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Summary

The relationship between stimulation frequency and contraction was estab-
lished for ventricular strips from rainbow trout heart at 5,15 and 25°C. Compared
to mammalian species, changes in temperature had little impact on force
development in trout ventricle at physiologically relevant stimulation frequencies.
However, the force-frequency relationship was changed from a biphasic response
with a minimum around 0.2 Hz at 5 and 15 °C to a monophasic decline in force with
increasing frequency at 25 °C. Ryanodine reversed the negative force-frequency
relationship at 25 °C. Potentiation of twitch force after a 5min rest period was
increased from 121±4% at 15°C to 209±12% at 25°C. A similar augmentation
was seen for the maximal rate of force development. Rest potentiation of both
force and maximal rate of force development (dF/dT) was abolished by ryanodine
at both 15 and 25°C. The ryanodine concentration causing a half-maximal
reduction in rest potentiation of force was 51 nmol P 1 at 25 °C and 483 nmol P 1 at
15 °C. Rest potentiation was maximally reduced by 10/xmolP1 ryanodine to 50
and 79 % of the value in the absence of ryanodine at 25 and 15°C, respectively. At
5°C, rest potentiation was similar to that at 15 °C. At 5°C, there was no rest
potentiation of dF/dT and ryanodine did not reduce rest potentiation of force.
Instead, rest potentiation was correlated with a potentiation of time to peak
tension (TPT) at 5°C. Thus, in trout ventricle, force correlates with TPT at 5°C
and seems to be regulated by a ryanodine-insensitive mechanism, while at 25°C
force is correlated with the maximal rate of force development and the
sarcoplasmic reticulum appears to contribute significantly to excitation-contrac-
tion coupling.

Introduction
Although temperature is an important variable for cellular functions in

ectothermic vertebrates, studies on the influence of temperature on the contrac-
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tility of the heart (Langer and Brady, 1968; Shattock and Bers, 1987; Bailey and
Driedzic, 1990) have almost exclusively been concerned with endothermic species
in which the heart muscle works at an essentially constant temperature in vivo.
The relative contributions as well as the possibility of temperature-related effects
of the Ca2+ flux across the sarcolemma and of Ca2+ release and uptake by the
sarcoplasmic reticulum (SR) in the heart seem to differ in ectothermic and
endothermic species (Fabiato and Fabiato, 1978; Chapman, 1983).

In mammalian species, it is generally believed that a calcium-induced release of
Ca2+ from the SR plays a key role in excitation-contraction (E-C) coupling
(Fabiato, 1983, 1985). However, the relative importance of the SR seems to vary
among species (Fabiato and Fabiato, 1978; Bers, 1985). In contrast, contraction of
the ectothermic heart is thought to depend more on Ca2+ fluxes across the
sarcolemma while the SR seems to be of relatively little importance (Chapman,
1983; Morad and Cleemann, 1987) and is reported to be less well developed
ultrastructurally (Page and Niedergerke, 1972; Santer, 1985). In teleost heart, the
SR also seems to be unimportant in force development at physiologically relevant
temperatures and stimulation frequencies (Driedzic and Gesser, 1988; Hove-
Madsen and Gesser, 1989). Recent results (Tibbits et al. 1990) suggest that trans-
sarcolemmal Ca2+ fluxes are a major mediator of the beat-to-beat regulation of
cytosolic Ca2+ concentration in the salmonid myocardium. However, the rainbow
trout myocardium exhibits rest potentiation of force after rest intervals of more
than 5 s, a phenomenon that in the mammalian heart relies on Ca2+ released from
the SR (Sutko and Willerson, 1980; Bers, 1985; Hryshko et al. 1990). Ryanodine,
which inhibits closure of the SR Ca2+-release channel (Meissner, 1986; Rousseau
et al. 1987), inhibits this rest potentiation in trout ventricle at 15 °C, indicating that
the SR may contribute to rest potentiation (Hove-Madsen and Gesser, 1989; El
Sayed and Gesser, 1989). Furthermore, oxalate-dependent Ca2+ uptake in a crude
homogenate of rainbow trout ventricle suggests that trout heart SR is well
developed in comparison to that of other ectothermic species (Dybro and Gesser,
1986).

The aim of the present study was to evaluate the influence of temperature on
contraction of the rainbow trout heart over a temperature range considered to be
physiologically relevant, i.e. 5-25°C (McCauley etal. 1977). Although being at
the physiological limit, 25°C was chosen as the high temperature for comparative
purposes, as most mammalian data are at room temperature or above. Thus, it was
of particular interest to compare the influence of temperature on SR function in
the trout heart with that in the mammalian heart, where the Ca2+ load and the SR
function increase with decreasing temperature, but a large hypothermic inotropy
persists even when SR function is inhibited by ryanodine (Shattock and Bers,
1987).

Materials and methods
Rainbow trout Oncorhyncus my kiss (Walbaum) weighing 100-300 g were kept
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in freshwater tanks at 10-15 °C. The fish were killed by decapitation and the heart
was transferred to an oxygenated Ringer's solution. Ventricular strips with a
diameter of less than 1 mm and a length of approximately 1 cm were prepared. The
strips were mounted for measurements of the contraction variables: twitch force,
maximal rate of contraction (dF/dT) and time to peak tension (TPT), as described
previously (Gesser, 1977). Initially the strips were incubated at 15 °C and
stimulated with two times the threshold voltage at 0.2 Hz in a standard Ringer
containing (mmol P 1 ) : NaCl, 125; KC1, 5; CaCl2,1.25; MgSO4, 0.94; Na2HPO4,1;
NaHCO3, 15; glucose, 5; and gassed with 99% O2 and 1 % CO2 by a gas-mixing
pump (Wosthoff lM30l/aF). The strips were stretched to 90% of maximal
contraction and stabilized for at least 45 min. After stabilization, temperature was
thermostatically maintained at the desired temperature ±0.5°C. The pH of the
Ringer's solution was 7.70 at 5°C, 7.78 at 15°C and 7.82 at 25°C. Free Ca2+

concentration was measured with with a Ca2+-sensitive electrode (Radiometer,
Copenhagen) and was found to be 1.1 mmol P 1 , slightly lower than values found in
the blood of rainbow trout (Andreasen, 1985). However, rest potentiation and the
force-frequency relationship are more pronounced at non-saturating Ca2+ con-
centrations (Driedzic and Gesser, 1985; Hove-Madsen and Gesser, 1989), and this
reduced Ca2+ level was, therefore, chosen for the present experiments. Ryano-
dine, a generous gift from Merck Sharp and Dome, was stored at -20°C in an
aqueous stock solution at lmmolP 1 . In experiments with caffeine, 8 mmol P 1

caffeine was added directly to the bath.
Since there is a continuous decay in force development with time in the trout

heart, two strips were run in parallel. One strip served as a control while the other
was subjected to the experimental condition. This approach was applied since the
variation between strips from the same ventricle is smaller than that between strips
from different ventricles. Unless otherwise stated, twitch force was normalized to
the steady-state twitch force at 0.2 Hz for the control strip to evaluate the relative
effects of temperature or of pharmacological manipulations. Twitch force was also
measured in mNmrn"2, by measuring the length and mass of the strips, which
were assumed to be cylindrical rods with a specific mass of lgcrn"3. Thus, the
twitch force (F) could be calculated in mNmm"2 as F= Cx kx (length of
strip/mass of strip), where C is the measured contraction (in mm) and k is a
calibration factor obtained by hanging known weights on the force transducer (in
raNmm"1).

To evaluate the effects of temperature on the contractile variables, ventricular
strips were stimulated at 0.2 Hz at 15CC. Temperature was then increased to 25°C
or reduced to 5°C, over a period of 30-45 min, until a new steady state was
attained. In some strips, temperature was maintained at 15°C to evaluate the
decrease in twitch force with time. In 18 control strips, twitch force decreased to
89±2% of its original value (mean±s.E.) over a 45 min period. The relative
change in the contractile variables after a temperature change was obtained
by normalizing the steady-state value at 5 or 25 °C to the steady-state value at
15 °C.
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Dose-response curve for ryanodine
Since rest potentiation is the variable most sensitive to inhibition of SR function

(Hove-Madsen and Gesser, 1989), the dose-response curve for ryanodine was
obtained by measuring the effect of ryanodine on twitch force after a 5 min rest
period. Two ventricular strips were stabilized at 0.2 Hz, lOnmolF1 ryanodine was
then applied to one of the strips and equilibration at 0.2 Hz was allowed for 35 min,
before a 5 min rest period was imposed. The strips were then stabilized at 0.2 Hz
for 5 min, before ryanodine concentration was increased and the procedure
repeated. To estimate the effect of ryanodine on twitch force after a 5 min rest
period, the force of the first beat (FB) after the rest period was normalized to that
of the last beat (LB) before the rest period (see Fig. 2A and B). If the ratio FB/LB
is greater than 1, it is referred to as rest potentiation, while an FB/LB ratio of less
than 1 is referred to as rest decay. When the dose-response curve for ryanodine
had been generated, the effect of a given ryanodine concentration was normalized
to the control value, i.e. (FB/LB)ry/(FB/LB)c for the effect on rest potentiation
and LBry/LB,, for the effect at 0.2 Hz (see Fig. 2A and B). This procedure allowed
a comparison of the relative effects of ryanodine at 0.2 Hz and after a rest period,
as well as at different temperatures. The maximal reduction of twitch force by
ryanodine and the concentration needed to cause a half-maximal reduction of
twitch force (A^/2) were obtained by fitting the data with a sigmoid curve with a
Hill coefficient of - 1 : F=A + (B-A)/[l+(10!i/l0c)], where Fis the twitch force, A
is the maximal reduction of twitch force caused by ryanodine, B is the twitch force
under control conditions, x is logfryanodine] and c is log(Ki/2), (Graph Pad
1985-89, by H. Motulsky, version 3.00).

When estimating the maximal effect of ryanodine on the contractile variables,
5 fimo\ r 1 ryanodine was applied to one of the strips after an initial stabilization at
0.2 Hz and 25°C. After 40 min of incubation with ryanodine, a 5 min rest period
was imposed and the FB/LB ratio was measured for force, dF/dT and TPT in the
presence and absence of 5//moll""1 ryanodine.

Effect of ryanodine on the relationship between frequency and contraction
To evaluate the effect of ryanodine on the relationship between frequency and

the contractile variables, two strips were run in parallel. The strips were stimulated
at 0.2 Hz at the experimental temperature, 5 //mol I"1 ryanodine was then added to
one of the strips, and equilibration was allowed for 40min. The stimulation rate
was set to a new value for 5 min, after which it was returned to 0.2 Hz and the
twitch force was allowed to stabilize before the next stimulation rate was applied
for 5 min. The relationship between frequency and force, dF/dT or TPT was
established in the presence and absence of ryanodine, by normalizing the value at
the end of the 5 min interval with altered stimulation frequency to the value at
0.2 Hz before addition of ryanodine. The order of stimulation frequencies applied
was altered between experiments.

Results are given as means±s.E. and were evaluated using Student's f-test and
linear regression analysis with the significance level set at 0.05.



Effects of temperature and ryanodine on trout myocardium 51

Results
Effect of temperature on contraction

To evaluate the influence of temperature on the regulation of force of
contraction, the variations of twitch force, dF/dTand TPT with temperature were
examined. Fig. 1A shows the twitch force at 5, 15 and 25°C. Twitch force was
normalized to the control value at 15 °C. The twitch force showed no significant
change when the temperature was raised from 15 to 25 °C, but a lowering of
temperature from 15 to 5°C increased twitch force significantly (P<0.001, N-9).
dF/dT increased with increasing temperature (Fig. IB) and TPT decreased with
increasing temperature (Fig. 1C). Thus, twitch force seems to be a balance
between dF/dTand the duration of the 'active state'. The effect of temperature on
the rate of relaxation was similar to the effect on dF/dT whereas the time to half-
maximal relaxation, like the TPT, was reduced with increasing temperature (data
not shown).

Effect of ryanodine on contraction at different temperatures

The next question addressed was the influence of temperature on the import-
ance of the SR to E-C coupling. In a series of experiments, the effect of increasing
ryanodine concentration on force produced in the first contraction after a 5 min
rest period was examined. Fig. 2A shows control traces of the force of the last beat
(LB) before and the first beat (FB) after the 5 min rest period at 25 °C. The average
rest potentiation of the first beat was 209±12 % under control conditions (7V=7).
Fig. 2B shows that, in the presence of lO^molP1 ryanodine at 25°C, the
potentiation of twitch force after a 5 min rest period under control conditions is
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Fig. 1. Influence of temperature on (A) twitch force, (B) maximal rate of contraction
(dF/dT) and (C) time to peak tension (TPT) in trout ventricular strips stimulated at
0.2 Hz. The variables were normalized to the steady-state control value at 15°C and
0.2 Hz. Each point represents the mean+s.E. for muscle strips from nine ventricles. A
significant difference from the control value at 15 °C is denoted by an asterisk
(P<0.001). Stippled columns, 5°C; open columns, 15°C; filled columns, 25°C.
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Fig. 2. (A, B) A comparison of the last beat at 0.2 Hz and 25 °C (LB) and the first beat
after a 5 min rest period (FB) (A) in the absence and (B) in the presence of 10/jmol P 1

ryanodine. (C) Twitch force at 0.2 Hz (LB) and rest potentiation (FB/LB) in the
presence of ryanodine normalized to the value in the control strip without ryanodine.
The relative reduction of twitch force at 0.2 Hz (open symbols) and rest potentiation
(filled symbols) are shown as a function of [ryanodine] at three temperatures. The data
were fitted by a sigmoid curve with a Hill coefficient of —1. Dashed and solid lines are
fitted to rest potentiation at 15 and 25°C, respectively. Each point represents the
mean±s.E. for 4-7 ventricles. C, control value.

reversed to a slight rest decay. In Fig. 2C, twitch force at 0.2 Hz and rest
potentiation in the presence of ryanodine were normalized to their respective
control values.

The maximal reduction of twitch force caused by ryanodine and the ryanodine
concentration required to cause a half-maximal reduction of twitch force (X1/2)
were estimated by fitting the data with a sigmoid curve with a Hill coefficient of
- 1 . The curve fitting resulted in values of (Ki/2) at 25 °C that were similar to those
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Force TPT dF/dT

Fig. 3. The effect of 5 ^mol 1 ' ryanodine on the force of the first contraction after a
5 min rest period at 25°C. The three contraction variables, force, dF/d7and TPT, were
normalized to the value for the last beat at 0.2 Hz before the 5 min rest period. Each
point represents the mean+s.E. for six ventricles. Open columns, control; stippled
columns, with 5/OTIO11~L ryanodine.

obtained with continuous stimulation at 0.2 Hz and after a 5 min rest (75 and
51 nmol r 1 , respectively). Also, the estimated maximal reduction of twitch force
by ryanodine at 0.2 Hz stimulation (48% of control) was similar to the estimated
maximal reduction of rest potentiation (50% of control). At 15°C, the maximal
reduction of rest potentiation was estimated from the curve to be 79 % of the
control value with a Ki/2 of 483 nmol P 1 . In contrast, no significant effect of the
maximal [ryanodine] of 10/imolP1 could be demonstrated at 0.2Hz and 15°C. At
5°C, no significant effect of ryanodine could be demonstrated on steady-state force
either at 0.2 Hz or after a 5 min rest period, even with a preincubation at 25°C with
lOjimoir1 ryanodine.

Fig. 3 depicts the effects of S^molP1 ryanodine on twitch force, dF/dT and
TPT after a 5 min rest period in tissues kept at 25°C. In the absence of ryanodine,
both force and dF/dT were potentiated by a rest period. These potentiations were
abolished in the presence of ryanodine. In contrast, TPT was not altered by a 5 min
rest nor was it significantly changed in the presence of ryanodine. Similar
experiments were carried out at 25°C with 8 mmol I"1 caffeine, which also reduced
rest potentiation significantly (P<0.001) from a control value of 205±7% to
111±9% (N=4).

At a stimulation frequency of 0.2 Hz, a significant effect of ryanodine could only
be demonstrated at 25°C, where a maximal effective dose of 5 or lO^molP1

decreased twitch force to 45±6% of the control value (N=15). In contrast to
ryanodine, SmmolP1 caffeine increased the steady-state force at 0.2Hz to
356±90% in four strips. The steady-state force under control conditions at 25 °C
was found to be 2.35±0.42mNmirT2, while dF/dTwas 16.94±2.79mNmm
and TPT was 187±5 ms (/V=9).

-V1
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Effect of ryanodine on the relationship between frequency and contraction at
different temperatures

The relationships between frequency and force, dF/dT and TPT were estab-
lished at 5, 15 and 25°C. In Fig. 4A, twitch force is shown as a function of
stimulation frequency at 5, 15 and 25 °C. There is a monophasic decline in twitch
force with increasing stimulation frequency at 25 °C, while twitch force at 5 and
15°C exhibit minima at 0.2Hz. In the presence of ryanodine, twitch force is
reduced significantly at stimulation frequencies below 0.4 Hz at 25 °C (P<0.0001 at
0.2 Hz) and at stimulation frequencies below 0.2 Hz at 15°C (P<0.035 at
0.017Hz). In contrast, ryanodine has no significant effect on twitch force at any
stimulation frequency examined at 5°C (data not shown). It is also noticeable that
at 25 °C the negative force-frequency relationship is abolished in the presence of
ryanodine. The relationship between frequency and dF/dT is illustrated in
Fig. 4B. It shows that, both in the presence and in the absence of ryanodine, the
relationship between dF/dT and frequency is strikingly similar to the force-
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Fig. 4. The effect of temperature on the relationship between frequency and (A)
twitch force, (B) dF/dT and (C) TPT in the absence (open symbols) or the presence
(filled symbols) of 5 j imolF1 ryanodine. Values were normalized to the control value
at 0.2 Hz in the absence of ryanodine. All points represent the mean±s.E. for six
ventricles.
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Fig. 5. The relationship between twitch force and dF/dT (circles) or TPT (triangles).
Regression lines are drawn for control values of dF/dT versus force (solid line) and
TPT versus force (dotted lines) at (A) 5°C and (B) 25 °C. Values were obtained from
six control ventricles (open symbols) and six ventricles treated with 1

ryanodine (filled symbols) at stimulation frequencies below 0.2 Hz.

frequency relationship at 15 and 25°C (Fig. 4A). dF/dT was not changed
significantly by ryanodine at any stimulation frequency at 5°C (only control data
are shown for clarity). However, no increase is seen in dF/dT at stimulation
frequencies below 0.2 Hz, while twitch force is increased significantly from the
0.2 Hz control value when frequency is lowered to 0.067 Hz or less (P<0.008 at
0.067 Hz). Fig. 4C shows the relationship between frequency and TPT. Ryanodine
had no significant effect on TPT at any frequency or at any temperature (for clarity
only control data are shown at 15 and 25 °C). At 5°C, TPT showed a continuous
decrease with increasing stimulation frequency, while frequency had little effect
on TPT at 15 and 25°C. Finally, it should be noted that, at stimulation frequencies
below 0.2 Hz at 5°C, there is a corresponding change in force and TPT with
frequency, both in the presence and in the absence of ryanodine (Fig. 4A and C).

This point was further explored in Fig. 5A, which shows the relationship
between force and TPT and dF/dT at 5°C. There is a significant correlation
between force and TPT at 5°C both in control and in ryanodine-treated strips.
When TPT was plotted against force, the slope increased with decreasing
temperature from 0.02±0.02 at 25°C to 0.05±0.06 at 15°C (not shown) and
0.62±0.11 at 5°C, with the slope of the regression line being significantly different
from 0 only at 5°C (r=0.84, N=16, P<0.0001).

As previously mentioned, ryanodine abolishes rest potentiation at 25°C.
However, Fig. 5B shows that, although reduced, the values obtained in the
presence of ryanodine lie close to the regression lines for control values of force
versus dF/dT and TPT. It is also clear that at 25 °C there is a strong correlation
between force and dF/dT. The slope of the regression line for dF/dT versus force
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decreased from 1.43±0.12 at 25°C to 1.20±0.18 at 15°C (not shown) and
0.10±0.05 at 5°C. Significant correlations between twitch force and dF/dTwere
found at 15 and 25°C only (r=0.87, N=20, P<0.0001 and r=0.94, N=20,
P<0.0001, respectively).

Discussion

The present study presents three basic findings. First, the force-frequency
relationship is changed from a response that shows a minimum at 0.2 Hz at 5 and
15°C to a monophasic negative response at 25°C (Fig. 4A). Second, ryanodine
sensitivity increases with increasing temperature, and the monophasic decline in
force with increasing frequency at 25 °C is reversed to an increase in force in the
presence of ryanodine. Furthermore, the changes in force brought about by
ryanodine always correlate with changes in the rate of force development. Finally,
the effect of temperature on force development in the trout myocardium is much
smaller than that seen in the mammalian heart (Shattock and Bers, 1987).

Other ectothermic species such as frogs, as well as mammalian species such as
rats and rabbits, show a monophasic decrease in myocardial force when tempera-
ture is increased (Shattock and Bers, 1987), whereas an increase in temperature
from 15 to 25 °C has no significant effect in the trout heart. It is possible that, when
the temperature is raised from 15 to 25°C at a stimulation frequency of 0.2 Hz, the
slight increase seen in trout ventricle twitch force, despite a significant decrease in
the 'active state' (TPT), may be due to an increased contribution of the SR to force
development. In agreement with this, rest potentiation, which is thought to be a
sensitive indicator of the function of the SR (Bers, 1985), increased from 121 to
209% when the temperature was increased from 15 to 25 °C, and this increase
could be abolished by ryanodine and caffeine.

The increase in the maximal reduction of twitch force by ryanodine at higher
temperatures and the concurrent decrease in the ryanodine concentration
required for a half-maximal effect (Ki/2) in the trout heart also agree with results
for the mammalian heart (Shattock and Bers, 1987). The Ki/2 value of 51 nmol I"1

at 25 °C also agrees with the dissociation constant (Kd) for ryanodine binding to the
SR at this temperature both for mammalian species and for trout (Pessah et al.
1985; Meissner, 1986; G. F. Tibbits, personal communication).

The force-frequency relationship of the trout ventricle has previously been
described at 15 °C (Hove-Madsen and Gesser, 1989). The biphasic response seen at
this temperature, exhibiting a minimum around 0.2 Hz, was found to depend on
SR function at frequencies below 0.2 Hz. The rest potentiation of force is similar to
that observed in species, such as mouse and rat, with a highly developed SR (Sutko
and Willerson, 1980; Orchard and Lakatta, 1985). However, in the trout ventricle,
the positive response of force to an elevation of frequency from 0.2 to 1.0 Hz was
not affected by inhibition of the SR function with ryanodine. Thus, at physiologi-
cally relevant frequencies, i.e. above 0.2Hz (Priede, 1974; Wood et al. 1979), the
SR seems to be of less importance. In this respect, the trout heart resembles
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mammalian species with a positive force-frequency relationship, such as rabbit
and guinea pig, as well as ectothermic species such as turtle and frog (Hajdu, 1969;
Lewartowski etal. 1984; Bers, 1985; Driedzic and Gesser, 1985).

When comparing the force-frequency relationships at different temperatures,
the responses seen at 5 and 15 °C are similar. However, at 5°C, rest potentiation of
force cannot be inhibited by ryanodine even when strips are incubated with
ryanodine at 25 °C for extended periods followed by a lowering of temperature to
5°C. Thus, rest potentiation of force does not seem to depend on the SR. This is in
agreement with the finding that, at 5°C, force showed a correlation with TPT,
which in turn may be due to a prolongation of the action potential duration
(Rumberger and Reichel, 1972). Therefore, potentiation of twitch force after rest
periods can apparently not be used as an indicator of SR function at 5°C in the
trout heart. The lack of effect of ryanodine at 5°C agrees with results from other
teleost and elasmobranch species (Driedzic and Gesser, 1988) as well as with data
obtained from isolated sarcolemmal vesicles from the trout heart (Tibbits et al.
1990), which suggested that sarcolemmal Ca2+ flux plays a major role in E-C
coupling at 21 °C.

In contrast to these data, at 25°C the negative force-frequency relationship in
the trout heart, seen over the entire range of frequencies examined, is similar to
that seen in mammalian species with a highly developed SR (Stemmer and Akera,
1986; Orchard and Lakatta, 1985). In agreement with the results from mammalian
cardiac muscle (Hajdu, 1969; Bers, 1985; Stemmer and Akera, 1986), ryanodine,
although depressing twitch force, causes a reversal of the slope of the force-
frequency relationship in the trout ventricle. That is, force increases with
increasing frequency at 25°C in the presence of ryanodine.

The rest potentiation of twitch force, which is generally thought to be a sensitive
indicator of SR function (Bers, 1985; Hryshko etal. 1990), is increased strongly
when temperature is increased from 15 to 25°C in the trout heart. It is of interest
that a corresponding temperature-dependent potentiation of dF/dTis seen, while
the duration of the active state (TPT) after a 5 min rest period is not affected
significantly by the increase in temperature. Thus, at 25 °C, rest potention of force
is correlated to a potentiation of dF/dT, and both can be completely abolished by
ryanodine.

In mammalian species, estimation of the SR Ca2+ content, by rapid cooling
contractures, showed an increase in the SR Ca2+ content with a lowering of
temperature (Shattock and Bers, 1987). This indicates that the SR is loaded with
calcium at 25 °C in the mammalian heart. However, the reduction of twitch force
by ryanodine declined with decreasing temperature (Shattock and Bers, 1987). In
the ectothermic heart, the interpretation of rapid cooling contractures is compli-
cated by the fact that contractions can be elicited at low temperatures. Thus, rapid
cooling of trout ventricular strips to less than 5°C increases the resting potential
sufficiently to elicit an action potential and contraction (L. Hove-Madsen,
unpublished observations). However, El Sayed and Gesser (1989) found that, in
trout heart, ryanodine caused a reduction in the initial rate of 45Ca uptake at all



58 L. HOVE-MADSEN

stimulation frequencies examined, but twitch force was only reduced correspond-
ingly by ryanodine with one stimulation at the end of the 5 min 45Ca uptake. These
results suggest that the SR accumulates Ca2+ at 15 °C at various stimulation
frequencies, but that this Ca2+ is not directly available for contraction at
physiological stimulation frequencies.

One explanation of the above results for the trout myocardium is that the
calcium-induced Ca2+ release from the SR depends on the rate of change of [Ca2+]
around the SR, as suggested by Fabiato (1983), and that this release depends upon
temperature. Thus, at 5°C the Ca2+ influx during the action potential may be too
slow to induce a release of Ca2+ from the SR, whereas at 25°C the Ca2+ influx may
be rapid enough to cause a calcium-induced release of Ca2+ from the SR. In
agreement with this, rest potentiation of force can be correlated to rest
potentiation of dF/dT at 15 and 25°C only and dF/dT is 4-5 times higher at 25°C
than at 5°C. It should, however, be emphasized that dF/dT is a complex measure
that also depends upon the Ca2+ sensitivity of the myofilaments, which is
decreased by cooling in heart muscle (Harrison and Bers, 1990).

In parallel with a possible reduction of calcium-induced Ca2+ release from the
SR, the Ca2+ content of the trout heart SR may be lowered as a result of a reduced
accumulation of Ca2+ when frequency is increased (Orchard and Lakatta, 1985) or
temperature falls. In favour of this, Ca2+ uptake in SR from mammalian skeletal
muscle has been shown to increase with increasing temperature (Inesi and
Watanabe, 1967). In trout ventricle, the maximal oxalate-dependent initial uptake
rate of Ca2+ in crude homogenate increases when temperature is increased from
15 to 25°C, as does the oxalate-dependent filling capacity (H. Gesser personal
communication). Furthermore, in trout heart, ryanodine is able to depress force
development at stimulation frequencies up to 0.4 Hz at 25 °C, while at 15°C it only
causes a significant reduction offeree when the rest period is longer than 15 s. It is
striking that, at both temperatures, the reduction in twitch force caused by
ryanodine occurs in the frequency interval where a negative force-frequency
relationship is seen.

Thus, it is possible that at least two mechanisms regulate force development in
the trout ventricle. First, an SR-dependent mechanism, the activity of which is
reduced with increasing stimulation frequencies as a result of incomplete recycling
of Ca2+ in the SR, as suggested by Orchard and Lakatta (1985). This component
may become more active as the temperature rises, owing to an increased uptake
and release of Ca2+ from the SR. Second, a ryanodine-insensitive mechanism,
which may increase force with increasing stimulation frequency. This mechanism
appears to depend on the Ca2+ flux across the sarcolemma and is affected by
changes in the cellular sodium balance (Hove-Madsen and Gesser, 1989). Thus, at
25 °C, it is possible that the SR dominates the regulation of force development at
all frequencies, and twitch force decreases monophasically with increased fre-
quency owing to incomplete recycling of Ca2+ in the SR. The frequency-
dependent mechanism may be revealed at 25 °C, when SR function is inhibited
with ryanodine, and there is a positive force-frequency relationship. At 15 and
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5°C, the SR-dependent mechanism becomes increasingly less important, leaving a
frequency-stimulated increase in twitch force above 0.2Hz at those temperatures.

I would like to thank Drs Donald M. Bers and Hans Gesser for helpful
discussion and comments. The work was supported by a PhD grant from the
University of Arhus, Denmark.
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