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Summary
This study is the first to examine the contractility of adrenergic stimulation. The power curves generated in this

teleost ventricular muscle in an oscillating muscle
preparation. The experiments were designed to test the
relative importance of C&* released from the sarcoplasmic
reticulum (SR) and C&* influx across the sarcolemma (SL)
to cardiac performance in rainbow trout Oncorhynchus
mykiss Adrenaline and ryanodine were used to modulate
Ca?* flux through the SL and SR, respectively. Experiments
were conducted at two temperatures (12°C and 22°C) (1)
to investigate the effect of an acute temperature change
(from 12°C to 22°C) on power production, and (2) to test
the effects of acute temperature change on the relative

study suggest an optimum frequency for power production
of approximately 1.0Hz at 12 °C, which corresponds well to
typical in vivo heart rates for rainbow trout at that
temperature.  Further, this study indicated that
temperature-induced changes in power output cannot be
predicted from temperature-induced changes in isometric
tension because the temperature-sensitivity of work and
power proved to be greater than that of isometric tension.
This finding is important because many previous studies
have assessed cardiac contractility using only isometric
tension.

contributions of the SR and SL C&" flux to power
production. Concordant with isometric studies, the results
showed that trans-sarcolemmal influx was the major source
of Ca2* (approximately 90 %) for cardiac power production
at all temperatures. This SL C&* influx was increased with

Key words: Oncorhynchus mykissrainbow trout, work loop,
ventricle, temperature, adrenaline, ryanodine, isometric tension,
work, power.

Introduction

The intracellular C# stored in the sarcoplasmic reticulum and developing tension, as it déesivo. Unlike the isometric
(SR) is the major source of &dor myofilament activation in  muscle preparation, the work loop technique (Josephson, 1985)
mammalian cardiac muscle. However, despite this central rolenposes cyclic length changes, and the muscle is activated to
there exists a graded dependence on SR @éease among contract while it shortens, so that it does work. Power is
different species, during development and regionally within thealculated as the product of net work per cycle and cycle
heart. For example, adult rabbit ventricle is less dependent drequency. This technique is now routinely used with skeletal
SR C&* release than that of adult rat (Bers, 1991); within amuscle (Stevens, 1996) and has also been successfully applied
species, neonate hearts are less dependent on 8Rh@a to cardiac tissue in mammals (Laylaed al. 1995,b) and
adult hearts, and the atrium is more SR-dependent than taenphibians (Syme, 1993; Syme and Josephson, 1995) but not
ventricle (Bers, 1991). In fish, however, most studiego fish. Since measures of work or power should have more
examining isometric tension at physiologically relevant pacindunctional significance than measures of isometric tension, the
frequencies have supported the view that SR @dease is a purpose of the present experiments was to measure the relative
relatively unimportant source of &€gfor contraction (rainbow Ca* contribution from the SR and the SL to power production
trout Oncorhynchus mykis®riedzic and Gesser, 1988; El- in trout ventricular tissue using work loops.
Sayed and Gesser, 1989; Hove-Madsen and Gesser, 1989A major tool used to investigate the relative roles of SR and
Hove-Madsen, 1992; Mgller-Nielsen and Gesser, 1992; Kee8L in cardiac muscle is the neutral plant alkaloid ryanodine,
et al. 1994; Shiels and Farrell, 1997; caprassius carassiys which binds specifically and irreversibly to the SR2€Ca
Vornanen, 1994, 1996). It is not known for fish whether thigelease channel (Rousseai al. 1987). At nanomolar
conclusion holds true for cardiac muscle that is both shorteningpncentrations, ryanodine opens the SR*@alease channel



2702 H. A. SHIELS, E. D. SEVENS AND A. P. ARRELL

to a subconducting state, whereas at higher concentrationgt mass was 6.0£1.0 mg (mears.eem., N=24). One end of
(>10umol 1) it completely blocks the channel, inhibiting the muscle was attached to the movable arm of an ergometer
C&* release from the SR (Sitsapesatnal. 1991). Thus, in  (Cambridge Technology) and the other end was tied to the
adult mammalian cardiac muscle, which relies primarily on SRixed arm of an isometric force transducer (Harvard Apparatus)
C&* release for activation of the myofilaments, ryanodineusing 6-0 surgical silk. The muscle was lowered into an
application causes a reduction in tension production varyingxygenated, water-jacketed organ bath superfused with
from 20 to 90%, depending on species. Although ryanodinphysiological saline containing (in mmo}): Nat*, 136.8; K,
generally has a small effect on fish ventricular strips (Driedzi8.08; C&*, 2.52; Mg+, 0.93; Cf, 129.7; S@, 0.93; HCQ",
and Gesser, 1988; Hove-Madsen and Gesser, 1989; Vornan&ri/; Tes acid 3.49; and Tes base 6.37. Sodium pyruvate
1996) and trouin situ perfused hearts (Keest al.1994), itis  (10mmolFl) was used as an exogenous substrate to fuel
important to reconsider these responses in the light of thexidative phosphorylation (Laylanet al. 1995,b; Franklin
temperature-dependence of the SR2‘@alease channel. and Johnston, 1997; Altringham and Block, 1997). In a recent
Mammalian studies have demonstrated an increase in the opgtndy, Xuet al. (1995) found that the SR €aATPase in SR
probability of the SR CH-release channel with acute vesicles isolated from rabbit hearts preferred ATP derived from
decreases in temperature (Bers, 1987, 1989; Sitsapesdn glycolysis than from oxidative phosphorylation. We do not
1991). Thus, the unresponsiveness of fish hearts to ryanodifeel, however, that our use of pyruvate, which bypasses the
may reflect the fact that most studies are conducted at loglycolytic machinery, compromised SR function in our
temperatures (5-15°C) where there may be cold-induceekperiments. This is because the lack of glycolytic-derived
opening of the SR Cé&release channel, rendering the SRATP  only influenced CH-pumping ability under
ineffective in sequestering €a(Tibbits et al. 1991, 1992). mitochondrial-derived ATP-limiting conditions (Xet al.
Consistent with this suggestion, ryanodine reduced redt995) whereas, in our study, an ample supply of ATP should
potentiation by more than 50 % in rainbow trout ventricle abe ensured through oxidative phosphorylation. Extracellular
15°C and 25°C (Hove-Madsen, 1992) and reduced isometrjgH was 7.58. Experimental temperature was held at either 12 °
tension at physiologically relevant contraction frequencies atr 22°C. Since the fish were acclimated to 12°C, the
temperatures exceeding 20°C in both skipjack tun@xperimental temperature of 22°C represented an acute
Katsuwonus pelami&5 °C) (Keenet al. 1992) and rainbow temperature change, employed to examine the temperature-
trout (22°C) (Shiels and Farrell, 1997). In view of thisdependency of the SR &aelease channel. Previous fish
temperature-dependence, the present experiments on thteidies (Keert al.1994; Shiels and Farrell, 1997) have shown
relative contributions of SR and SL €do power production that an acute temperature change is more effective than
were conducted at both 12 °C and 22 °C. Furthermore, becaussmperature acclimation in invoking SR involvement during
previous studies have demonstrated the effects of ryanodineftrce development. A temperature of 22 °C was selected to be
be dependent on pacing frequency (Mgller-Nielsen and Gessass high as possible to induce SR2Cmvolvement, while
1992; Keenret al. 1994; Shiels and Farrell, 1997) and on thekeeping within the upper tolerance limits for this species
level of adrenergic modulation (Shiels and Farrell, 1997), wg23-25 °C; Black, 1953).
studied power generation at different cycle frequencies and at
two adrenaline concentrations. Oscillatory measurements

The muscle was stimulated using platinum plate electrodes
at a stimulus voltage (approximately 5V) adjusted to 1.5 times
that required to produce maximal isometric twitch force. Each

Fish origin and maintenance stimulus train consisted of 16 pulses at a pulse interval of 2 ms

Four-year-old rainbow trout Oncorhynchus mykiss and with a pulse width of 1 ms. Stimulus train duration was
(Walbaum) (approximately 2.5kg body mass) of both sexe81ms. A train of true bipolar pulses rather than a single long
were obtained from Alma Aquaculture Research Stationdirect current pulse was used to prevent oxidation at the
Alma, Ontario, Canada, and held in aerated, dechlorinated tatimulating electrodes. Muscle length was adjusted so that
water. Fish were acclimated to 12 °C for a minimum of 2 weekwork per cycle at 0.2Hz was optimized; this length was
prior to experimentation. They did not feed because they hatksignated aso. This initial length optimization procedure
spawned within the past month, resulting in a negative enerdggok up to 2h as it was necessary to leave the muscle at each
balance. We do not believe that this compromised cardiawew length for approximately 15min to stabilize; during this
performance as the salmonid life style involves a majotime, the muscle was continuously stimulated at 0.2Hz (i.e.

Materials and methods

migration under a negative energy balance. 12 contractions mit¥).
_ _ To measure work and power, a sinusoidal signal was used
Tissue preparation to cycle muscle length abolub. The amplitude of the length

Fish were killed with a blow to the head, and the heart washange cycle (i.e. strain or excursion amplitude) was
removed and placed in ice-cooled saline. Ventriculagpproximately 0.1mm for all trials. Strain (excursion
trabeculae were dissected from the lumen of the ventriclamplitude expressed as a fraction of muscle length) was
Mean trabecular length was 3.0+0.12 mm and mean trabeculapproximately 0.03 (3%) and was chosen on the basis of
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preliminary tests with different strain amplitudes. Troutwere re-measured at each cycle frequency. The saline was
trabeculae seemed to be stiffer than frog and rat heart, atiten replaced with one containing [iol I ryanodine and
produced maximum power at lower strains. The strain used itOpmol I~} adrenaline, and work and tension were re-
our study (3%) was less than that used by Laylen&l. measured at each cycle frequency after the preparation had
(199%,b) for rat heart muscle (10 %) and within the range ofstabilized (approximately 10 min). The purpose of protocol 1
strains used by Syme and Josephson (1995) for frog heavas to observe the effects of ryanodine under tonic adrenergic
(1.5%, 3% and 9%). The cycle frequency refers to thetimulation and also to test whether these effects could be
frequency of the imposed length change and was varied froovercome by increasing €ainflux across the Skia maximal
0.2Hz to 2.0Hz in increments of 0.2Hz. The phase ofdrenergic stimulation.
stimulation refers to the timing of the start of the stimulus train The purpose of protocol 2 was to observe maximal
compared with the start of the imposed length change. Phaadrenergic stimulation of Gainflux across the SL and to
of stimulation is presented as a percentage of the length chandgtermine whether ryanodine effects could be detected at high
cycle. Phases of stimulation that produced maximal poweadrenaline levels. To do this, after the first force—frequency
were different at different cycle frequencies; the tissue had texperiment, the control saline solution was replaced with one
be stimulated earlier in the length cycle when cycled faster. Faontaining 1@umol -1 adrenaline, and work and tension were
a frequency of 0.2 Hz, the phase of stimulation was 35 %, faneasured at each cycle frequency after the preparation had
0.4Hz it was 23 %, for 0.6 Hz it was 16 %, for 0.8 Hz it wasstabilized (approximately 10min). The saline was then
11%, for 1.0Hz it was 7%, for 1.2Hz it was 5%, for 1.4 Hzreplaced with one containing ffnoll~1 ryanodine and
it was 3%, for 1.6 Hz it was 2 %, for 1.8 Hz it was 1% and forlOumol Il adrenaline. After 30 or 45min of incubation
2.0Hz it was 0%. The muscle was stimulated continuouslydepending on test temperature as indicated above), work and
throughout the experiment and was oscillated continuousliension were re-measured at each cycle frequency.
except at the end of each cycle frequency, where it was Because adrenaline is present at nanomolar concentrations
subjected to two isometric contractions before cycle frequenay the circulation of resting fish (Milligaet al. 1989) and
was increased to the next level (see below). To ensure that thdrenaline has been shown to preserve cardiac fansitu
work loops were stable, they were measured at the end of eaghraham and Farrell, 1989; Davie and Farrell, 1991) iand
cycle frequency, before the muscle was contracteditro (Shiels and Farrell, 1997), we utilized a tonic level
isometrically. (L0nmol 1) of adrenergic stimulation in all experiments.
Displacement refers to the change in muscle length and wésirther, as circulating levels of adrenaline increase drastically
measured with the ergometer. Force was measured with the response to stress (McDonald and Milligan, 1992), we
isometric transducer. Force and displacement were recordethployed a maximal level of adrenergic stimulation
using a Nicolet digital storage oscilloscope. Work is thg10umoll2) to observe its effect on the relative importance of
product of force and displacement and was calculated b$R and SL C# flux to power generation.
integrating the force—displacement curve. Positive work is the In a separate experiment, the effects of an incremental acute
work done by the muscle during shortening, and negative wortemperature change were studied by making measurements on
is the work done on the muscle to lengthen it. Net work is ththe same preparation at 12, 14, 16, 18, 20 and 22°C. This

difference between positive and negative work. muscle was stimulated with fénoll™l adrenaline to
_ maximize performance and stimulated at 0.4, 0.6, 0.8, 1.0, 1.2
Experimental protocols and 1.4 Hz. The muscle was left at each temperature for 20 min

The muscle was stabilized &b for 30 min under basal to stabilize before making work and tension measurements.
(0.2Hz) stimulation before being subjected to one of two
experimental protocols. For both protocols, the first Chemicals, calculations and statistical analyses
force—frequency experiment served as a control for All chemicals were purchased from either Sigma (St Louis,
subsequent measurements. Work and tension production at 02, USA) or BHD (Toronto, Ontario, Canada), with the
Hz were compared before and after the first force—frequenaxception of ryanodine which was purchased from Calbiochem
trial; if measurements were appreciably different, thgSan Diego, CA, USA). Force (tension) is expressed as
preparation was discarded. For the first force—frequencgnNmnT2. Mean cross-sectional area was calculated using wet
experiment, saline containing 10nntdiladrenaline was muscle mass, trabecular length and an assumed muscle density
added to the organ bath, and measurements of both work aofi1.06 gcm? (Laylandet al. 1995a). For each fishN=6), the
isometric tension were made at a series of cycle frequenciessults for each frequency within the physiological range
starting at 0.2Hz and ending at 2.0 Hz. After each change ifindicated on the figures and in the Results) were averaged.
cycle frequency, the muscle was allowed to stabilize (foignificant increases after adrenaline stimulation and
1-2 min) before making new tension and work measurementsignificant decreases after ryanodine incubation were assessed
Subsequently, for protocol 1, the control saline was replacefdr the results averaged over the physiologically relevant
with one containing 1@moll~1 ryanodine and 10nmol}  frequency range for each temperature using one-way Student’s
adrenaline. The muscle was incubated for either 30 min attests P<0.05). Significant differences are indicated in the text
22°C or 45min at 12°C before work and isometric tensiorand in Table 1.
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Results 2.0Hz, depending on the test temperature). Peak tension
Control (10 nmolt! adrenaline) trials: the effects of cycle  decreased significantly by approximately 75% over the entire
frequency frequency range at both temperatures (the entire range of test

Results for peak isometric tension during contraction ard€duencies is not shown in Figs 1-3, since only test
presented in Figs 1A,B, 2A,B. A negative force—frequencheq”enc'es near the physiologically relevant frequency' range
relationship, typical of teleost cardiac muscle (Driedzic andCf €ach temperature are shown). The rates of contraction and
Gesser, 1988: Hove-Madsen, 1992: Matikainen and VornaneFﬁ'axa“O” mcreased (i.e. became faster) at higher frequencies
1992), was obtained when cycle frequency was increased frof POth 12°C (Fig. 3) and 22°C (data not shown).

0.2Hz until contractions became irregular (between 1.6 and, ' "€ results for work per contraction cycle are presented in
Figs 1C,D, 2C,D. At 12 °C, work decreased significantly with

increasing cycle frequency (Fig. 1C,D). However, at 22 °C,
work was significantly #=0.04) lower than at 12 °C and did

Protocol 1 Protocol 2 A . .
Low AD Low AD notochange significantly with cycle frequency (Fig. 2C,D). At
....... ow-Low AD and RY - High AD 22°C, seven out of twelve preparations produced zero or

—o-- High AD and RY o High AD and RY
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Fig. 1. The effects of ryanodine (RY) and adrenaline (AD) on the & ' i
tension, work and power developed by trabecular muscle from trout -0.075p . : . ; . ; . |
ventricle tested at 12 °C. For each treatment, the muscle was paced at 08 1.2 1.6 2 0.8 12 16 2

a series of frequencies starting at 0.2Hz, and frequency was
increased until contractions became irregular. Only frequencies near
the physiological range are given on the figure. The physiologicallFig. 2. The effects of ryanodine (RY) and adrenaline (AD) on the
relevant contraction frequencies for 12°C (from 0.6-1.2Hz) ardension, work and power developed by trabecular muscle from trout
within the vertical broken lines, which demarcate typical minimumventricle tested at 22°C. The physiologically relevant contraction
and maximunin vivo heart rates for rainbow trout at 12 °C obtained frequencies for 22°C (from 1.2 to 2.0Hz) occur within the vertical
from the literature (Kiceniuk and Jones, 1977; Waeadal. 1979; lines, which demarcate typical minimum and maxiniamivo heart
Gamperlet al. 1995; Farrelet al. 1996). The left and right panels are rates for rainbow trout at 12°C obtained from the literature
from protocols 1 and 2, respectively, and are independent trials usii(Kiceniuk and Jones, 1977; Woed al. 1979; Gamperét al. 1995;
trabeculae from different fish (see Materials and methods). All pointFarrell et al. 1996). Other details as in Fig. N=6 except where

are means $.e.M., N=6. indicated in parentheses.

Frequency (Hz)
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Fig. 3. The effects of ryanodine (RY) @E ; : o2
and adrenaline (AD) on the rate of o & 2l . L | ‘,,9"":____1._ :
development (fddt rise) and the rate -2 ; . 4-?--";_'_"-: ..... 2
of relaxation (d/dt fall) of tension in E ;j‘
trabecular muscle from trout © 4 , , , 2 , )
ventricle tested at 12 °Q\N=6 for all 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
points. Other details are as in Fig. 1. Frequency (Hz)

negative net work over the physiological range ofleft-hand panels in Figs 1-3). At 12°C, there were no
frequencies. significant effects of ryanodine. Thus, in an oscillating trout
The results for power output (the product of work per cycleventricular muscle preparation at 12°C, under tonic
and cycle frequency) are presented in Figs 1E,F, 2E,F. ALOnmolfl) adrenergic modulation, SR &a does not
12°C, power was independent of cycle frequency over thsignificantly contribute to the total free €aavailable for
physiological range of heart rates for rainbow trout at thisnteraction with the myofilaments. At 22°C, ryanodine
temperature. Outside the rangeimfvivo heart rates, power significantly reduced tension (36 %) and rates of contraction
decreased significantly with increasing cycle frequency (higli38 %) and relaxation (50%) (Table 1), indicating greater SR
frequencies are not shown in figure). The apex of the poweénvolvement during tension development at 22 °C.
curve indicates an optimum frequency for power production of
approximately 1.0Hz at 12°C for rainbow trout ventricle. Ryanodine and high adrenaline concentration
Power output at 22 °C was significantj=0.03) lower than The combined effects of adrenaline and ryanodine were
that observed at 12°C because the majority of preparatiomxamined in both protocols 1 and 2; however, the order of drug
produced either zero or negative net work at 22 °C (Fig. 2C,Dpapplication differed between protocols. In protocol 1, when a
Power output was independent of cycle frequency over thiaigh (10umoll2) level of adrenaline was applied to muscle

physiological range of pacing frequencies. pre-treated with ryanodine there were no significant effects at
. . . 12°C. However, at 22 °C, work, power and the contraction and
High adrenaline concentration relaxation rates were increased significantly by application of

The effects of 1Qmol =1 adrenaline on tension, work and 10umoll=1 adrenaline after ryanodine pre-treatment
power were revealed in protocol 2 (see right-hand panels ifFig. 2A,C,E; Table 1). We have no explanation for this
Figs 1-3). At 12°C, 1amolll adrenaline significantly discrepancy between temperatures. It is important to note that,
increased work by 21 %, and power by 20 %, compared witbespite this adrenergically stimulated increase in work and
the first force—frequency trial (Table 1). Peak tension increasgebwer, work and power at 22 °C still remained less than 50 %
by approximately 10% with 1@moll~l adrenaline of those observed at 12°C (Table 1). When ryanodine was
stimulation, but this difference was not significaBt@.08).  applied during maximal adrenergic stimulation in protocol 2,
High adrenaline concentration significantly increased the ratall variables decreased significantly at 12°C and 22°C (with
of tension development (19 %) and the rate of relaxation (19 %he exception of work and power at 22 °C, whigr®.06).

(Table 1). At 22 °C, 1fimol It adrenaline did not significantly

affect any of the variables over the physiological range in Effect of temperature
protocol 2 (Table 1). The most notable effect of temperature was a substantial
reduction in cardiac performance at 22°C (i.e. significantly
Ryanodine and low adrenaline concentration lower tension, work and power). To elucidate better the effects

Protocol 1 examined the effect of blocking SR Qalease of acute temperature change, we conducted a single
using ryanodine in the presence of 10 nmbadrenaline (see experiment with one important methodological difference
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trabeculae at 12°C and 22°C

Table 1.Effects of adrenaline and ryanodine on tension, work, power and rates of contraction and relaxation of trout ventricular

Tension Work Power fébt rise d/dt fall
(mMNmnT2) (Ikg? (Wkg™) (mNs? (mNs?

12°C, protocol 1

Low AD (control) 7.35%£1.50 0.132+0.04 0.117+0.03 2.16+0.29 -1.76+0.19

Low AD and RY 5.63%£1.27 0.104+0.03 0.080+0.02 1.76+0.19 -1.37+0.19

High AD and RY 6.33+1.23 0.107+0.03 0.081+0.02 1.86+0.29 -1.27+0.19
12°C, protocol 2

Low AD (control) 8.40+0.80 0.189+0.03 0.159+0.03 2.35+0.1 -2.25+0.1

High AD 9.32+0.70 0.242+0.04t 0.203+0.03*1 2.94+0.191 -2.74+0.19t

High AD and RY 7.66+0.67* 0.208+0.03* 0.159+0.02* 2.16+0.29* -1.66+0.19*
22°C, protocol 1

Low AD (control) 2.38+0.55 0.014+0.01 0.025+0.02 1.27+0.19 -0.98+0.1

Low AD and RY 1.51+0.32* 0.008+0.01 0.013+0.01 0.78+0.1* -0.49+0.1*

High AD and RY 2.41+0.43 0.021+0.01% 0.033+0.02t 1.37+0.11 -1.08+0.1t
22°C, protocol 2

Low AD (control) 1.78+0.34 -0.013+0.01 -0.022+0.01 1.27+0.1 -1.08+0.1

High AD 2.37+0.41 -0.002+0.01 —-0.004+0.02 1.66+0.1 -1.47+0.1

High AD and RY 1.46+0.31* -0.021+0.01 -0.038+0.01 0.88+0.1* -0.59+0.1*

Tension, work, power and rates of contractiofiddise) and relaxation {ftit fall) averaged over physiologically relevant frequencies for
the two independent protocols at 12°C and 22 °C. Each value is the average of results from all the relevant frequendi&safferayz°of
results from 0.6, 0.8, 1.0 and 1.2 Hz; for 22 °C, average of results from 1.2, 1.4, 1.6, 1.8 and 2.0 Nzpffim at each frequency.

* denotes a significant decrease with ryanodine treatment (RY); 1 denotes a significant increase with a high concepinaidri-) bd
adrenaline (AD) using one-way Studertttests.

Low AD, 10 nmol 1,

Values are meansse.Mm.

from the previous series of experiments; the acute temperature agreement with studies examining the role of the SR in
change was more gradual (from 12°C to 22 °C in incrementsontributing C8* to tension generation in trout cardiac muscle
of 2°C). The consequence of gradual temperature increasgsee review by Tibbitet al. 1991; see also Hove-Madsen,
on work loops (Fig. 4) and peak isometric tension (verticall992; Keenet al. 1994; Shiels and Farrell, 1997). At 12°C,
line atlLo in Fig. 4) at three cycle frequencies was examinedryanodine application tends to shift the apex of the power curve
The results show that tension was not especially sensitive to the left (Fig. 1E,F), suggesting that ryanodine affects the
temperature at any cycle frequency, but was highest at 14 “@ptimum frequency for power production such that, without
(Fig. 5A). As expected, however, work (Fig. 5B) and powerSR Ca&* release, power production is reduced at a given
(Fig. 5C) decreased several-fold with an acute increase fnequency. However, these results were not resolved
temperature above 14°C, primarily as a result of fastestatistically (Table 1). Further studies might be useful in
relaxation rates (see Fig. 4). At 1.0Hz and 1.4 Hz, power andarifying these relationships. It was anticipated that SR Ca
work appeared to be maximal at 14°C, providing a clearenvolvement would be greater at 22°C owing to the
prediction of optimal temperature than isometric tensiontemperature-dependency of the SR‘@alease channel. This
Power was greatest at the highest cycle frequency (1.4 Hajould be true only from the perspective of a percentage change
unlike work and tension, which were greatest at the lowesh tension, work and power after ryanodine treatment,
cycle frequency (0.4 Hz). measured in a muscle barely performing work. Indeed, work
production was low at 22°C, which resulted in low power
. , production. Myocardial power output calculated fromvivo
Discussion measurements from rainbow trout (11°C) is 1.53Whkg
Relative C&" contribution from the SR and SL (Jones and Randall, 1978). Our values for power output from
The present experiments used ryanodine to estimate thiee isolated muscle are lower by a factor of 10 (0.159 Wkg
relative importance of SR and SL €aflux to power This is probably a result of the low strains (3 %) applied to the
generation in trout ventricle at 12°C and 22°C. Our resultsnuscle. Studies with isolated frog ventricular muscle have
suggest that, at both temperatures, the majority of t#& Cashown that, at cycle frequencies comparable imitfivo heart
needed for activation of the myofilaments crosses the SL, wittates, lower strains result in lower work production. At 9%
SR Ca&* release playing a more modest role. These results asgrain, power output (2.3 W kg Syme and Josephson, 1995)
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Fig. 4. Effect of temperature on work loops & 20-18°C - -
of trout ventricle trabecular strips under 15 = -
maximal (1Qumol I adrenergic 10k L L
stimulation. Note the relative change in 5__,_/_:-7‘" i L
work at increasing temperatures and 1 ] 1 ] | ] 1 . '
frequencies. Loops run counterclockwise. 0
The area inside the loop is equal to the net 20r-20°C - B
work per cycle. Power is the product of 151 - -
work and cycle frequency. Positive work 10+ . L
decreased markedly with an increase in 5L B B
temperature, whereas negative work (the 0 | ] | [ | | |
area between thr-axis and the bottom of .
the loop) changed much less. The vertical 20p-22°C " B
line in the centre of each trace indicates 15k B -
isometric tension at that temperature. For 10 - -
this particular preparation, excursion 5k L L
amplitude was 0.097 mm, muscle length | | . A ) )

1 |
(i.e.Lo) was 3.8 mm and peak-to-peak force -0.03 0 0.03 -0.03 0 0.03 -0.03 0 0.03
at 12°C and 1.0Hz was 9.758 mN. Length change (mm)

is comparable withn vivo calculations of myocardial power muscle preparation (rat papillary muscle; Laylahal. 1997)
output (4.52 Wkg!; Hillman et al. 1987); however, if strain is found that the power curve was shifted significantly upwards
reduced to 3% or 1.5%, power output is reduced t@nd to the right with adrenergic stimulation. The increase in
approximately 1.2 W kgt and 0.55 W kg, respectively (Syme isometric tension production after adrenergic stimulation in the
and Josephson, 1995). present study was smaller than that observed in a previous
Our study also examined how power production wastudy where the muscle was contracting only isometrically
influenced by adrenergic stimulation. In the trout heart(Shiels and Farrell, 1997). The reasons for this difference are
adrenaline is the predominant catecholamine involved imnclear. Shiels and Farrell (1997) report a peak tension of
modulating cardiac contractility (Farrell and Jones, 1992)approximately 1-2 mN mm, which is lower than that found
Adrenaline stimulateg3-adrenergic receptors, causing thein the present study, approximately 7-8 mNTAmMIt is
phosphorylation of the SL L-type €achanneliacyclic AMP  possible that, by subjecting the muscle to a length change, we
and protein kinase A pathways (Tibbigs al. 1992). This increased the Cé&sensitivity of the myofilaments (Allen and
phosphorylation increases the open probability of the L-typ&entish, 1985) such that myofilament activation was higher in
Ca&* channel (Reuter, 1983), allowing for greater transthe working muscle, resulting in a higher basal peak tension
sarcolemmal C# influx with each depolarization. Concordant and a smaller positive inotropic effect of adrenaline. Clearly,
with other studies (Ask, 1983; Farrell al. 1986; Vornanen, further studies are needed in this area.
1989; Keenet al. 1992; Shiels and Farrell, 1997), we
demonstrate a positive inotropic effect of adrenaline, which  Effects of temperature and cycle frequency on power
was statistically significant at 12°C. The only other study to production
investigate the effects of adrenaline on an oscillatory cardiac By studying the effects of cycle frequency on power
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T T T T T T unexpected and prompted us to examine more closely the

04 A effects of temperature on the kinetics of oscillatory
) contractions. The results from this experiment suggest that the
Sk D/j\u\ﬂ\m/g 7 rates of contraction and relaxation are elevated at 22 °C such
that the muscle is fully relaxed during the shortening phase of
10,0, the strain cycle, especially at frequencies exceeding 1.0 Hz (see
’ O Fig. 4). This causes a reduction in the amount of positive work
(work done by the muscle during shortening), and net work
production approaches zero. Therefore, the loss of work and,
consequently, power output at 22°C can be explained by a
faster relaxation at warmer temperatures. This phenomenon can
also be thought of in terms of total contraction duration. The
) . . . , | duration of contraction determines how long tension is
maintained during the shortening period of the cycle, which in
turn influences the amount of work produced at a given cycle
frequency (Laylanckt al. 1995). At high temperatures, when
contraction duration is reduced, work and power decline.
Theoretically, maximum work would be achieved if the loop
was a rectangle, with an instantaneous increase in tension at
maximum muscle length and an instantaneous decrease in
tension when the muscle relaxed at minimum muscle length. It
should be noted that the effects of temperature on power would
probably be less dramatiin vivo, because contraction
frequency increases with temperature such that relaxation
would only just be completed before the next contraction was
initiated. Further, the fact that 22 °C is approaching the upper
incipient lethal temperature for this species must also be
considered, as it may cause contractility and maximum
performance to decrease at high contraction frequencies.
Indeed, we observed that some of the preparations could not
maintain power production in the upper range of stimulation
frequencies at 22°C. This is in agreement with results from
Farrell et al. (1996) which demonstrate that the maximum
power output of thén situtrout heart decreases at temperatures
above 18°C. In general, the temperature study demonstrates
that isometric tension is much less sensitive to temperature
change (Fig. 5A) compared with work and power output
0 . ' . (Fig. 5B,C). This an important result because it suggests that
12 14 16 18 20 22 measuring temperature-induced changes in isometric tension
Temperature (°C) may not be as reliable an indicator of respective changes in
, ) work or power output. Unfortunately, many studies assume that
Fig. 5. The effects of temperature on tension, work and POwWejsqmetric tension production is a good index of contractility and
production of ventricular trabeculae from a single trout undef, o oy cardiac performance, but the data presented here show
maximal (1QumolI-1) adrenergic stimulation. Results are given for that this assumption may not always be the case
three cycle frequencies: 0.4, 1.0 and 1.4 Hz. . ) i ) . ) .
Interestingly, peak isometric tension did not change during
the gradual temperature change. This suggests that, when fish
generation, it is possible to evaluate whether there is aross a 10°C thermocline, cardiac performance may be
optimum frequency for power output. Further, if an optimumcompromised to a greater degree than when temperature
frequency existsn vitro, this can be compared with vivo  changes by 10°C more gradually over the diurnal cycle, such
heart rates. The optimum frequency for power production &s in animals trapped in streambeds. Furthermore, the
12°C is between 0.8Hz and 1.2Hz, as indicated by the apediscrepancy between the peak tension results from the two
of the power curves. This optimum frequency corresponds wedixperimental designs (see Table 1) reiterates the point that peak
with the 55beats mid (approximately 1.0 Hz)n vivo heart  isometric tension is not as reliable an indicator of contractility
rates measured in trout at 12 °C (Wasidal. 1979). as are the more integrative measurements of work and power,
At 22 °C, work and, thus, power production were negligiblewhose responses were consistent between experiments.
at physiologically relevant contraction frequencies. This was In conclusion, we have examined the performance
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capabilities of isolated trout ventricular trabeculae in arfFarreLL, A. P., MacLEOD, K. R. AND CHANCEY, B. (1986). Intrinsic
oscillating preparation. We believe that, by forcing the muscle mechanical properties of the perfused rainbow trout heart and the
to work against a cyclic length change, this preparation better effects of catecholamines and extracellular calcium under control
approximates thim vivocondition of ventricular emptying and _ @nd acidotic conditionsl. exp. Biol.125 319-345.

filling than does the traditional isometric tension preparation'.:RgN’f'-'N' C. E.AND JOHNSTON . A. /(A19t97)-t, MEE;LE pogerl ggap”t
Using this technique, we demonstrate that work and power are%gﬂglzscape responses in an Antarctic kshexp. Blof.

more sensitive to temperature change than is isometric tens%lAMPERLl A. K., AXELSSON M. AND FARRELL, A. P. (1995). Effects
Further, although there may be some temperature-depend

’ ean swimming and environmental hypoxia on coronary blood flow
and frequency-dependent interplay between SL and SR Ca i, rainbow troutAm. J. Physiol269, R1258-R1266.

flux, power production, like tension production, dependssraqam, M. S.AND FARRELL, A. P. (1989). The effect of temperature
primarily on extracellular Cd influx across the SL. acclimation and adrenaline on the performance of a perfused trout
heart.Physiol. Zool62, 38—61.
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