-called "palr-feeding" has been implemented (AIN Guide 1977).
Pair—feeéing is accomplished by measuring the amount of food

consumed by the animals in the treated group and alloting a

~{imilar amount to the non-treated control group. Only when such
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controlled feeding trials are conducted can differencefnin body
or organ welght be objectively assessed and attributed to the

chemical intervention.

1. Effects on Body Weight

+

In our experiments, the body weights of rafg*ﬁn control and
analogue (GBA and GPA) supplemented diets were similar for. up to
8 weeks. However by 10 weeks, the GBA group had significantly
lower body wgight than did those of the other two groups (Table

\5) - - "

The lower beody weilghts that were observed in the GBA rats,
‘could be due in part to the amount of chow that was displaced by
the GBA analogue. For-example, by day 14, the rats eating the 2%
CBA diet,‘weré’receiving 25 g‘of chow per dg?ﬂof.which 0.5 g was
GBA. This means that tﬁese rats were receiving.only 24.5 g of
chow per day. While such a small deficit in chow may not lead to
significant changes 1n daily caloric intake, over 10 weeks the
total amount of chow that these rats recelved was 35 g less than
the controls. .This amount may be large enough to account at
least in part for lower bodvy weight in the GBA group.

A similar argument applies to the GPA fed rats, whose body
weipghts were also decreased but not to the same extent since they
were fed onl& 1Z of the GPA analogue.

Mainwood et al. (1982a) who also pair-fed control and GPA
rats for 5 weeks did not find any significant differences in ody
welght hetween thé two groups. Nonetheless, the GPA fed rits did

]

welgh less than the controls. Ancther investigator (Mohanna/et
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+

al. 1980) found differences in body weights between control -
mice and those fed IZ'GPA for up to 13 months. Since food was

provided ad&libitum in their etudy, 1t is difficult to determine
whether the decrease in body weight was“due to the anaiogue

:itself or to a decrease in caloric intake. Therefore,

pair;§eeding should ﬁe employed when féeding trials with either

GBA or GPA analogues are planeed.

-

2. Effects on Heart Weight

4

The %eart sppplies blood eo all of the active organs in the
Eody in order to meet their metabolic demands, so i; follows that
the growth of the heart must correl%te with that of the body (for
review see Korecky et ai 1966), Therefore, heart welght is
often expressed as a percentage of the body weight and is ca]ﬁed

the heart ratio (Clark 1927). For rats of body weight 400-500 ¢,

the heart ratio has been shown to be 0.32 to 0.35 (Clark 1927;
Korecky et al, 1966).

The heart ratios obtained in our study are comparahle to
those obeained by Clark (1927) (Tab ‘9). We conclude that the
lower heart weights in the GBA group were due to the smaller size

of the animals and do not appear to be the result of a direct

effeét of GBA on the heart.
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3. Effects on Structure of the Heart

The observed changes in the myccardium of rats fgd the GBA
and GPA diets that we poted were very focai and cannot be taken
as slgns of overall degeneration. The loss of myofibrils as well
astthe cristal disfigurement, was very infrequent and highly
localized. Usually s}gns of degeneration in ﬁlfrastructure are
manifested by increased number of lipbfuscin granule§ which we
did nat observe in the hearts of either GBA or GPA fed rats. It
is possible‘that any observed changes were the result of
inadequate éixat%gn since no major histological changes Iin any
tissues of rats fed li GPA diet have been observed by other.
invesgigators (Shields et\el. 1975; Mohanna et-al. 1980). The
'only species where damage was observeé was 1in cornish chicks
{Laskowskl and Fitch 1980).r Tﬁe# fedrthe chicks a diet of 27 GBA
and cbserved ultrastructural changes in gastrocnemius and
pectoralis muscles. However, the observed changes were reversed
when 6% creatine was added to the 27 GBA diet into the chow.

Other experimentgtion on the effects of creatine and mdgcle
gfowth were done by Ingyall et al. (1972; 1974) who‘showed that
creatine stimuiates actin and m&osin synthesis 4in differentiating
cultured gkeletal muscles. However, this work was later
challenggz by Frv and Morales ﬁ1980) who preéented evidence to

show that creatine had no effect on contractile ﬁrotein synthesis

in developing muscle.
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4, Effects on Total Mvocardial Creatine lLevels

itch and Chewli (1980);showed decreases in total creatine
by 75% in 5 weeks, perhaps because they began to feed thelr rats

¥
whee/éhef were very young and had a faster mg;aholic rate, Weé
did not measure a comparable decline in total creatine until ?
weeks of feeding in our rats, who were older ‘and ﬁrobahly had a
slower metabolic rate which may havelcontribuéed to lower
cellular uptake of the analogue by the myocardium. We also fed
our rats for 12 weeks, and found that maximal depletion occurred
by 10 weeks, with no further change in Fhe levgl of totﬁl
creatine observed théreafter.

Slight differénces in the rate of decline o% creatine were
observed getween the two groups, that Is the level of total
creatine decreased fairly stegdily over the 10 weeks in the GBA
gfoup, while in the-GPA group, creatine 1évels ﬁ:ached a plateau
after 6 weeks (Table 3). The levels of total creatine initially
decreased somewhat faster in the GPA group while ?he levels 1n
the GBA group continued to decrease more slowly ght steadily.

&\ Nonetgeless{ the levels of total creatine obtained at 10 weeks

were not significantly different between the two experimental

////’////;;oups. ¢

S
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"B. Does Creatine Depletion by Analogue Substitution have an

Effect on Myocardial Function?

-

1. Contractilé Characteristics -

1

a. Rested State Contraction

u
-

The rested state contractlion has been defined as a
contraction that is separated by a rest interval long enough that’

each subsequent contraction is not affected by the previous one

{Koch-Weser a Blinks '1963)." In our experiments, rested state

similax developed terision, rate of tension development and.mean

rate of hevelopment as in that of the controls. HoweMer,
time t% ion‘aevelopment dnd to.half relaxation were
slightly hut not Eignificaﬁzlyllonger inrthe‘GBA and GPA groups
than i: th@icontrol-gréup (Table 7). Similarly, in experiments
on skelétél muscle by Mainwood et al. (1982b), contractile
characteristics were found to be altered in creatine depleted
rats. The time to maximal tens?on development and to half
relaxation in single twitches of the diaphram muscle.ffom rats

fed 1% GPA were longer than .those from controls. Mainwood et al.

{1982b) put forwgrd an explanation to account for the longer

o

muscle relaxation based on observations that lower ATP and higher

ADP levels were present in creatine-depleted muscles. Such

" 0

changes in the adenine nucleotides decrease the free chemical
5
energy available to do work (-dG/dE, Curtin et al. 1974), which

in turn affects the mechanism associated with contractile and
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relaxation cycles;(Hasselbach and Oetliker 1983). Té has also
been demonstrated by Dantzing et al. (1984) that elevated ADP
levels have an inhibitory infiuence on cross-bridge detuchmenf
1ea%ing Eo reduétioh.of the relaxation rate. Shoubridge et nl,
(1985a) reported that in rats fed 17 GPA, the mvocardial ADP

.concentration was 2%o0 2.6 times higher than that observed in
control rats. Similarly, Korecky-and Jacobus (unpublished data)
obtained myocardial ADP levels 2.8 times hipher in rats fed 27
GBA than those of controls as mpgasured by P3]—NMR. Tt 1s

/'-u - P
therefore possible that wrevatiods in ADP levels 1n the heart mav
play a rol: in iﬁcreaa&g&_ﬁhf/; me to maximal tension development

as well as to half-relaxation,

W

~
potential duration could play a role in increasing the time to

Théxpossibility also exlsts that an Increase in action

mgximal tension development and to half-relaxation. To date, no
such increase in action potential duration has been reported with
'c;ronic feeding of GPA or GBA. Alsp, with longer duration in the
action potgntial, we would expect that the }eveloped force would
also”be augmented and in our experiments 10 such increase Wity

observed, *

It has also been proposed by Petrofsky and Fitch (1980),
_Shoubridgé et al, ‘¢1985b) and Mainwood et al. (1982b) thar
chronic analopue feeding may slow the myosin ATPase activity in
the myocardium. Mainwood and Tngwall (personal communication)
have analyzed skeleEal muscles from rats fed GPA and fnuné no

significant differences betdeen the creatine depleted and control

muscles in myosin ATPase activity. We suspect that if the myosin
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ATPase activity was decreased, then rate of force development
would be diminiéhe&;l We did not observe any}buch decreases in
the creatine depleted papillary muscles nor did.Mainwood et al,
(1982b) 1in creétine depleted diaphram muscles.

In conclusgion, the evidence suggests that the elevated
myocardial ADP level alone may account for the slight increase in
time to maximal tension and half—relaxﬁtion in the creatine

deplete§~papillary preparations. K
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b. Frequency Force Relationihip
The frequency-force relationship 1is one of the simplest wavs
to test the inotropic resporse in the myocardium. Tn the
mammalian heart, the strength of a.contracrion depends on tﬁe Y
interval between stimuli and changes in this interval "alter the
degr;e of activation (Abbott and Mommaerts 1959; Sonnenblick

v

1962a; 1962b). As the frequency of stimulation increasecs, the
strength of each suhsequent contraction is affectéd by the
previous one. In most mammals a positive inontropic response
predominatg; at extracellular calcium‘concen;rnrinns of 2.5 mM,
however, in tﬁe rat heart 3 negariﬁe inotroplc response has been
observed (Koch-Weser and Blinks 1963; Forester and Malnwood 1974:
Ko?ecky and Michael 1974},

Several theoriles have heen proposed to explain the negative

response in the rat. One of the earliest theories deals wirh

-calcium movements In and out of various cellular fractions

{(Hoffman et al..1956; Manring and Holander 1951). This theory
states that each action potential liberates small fractions of
intracellular bound calcium (Cr), also referred to as the,
releasable fraction of caleium (l.ee et al. 1970; Forester and
Mainwood 1974). During recovery the calcium is taken up into
another Intracellular fraction which recycles calecium to Cr hut
at a slower rate and has beeg referred to as Cs (Malnwood and lLee
1969). 1In the rat myocardium, as fhe‘number of stimuli increase,
the amount éf calcium that 1s taken up into the second fraction
Cs, also Iincreages and is taken up more effectively than in other

species, TIts return to Cr 1s longer, thus the amount of calcium
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availéble as free calclum for excitation contraction is decreased
(Forester and Mainwood %974). ‘

It has also been proposed thaf transsarcolemmal calcium
currents (fast and slow) induce the Telease of calcium from the
sarcoplasmic reticulum (SR) (ﬁabiato 1983). FYFabiato (1983) feels
that the fast caleium current which is dependent-on the number of
calcium channels that are open on the-Sarcolemmaliﬁembrane
controls the release of calcium from the SR. The openiné of the
fast channels is stimulated by Mg++ATP and f;ee ATP and is
inactivated by increased myoplasmic calcium concentration. The
slow caleium current enters the SR and "tops off" the calcium
1evgls within the SR, which is released during subsequent actign
potentialé. The entry of the slow current Into the SR is
dependent on the activity of the calecium ATPase. If the f%lling
of the SR is slowed due to decreased-calcium ATPase activity,
then the free calciuﬁ will be mopped up by binding proteins, and
.taken up by subsaréolemmal stores such as the mitochondria.

Also, less calcium yill be present in the SR for subsequent
contractions. The magnitﬁde of'the subsequeut fast calcium
current will be diminished and less calcium will be released
\\(Fabiato.1983).
\ More recently, 1t has been proposed by Ruegg (1987) as well
&g\by Schouter and ter Keurs.tl986) that with increasing
frequency of stimulation, core hypoxia develops in ﬁapillary
prebarations whose’diameter is greater than 0.20 mm. During this

hypoxic period, CP is broken down to maintain constant levels and

inorganic phosphate (P1) levels increase.
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Kentish et al. (1986) and Allen eé al., (1986) have shown
that inorganic phosphate (Pi) alters the force development in
muscle. They provided evidence to show that as P1i levels
increase, the relationship between force and caleium concentra-
tions [C32+] are shifted to higher concentrations of cn]ciuﬁ.
Therefore, as thé frequency of stimulation increases in the rat
heart it 1s possible that the Pi levels temporarily rise and
shift the force—[Ca2+] curve to the right, suggesting that a loss
in calclum sensitivity occurs with increasing P{ concentrations
{Ruegg 1987). -

Blinks and Endoh (1986) point out that developed force Is
‘also increased by phosphorylation of troponin T. ﬁvcnthough the
mechanism is not yet defined, it is postulated by these two
authors that decreased ATP concentration in the viflnity of the
myofibrils can result in decreased phoqphorv]ation of troponin T,
diminlishing the sensitivity of troponin C for calcium.

Although one or moézﬂgg these mechanisms may be the cause of
the negative treppe during high frequency stimulatjon, we Hid nog
observe significant differences in developed tensfion between
control and thé creatine depleted muscles at stimulation rates of
3, 6, 12, 24, 48, 96 and 192 at a bath temperature of 257°C.
Similarly, when the paplllary muscles were stimulated at 192
pulses/min at 25°C, followed by a single stimulus after a 5 s
rest, no significant differences in developed tension among the
three groups were observed.

We postulated that if CP 1is the only transporter of high
energy phosphates from the mitochondria to the areas of high

"energy demand in the cell, then total creatine depletion of

85-907% in muscles of analogue fed rats would decrease the ahility

.
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of these muscles to develop force with increasing rates of
stimulation more than in the contrel mﬁscles. Since that did not
aoccur, we propose that elther the amount of C? left in the
myocytes of creatine depleted muscles was sufficilent to supply
high enerpy phosphates at a rate to maintain ATP at éimilar
levels as in control muscles at the stimulation rates we applied.
Alternatively, perhaps ATP is not compartmentalized and is able
to freely diffuse to the sites of utilization within the myocyte |
to maintain contractile activity. This latter proposal is |

supported by calculations performed by Jacobus (1985) of fluxes

of ATP and CP within a myocvte. He found that there is nc?

Iimitation on ATP delivery from the source to the sink and
concludes that there appears to be no compartmentation of ATP.

To determine if limitations of ATP utilization can occur in
creatine depleted papillary muscles, we increasgd'the tempefature
from 25°C to 31°C and alsc increased the stimulation rate.

Agaln, creatine depletion did not have an; significant effects on
the developed force of papillary muscles at frequencies ranging
hetween 270 to 390 pulses/min {(Table 19). However, we obsefved
that the maximal developed force obtained after each train was
lower in fhe creatine depleted paplllary muscles when compared to
controls, particularly after 360 and 390 pulses/min (Fig. 11).
Also, it took three times as lohg for the creatine depleted
papillary muscles to attain their maximal developed force after
each train of high frequency of stimulation (this period we

termed the recovery perlod). There are a number of possibilities

which may account for the depressed and prolonged recovery of



the twitch in the creatine depleted muscles.

One, if CP levels in creatine depleted rats decrease by
75-90% as has been shown previopsly (Saks et al., 1986; Kapelko et
ai. 1986), then the amount of total ATP present may decreusé
after a burst of high frequency stimulation. TH%s decrease in
ATP levels may lead to a reduction in (-dG/dE) which slows down
the uptake of calejum by the SR (Hasselbach and Oetliker 1983),
resulting in a decrease in the activation of subsequent
contractions as was proposed by Fabiato (1983},

Two, during periods of high stimulation, CP and ATP levels
ﬁay translently decline and a simultaneous Egénsient Increase in
Pi will occur {Kentish et al. 1986; Allen et al. 198a).

I eases in Pi, as discussed earlier, can decrease the
o

X

developed force (Ruegg 1987; Allen et al. 1986; Kentish et al.

ngltivity of calcium to troponin C, leading to a suppression in

1986) . -

Three, Alberty (1969) haé shown that hydrogen ions are
generated during ATP hydrolysis, and are consumed during CP
hydroiysis (Curtin and Woledge 1978). In normal muscles, as ATP
‘is recycled during activity, CP buffers f;e hydrogen.iona
produced. In creatine depleted hearts CP levels can he very low
and the ability of CP to buffer hydrogen lons may be‘greatly
diminished. The transient increase in acidity around thel
myofibrils may have decreased the reverse Lohman reactlon,
decreasing ATP formation. The decreased regeneration of ATP in
creatine depleted muscles may have been furtheq exapgerated by

the initial low CP levels in these muscles. Such decreases in
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ATP levels would result in a fall in -dG/df which may decrease
Ehe removal of célcium %rom the &ytbsnl allowing calclum to be
taken up by binding proteins, resulting in a reduceé releasable
fraction avallable for force developmeﬁt.

Fven though all’' three possibilities may play a role in the
slow recovery of the creatine depleted papillary muscles, the
secbnd is more likely to be the mechanism accounting for the slow
recovery."The first 1s less likely since the resting tension
during stimulation did not rise, and an increase in reéting
tension during the recovery period (rested state stimulation) was
not elevated more than In the control musclea, The third is also
less likely to play a large role in Epe long=-term recovery of the
creatine depleted muscle, since the{b;;fering time of hydrogen
ioﬁs, although longer in the creatine depleted muscle, most

probably takes less than one minute. Although we do not have.

proof for number two, this mechanism seems more plausible than

’

one or three.

In the heart; endrgy production is oxidative, but in
skeletal muscles both oxidative and glycolytic energy production
may occur. The energy production can be predominantly oxidative,
“such as.in the scleus muscles which is categorized as slow
oxidative or it can be élycolytic such as in the plantaris, which
is referred to as fast glycolytic. It can also be a combination
of both energy systems, such as the EDL (extensor digitorum
longus) which 1s 387 fast glycolytic, 597 fast oxidative
glycolytic and 3% slow oxidative. In this muscle, the twitch

contractile characteristics are not altered by creatine depletion
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of 80%Z. However, after l-second tetanus, the post-tetanic
potenéiated twitch was dgpressed by 407 in the depleted muscles,
whilé it was)potentiated by 80Z In the control muscles (Malnwood
and Totosy de Zepetnek 19855. Also, it took considerably longer
fér the depleted EDL muscle to recover and exhibit a cnmpnrnhle.
single twitch as in controls.

Mainwood and Totosy de Zepetnek (1935) postulated that
regenerqtion éf ATP during tetanus by the CK reaction may be
decreased, leading to the post—tegunic twitch suppressioﬁ. This .
suppression, they believe, could he the result of a transient
fall in -dG/df, which 1is considered to he crit;cal in the uptake
and release of calcium from SR,

In contrast, in creatine depleted diaphram muscles, Mailnwood
et al. (1982b) found that the rate of relaxation and the veloci}&
of tension development was decreased during brief bursts of ’
actlvity. However, during lessa intense fatiguing stimuli, less
depression of developed tension was ohserved 1in the creatine
depleted diaphrams than in controls and the recovery of the
depleted diaphrams was faster than that of the tontrol diaphrams.

These results in skeletal muscles along with our results on
the papillary muscles suggest that creaFine depletion 18 not
essential for energy transport from the sources of energvy
production to their sinks in a myocyte at submaximal workloads,
in a variety of skeletal muscles or the heart. But CP may he
iﬁportant ag an energy reserve to buffer changes in
concentrations of ATP and ADP during high intensity sfimulation

ih most types of muscles,
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c. Paired ftimulatien

The fusion of developed force duriné palred stimulation was
first investigated by Lee et al. (1970).. These authors found
that mechanical‘and electrical uncoupling occurred when the
paired pulées were given within 80 to 140 ms of each other.: Thev
provided two possible interpretations to explain this phenomenon.

The first 1is that the actin-myosin system is fully activated
by a sinple action potential, This would mean that the rise in
intracellular free calcium level from one impulse saturates the
sites responsihle for activating a concentration and ne further
increase in developed force is possible for a certain perlod of
time. This is most‘prqbably not soi since recently, Ruegg (1;;;).
reported that during a contraction, only one-half of all the
calcium binding sites are occupfed, allowing for up or’ down
regulation. |

The second interpretation is that the availability of
calcium is the limiting factor for a seconé contraction if it
occurs within a short period of time. That is, an action
potential triggers off a rapidly releasable pcol of calcium which
i1s completely released during an action potential and no further
release can cccur until this fraction is recharged. Recharging
of this rapidly releasable pool of calcium is dependei.t on the
cycling of calcium from other steores such as the mitochondria
back to the SR.

This latter interﬁretation fits in with the more recent

proposal of calcium cycling in the cell, described by Fabiato

(1983). His theorv of the fast and slow caleium current

'
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activating the release of calé{um from the SR was discussed
earlier in se;:ion B2. At pafrqg stimu}ation rates of 140 ms or
less, 1t 1s possible that the concentration of ATP is not kept
constant and-a transient decline in the ATP/ADP ratio can
decrease. calcium uptake by the SR. Thé transiently elevated
calcium in the myoplasm can inactivate the fast calecium current
which would prevent furéher release of calcium from the SR and
the myoplasmic free calcium can be mopped up by binding proteins.
This scenario may be occurring 1in the creatine-depieted muscles
also, -but at longer intervals. 1In these muscles, the ATP/ADP
ratio may be declining -at longer pulse intervals since CP is rnot
present in high enough concentrations to maintain. the ATP at

levels to keep a high ATP/ADP ratio.
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d. Hipoxia

In our pllot gtudy. we wanted to de;efmine if hypoxia would
.nffect twitch characteristics in creatine depleted capillary
muscles more than in controls: We éid not observe any
-differences in the developed force of the creatine depletéd
muscles when compared to controls. ’

When we increased the stimulation rate from 24 to 48
pulses/min and maintained the hypoxia, the muscles sfopped
developing force within the next two to three twitches. Also, it

L

/) \Was difficult to control the p02, so that a smooth progressive

decline in pO2 could be obtained., Therefore, we did not pursue’

these hypoxic experiments using this preparation.

[ - r..---
l
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e. Limitations of the Pap%}lary Muscle Preparation
In any in 33552 system, there are a few technical .

shoftcomings;_ In the papillary muscle preparation, the muscles
must be isolated from the venpricular wall and clamped at the
en@s when attached to the preparation. This é:uﬂgﬁ’a number;of
flbers on the excised side and at.each end of the muscle tﬁ
deteriorate. The damaged area may develop abnormal pfopertieﬂ
acting in isometric contractions as an additional '"series elastic

component” (Reichel 1976). {geﬁ;-

»

Also, when {he muscles are suspended between the two clamps,
one mﬁét be very careful to obtain and to maintain a parallel
oriengation of the fibers so that as many fibers as poaéiﬁle will
contribute to each contraction. I%ntwisting or overstretching
occurs, the fibers will not be contributing to the devqlbpment of.
tension, and falsely low tension may be obtained. Siﬁce it 1m
difficult to perform excision and mounting exactly the same way
each time, some degree of varlability may be seen 1in the
resﬁonses obtained from a number of muscles in one experiment,
and the ay account for some of the variability we observed in

-

our experiménts.

The preparation is oxygen diffusion limited, since blood
supply to the papillary muscles has been eliminated by excision.
The preparation is dependent on oxygen deliverwkthrough diffusion
and the pO2 in the buffering solution in which the muscles are
bathed. Thus, &o minimize differences between energy supply and
demand, the preparation is often operated at 25°C. Similarly,

the elimination of hydrogen {ions, Pi, lactate and other metabolic
E] -~
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wastes 1s dependent on diffusion and on energy dependent ion

pumps. Therefore, during protocols such as those that call for

. increasing frequencies of stimulation, there may be a transient ' shq

accumulation of any of these {ons which. may contribute to the

v -

negative inotropic treppe.
Nonetheless, thils preparation allows us to fieasure
. ¥ .
: contractile characteriétics of the myocardial tissue. Tt glso
. , . .

-

L4 p;ovides us with wvaluable informhtion oé myocardial mechanical
!prope}ties under altered conditions,lsuch és.high raﬁes of
& - stimulation, incréa§ed or decreased preload and temperature. It
~ ‘also glves us information about the effects various pharmacolo-
r'p,ica.li. agents may have on contractile properties. Such dir;ct
{information cannﬁt be obtained f}om an iﬁfact heart from which it

can only be extrapoiﬁhqg;“ : S . &

On the other hand, -studies using an intact ex vivo heart

4

prepargtion provide us with pertinent informé?ion regarding )
hemodynamic function and chi@iac pefformance that cannot be
obtained ?ith papillary muscle ﬁreparatio;s.’ Therefore, ™
experimentépion usiﬁé‘the two preparations 1s necessary when

. tgstinglthé effects of altered cellular composition or various

9 . ‘ o
drugs on myocardial performance. '

13

- F )
L o . - d

£
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2. Hemodynaﬁic Function

The isolated perfuseﬁ rat heart has been used extensively to
study cardiac function. The‘classical Langenéorf preparation waé ‘
the first to be used and 1s a non-working heart preparation., Tn
this preparation;, tﬁe'aor£a is cannulated and the coronary
vessels arelperfuqad by intreducing the perfusate into the aorta,
This pre;;ration does not perform external mechanicnl work but .
does develoﬁ ventricular pressure. ‘ r

A more sophisticagfd preparation is the working heart
preparation, in which tﬁé\foréa and the left appendage are
Fannulatéd, the peffuéate is introduced into the left jtrium and
the left ventricle pumps the perfusate into the aorta. 1In this
syétem, ventricular pressure dévelopment and cardinc_ou{pdt can
Ee Fontrolled by varying the left atrial fillingpF%ﬁgﬁ%e and/or
aortic resistance (Morgan et ai. 1961). The'stani?;h p;rfusioﬁ
fluld consists of a Tyrode, Ringer or Krebs-Henseleit solution.
The pérfusion pressure 1s usually raised tec a relatively high
level but the oncotic pressure is low and.net movement of water
across the capilllary is into‘ﬁgs interstitium and,not out. This
situation usually leads to increased interstitial and
intracellular water content, which is indiﬁéﬁed by a dry to wet

»,

welght ratio of less than 0.20. : r
. * - i .

In our isolated working heart preparation, we used 1,57

-

albumin to increase the oncotic pressure within capillaries. We

glgg used RBC which increased the oxygen carrying capacity of our
- L

perfusate over the previously used electrolyte solution (Gamble

et ai.91967; Neely et al. 1967). Parameters such as maximum

. <
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cardiac output, total 'work output and myocardial oxygen
consumption were higher, and the coronary flow was lower, iﬁ
hearts perfused with RBC—en&iched solution than in those perfused
with Krebs-Hense}eit only (Neely et al.'1967;'0pie et al. 19?2).
| The hemodynamic values obtained‘in.tbih study were in
_agreement with those of Duvelleroy et al. (1976), who also used
RBC enriched perfusate ;nd are similar to vaiues obtained in vive
(Lee et al. 1970). It is generally accepted tﬁat in vivo, the
fraction of corona;y flow is usually 57 of cardiac.ou:;ht. In
our blood-perfused hearts it was 77, whiie in hearts perfused
with an e}ectrolyte‘solétion it was 267 (Neely et al. 1967).
.},T refore, thé use of RBC perfusate in the Isolated worki§2 hebrt
;zﬁlbﬂgrior gince it 1is ﬁore physiological and provides better
oxygenation at high cardiac output levels. However, there was
some variability in the peEfq?mance observed in our hearts, and
this could be controlled oni§ to a degree. The varlability was
due éo differences in the time 1t took té isolate and perfuse the
hearts. This became one of the most critical comﬁonents of
det:rmining optimal steadylstate function, and when isolation and
perfusion was performed in less thén 3 min.steady-state
performance was maintained fof:a minimum of 1 hour,
The.optimal length ;f time to isolébe and perfuse the hearts
was 2 min t 30 s. Hearts which took -longer fhan that to

"

retrogradely perfuse were not USEdJ;n the following studies.
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a. Maximum Volume and Pressure Work
e Initially perfused the isolated hearts in a non-working
mode and upon cannulation of the atrial appendage, we switched
them into the'?orking mede. Upon stabilization, to ohtain
maximal volume work, the left agrtal'ﬁressu;e'wns dincreased to

values between 18 to 23 cm'HZO.(and the resistance pressure was
maintained at '110 cm HZO) which made the hekrt pump at maximum
cardiac output. No sipgnificant differences in the maximal
cardiac output, oxygen consumption or total external power output
were ohserved among the three groups either after 7 or 10 weeks
of feeding and this data was pooled for eaéh group (Table 20)).
Similariy, Kapelkolet al.-(1§86),and Saks et al. (1986) also
observed that maximal cardiac output of creatine depleted hearts
{who were fed 17 GPA) was similar to that of controls. Toth
groups were §ble to deplete hearts of total creatine by BOZ and

CP by 80%Z. 1In both of these studies, the maximal filling

pressure was increased from 5 to 20 cm H?O while the resistance

pressure was kept constant at 80 cm HZO'

In our experiments we malntained the same resistance
pressure (110 em H20) in all of the experimental protocols. Ve
did not measure pressure work; since 1t was difficult to maintain
a stable working preparatioﬁ at high resistance {(120-140) in all
three groups. However, other investigatoré altered the
resistance pressure and measured the pressure work of the
creatine depletid hearts. Shoubridge et al. (1985) used an
isolated, perfused working heart to study the effects of creatine

depleﬁion after feeding 17 GPA to rats for 6~10 weeks. They
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showed ‘that with a 80% reduction in total creatine and a %0%
reduction in CP there were no differences in cardiac output,
rate-préssure product or oxygen consumption observed at
steady-state performance at 1ow or high workloads (at a left

atrial fi1lling pressure of 12 cm H, O and resistance ﬁressq;é of

2
70 em HZO or at atrial fi1lling pressure of 15 cm H20 and
resistance pressure of 140 em H20).

Kapélko et al. (1986) argﬁed that the work of the heart and

oxygen consumption at these’workloads used by Shoubridge et al.

(1985) was below the maximum reported for isolated hearts, and

thus maximal work was nof/;voked in this preparation. Kapelko et

al. (1988) decided to repeat the experiments on creatine depleted
rats and induced both high pressure and .volume work on the

hearts. These Iinvestigators elevated the filling pressure tddthe

. iy
heart to 15 cm'H20 and increased the aortic resistance to a
maximum of 120 em H,0. Then they increaseed the heart rate and

2

clamped off the outflow tract. Under these conditions, thesé
hearts were not able to eject a cardiac output as large as the
contrels due to an insuffiéient stroke volume. A similar
experiment was performed by Saks et al. (1986) inducing only high
aortic resistances on the hearts and similar observations were

LY

notéd. It is well known that an increment in pressure has

9
greater oxygen consumption than the same increment in volume work
(Sonnenblick et al. 1968). Therefore, CP may be more important

in maintaining myocardial function at high pressure loads than at

high volume loads.
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b. Submaximum Steady-State Performance

\\\\b In our experiments, once the maximal cardiac output}wps

stablished in each heért,_the left atrial filling pressure was
reduced to a pressure which maintained the cﬁrdiac output at
75~80Z of thé initial maximﬁm. This was then called the
submaximai steady-state performgnce. The submaximal steady-state
perfor: nrce was similar in the GBA, GPA and control groups (Fig,
13). T@e myocardial oxygen uptake (MVOE), winich 1s an indicator
of the heart's ability to use oxygen, was similar in all three
groups, showing that energy production was not altered 1n the
creatine depleted hearts. However, a significant di%ference in
the duration of the submaximal steady-state performance was
observed between the hearts of the analogue groups and the
control hearts after feeding the rats for 7 and 10 weeks. As the1
length of the dietary regime was increased and as creatine
concentrations in the hearts decreased, the submaximal
steady-state performance declined. This again was manifested in
all parameters measured in the creatine depleted hearts, except
in heart rate, which did not change significantly from its
initial rate,

. Saks et-al. (1986) and Kapelkoret al., (1986) obhserved an
increased LVEDP in creatine depleted rats similar to what we
observed in all three groups hy the end of the experiment (Tabhle
29). Increased LVEDP is ugually due to the increased. left-~ ¥
ventricular end diastolic volume (LVEDV) and is a manifestation

of a hypodynamic heart. The initial response of the heart is to

increase the resting length of the ventricular fibers to put into
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effect the Frank-Starling compensator mechanism, increasing the
stroke work as the end-diastolic volume increases. However, if
the heart cannot contract against the load,.then it continues to

- dilate until the.fibers become overstretched and cardiac function
. deteriorates (Leyton 1974). v
Although the increase in LVEDP éancbé due to LVEDV as
describedi%bove. 1t can also increase as a result of increased
stiffness of the ventricles (Saks et al. 1986), Saks et al.
(1986) and Kapelko et al. {1986) also found F?at LVEDP was
increased in 1solated buffe; perfused working hearts of GPA fed
rats. These authors measured concentrations of CP and ATP using

- P31—NMR spectra and obtained CP decreases of 4.5 times when
éompared to controls while ATP levels remained constant. They
postulated that such severe decrements of CP mav lead to an
eventual depletion of ATf in the compartment around tﬂe

‘myofibrils during intense ATP turnover (for example, when the
heart works against an increased resistance load). If CP cannot
maintain the ATP pool under such conditions, the the ATP/ADP

ratlo decreases and according to Saks et al. (1986), may increase

left ventricular diastolic stiffness.
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c. Hemodynamic Performance in H&poxemic Conditions

In these experiments we wanted to determine howhfhgbhearts
of creatine depleted rats would perform in an isol;ted workihh
preparation exposed to hypoxgmig. The purpose of these
experiments was to determine if C? is important as a buffer under
.conditions of reduced ATP production by the mitochondria ) 3
: resuléing from hypbxemia, when tﬁbvonlzapathway producing ATP.iS
glycolysis,

Kohn et al. (1979), Ach et al. {(1679) and Dhallﬂlet al.
(1972) stated that CP 1s important in buffering ATP levels during
stafes of reduced oxygen production, suéh as hypoxia. Tn this
sltuation, reduced mitochondrial production of ATP is
supplemented by glycolytic production of ATP. No restriction on
diffusion of ATP occurs during glycolysis since it takeg place in
the cytoplasm, but the diffusion coefficient of ATP 1s 307
smaller than that of CP (Jacobus 1985b; Mainwood and Rakusan
1982). Therefore, in hypoxia CP ma§ be important in buffering
ATP levels because of its ability to diffuse faster to the sites
of utilization. TIf this is true, and 1if CP is depletéd by 80-807
as in our hearts, then the myocardial performance of these hearts
should be affected sooner than in controls. ‘

\

One way to examine the effects of hypoxemia iQ{an isolated

working preparation would be to decrease the p0, of the perfusate

2
r
to a set value and see if any differences in cardiac performance
would occur 1in time. It is also possible to gradually decrease

the pO2 to determine if at a particular pOZ, cardiac performance

differed in the creatine-depleted rats from controls. We chose
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the latter method, since maintaining stable hypoxemia at a set of
predetermined levels was very difficult in the RBC enriched
perfusate and the earlier decay in performance observed in the
hearts of creaf;ie—depleted rats In normoxemia could have
interfered with the effects of hypoxemia. Upon the introduction
of RBC perfusate with low and gradually décreasing p02, we

observed that CO declined at a higher pQ0, in the creatine-

2

depleted hearts when compared to controls at all p02's above 35

mmHg. However, at p0, of 35 mmHg to 22 mmHg, the GBA group

2
maintained a sligh£ly higher CO than the control group (Fig. 16),
while the GPA group had the lowest C0Q at each p02.
A slmilar pattern was also oﬂserved in the survival rates
(Fig. 17) of the three groups. The difference in survival may
have heen related to the following factors. In rats fed GPA, the
phosphorylation of GPA (GPAP) occurs to a higher level than the
correSpondiﬁg phosphorylation of GBA (GBAP) in GBA fed rats.
GPAP can be used by creatine kinase to a limited extent, while
GBAP can not (Fitch and Chevli 1980). Also, in hypoxia, as CP is
quickly hydrolyzed P1 can accumulate (Allen 1986). High levels
of Pi have heen-shown to decrease the sensitivVity of the
myofibrils to calcium, thus, decreasing maximum force development
And contributing to contractile failure in hypoxia (Kentish
1986). Since the GPAP could be used as a substrate for CK to a
limited extent, we postulate that in extreme hvpoxemia, GPAP may

have been ﬁydrolyzed and the Pi produced in the reaction may have

contributed to the earlier failure observed in the GPA group.
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Similarly, inlthe hearts of control fed rats, the P{ levels
could have risen higher than in those of GBA fed.rats, since the
UCP concentration in the controls 1s much higher. Tt may also he
possible that GBA 1tself has an effect on the hiochemical
comﬁosition of the cell, allowing the hearts of the GBA group to
survive longer under severe‘oxygen restrictions.

We 3159 observed that in all three g;oups, the coronary flow
increased to compensate for the lower oxygen tension in the
perfusate. However, the incréase in cofonnry flow in the GBA
group was significantly less than the increase 1in GPA group (Fig.
18)." Why this occurred is unexplainable at this time, except
perhaps a lower release‘of-vasodilator such as adenosine or Pt
may have occurred. It may be that the myocardium in the GBA
group was not as hypoxic as were the other two gproups,
particularly sifice the percgnt survival in that group was preater
at any pO2 than in the other two groups.

Again, we cannot fule out the fact that the GRA compound
itself may have a direct effect on the coronarv vasculature
preventing a full dilation under hypoxemie conditions. How?
Perhaps by interacting intracellularly with adenosine causing a
lower release of this vasodilator, by inactivating its |
transcellular transport or by inhibiting its actual production.

Cf the other parameters measured, only LVEDP was equally
elevated in hoth GBA and GPA groups in normoxemia (Fig. 19); All
other paraméters decreased as hypoxemila increased. As discussed
in the section preceding this one, the rise in LVEDP in our

experimental hearts may have been due to either an increased



_J 149,
LVEDQ, or due to increased stiffness‘of the ventricle.

Based on this experiment, we propose that CP probably acts
as a buffer under hypoxemic conditions. In hypoxemia, less
oxygen diffuses from capillaries to v;rioﬁs parts of the cell and
oxldative phosphorylation ip mit;éhondria may be limited to those
that are In close pfoximity to.fhe capillaries. The amount of
ATP produced by these mitochondria 1s most prbbably reduced and
m;y not be ahle to diffuse to the sites of utilization quickly
enough to meet the eperéy demand of the cell. Since CP is -able
to diffuse féster throughout the cell, (Jacobus 1985b; Meyer et
al, 1984) 1t probably 1s able ﬁo regeneraEe ATP faster, thus
maintain a higher ATP/ADP ratio longer. |

When the concentration of totgl creatine 1s reduced by about
85-90%, as in our experiment, the amount of ATP regenerated b%rCP
is reduced as pO2 decreases, thus -dG/dE decreases to levels at
which force development cannot be maintained, resulting in an
accelerated decline in force. This may expfzin the observed

reduction in CO and survival in the creatine-depleted hearts at

higher p02.

[ ’
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3. Possible Role of CP in the Myocardium

+ In this study, we observed that depleticn of total creatine
had three major effectsf The first was the significantly longer
recovery of papillary mﬁscles from high réte of stimulation (360
and 390 jrulses/min, at 31°C).¢ The second effect was the Tusion
of developed forece in papillary muscles which occurred at
significantly longer paired-pulse intergals and the third was a
decline in the hemodynamiec performance of the isolated
blood-perfused work;ng rat heart both under normoxemic and
hypoxemiq conditions.

Even though it has been proposed by some: investipgators
(Petrofsky and Fitch 1980; Mainwood et al, 19é2b; Shoubridge et
al. 1985b) that the altered function of creatine depleted muscles
may be due to structural changes in contractile proteins, no
experimental evidence to date has yet supported this proposal.
Moreo#er, in the heart, no biochemical alterations either in
glycolytic, aerobic or creatine kinase enzymes have heen shown to
occur tShoubridge et al. 1985b) after chronic (6-10 wk) feeﬁing

.of 12 GPA to young or mature rats. |

As stated earlier, the only observation made by Shoubridge
et al. (1985a), Meyer (1985b) and Korecky and Jacobus
(unpublished data) is that rats fed either 17 GPA or 27 GBA for
6-10 weeks had myocardiél ADP concentrations 2 to 2.8 times
higher than contrbls. This increase in ADK may increase the time
to half-relaxation as we showed 1in single twitches oi papillary
muscles. However, a greater effect resulting from a rise in- ADP

‘ !
1s the decrease in the ATP/ADP ratio. This alters the free
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energy change of ATP hydrolysis -dG/dE (Curtin et al. 1974;
Kammermeier et al. 1982) which is‘a'measure of the chemical

energy avhilabie to do work:

~dG/dE =\-~G°bs + R T 1# [ADP] [Pi]
faTP]
where Gobs = =~30.5 kJ/mol, [P1] = 4 x IO‘IM, according to

/

Kammermeier et al 1982.
l?
- As staEed by Dawson. et al. (1980) and Kammermeier et.pl.
(}982, 1987), small changes in ATP hydrolysis can have Qery large
-effects-on all processes requiring ATP. According to Kammermeier
et al. (1982), a decrease in the ATP/ADP..ratio 1s considered to
be the main causal %aqtor of contractile failure. Since the
levels of ATP, -ADP and CP that we'bbtained were relatively low
(Appendix. IV) in comparison to others (Wilkman-Coffelt et .al.
1983} who ﬁeasured them, we used values cobtained by Korecky and
Jacobus (urpublished data). Korecky and Jacobus used hearts of
rats fed 27 GBA and measured with PBI—NMR the concentrations of
CP, free creatine;'ATP, ADP, Pi and ﬁydyogen ions. Based on
their data, we calculated that th? f;::’::;rgy of ATP hydrolysis
was 63.4 kJ/mol in the gontrols and 56.4 kJ/mol in the hearts of
the rats fed GBA. .Tﬂis means that -dG/dE was reduced by 14% in
the creatine depleted hearts. Since Shoubridge et al. (1985a)
;Esported similar levels of CP,}P1i, hydrogen ions and adenine -
-

nucleotides in the myocardium of rats fed 1% GPA for 6-10 weeks,

we can presume that the same decreases in -dG/dE can be obtained

.
r

. "!"-""h\--
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in tﬁe hearts ci rats fed the GPA diet. It has been calculated
by Kammermeier et al; (1982) qhat'if ~dG/dE 1is maintained above
50 kJ/mol of ATP, contractile performance will not be altered.

If the initial -dG/dE was 56.4 kJ/mol in our creatipe depletéd
hearts, it ma& explain whyﬁthe initial stéady state perFormﬂnce;
of these hearts was not rédu;ed from that of controls. |

This finding 1s in direct contrast to that of Gudhihrn;son_
et al. (1970) who found that contractilg‘gerformance ceased when
high levels of ATp‘were still presenni:jiwbjarnason et al,
(1970) indgsed 10Fal ischemia in dog heafts b& complgtelf : jﬁu
occluding ;he 1eft\main descending artery and took punch hiopsies
every 30 seconds. They observed that the. he;;t ceased beat{ng
within one minute of the occlusion at whjch timeffﬁ; ATP‘Ievelﬁ .\\;
were decreased by only 207 froé'the {nitial levels before the -
occlusion. Similarly results wer%§ob5erved by Dh;lla et ﬂl.\\i—'
(1971) who induced hypoxemia in 1solated_wdrki;g rat héarts by
gassing the perfusion medium with,QSZ N2 aﬁd 57 002 for 10
minutes. These early results provided thé basis Fop the idea of
compartmentation from which the creétiﬁé shuttle was developed
(see review of literature).

| ‘Under ischemic co;ditions, it is possible that ATP

compartmentation occurs due to the accumulation of fatty acids
(Mila-Reiker 1985) which inhibit the adenine nucleotide
translocase. But_pndef normoxemic and even hypoxemic éonditions,. -

4

ATP does not appear to be compartmentalized nor 1s its diffusion

) , ' \ ‘
restricted Iin any way (Meyer et al, 1984; Jacobus 1985a; Bittl et
‘ ‘

al. 1987)._§Horeover, our data show that under sevére total
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creatine depletion, the initial myocardial function is uofﬁg
impaired, implying that ATP must be able to diffuse the
-+

myofibrils from the mitochondria. o~

Although this theory is hypothetical, the function of CP {;-;.
the myocardium may be to mairtain the ATP/ADP ratio thus, —dG/dE‘;
* in a raﬁge above 50 ég 60 kJ/mol. This ﬁ;ans that CP could be
buffering any change in the adenine nucleotide pool at least in
13-22252 heart prepa:ﬂ? s, during trans%gions fram lo@ to high

workloads (as pointed fut by Kohn et al. 1970) and during

~'submaximal steaéy statd work. -

N
One major limitation to any in vitro preparation 1s that in

+

time it Fails. There are mény reasons that can account for this -

failure, such as inconsistent oxygen delivery, exhaustion of

L —

endogenous substrates (Reisser 1979)-and inadequate’exogenouw
substrated delivery (Balaban et al. 1986; Bittl et al. {987). ‘If
endogenous glycogen and triglyceride stores are exhausted during
prolonged perfusion and if exogenous glucose cannot entirely
‘supportJtﬁé workload of the mﬁscle, mithhondrial(:espiration may
become limiting and the supﬁly of ATP from oxidaiive .
pﬁosphorylation may decrease. This may lead to a decline in the
ATP/ADP ratid, leading to a lower -dG/dE, w%ich may reach’ 50
kJ/mol or less and the cessatign of myocardi?l contractility may
ensue.

Moreover, de novo synthesis of adenine nucleotides is slow
{several hougs) and during oné-two hours of extracorporeal

perfusion, adenylate kinase converts th%’increasing levels of ADP

to AMP (2 ADP=2AMP + ATP). The AMP is eventually broken down to

W
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adenosine which is lost to the circulétion (Rubio et alz f9?2).
‘This eventually leads to the loss of the total adenine‘nuc1EOtide'
.pool (Turner aéd"ﬁalker 1985). Creatine phosplrate may ot only
ﬁlay \a role in maintaining ATP at adequate levels to mainféin
high -dG/dE (ébéve 50 kJ/mol}, it may also prevent the lo?iigﬁy

the adenylate pool, delaying myocardial failure in in vitro

preparations such as ours.

~
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. C. Do _the Two Analogues Have Different Effects on

-ﬂyocafdial Performance?

In all of-the experiments performed in this study. we noted
very similar responsés in both the contractile characteristics of
the papillary muscles and the-hemodynamic parameters of'éhe
isolated.blooduperfused working hearts,—both in normoxemié and

hypoxemia of rats fed the GBA and CGPA diets. However, there were

a few minor differences that we found in myocardial function as a

-

result of the analogue feeding. e .

/
N We observed that the papillary muscles of the rats fed the

”~]GPA diet both for 7 'and 10 weeks had lower developed force than
‘the muscles of the rats fed ‘the GBA diet. Phis was noted during- -
the frequency-force proteocols both at 55°Csz:d 31°C. However,
these differences in developed force.werq not statisticdlly
Isignificant. The difference in developed force was also noted
during the recovery périod from-high frequencies of étimulation
and was significantly lower in the GPA-éroup afrer 360 and 390
stimuli/min. )
Similarly, the GPA group had lower cardiac output and
survival rate on tﬁe isolated blood perfused preparation,
particularly during hypoxemiclperfusionﬂ As explained in section
B %c, we believe Fhat-these differences between.the GBA and GPA
groups may be reléged to the different concentration of P1 fons
(Kentish et al, i986; Buegg 1987)}. As shown by Fitch and Chevli
(1980), GfA can be phosphorylated and may be used to some extent.

This was demonstrated by Roberts and Walker (1982) who excised

hearts from GPA fed rats and observed that GPAP was used during
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the first 20 min of ischemia. Simultaneously, Pi ithﬁ&ose‘.

. aigﬁifiqaﬁtly‘duriﬁg the initial 20 minutes and‘céntinued to rise

- forxthe next 80 minutes of ischemiﬁ. Since P1i 106; pléy a role
rin force development (KentisH et al: 1986; Ruegg 1987), then the,
a .
difference in myocardial performéncé yetween the GBA and GPA
groups can be ac;ounteq_for by this phenomenon.

We also noted that the coronary blood flow in the GBA group
under hypoxemlc conditions in the isolated blood-perfused hearts
was lower than in the GPA group. At present, there 1s little
known about the effects.of GBA on the myodardium, smooth muscle
or skeletél muscle function, other than its ahility to deplete

these tissues of creatine and CP. As we proposed in section B

LY
.

“2b, it is possible that GBA may have less of a vasodilatory

‘effect on smooth muscle cells of coronary vessels, inter%ere with
the release of adeﬁosine or scme other vasodilatin% substance.

C It ;é also possible that the hearts of the rats fed the GBA diet
did not become as hypoxic as those of the GPA rats or that the
amount of Pi released in the hearts of the GPA and control groups
played a role in vasodilation, N

}? Also, we cannot disregard the possibility that some minor

impurities from our synthesis of the GBA crystals were part of
the food given tq'the GBA fed rats. The impurities could haﬁe
played a role in some of the differences wé observed between the

+ GBA and GPA groups. However, the primary impurity is a

derivative of cyanide (NHBCN) and therefore, it probably did not

effect myocardial function since any substantial quantity of

<
cyanide would result in death of the animal.

B O
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In conclusion, we do not feel that major differences exist
bq&ween GBA and GPA in their effects ‘on myocardial peffnrmnnce

except iﬁ'the ability of QPA to become phosphorylated,;

Nonetheless, further studies should be carried out to determine

3

the effects of GBA on smooth muscle function, particularly under

hypoxié conditions.
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D, Ig the Depletion of Total Creatine Using Creatine

Analogues (GBA and GPA) a Useful Model to Test the

Egsentiality of Creatine and CP in the Myocardium? ¢

Any phéfmacologica] agent has ;;th éesirabie and'undfsirable
effects. In our case, Ehé.desirable effects of GBA a;d-GPA are
the severe depletio; of creatine and CP which waé achieved
equally well with both énalogues. %F‘a result of such depletion,
the effect on myocardial function was similar. Simultaneously
intracellulnf glycogen levels were not altered by either analogue
(pilot study performed by the author; Roberts and Walker 1982),
nor were the activities of glycolytic, aerobic and CK en:ymes
(Shoubridge et al. 1985b).

The undesirable -effects were that the depletion of total
creatine was not 1007 and that the analogues did accumulate in
the heart. Therefore, optimélly, we do suggest that for future
studies testing the essentiality of CP in the myocardium should’
be with CK-specifi; inhibitors. At present, howe#ér, there are
none avallable (FDNB used by Cain and Da;ies 1962, was not
specific only to CK enzymes) thus, cr:;tine analogdes are the
only way t; test this theory.

Evén though both %nalogues deplete the myocardium of total
creatine to the same extent, we woulé prefer the use of GBA over
GPA for future studies since its chances of becom;ng

phosphorylated are less, and its intracellular accumulation in

comparison to GPA is also less.
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E. Proposal for Future Studies

To further flarify the.role of CP in the myocard{um, we '
recommend that the future investigator uses the GBA analogué fo;
a 10 yé@f‘feeding'trial with small -animals such as rats. Rats
thus depleted ofICP'and creatipe could he used in’hn open-

31

chested; veﬁtilated state and placed in P” -NMR, with the NMR

coll laid over the left ventricle. In this way, relevant

-~

r

Information pertaining te CP and adenine nucleotide levels could
Be obtained over extended periods of time. This preparation

. . . LS
could also be manipulated to induce changes in workload on the

heart by: cardiac denervation and pacing, potassium arrest,

volume loading of the animal and perhaps even temporary aortic

-

a
banding to induce high pressure conditions.

Such information could be compared to an isolated-hlood
perfused working rat heart also from a GBA fed rat analyzed \
spectroscopically under similar conditions as listed above. This

would provide comparative information about in vivo and ex vivo

preparations and allow the investigator to determine what happens

to myocardial energetics and function (that 1s the loss of it) in

an isolated working preparation.
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GENERAL FINDINGS ' ¢

-

1. In c¢reatine depleted paplllary muscles, contractile

Y

characteristlcs were pot.altergd at rested state stimulation
rate. At high ﬁorkloads, force development was not altered inm ¢
the creatine ;epletéd rats when Compared to controls, however, .
the sugéequent recovery of the creatine depleted muscleé‘ét low

. frequencies was significantly longer. During paired stimulation,
the maximum developed force was significantly lower in the

creatine depleted muscles at higher intervals than in controls

and the contractions fused at significantly longer intervals,

-

2. Creatine depletion does not affe;t the initial maximal
and submaximal steédy—state performance of the 1solated
blood-perfused rat heart under normbxemic.conditioﬁs. However,
prolonged steady state-woék is decreased as the depletiog of
total creatine increases. )

-

3. Under hypoxemic conditions, the creatine depleted

hearts were not able to maintain steady state at the same p0

2

values as controls.

4.  Although there are differences in the analogues with
respect to the%r ability to become pH;ébhorylated in the cell and
be used as substrates, their ability to deplete the cell of
creatine does not differ. Also, they have overall similar
effects on myocardial performance in normoxemic conditions, but

under hypoxemic- conditions, the hearts that were depleted of

’
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creatiﬁg with the analogue GPA, had somewhat faster deterinration

of myocardial pzrformance. Despite this difference creatine

depletion by these analopgues provides a useful madel te study the

importance of CP in the wmyocardium,
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* APPENDICES

APfﬁNDIX I | -

Sampleprfor the measurement of oxygen content were taken
from the outflow tract of the aorta and from the coronary‘sinﬁs
effluent. The oxyéen content was obtained upon analysis of
okyhemoglobiﬁ saturation by the IL 23é.CO—0ximeter at the
Children's Hoqpital—af Eastern Ontario, Ottawa. Myocardial
oxygen consumption (MVOZ) was calculated as a product of coronary
- flow times the arterio-venous 02 content difference, Cardiac
efficiency was derived from the ratio of total external cardiac .
ﬁbrﬁ produced to tofal energy expended. 'Total external car&iac
work was expressed as external power (Wo) and was derivedrfrom
pressﬁre power (Wp) and kinetic power_(Wk). Since power is an
instantaneous quantity, thus Wp is'a.product of the iﬁstaqtanéous
arterial pressure {é) and volume flow rate (Q). Since-
instantaneous volume flow rate is difficult to measure in an
isolated hea::, average power was approximated from the data
assuming tﬂat flowrwas constant during ejection. Thus aveéage
pregsure power (ﬁp) was'approﬁimated from mean pressure (P) times
the mean flow rate (6)- Flow in an isolated heart is the cardiac
output (C0) (asortic and coronary flo¥), and pressure is thg
average systolic pressure.‘ In our case, it was the mean aértic

pressure, measured in the isolated heart thus:

Wp = Pagreic * CO

= Paortic mmHg x (101325 B)x(CO ml/min)ax(mir,l/ﬁm)x (lOOmW \
760 mm Hg ;

Pa=Pascal
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Kinetic power by definition is 1/2—mv2. where m i3 the mass

of the fluid, and ¥ is the velocity. By substituting m=pv, where
. | \
p 1s the density of the fluid and v=Q/A, where Q is the volume

flow rate and A is the cross sectional area, we obtain:

L

‘Aﬁ(=1f2‘)"(13A? _ (’
to calculate instantaneous kinetic pbwé%, we differentiate the

equation and obtéin: 3
W =Pl 2[Q°+VQQ] -

Since volume flow rate in our case 1s CO and time gJLraging of

AN

\
instantaneous kinetic power was not available to us, a
” il

simplification was made by treating Q as a constant, Eherefore

é#d and, | - A = | 3 " |
Wi pfi‘%
) . 3 8 ¢ . \3 04 '
ey Gael) N ()t (4P
2(A mm? )2 ( 103mm)?
and,
W0 = WP"' Wk

Power input (ﬁi) was calculated as the product of myocardial
oxygen consumption per minute, times the caloric equivalent of
the substrate in the buffer. Since glucose was the primary -

substrate, an& is calculated to be 5.5 cal/ml and one cal 18 4.18

J.

W;=(5.5 cal/mloz)'se"u. 18) % (MVO,) x (min/60s)x (10%mW/W)

4 /
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Mechanical efficiency was defrermined by the dividing of
total external power oroduced by the power input.

Computation formulas: ’

MVO, (mk/min) = [COa“CO Cs ml02/100 ml)x(QCOrF‘VI—nin) .

-y

Wi (mW) = {383.56 memin/ml]* (MV02 ml/min)'

. D kg1 0
A (Z(GﬁAmszz)x (W)a « (€O mi/mi

¥ (=) = (0,00222 mWxmin/mmHgxml)x{B mmHg) x (CO &Y fnin)

Efficiency ‘= Wo/Wi

- a = aortic
- ¢.8, = coronary sinus
L3

i

- €Oor = coronary

These computatfonal formulae were modifiéd from

Kannengiesser et al. (1978) by Dr. David Antecol.
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APPENDIX II

Normalization

In order to be able to.eqﬁate'the mechanical-ﬁé}f'rmance of
two muscles, it was nécessar; to correct for differences in size
and welght of the muscles by normalization per cross-sectional
area. This was first done by Ramsey and Street in 1940 and then
by‘Helandar and Thulin in 1960. fhesé reseérchers based theig
calculations on the cross—sectional area of a cylinder, where the
volume was ﬂrzh and th&ldensity of the_huscle (mass/volume) was
taken as 1.063. The formula used today for the calculation of
cross—sectional area is:

muscle-mass (mg) . . -
1.063(mg;mm3)x length of the muscte (mm)

This formula is meaningful 1f the following assumptions are

made:

1) uniform geometry of the muscle bundle
- 2) parallel arrangement of the fibers

. <
3) equal number of myofibrils/unit of cross-sectional area

Since any two muscles are usually uneveﬁ in size ané welght,
normalizing according to the-above formula allows comp:;ison of
developed tension based on the cross-sectional area which
reflects the presumptive number of force generating sites of
muscle fibers lying in parallel. The(ieveloped tension is

primarily dependent on these force genkrating components which

consist of thick and thin filaments within a sarcomere. Thus,
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the arragngement of the fibers fﬁ a tissue sample under
investigation will affect'the developed tension. The sample is
attached to a fixed clamp at one end and at the other end it is
attached to a c}aﬁp that is joined-to a transdﬁcepu The
> .

developed tension then reflects the force generated by the sum of

the~muscle fib:?? when the flbers are lying inrparaiiel.
. . .

o . .
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* APPENDIX III - . ,
_Calculétion of survival of hearts on the isplated
blood—perfused_preparation.
The method of Life Tables is used to measure patient 7

survival in evaluation of treatment of fatally 111 patients. &

This statistical method is effective in the computation of ™ 7

)
¥
o~ ~

survival of a group of patients who are exposed to a disease. In
- ' ' ' .
the computatioﬂ’of the Life Tables, the estimated survival 1s not
+ i N '
sh
only based on the numﬂ&r of patients at the onset of the study,

but also on the entry of patients at a later time, or the loss of
-

S ' .

patients due to death,'or wilthdrawal due to other reasons éhhn
death at differe;t times during the course of the stﬁdy. Since
we did not have other reasons but "death" or‘fnildre of the heart
to thange the ;urvival in our study, we did not use this method,
instead we calculate& the cumulﬁ{ive survival of each group.

In our experiments the calculation of percent survival was

done as follows: .

L]
~

-y
‘ (E]sz...inxIOO)
S (c/B) (1-D)
A B C D F - #{7Z)
Time Alive at  Died During Proportion of Proportion Cumulative
\'-
1
Interval Begloning Interval dying of Surviving Proportion
* i
of of survi-
Survival : - ving
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Percent survival of hearts from rats fed control, GBA and GPA
dlets for 7 weeks while the hearts were perfused for 120 min

under normoxemic conditions.

(C/B) (1-D) (Elez...xE x1003
A B ¢ D E rz}
Control )

. 0-15 9 0 0 1.00 { 100
15-30 9 0 0 1.00 100
30-45 9 0 o 1.00 100
45-60 9 0 0 - 1.00 100
60-75 9 0 0 1.00 100
75-90 9 1 0.11 0.89 89
. 90-105 8 0 0 1.00 89
105-120 8 1 0.13 0.87 76

. )
GBA ' )
0-15. 9 0o A 0 1.00 - 100

15-30 9 -0 Y 0 1.00 100
3045 9, 0 0 1.00 . 100
45-60 9 0 0 1.00 100
60-75 9 1 0.11 0.89 89
75-90 8 3 0.38 0.62 55
90-105 5 2 0.40 0.60 ) 36
105-1208 <3 1 0.33 0.67 24
GPA
0-15 9 0 0 1.00 100
15-30 9 0 0 1.00 + 100
30-45 9 0 0 1.00 100
45-60 9 0 0. 1.00 100
60-75 9 2 0.20 0.78 78
75-90 7 2 0.28 0.72 T
90-105 5 0 0 0 56
105-120 5 1 0.17 0.83 46

A 15 the time interval in ﬁinutes of hearts' survival on the

isolated blood-perfused preparation.
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Percent survival of hearts of rats fed control, GBA and GPA diets
for 10 weeks while the hearts were perfused for 120 min under

normoxemic conditions,.

~ (C/B) (1-D) (F xE,. ..xE, x100)

A B - C n E " F(X)
Control
0-15 6 0 0 1.00 100
15-30 6 0 0 1,00 100
30-45 6 0 0 1.00 100
45-60 6 0 0 1.00 100
60-75 6 0 0 1.00 ’ 100
75-90 6 0 0 1.00 100
90-105 6 1 0.16 0.84 84
105-120 5 1 0.20 0.80 i 67
GBA
0-15 6 0. 0 1.00 100
15-30 6 0 0 1.00 : 100
30-45 6 0 0} 1.00 100
45-60 6 3 0.50 0.50 50
60-75 3 1 0.33 0.66 %3
75-90 2 2. 0 0 0
90-105
105-125
GPA ‘ .-
0-15 7 0 0 1.00 . 100
15-30 7 1 0.14 . 0.86 86
30-45 6 1 0.16 0.84 72
45-60 5 2 0.40 0.60 43
60-75 5 0 0.40 0.60 43
75-90 3 3 0 0 0
90-105
105-120

A iIs the time interval in minutes of hearts' survival on the

isolated blood-perfused preparation.
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diets for 7 weeks while the hearts were perfused under hypoxemic

conditions.

A B C D E ¥
Control _ ‘
365 * 29.0 5 0 0 1.00 100
ig.8 + 2.0, 5 (4] 0 1.00 100
32,4 * 1,0 5 0 ¢ 1.00 100
2.3 £ 1.0 5 0 0 1.00 100
26,1 £ 1.0 5 2 0.40 0.60 60
25.1 + 1.0 3 2 0.66 0.34 20
24,0 £ 0 1 1 0 0 0
GBA
366 * 68.0 5 0 0 1.00 100
5.1 £ 5.0 5 0 0 1.00 - 100
2.7 + 2.3 5 0 0 1.00 100
40.5 * 6.1 5 0 0 1.00 100
33.6 * 4.6 5 0 0 1.00 100
25.9 * 1.4 5 2 0.40 0.60 60
22,1 = 1 ’ 2 1 0.33 0.67 40
20,0 £ 0 2 2 0 0 0
cPA
374+ 31,4 5 0 0 1.00 100
44.8 * 3.8 5 0. 0 1.00 100
42,6 * 3.0 5 0 0 1.00 100
37.6 * 4.0 5. 1 0.20 0.80 80O
32.5 £ 5.0 4 2 0.50 0.50 40
30.1 £ 1.0 2 1 0.50 0.50 20
26,0 £ 0 1 1 0 0 0

A= p02 of the perfusate entering the left atrium of the rat

hearts,
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APPENDIX IV

The Use of the Clamp-freezing Technique fo; the Analysig of

Adenine Nucleotide, Creatine and Cre#tinp Phosphate Levels

The hearts from rats fed coﬁtrol, GBA and GPA diets for 10
weeks, were perfused with RBC-enrtiched perfusate in. the working
mode for a preselectéd time, at the end of which the hearts were
quickly switched into the non-working mode (gee methods for the
definitions of working and non—workiﬁg modes) and perfused with
oxygenated Krebs-Henselelt to wash out the RBC and immediately
frozép. The hearts were frozen al the following three different
time points: at 15 min in hearts that maintailned 100% of the
submaximal steady-state CO 1n the three groups; at 45 min in
hearts of the GBA and GPA groups that maintained 607 of the
submaximal steady-state and in the control group that maintained
the submaximal steady-state and at %0 min in GBA and GPA groups
that failed and ©n the control group that maintained 807 of the
submaximallstéddy—state. The levels of adenine nucleotides, CP
and creatiﬁe‘that we obtained in the control group at 15 min were
taken as a reference and all subsequent measurements were
compared with these levels since submaximal steady-state‘ﬂﬂ wasg
obtalned at that time. Analysis of thé tissue for ATP, ADP, AMP,
adenosine, CP and creatine concentrations was done b; Mr. G.
Bedford at the Department of Medicine, Queens University,

/
5
F Kingston, Ontario.

\ The method of Bedford and Chiong (1984) was appliéd, using

“the HPLC (Beckman 332 Model). -

Extraction of the hearts was performed by homogenization
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with a PolyrTom sonicator/homogenizer (Brinkman, Westbury, NY, -
L] ° d N i

USAY in 2.0 ml of 0.9 M perchlorie acid. The pH was adjusted to

‘5 with 3.7 M potassium carbonJEe. A 100 yl aliquot of the

extract was then tested in the HPLC system. Peaks were analyzed
by their retention times. This ﬁethod allowed determination of
energy stores in tissue sémples as small as 10-15 mg. The lower _
limits of detection (in nM) were 2.27 for CP, 0.343 for ATP;
0.213 for ADP.and 0.07 for AMP.

The levels of adenine nucleotides and CP that we obtained
were lower than those previously reported (Fossel et al. 1980;
Saks et al. 1986; Kapelko et al. 1986). $Fhe hearts used in our
study éeighed up to one gram and took approximately 2 s to freeze
completely.- Meyer et al. (1985) compared clamp;frozen tissue
samples that were extracted and anglyzed with a chemical anﬁlysis
versus 31P—NMR spectra analysis and found that the amount of
hydrolysis that can occur In 1 s particularly in CP is up to 4
umol/g of tissue (wet weight). The freezing of large tissues
such as a one gram hearf may take several seconds to freeze
entirely, thus large dgcreases in CP, ATP and ADP levels may be
observed. To avold extensive hydrolysis of CP, ATP aAd ADP,
freez?&gﬁgﬁ,&ﬁi tissue should occur Iin several milliseconds. In
order to achieve that, sophisticated eqqipment such as a high
speed crusher which can "smash" the heart while still on the
perfusion apparatus in 5 ms and drop the temperature at the
center of the heart from 37 to -80°C during that time, has been

described by Wikman-Coffelt et al. (1983) and should optimally be

-

used.
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The levels of adenine nucleotides, creatine and CP that we
obtained are shown in Tables 1 and 2. The CP concentrations in
Table 1 shows that at 15 min, the CP concentration had decreaged
significantly by 76% and By 807 1in the GBA and GPA groups from
é;; co;;rol group levles. Adenosine triphosphate, ADP, AMP ﬁnd
adenosine levels are shown in Table 2; they were similar in all _
three groups.
At 45 min, CP concentrations were significantly lower in the

GBA and GPA groups than control concentrations at 15 min and at
45 min and were 937 lower in both the GBA and GPA groups than
control concentrations at 15 min. ATP concentrations were also
significantly lower than control levels at 15 min and at 45 min
were 567 lower in GBA grouprfhgz lower in the GPA group and‘29z
lower in the control group than the control levels at 15 min., No
significant differences among the three groups were observed 1in
ADP, AMP, or adenosine at 45 min. However, ghe adenosine
concentrations were increased significantly in all three groups
from control levels at 15 6inutesh

.

' At 90 min, the CP concentrations were decreased

sighificantly from control levels at 90 min and were decreased by

96% in the GBA group and by 947 in the GPA proup from control at
15 min. ATR concentratlons were decreased by 747 in the GBA
group and by 697 in the GPA group, by 627 in the contrel group
from the contro 'lévels at 15 min. Differences in ATP
concentrations at\ 90 min among the three groups at 90 min were
not significantly different. Adenosine levels were significantly"

elevated by 2857 in\ the GBA group, by 2317 in the GPA group and
|
e

/
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by 1847 in the control group from the control levels at 15 min.
The'adenosine levels in thé control group at 90 min were
significantly lower than those in the GBA andfGPA groups.

Since the levels of adenine nucleotides and CP éhat we
obtained during the 15 min of steady-~state performance were lower
than.what Fosgel etlal. (1980) and Wikman-Coffelt et al, (1983)
obtaingd, conclusions relating to hemodynamic performance based
on these adenine nucléotide levels cannot be made as a result of
the low concentrations of ATP and CP obtained during the steady-
state performa;ce. We did, however, see that the CP levels in
all three groups decreased during the 90 min of perfusion and

that the percent decrease in CP concentration was greater than

the percent decrease in ATP concentration at 90 min when compared

)

to 15 min concentrations im all three groups.

s

‘ ..J‘



175.

Myocardial concentrations of total creatine (C + CP),

Table 1:
creatine, and creatine phosphate in the isolated hiood
perfused rat heart ét 15; 45 and 90 minutes, 1in
cbntrol, GBA and GPA fed rats for 10 weeks. |
TOTAL CREATINE ‘CREATINE CREATINE PHOSTHATE
15 min
c 66.6 * 1.5 51.0 £ 0.7 15.6 * 2.1
GBA 9.9 * 1.0% 6.2 £ 1.1%x 3.7 £ 0,1%
GBA 10.4 * 0,6% 7.3 £ 1.8% 3.1 + 0.1%
\
45 min ,
c’ 58,7 + 0.8 54,3 * 0.6 4.4 2 0.1+
GBA 8.4 £ 0,7%+ 7.1 & 1.2% 1.3 # 0.1%+
GPA 8.5 + 1.1%+ 7.4 £ 1,254 1.1 & 0.3%+
90 min
C '59.8 £ 1.6 56.0 * 2.6 2,9 * 0,5+
GBA 7.6 * 1.2%+ 7.0 £ 1.6%+ 0.6 £ 0.4%+
GPA 8.6 + 1.9%+ 7.7 £ 2.3%F 0.9 + 0.4*%+
n 3 _3 3

1

%

-+

all values are

"
means and standard errors pf/:;e mean

!

P
units are Emoles g/dry welght, dry wt/wé{r:t = 0,20
p<0.001, statistically different from control '

p<0.001, significant difference between control at 15 and

experimental at 45 or at 90
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Table 2: Myocardial concentrations of ATP, ADP, AMP and
. iy

adenosine in the isolated bhlood perfused rat heart 15,

45 and 90 minutes in contreol, GBA and GPA fed rats for

10 weeks.

ATP ADP e ADENOSINE
:iS min
c 9.1 + 0.7 4,0 + 0.5 3.6 % 0.6 3.2 £ 1.0
GBA 7.9 + 0.8 5.8 2,1 3.7 % 0.4 3.7 + 0.4
GPA 8.6 * 1.3 3.9 + 0.7 3.3 % 0.1 3.3 + 1.0
45 min
C 6.4 + 0.2 3.2 % 0.4 3.4 % 0.9 12.6 £ 1.5+
GBA 4.0 % 0.5%F 6.5 % 1.8 - 3.0 % 0.5 9.5 2.0+ 4
GPA 5.0 + 0.4% 4.6 % 1.3 3.7 % 1.2 13.8°¢ 1,8+ .
90 min
¢ 3.5 £ 0.4+ 5.0 £ 0.5 5.1 t 0.7+ 5.9 + 0.3+
GBA 2.3 £ 0.4+ 5.6 * 0.6 7.2 £ 0.5+ 9.1.% 0,8%+
P 2.8 & 2.3+ 5.4 * 0.7 5.9 ¢ 0.7+ 7.4 + 0.2%+
n 3 3 3 3

- all values are means and standard errors of the mean

- units are umoles g/dry weight, er wt}wet wt - 0.20

* p<0,05, statistically different from control

+ p<0.01, significantly different froﬁ control at 15,
experimental at 45, 90 |

++ p<0.01, significant difference between control at 15 and

“control at 45 or 90
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APPENDIX V
The Use of Reconstituted Blood in Isclated Heart Perfusion

Preparations ' \\\

The-red cell concentrate used in the isolated heart -
™~

experimentg\ﬁas obtained from the Réd Cross, Ottawa Chapter in
transfusion-bags thét confained the anticoagulant citrate
phosphate dextrose adenine solution (CPDA—H). The volume of the
concentrate was 450 ml and that of the anticoagulant was &3 ml.
Negligigie hemolysds of the red cells during the experiment was
observed, if used within 40 daﬁs after collection,

[
However, CPDA-l solution aleng with ongoing cellular

. g&tabolism has an effect on the affinity of hemogiobin for

oxygen. After 40 days of storage, we found that with the
increased acidity of the blood and thé fall in the 2,3-DPC

concentration, the p50 (pO, at 507 oxygen saturation) was 9-15

2
mmHg Fatﬁer than the normal pS0 of 27 mmHg. The function of the

hearts on the isolated preparation was not affected hy the

~ leftward shift during normoxemia, however, during hypoxemia, high

saturation of oxygen was observed (80-907) at p0. of 20-30 mmilg.

2
We tried to incréase the p50 of the blood cell suspension to
obtain p50 values comparable to those found in rat blood {35.5

¢

mmHg, Baumann et al. 1971) by incubating the red'blood cells in a
medium containing inosine, pyruvaze and phosphate which wqud;_\
increase the levels of 2,3-diphosphoglycerate (2,3-DPG) within
the cells. The accumulation of 2,3-DPG proceeds hy the foilowing

reéct;on:- inosine is converted to hvpoxanthine and riboge-1-

phosphate (R-1-P) by nucleoside phosphorylase. Ribose-5-
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phosphate (ﬁ-S—P) ﬁrising froﬁ the R-1-P ;sfmetabolized to
fructose-b~-phosphate and glyceraldehyde-3-phosphate (GA-3-P) via
ghe pentose phosphate cycié. This sequence éf reactions bypasses
the~two enzymes that . limit substyate phqsphorylation in the -
normal glycolyt{c chain‘(hexokinase and phosphofructokinase).
Consequently, large amounts of sugﬁr phogphates (eéi fruc;ose-l-
phosphate) as well as triose phosphates can be formed (Deuticke
et al. 1971). These authorg reportéd an increase in 2?3—DPG of
more than five times normal values when‘incubaticn is done for 3
hr at 37°C. The blood that we used was always at least 14 days
old and we observed that it hemolyzed after almost every attempt.
Alternativély, we tried to increase the p50 independently of
2,3-DPG using sodium fénzoate derivatives (Lever et al. 1977).
Lever et al. (1977) used it successfullf in adult hum;n blood, in
sheep and cow blood, increasing the p50 from 24 to 32 mmHg in;the
human blood.l In the sheep blood, the increase was from 37.8 to
52.7 mmHg, and in both cases ige concentration 6f 2-1odosodium
benzoate (I0SB) used was 32 mM.
Neither the mechanism ﬁy which benzoatés decrease the

affinity of hemoglqbin for oxygen, (thus increasing p50)}, nor the

manner in which benzoates interact'wiqh hemoglobin h§ve been

.determined (Lever et al, 1977). Howevér, these authors found

that. the technique did hot produce hemolysis and that equilibrium
of I0SB between the extracellulag and Intracellular compartments

was rapid and reversiblé, when the RBC's were washed with saline.
They concluded that the I0SB passes ‘into the RBC rapidly, yith no

apparent protein denaturation or change in the properties of the
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erythrocvte membrane. | L

We therefore-tried this mechéd to increase the pS0 since our
P50 was usually 9-15 mmHg. When qpvﬁsed iow doses such as 13 mM
I0SB, the p50 increased to 18-1§-mmﬂg, when determined by an
oxyhemoglobin curve as described by Rakﬁsan and Marcinek-(1975)f
" Since this was a negligible increase in p50 a dose of 20 mM I0SH
was used, which increased lhe p50 to 25-27 mmHg. However, this
latter concentfation ﬁad gevere effects on the heart rate,
decreasing it from 300-360 to 90-120 beats/min. Arrh&thmiaa were
also observed frequently along with periods of arrest eveh at the
dose of 13 mM ISOB,

‘ SincePnone of these above mentioned wethods were able to
increase the p50 to satisfactory levels and resulted in hemolysis
of the RBC or inducea-arthythmias in the hearts, the only
alternative was to use freshly p;cked RBC's collected in
heparinized bags. The p50 wgs 23-25 mmHg for the first 5 days
after collection, and only a{fer 5-7 days was there a decrease iIn
p50. Clotting alsc became a problem and to.prevent it, 2200

units of sodium heparin were introduced into the bag every 2

days. .
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Table

.Frequency of

-]

1: Rate of force development (dF/dt) at increasing

stimulation frequency in the papillary muscles of rats

181,

fed control, GBA and GPA diets for 7 and 10 wecks:

Stimulation 'QE
(per min) 3 6 12 24 48 96 192
~
7 WK dFf/dt (g/s)
" Control 41.133.5 37.083.9 36.2¢3.0 28.03.2 26.:12.4  19.3:1.1 16.422.5
. -
n=9 2
GBA-fed 42.1%#8.7 41,5%8.6 36.0%7.0 31.127.2 223%6.0 18.7+1.4 16.2:5.5
n=10 ~
GPA-fed 44.2$5,7 33.2%#6.0 35.0%4.1 B0.6%4.3 26.4;).0 20.1%£2.6 17.1%2.5
n=9 | ‘
\
10 WK —
Control 41.1$4.3 39.422.9 31.6£1.7 30.0:3.9 30.1%¥3.2 25.0¢3.8 20.1%2.2
n=10
GBA-fed 39.123.9 31.1#3.6 26.7:2.7 25.585.2 20.433.6 19.2¢5.1 16.4¢1.7
n=10
GPA-fed 48.1%5.2 38.4%4.4 30.124.8 29.4%3.9 24.4:1.9 22.4%4.0 18.4%1.9
n=8 ‘

b

bath temperature was 25°C

n is the number of muscles

five animals were used in each group

all values are means and standard errors of the me



Table 2: Mean rate of force development at increasing

Frequency of

Stimulation
,

stimulation frequency in the papillary muscles of rats

482,

fed control, GBA and GPA diets for 7 and 10 weeks.

(per_min 6 12 24 48 96 192
AF/at (g/s)

7 WK

Control 24.9x3.1 20.0%1.9 19.122.2 15.0%5.1 13.322.1 11.0¢4.1 8.2%4.8

n=g &

GBA-fed 26.1%2.4 24.4%£3.6 20.0%4.1 17.0%3.2 11.0+1.1 12,5%#3.2 14.5:0.9

n=10

GPA-fed 25.2#3.9 22.3£2.2 20.1*1.8 18.0#3.0 16.1:2.1 12,0:2.1 13.0¢1.0

n=9 | -

10 WK

Control 20.4%3.2 19.4:1.6 18.4%1.7 18.0:3.3 17.3:4.3 12.1#3.1 8.5:3.3

n=10

GBA-fed 20.0%4.1 19.322.2 17.3:2.4 17.33.2 12.242, 10.0§%,a\ 1.2%2.7

n=10 7 L . ' /

GPA-fed 26.242.8  23.4%3.4 22,3:4.1 17.4%1.9 16.1#3.2 17.122.6 9.0%2.8

n=8 ’

n 1s the number of muscles
five animals were used in each group

bath temperature was 25°C

all values are means and standard errors of the mean



Table 3:

Frequency of
Stimulation

(per min)

-183.

Time to maximum developed force (TMF) at increasing

stimulation frequencies in the papillary muscles of

rats fed control,lGBA_and GPA diets for 7 and 10 weeks.

12

24

48

96

192

7 WK

- Control
n=9
GBA-fed
n=10
GPA-fed

n=9

10 WK
Control
n=10
GBA-fed
n=10
GPA-fed

n=8

172£7.0
177£12.0
184+8.0
219+18
187+16

18947

176+4.0

179¢11.0

18111.0

211%15

18716

18110

TMF (ms)

16311

171+8.0

1709 .

203%14

17616

1839

166+7
Y7414

1546

18611
174+17

170+8

16510

175¢10

14216

172+14

16714

163+8

140+ 11

1439

1459

154+10

14510

15418

133210

1319

123411

129+£13

128+14

138411

n 1s the number of muscles

bath temperature was 25°C

five animals were used in each group

all values are means and standard errors of the mean



r\. | . 184,
Tablé'4: Time té hal f~-relaxation (T } R) at increasing ' N
stimulation-frequencies in the papillar; muscles of
rats fed control, GBA and GPA diets for 7 and 10 weeks,
Frequency of |

)

Stimulation

(per min) 3 6 12 24 48 ‘96 192

. o T § R (ms) )
7 WK
Controi 178%18 14012 121%12 118t11‘ 108212 90+7 868
ne=9 |
GBA-fed 22930 18632 183+25 16727 143120 125*15 101£14
n=10
GPA-fed 183+13 145%7 12748 119+7.0 1015 93+8 88+29
n=9 .

(

10 WK -

R
Control = 185+23 192+24 190+19 15622 134%21 117+17 93+18 1
n=10
GBA-fed 209+26 187+27 168£23 . 139223 121%15 110+14 7849

' n=10
GPA—fed 167+22 16519 151%18 146%15 143+14 106£10 729
n=8§
o

all values.#Po means and standard errors of the mean

- n is the number of msucles

five animals were used in each group

bath temperature was 25°C

PRy



1§5.
Table 5: Maximum developed force (Df) at increasing stimulation
frequencies in the papillary muscles of rats fed
control, GBA and GPA diets for 7 and 10 weeks.
Frequency of

Stimulation

(per min) 3 6 12 24 48 96 192

7 WK

Contrel 4.00.3  3.5%0.7 3,1*0.6 2.4:0.4 2,2+0.1 1.520.1 1.110.
n=9

GBA-~fed 4,6£0,9 4.3:x0.9 3.5x0.8 3.2:0.8 2,0%0.4 1.5%0.3  1.9:%0.
n=10

GPA-fed 4.6x0.6  4.0%0.5 3.4x0.4  2.8:0.3 2.3%0.3 1.7£0.1 1.6x0.

n=9

10 WK

Control 4.420.6  4.0%4.0 3.3+0.4 3.320.6 3.0%0.7 2,4*0.6 1,3%0.
n=10
GBA-fed 3.8+0.4 3.5i0.3 2.9+0.3  3,0x0.4 2.0+0.5 1.5%0,5 "0.910.
n=10

GPAdfed 4.5¢0.9  4.1x0.7  2.8%#0.6 2.2%¥0.3 2.8+x0.4  2.3:0.6 1.220.

n=8

all values are means and standard errors of the mean -

n 1s the number of muscles

five animals were used in each group

bath temperature was 25°C
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