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Summary. Twitch force and resting tension of electrically 
stimulated ventricular strips of rainbow trout were com- 
pared with tissue contents of phosphocreatine, creatine, 
and ATP. The phosphocreatine/total creatine ratio, 
which was used to assess the cytoplasmic phosphoryla- 
tion potential, fell with the fraction of cell respiration 
that was inhibited by sodium cyanide and N2. Concomi- 
tantly, twitch force decreased while resting tension 
tended to increase. This relation between phosphocrea- 
fine/total creatine and mechanical parameters became 
more prominent as glycolysis was increasingly inhibited 
by sodium iodoacetate. Furthermore, glycolytic inhibi- 
tion was followed by a decrease in the ATP/phospho- 
creatine ratio. The latter effect was the same in 1% and 
6% CO2. Thus, it cannot be ascribed to an action of 
intracellular pH on the creatine kinase catalyzed reac- 
tion. Notably, resting tension as well as twitch force 
relative to ATP was augmented by glycolytic inhibition. 
The main conclusions are that in the presence of a de- 
creased mitochondrial activity, glycolysis protects con- 
tractility not only by counteracting a lowering in high 
energy phosphates but also by supporting the ATP/ 
phosphocreatine ratio. Apparently, the creatine kinase 
activity is insufficient to maintain ATP in equilibrium 
with phosphocreatine. In addition, glycolysis seems to 
elevate the level of "free" phosphate relative to ATP, 
so that twitch force development as well as "rigor" com- 
plex formation is counteracted. 
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Introduction 

The relation between the mechanical performance and 
the cytoplasmic phosphorylation potential in the cardiac 
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muscle is unclear in many aspects. Firstly, the assessment 
of energy state in terms of free energy liberated upon 
hydrolysis of ATP is problematic. The main reason for 
this is that most of the ADP is not "free" but bound 
to different molecules and structures (Giesen and Kam- 
mermeier 1980; Veech et al. 1979), and that there seems 
to be no method available to measure '~ free" ADP di- 
rectly. Moreover, ATP and ADP are not confined only 
to the cytoplasmic compartment, since a significant frac- 
tion is contained in mitochondria (Giesen and Kammer- 
meier 1980; Zahler et al. 1987). In an attempt to circum- 
vent these problems the cytoplasmic phosphorylation 
potential has often been assessed by measuring phos- 
phocreatine (PCr) and creatine (Cr), which are almost 
exclusively confined to the cytoplasm (Kammermeier 
et al. 1982). On this basis, and assuming that the CK- 
catalyzed reaction is near equilibrium, Meyer (1988) pro- 
posed that PCr is a suitable measure of cytoplasmic 
phosphorylation potential. 

Secondly, the situation may be complicated by the 
possibility that mitochondrial and glycolytic energy lib- 
eration support separate cellular functions. Thus, evi- 
dence exists that glycolysis has a marked, positive influ- 
ence on ion transport processes that is not reflected in 
the cytoplasmic energy state (Bricknell and Opie 1978; 
Hasin and Barry 1984; Paul 1983; Weiss and Lamp 
1987). A recent study on the trout myocardium sug- 
gested that this may be true for the contractile system 
as well (Purup-Hansen and Gesser 1987). The myocar- 
dium of ectothermic vertebrates is of interest in this re- 
spect. Assessed in terms of maximal enzyme activities 
its glycolytic capacity relative to its total catabolic capac- 
ity is higher than in the myocardium of mammals and 
birds (Driedzic et al. 1988). The ectothermic heart is fur- 
thermore suitable for these kinds of study, as its working 
temperature generally is lower and cellular processes are 
slower. 

The aim of the present study on rainbow trout myo- 
cardium is to examine how twitch force and tension re- 
late to the cytoplasmic phosphorylation potential mea- 
sured as PCr. While twitch force to a large extent is 
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in f luenced  by  fac tors  o the r  t han  the energy  state,  such 
as the  a m o u n t  o f  Ca  2 § in the  EC-coup l ing ,  res t ing ten- 
s ion a p p e a r s  m a i n l y  to be d e t e r m i n e d  by  the c y t o p l a s m i c  
energy state,  a l t h o u g h  subs tances  l ike P~ also m a y  have  
d i rec t  effects ( H i b b e r d  et al. 1985). A c c o r d i n g l y  Ca 2 +ac- 
t ivi ty  seems to be o f  l i t t le  i m p o r t a n c e  to res t ing t ens ion  
(cf. P u r u p - H a n s e n  and  Gesse r  1987; Smi th  and  Al len  
~988). 

The  resul ts  suggest  t ha t  a lower ing  o f  P C r  by  inhibi -  
t ion  o f  m i t o c h o n d r i a l  ac t iv i ty  depresses  the  C K - r e a c t i o n ,  
so tha t  equ i l i b r ium is m a i n t a i n e d  on ly  in the presence  
o f  an  in tac t  g lycoly t ic  A T P - s u p p l y .  F u r t h e r m o r e ,  a t  a 
given A T P  level g lycolys is  t ends  to lower  b o t h  twi tch  
force  and  res t ing t ens ion  deve lopmen t ,  p r o b a b l y  by  in- 
c reas ing  the level o f  f lee  phospha t e .  

Materials and methods 

Rainbow trout (Oncorhynchus mykiss) (200-400 g) of both sexes 
were kept in fresh water tanks at approximately 15 ~ After deca- 
pitation the heart was rapidly transferred to an ice-cold oxygenated 
solution, and one or two ring-formed preparations were cut from 
the ventricle. Unless otherwise stated, the physiological solution 
used in the present study contained (raM): 125 NaC1, 15 NaHCO3, 
1.0 NaH2PO4, 2.5 KC1, 1.0 MgSO4, 1.25 CaCI> 1.0 mannitol, 
and 5 glucose. It was oxygenated by a gas-mixing pump (W6sthoff 
1M-3OI/a-F.) with 99% 02 and 1% CO2, except for one series 
of experiments where 94% 02 and 6% CO2 were used. When 
the aerobic metabolism was to be fully blocked, O2 was replaced 
by N2 at the same time as 0.5 mM NaCN was included in the 
bath. The experimental temperature was 10_+0.5~ (Lauda 
K2RD). 

After weighing the strip to the nearest 0.1 mg, its circumference 
was measured, and its average cross section was estimated by as- 
suming a density of 1. The weight of the 128 preparations ranged 
from 20 to 50 rag. For recording force, the preparation was placed 
around a platinum electrode used for electrical stimulation and 
connected to a force transducer (Statham UC2) by surgical silk. 
A second, similar electrode was positioned in the physiological 
solution just above the preparation. By this arrangement, the prep- 
aration was kept open and in contact with the solution at all sides. 
It was stretched with a micrometer screw to provide an initial 
tension of 175 mg-mm -2, and was then stimulated to contract 
at a rate of 12 min -1 by electrical square pulses with a duration 
of 6 ms and a voltage 50% above that giving maximal response. 
With the initial tension applied, the stimulation resulted in a twitch 
force around 30% of that seen at the peak of the force-length 
relation. During the experiment it was checked that the voltage 
was above that necessary for maximal contraction. Although the 
transducer moved only 0.08 mm.g -1, the preparation cannot be 
regarded as fully isometric due to the undefined orientation of 
the cells in the preparation. 

Force development was allowed to stabilize for 36 rain before 
different treatments were applied. Twitch force and changes in rest- 
ing tension are given as a percentage of the twitch force measured 
after this initial stabilization. Sodium iodoacetate, IAA, (Sigma) 
was used to inhibit glycolysis (e.g., Pirolo and Allen 1986). Prelimi- 
nary experiments showed that 2-desoxyglucose up to 20 mM was 
inefficient as inhibitor of trout myocardial glycolysis. A partial 
inhibition of the cell respiration was obtained with 0.15 mM NaCN 
(sodium cyanide, Merck). For full inhibition, the control bath was 
exchanged for one equilibrated with N2 instead of Oa and contain- 
ing 0.5 mM NaCN. Stock solutions of IAA and NaCN were pre- 
pared just before use. The pH of the NaCN-solution was adjusted 
to 7.6 with HCI. 

Within a few seconds after termination of force recording, 
the preparation was clamped with a pair of aluminum tongs which 

had been precooled in liquid nitrogen, and transferred to a small 
glass homogenizer containing 0.3 ml 3 M perchloric acid at 
- 1 8  ~ In order to inhibit hydrolytic enzymes that might have 
escaped inactivation by acid treatment, the perchloric acid con- 
tained 10 mM EDTA to bind Mg 2+ and Ca 2+. After 2 min of 
grinding by hand, the tissue was totally suspended. The rest of 
the procedure was performed at 2-4 ~ Water was added to pro- 
vide a total volume of 1.5 ml, and the suspension was rapidly trans- 
ferred to a plastic tube and centrifuged at 10000 xg  for 10 min. 
The supernatant was neutralized with an equal volume of a solution 
containing 0.5 M KOH, 0.1 M imidazole-base, and 0.1 M KC1. 
The resulting extract (pH 7.1-7.2) was stored at - 1 8  ~ until mea- 
surements of metabolites. 

ATP, PCr, Cr, and glucose-6-phosphate (G6P) were measured 
enzymatically with spectrofluorometer (Aminco Bowman 768-H) 
mainly as described by Lowry and Passonneau (1972). Creatine 
kinase activity was measured spectrofluorometrically according to 
Chi et al. (1983). 

For reasons given by Carlson and Siger (1960) and Pool and 
Sonnenblick (1967) ATP and PCr were normalized to total creatine 
(Cr,). 

The results are presented as mean + SE. Significance of differ- 
ences was tested with Student's t-test. Linear regression analysis 
was applied to some of the experimental data. The limit of signifi- 
cance was set at P=0.05. 

Results 

Force, total creatine 

As descr ibed  ear l ier  force was no rma l i zed  to the  twi tch  
force  deve loped  af ter  the ini t ia l  s t ab i l i za t ion  jus t  before  
d i f ferent  t r ea tmen t s  were appl ied .  This  force  was 1.108 + 
0.003 m N . m m  -2  ( n = 7 1 ) .  A T P  and  P C r  were no rma l -  
ized to Crt. This  p r o c e d u r e  was jus t i f ied  b y  the f ind ing  
o f  no  sys temat ic  differences in Crt be tween  the exper i -  
men ta l  g roups .  The  g r o u p  o f  s tr ips  ( n = 3 )  exposed  to 
1 m M  I A A  showed  the h ighest  value,  7.86___0.28 tool .  
g -  1. This  va lue  d id  no t  differ  s ignif icant ly  f rom the low- 
est va lue  6.86 +_ 0.59 m o l ,  g -  1 f o u n d  for  the  g r o u p  (n = 5) 
subjec ted  to a full a e rob ic  b lock ,  i m M  I A A  a n d  6% 
CO2. Crt for  all  the expe r imen ta l  s t r ips  was 7.26_+0.12 
(n -- 71). 

Iodoacetate, dose-response 

To es tabl ish  the  dose - re sponse  re l a t ion  for  the effect o f  
iodoace ta te  ( I A A )  on  glycolysis,  e lect r ical ly-paced p repa-  
ra t ions  were exposed  to d i f ferent  concen t r a t i ons  o f  
I A A .  N ine  minu te s  af ter  a d d i t i o n  o f  I A A ,  the  p r e p a r a -  
t ions  were  m a d e  a n a e r o b i c  by  rep lac ing  the oxygena t ed  
so lu t ion  by  one  tha t  was equ i l ib ra t ed  wi th  N2 and  add i -  
t iona l ly  con t a ined  I A A  a n d  0.5 m M  N a C N .  F i f t een  min-  
utes la te r  they  were  c l a m p e d  a n d  p rocessed  for  m e t a b o -  
li te measuremen t s .  W i t h  b locked  cel lu lar  r e sp i ra t ion ,  
twi tch  force  decreased  and  res t ing tens ion  increased  rap-  
idly,  when I A A  was increased  in the r ange  o f  0-1 m M  
(Fig.  1 a). A n  e leva t ion  o f  I A A  f rom I to 2 m M  h a d  
on ly  smal l  a d d i t i o n a l  effects, a n d  the decrease  in twitch 
force seemed to be  a b o u t  m a x i m a l  at  1 m M  I A A .  Also ,  
the effect on res t ing tens ion  a p p e a r e d  to be close to 
m a x i m a l  a t  this I A A  concen t r a t ion .  The  dependence  o f  
PCr /Cr t  a n d  A T P / C r t  (Fig.  I b) on  I A A  resembled  tha t  
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observed for twitch force. A lower concentration of IAA 
(0.2 mM) had an effect about one-third of that at 1 mM 
IAA. Notably, aerobically working preparations were 
unaffected by I mM IAA, as neither mechanical para- 
meters nor concentrations of high energy phosphates 
differed significantly from controls (Fig. 1 a, b). 

The possibility that IAA inhibits the activity of crea- 
tine kinase was examined. Two strips from each of three 
ventricles were run in parallel. One strip was exposed 
to 1 mM IAA for 25 min in two experiments and to 
0.2 mM in one. The other strip of the pair served as 
control. During the last 15 min of the IAA exposure, 
all the preparations were made fully anaerobic. Thereaf- 
ter, they were incubated twice for 5 rain in solution with- 
out IAA and NaCN and then homogenized. The activi- 
ties of CK found in the homogenates of the IAA-treated 
strips were 74, 64, and 70 gmol.g-1,  rain-1. The corre- 
sponding values for the control strips were 68, 65, and 
68. Thus, no evidence was obtained that IAA inhibits 
CK under the conditions applied in the present study. 

The next set of experiments concerned the effect of 
glycolysis at different PCr levels. To vary PCr, cell respi- 
ration was either left intact or inhibited either partially 
with 0.15 mM NaCN or fully with 0.5 mM NaCN in 
combination with N2. 
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Fig. 1. Effects of IAA under anaerobic (filled symbols) and aerobic 
conditions (open symbols) on a twitch force (o, e) and resting 
tension ([], -,), and b PCr/Crt (D, m) and ATP/Crt (�9 e). Different 
concentrations of IAA were applied for 24 rain, of which the last 
15 rain included a full aerobic inhibition. Numbers within brackets: 
n. SE is indicated by a bar (which may be completely covered 
by the mean value symbol) 

Contractility and PCr/Crt 

Twitch force fell when lowering the PCr/Crt ratio as 
seen in Fig. 2a. This relation was not unambiguous, 
however, becoming better-defined with increasing glyco- 
lytic inhibition. This can be further illustrated by three 
comparisons based on the results presented in Fig. 2a. 
At first, with a partially inhibited cell respiration 
(0.15 mM NaCN) twitch force was significantly lower 
(P<0.05) in the presence of 0.2 mM IAA than in the 
absence of IAA, being 61 _+ 5% and 78 +_ 5%, respective- 
ly. In spite of this, PCr/Crt tended to be higher with 
than without IAA. Secondly, twitch force was signifi- 
cantly (P < 0.05) lower at a partially inhibited cell respi- 
ration in combination with full inhibition of glycolysis 
(1 mM IAA) than at a fully blocked cell respiration (0.5 
mM NaCN, N2) without IAA, being 40+_5% and 54_+ 
3%, respectively. In contrast PCr/Crt was higher (P<  
0.025) in the former than in the latter situation, being 
0.47 • 0.04 and 0.36 +_ 0.02, respectively. Thirdly, twitch 
force at fully inhibited cell respiration and no glycolytic 
block (54+3%) did not differ significantly from that 
recorded at a partial inhibition of both respiration and 
glycolysis (61 _+ 5%). Under the first condition, however, 
PCr/Crt was about half (0.36• of the value found 
under the second (0.63 _+ 0.03). 

Increase in resting tension often follows reductions 
in cellular energy liberation. Fig. 2b shows that it does 
not relate unambiguously to PCr/Crt. Without IAA rest- 
ing tension did not increase when PCr/Crt was lowered. 
With IAA, however, it did. This tendency was more 
expressed at 1.0 m M  than at 0.2 mM IAA. For example 
(Fig. 2b), PCr/Crt and resting tension were both signifi- 
cantly higher at a partially inhibited cell respiration corn- 
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bined with 0.2 m M  I A A  than at a full inhibition of  cell 
respiration without  I A A  (Fig. 2b). Furthermore,  the 
PCr/Crt  ratio was higher (P < 0.005) in spite o f  a higher 
(P < 0.025) resting tension at 1.0 m M  I A A  and a partial- 
ly inhibited cell respiration than at 0.2 m M  IAA and 
full anaerobiosis.  As before, no effects of  IAA were not- 
ed when cell respiration was intact. 

A TP and PCr 

The tendency of  I A A  to lower twitch force and increase 
resting tension at a given PCr/Crt directed interest to 
the relation between ATP and PCr. As depicted in 
Fig. 2c, ATP  was maintained close to control level in 
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Fig. 2. Twitch force a, resting tension b, and ATP/Crt e as functions 
of PCr/Crt with a cell respiration that either left intact (n, l )  or 
partly (o, o) or fully (zx, *) inhibited. Each of these states were 
combined with either an intact glycolysis (filled symbols) or a glyco- 
lysis partly or fully inhibited (open symbols) with 0.2 mM and 1 �9 
mM IAA, respectively. After stabilization, each experiment lasted 
24 rain with or without IAA and with different interventions of 
the cell respiration for the last 15 min before the preparation was 
freeze clamped�9 On the basis of the individual values, the following 
regression lines relating ATP to PCr (Fig. 2c) for each of the three 
IAA concentrations were obtained: 0 mM IAA: ATP/Crt=0.053 
(PCr/Crt)+0.353, (r=0.378), n=32. 0.2mM IAA: ATP/Crt= 
0.183 (PCr/Crt)+0.235, (r=0.737), n=16). 1.0mM IAA: ATP/ 
Crt=0.320 (PCr/Crt)+0.121, (r=0.989), n= 12 

the absence of  IAA, despite the fact that PCr was re- 
duced by about  one-half  during 15 min with full aerobic 
inhibition. ATP  fell with PCr in the presence of  IAA 
more so at 1.0 m M  than at 0.2 mM.  Linear regression 
performed on individual values for PCr and ATP 
showed that  the slope of  0.18 for the values obtained 
with 0.2 m M  IAA was significantly higher ( P < 0 . 0 J )  
than the slope obtained without IAA, but  lower than 
the slope of  0.32 at 1.0 m M  I A A  ( P <  0.005). 

Contractility and A TP 

Because of  these results, the relation of  twitch force and 
resting tension to ATP/Crt  was examined. As noted be- 
fore, twitch force fell with an increasingly inhibited cell 
respiration�9 ATP on the other hand was significantly 
lowered only if glycolysis was also inhibited (Fig. 3 a). 
A striking result o f  this was that  the relation of  twitch 
force to ATP was changed in such a way that  the twitch 
force at a given ATP-level tended to be stimulated by 
IAA. Thus, at 0.2 m M  IAA and a partial aerobic block, 
ATP/Crt  was lower ( P <  0.01) than at a full aerobic block 
in the absence of  IAA. In contrast,  twitch tbrce tended 
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Fig. 3. Twitch force a and resting tension b plotted against ATP/ 
Crt. For symbols and experimental conditions see Fig. 2. Note in 
b that two groups of fully anaerobic strips without IAA are shown. 
The group of six strips was exposed to this condition for 30 rain 
instead of 15 rain 

to a higher. A similar situation appeared when a partial 
aerobic block together with ] m M  IAA was compared 
with full anaerobiosis and 0.2 m M  IAA. Under the first 
set of  conditions twitch force tended to be higher and 
ATP to be lower than under the second set of  conditions 
(Fig. 3a). 

Figure 3 b shows that resting tension in the presence 
of IAA increased with decreasing ATP/Crt,  and that this 
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Fig. 4. ATP/Crt a, twitch force b and resting tension c related to 
PCr/Cr~ at 1% CO2 (open symbols) and 6% CO2 (filled symbols). 
Two preparations from each of five ventricles were run in parallel 
and exposed to 1 mM IAA. Nine minutes after the addition of 
IAA, a full inhibition of cell respiration was applied and one of 
the two preparations was simultaneously exposed to 6% CO2 in- 
stead of 1% CO2 

tendency was more developed in 1.0 m M  than in 0.2 m M  
IAA. In the absence of IAA no increase in resting tension 
appeared. This could have been due to the insignificant 
reduction in ATP-level. Therefore, the period with full 
anaerobiosis was prolonged from 15 to 30 rain for one 
group of  6 strips with intact glycolysis. As a result, ATP/  
Crt fell to a value significantly (P < 0.01) below that seen 
with 0.2 m M  IAA and a partial inhibition of  the cell 
respiration. Resting tension, however, was only margin- 
ally elevated (Fig. 3 b). 

Significance of pH 

The lowering o f  ATP relative to PCr by IAA could ten- 
tatively depend on pH. By lowering the production of  
lactic acid, IAA should reduce the intracellular activity 
of hydrogen ions in preparations with compromised cell 
respiration. Such a reduction would shift the equilibrium 
of  the CK-catalyzed and H +-consuming regeneration of  
ATP toward PCr and ADP. Hence, the lowering of  ATP 
relative to PCr by IAA may depend on a change in 
pHi. If  so, it should be less developed in IAA combined 
with an acid load. To examine this, two strips from each 
of five ventricles were run in parallel and exposed to 
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I mM IAA. Nine minutes later the baths of the two 
strips were exchanged for baths containing IAA and pro- 
viding full inhibition of cell respiration. For one of the 
two strips the new bath was equilibrated with 6% instead 
of 1% CO2. A shift from 1% to 6% CO2 should result 
in a drop in pHi of about 0.8 units (Gesser and Jorgensen 
1982). This drop should more than compensate for the 
increase of 0.15 units observed in anaerobic ferret myo- 
cardium following a block of glycolysis (Allen et al. 
1985). The difference in CO2 did not affect ATP, PCr, 
and twitch force significantly (Fig. 4a, b). Resting ten- 
sion, however, was significantly lower (P< 0.025) in 6% 
than in 1% CO2 (Fig. 4c). 

Discussion 

As may be expected, the results show that a lowering 
of PCr is associated with a decrease in twitch force and 
a tendency towards an increase in resting tension. These 
relations are not unambiguous, however, as they become 
more pronounced the more glycolysis is inhibited with 
IAA. Notably, this effect is evident under partial inhibi- 
tion of glycolysis, i.e,, at 0.2 mM IAA. Furthermore, 
IAA caused a dose-dependent lowering of ATP relative 
to PCr. These results raise some doubts about PCr as 
an indicator of the cytoplasmic phosphorylation poten- 
tial. The use of PCr is based on the assumption that 
the CK-catalyzed reaction is close to equilibrium. Sever- 
al studies suggest that CK activity is high enough to 
maintain equilibrium under most conditions (e.g., Mat- 
thews et al. 1982). However, evidence also exists that 
this may not be the case when PCr, the substrate, is 
lowered (Saks et al. 1984). This may explain why IAA 
only had effects on trout heart tissue having a comprom- 
ised aerobic energy liberation. Removal of the CK-cata- 
lyzed reaction from equilibrium, and lowering of the 
phosphorylation potential relative to PCr, may be accen- 
tuated at sites with a high ATPase activity. ADP may 
be of particular significance in this respect, due to its 
low cytoplasmic concentration. ADP has to change rela- 
tively more than ATP before a gradient and a diffusion 
rate is attained that matches the new ATPase rate (Jaco- 
bus 1985). Glycolytic phosphorylation of ADP to ATP 
in the cytoplasm should counteract a displacement of 
the CK-reaction from equilibrium. 

The CK-catalyzed phosphorylation of ADP to ATP 
at the cost of PCr involves binding of hydrogen ions. 
Alternatively, the equilibrium of the CK-reaction may 
not be removed but shifted toward PCr and ADP in 
the presence of IAA due to cellular alkalinization. With 
depressed cellular respiration a glycolytic inhibition is 
likely to elevate pHi as a result of a reduced production 
of lactic acid. In support of this, Allen et al. (1985) found 
an increase in pHi of 0.15 units in the anaerobic ferret 
heart following inhibition of glycolysis. The correspond- 
ing increase in pHi would probably be smaller in trout 
heart in which the metabolic activity appears to be sever- 
al times lower than in the mammalian myocardium 
(Gesser 1985). The effects of a blocked glycoIysis should 
therefore be more than compensated for by an increase 

in CO2 from 1% to 6% in the gas mixture, which accord- 
ing to a rough estimate should lower pHi in trout heart 
by about 0.8 units (Gesser and Jorgensen 1982). This 
acid load does not appear to change the relation of either 
ATP or twitch force to PCr significantly, whereas the 
resting tension at a given PCr is lowered. Therefore, 
the effects of IAA on the relation of either ATP or twitch 
force to PCr cannot be explained in terms of pHi. In 
contrast, cellular alkalinization may contribute to the 
increase in resting tension seen in the presence of IAA. 

Conceivably, the effects of IAA could be due to an 
inhibition of CK itself. However, measurements on prep- 
arations subjected to 0.2 mM or 1.0 mM IAA and a 
full aerobic blockade revealed no decrease in CK activi- 
ty. This result is in agreement with other studies (e.g., 
Padieu and Mommaerts 1960). Furthermore, the present 
as well as previous studies on heart tissue of rainbow 
trout and other teleost species (Gesser and Poupa 1975; 
Purup-Hansen and Gesser 1987) revealed no significant 
effects of IAA on either mechanical activity or energy 
state under aerobic conditions. This is in sharp contrast 
to the decrease in twitch force and the increase in resting 
tension following inhibition of glycolysis in rat ventricu- 
lar myocytes (Eisner et al. 1989). 

This finding is unexpected. Thus, Driedzic et al. 
(1987) found that the glycolytic capacity relative to other 
catabolic pathways is higher in ectothermic vertebrates 
than in mammals and birds. However, a higher glycolyt- 
ic capacity does not necessarily mean that the aerobically 
working heart should be particularly dependent on sub- 
strates formed by glycolysis. Instead, it may represent 
an adaptation to recurrent episodes of oxygen lack. It 
should also be noted that the time of exposure to IAA 
was restricted to 24 min and that the preparations 
worked considerably below their maximal capacity. 
Conceivably, the cell contained an amount of substrate 
sufficient to support cell respiration during this period. 
Prolonged exposure to IAA under aerobic conditions 
would probably have lowered twitch force, as suggested 
by a previous study (Gesser and Poupa 1974) on myocar- 
dial tissue of three teleost species. Here, twitch force 
fell during exposure to IAA in the absence of external 
substrates for periods of 1 h or more, but recovered 
when lactate was added. 

Surprisingly, twitch force relative to ATP tended to 
be lower in the absence of IAA. Tentatively, this finding 
can be related to the level of free phosphate. The ATP 
level was well protected in the absence of IAA in spite 
of a marked decrease in PCr, and presumably a corre- 
sponding increase in free phosphate. Therefore, the con- 
centration of free phosphate associated with a given 
ATP level will be higher in the absence of than in the 
presence of glycolytic inhibition. An increase in free 
phosphate should lower the phosphorylation potential. 
If the mechanical effects were related to this potential 
only, the decrease in twitch force should be associated 
with an elevation of resting tension. The reverse situa- 
tion appeared, however, in that resting tension related 
to ATP was enhanced by IAA. Therefore effects of phos- 
phate not directly related to the phosphorylation poten- 
tial have to be considered. 
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Studies by Kentish (1986) and Godt  and Nosek 
(1989) have shown that phosphate ions depress contrac- 
tility by lowering both Ca 2 + sensitivity of the contractile 
system and force developed at saturating levels of Ca 2 +. 
The lowering of  twitch tension relative to the ATP level 
in the absence of glycolytic inhibition may be due to 
these actions of  phosphate. This effect of  phosphate 
should override that of  the higher amount  of  activator 
Ca 2+, which according to Allen and Orchard (1983) is 
to be expected with an intact compared to a nearly fully 
inhibited glycolysis. 

The effect of IAA, elevating resting tension relative 
to ATP, may also be due to a lowering of  free phosphate. 
The resting tension following metabolic inhibition ap- 
pears to depend much less on an increase in the diastolic 
Ca 2+ activity than on development of  " r igo r "  com- 
plexes (Allen and Orchard 1983; Purup-Hansen and 
Gesser 1987; Smith and Allen 1988, but see also Eisner 
et al. 1989). Hence, phosphate should suppress resting 
tension by the same mechanism as it lowers twitch force 
at saturating Ca 2 + levels. The latter effect has been pro- 
posed to be due to a direct mass action of  phosphate 
on the contractile system, which retards the formation 
of  force-producing actin-myosin complexes (Hibberd 
et al. 1985; Kentish 1986). 

To conclude, glycolysis appears to have potentially 
important  effects on the hypoxic myocardium, which 
are not directly reflected in the total concentration of 
high energy phosphates. The activity of  CK in trout 
myocardial cell appears to be too low to maintain ATP 
in equilibrium with PCr when mitochondrial activity is 
depressed. Hence, glycolysis enhanced both ATP con- 
centration and mechanical performance relative to PCr. 
Furthermore, glycolysis is likely to cause an increase in 
" f ree"  phosphate relative to ATP. This may depress 
twitch force but also counteract formation of  " r igo r "  
complexes. 
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