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The rate of resting heat production of rat papillary muscle
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Abstract. The rate of resting heat production of quiescent
rat left ventricular papillary muscles was measured
myothermically. The effects of contractile activity, stretch,
oxygen partial pressure, temperature, amino acids and time
were examined. The rate of basal heat production was the
same throughout the day whether or not muscles contracted
isotonically under a small pre-load. Passive stretch increased
the rate of resting heat production; the stretch-induced in-
crement was highly variable from muscle to muscle. The
resting heat rate per se was only moderately sensitive to
oxygen partial pressure and temperature, and was insensitive
to the presence of amino acids in the bathing medium. The
stretch-induced increase in resting heat rate was independent
of these three factors. The rate of resting heat production
declined exponentially with time to reach a plateau about
4 h following cardiectomy.
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Introduction

Under normal physiological conditions cardiac muscle never
undergoes lengthy periods of rest. It has, nevertheless, a
resting or basal metabolic rate which can be examined by
rendering the muscle inactive. The metabolic rate of
quiescent cardiac muscle is, like the mitochondrial content
(Page et al. 1971; Delbridge and Loiselle 1981), about five
times higher than that of skeletal muscle {Gibbs 1978). In-
deed, in the rat it may account for over one-third of the total
cardiac metabolism when the animal is at rest (Loiselle and
Gibbs 1979).

The cause of the high basal metabolic rate of cardiac
muscle remains unknown. In vitro the rate varies inversely
with muscle diameter (Loiselle and Gibbs 1983) in much the
same manner as the active stress (force per cross-sectional
area) production (Delbridge and Loiselle 1981). This
dependence seems unrelated to the general question of oxy-
gen sufficiency of isolated papillary muscles (Loiselle 1982)
because, in contrast to predictions of the anoxic core hypo-
thesis (Hill 1928; Whalen 1960; Cranefield and Greenspan
1960; Whalen and Fangman 1963), the stretch-induced in-
crement in resting metabolism is unrelated to either muscle
diameter or, equivalently, the metabolic rate per se (Loiselle
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and Gibbs 1983). In species with low rates of cardiac resting
metabolism, the observed stretch-induced increment
(Cranefield and Greenspan 1960; Lee 1960; Whalen 1960;
Gibbset al. 1967; Pool and Sonnenblick 1967; Loiselle 1982;
Loiselle and Gibbs 1983) is typically in excess of that pre-
dicted by either the early Hill (1928) model or by a more
realistic model (Loiselle 1982) which assumes some
dependence of oxygen consumption upon concentration. It
1s thus of importance to re-examine the effect of stretch in a
species with an inherently high rate of resting cardiac heat
production. If the stretch effect is of purely geometric origin,
reflecting increased oxygen consumption subsequent to re-
duction of a putative hypozxic core region, then it should be
greater the higher the rate of basal metabolism prior to the
stretch.

The effect of oxygen partial pressure upon basal metab-
olism likewise has not been examined in a species with an
inherently high rate of cardiac basal metabolism. Whereas
the oxygen tension seems to have little influence on resting
cardiac metabolism in either dog Purkinje fibres (Greenspan
and Cranefield 1963) or rabbit papillary muscles (Loiselle
and Gibbs 1983), both of these species have a low rate of
resting cardiac metabolism vis-a-vis the rat (Loiselle and
Gibbs 1979). The high rate of resting cardiac heat produc-
tion of the rat might be expected to decline in low partial
pressure of oxygen. It might be further expected that such
an effect would be enhanced by temperature, although there
exists some evidence of a low Qq of cardiac basal metab-
olism in vitro (Lochner et al. 1968 ; Loiselle and Gibbs 1983).

The effect of amino acids upon cardiac basal metabolism
has not been extensively examined. The rate of uptake of
amino acids is enhanced by stretch in both isolated rabbit
papillary muscles (Lesch et al. 1970; Peterson and Lesch
1972) and in isolated perfused rat hearts (Morgan et al.
1983; but see Hjalmarson and Isaksson 1972). Both the rate
of resting heat production (Loiselle and Gibbs 1979) and
the rate of turnover of cardiac proteins (Earl et al. 1978) is
high in the rat. It is thus of interest to test the effect of amino
acids upon both the rate of basal heat production per se and
upon the stretch effect in this species, particularly in view of
the suggestion by Gibbs (1978) that the high cardiac basal
metabolism may reflect the high rate of protein turnover.

Finally, this study was motivated by the possibility that
a previous report (Loiselle and Gibbs 1983) might have
underestimated the effect of temperature on cardiac basal
metabolism. The reported Q,, values (1.28—1.42) were
sufficiently low to warrant a re-appraisal of the possible
errors involved in the myothermic determination of resting
metabolic rate. The possibility of temperature-dependent
errors arises from the fact that the resting heat production
(unlike its active heat counterpart) must be made with refer-
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Table 1. Muscle characteristics

Muscle Wg Wy w 1 HL A/l d, A,

1 280 0.80 42 6.5 0.12 0.31 0.91 0.65
2 235 0.70 6.8 8.0 0.10 0.21 1.04 0.85
3 350 0.88 5.3 7.5 0.13 0.24 0.95 0.71
4 330 0.77 7.1 8.0 0.13 0.26 1.06 0.89
5 265 0.85 6.0 8.5 0.15 0.14 0.95 0.71
6 225 0.63 49 5.5 0.13 0.32 1.07 0.89
7 195 0.61 3.0 5.5 0.12 0.28 0.83 0.55
8 215 0.57 2.0 6.0 0.17 0.20 0.65 0.33
Mean 262 0.73 4.9 6.9 0.13 0.24 0.93 0.70
SEM 20 0.04 0.6 04 0.01 0.02 0.05 0.07

Wi, rat body weight (g); Wy, heart weight (g); w, muscle weight (mg); 1, muscle length (mm) under a 1 g pre-load; HL, rate of heat loss
(s™1) from the drained muscle/thermopile system (see Methods); Al/l, maximum relative extent of lengthening under a 12 g pre-load.
A.; d.,calculated muscle cross-sectional area (mm?) and diameter respectively assuming the muscle is a cylinder of unit specific gravity;

SEM = standard error of the mean

ence to an absolute zero output of the active thermocouple
junctions. In the current study numerous precautions were
taken in order to assure that this null output, together with
baseline stability and evaporative heat loss from the
thermopile, was independent of temperature.

Methods

Adult Sprague-Dawley rats of either sex were killed by a
blow to the head. The heart was quickly removed and placed
in pre-warmed (35°C) modified Krebs solution aerated with
95% 0,/5% CO,. The aorta was back-perfused until the
coronary exude appeared clear. The apex of the left ventricle
was incised and the wall reflected exposing the two left
ventricular papillary muscles. A muscle (details given in
Table 1) was selected and tied at either end with braided,
siliconized, non-capillary silk thread (Ethicon 5/0). By
attaching the ties to either end of a small C-shaped spring,
the muscle was removed under a tensile force of about 1 g
and mounted vertically on the thermopile (see Fig. 1).

The muscle-thermopile system was enclosed in a glass
chamber containing 55 ml of modified Krebs solution of the
following concentration (mmol - 171): NaCl 118, KC1 4.75,
NaHCO,; 24.8, MgSO, 1.18, KH,PO, 1.18 and CaCl, 2.54.
The metabolic substrate was pyruvate (10 mmol - 171) and
insulin (20 U - 1~ ') was provided. The pH was 7.3. Experiments
were conducted at both 20°C and 27° C. The muscle chamber
was aerated with either 95% 0,/5% CO; or 45% O,/5%
C0,/50% N,. Amino acids, when present, were added to
the Krebs solution in the form of 20 ml Aminosol 10%
(Vitrum, Stockholm) per 1 of Krebs solution. This yielded
the following L-amino acid concentrations (mmol - 17%):
isoleucine 56, leucine 87, lycine 51, methionine 30, phenyl-
alanine 42, threonine 37, valine 44, tryptophan 54, alanine
32, arginine 17, aspartic acid 45, cystine 9, cysteine 19,
glutamic acid 154, glycine 29, histidine 17, proline 82, serine
71 and tyrosine 38.

Heat measurements. The rate of resting heat production was
measured using two wire-wound thermopiles having slightly
concave surfaces to accommodate a papillary muscle. The
active regions of the thermopiles contained about 100
constantan-silver (electroplated) junctions in a length of
7 mm. Sensitivity of the thermopiles was approximately
2.5mV/°C. Signals were amplified by an Astrodata Model
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Fig. 1. Schematic diagram of the muscle-thermopile chamber with
its associated aeration, humidification and temperature-stabiliza-
tion apparatus. A steady supply of carbogen from CC (carbogen
cylinder) 2 passes, via a fine sintered disk (sd), through the
vapouriser (80°C), condensor (at bath temperature) and water-trap
into the Krebs solution bathing the muscle (m) resting on the
thermopile (£). In order to record muscle heat production, the flow
of carbogen from CC 1 is interrupted and Krebs solution flows into
the drainage chamber. The polythene tubing acts as a dead-space
for humidified carbogen (rather than room air) to be drawn into
the muscle-thermopile chamber if the rate of drainage exceeds the
rate of carbogen flow from CC 2. Entire apparatus, except for
vapouriser and isotonic lever, immersed in a temperature-controlled
water bath

120 Nanovolt Amplifier, passed through an electronic
network which corrected for the (exponential) rate of heat
loss (Gibbs and Gibson 1969, 1972), and displayed on a
Gould Brush 260 chart recorder. A number of modifications
to the previous method of aerating the muscle-thermopile
chamber were made in order to minimize the risk of under-
estimating the effect of temperature on basal heat produc-
tion (see Introduction). These modifications will be de-
scribed in some detail.

Temperature stabilization. The thermopile together with the
muscle was enclosed in one arm of a glass U-tube which
contained the Krebs solution. The column of Krebs solution



was raised to envelope the thermopile by a compressed
mixture of carbogen (95% 0,/5% CO,) from a cylinder.
When making heat measurements this carbogen source was
disconnected and the solution drained into the other arm
of the U-tube. Thus one carbogen cylinder (CC 2, Fig. 1)
supplied a continuous flow of carbogen to the Krebs solu-
tion at a constant rate of 25 ml/min. Since the U-tube
containing the muscle-thermopile system had to be open to
atmosphere in order to permit drainage of the Krebs solu-
tion prior to making heat measurements, the carbogen
stream from the second cylinder assured that room air did
not dilute the oxygen concentration within the muscle-
thermopile chamber upon draining. In order to ensure that
the flow of carbogen did not act as a heat sink it was passed
through a fine-bore sintered disk into a reservoir of distilled
water maintained at 80 —85°C (the vapouriser, Fig. 1) and
thence through 10 m of stainless-steel tubing and a water-
trap (the condensor, Fig. 1) before passing through a second
fine-bore sintered disk in the side of the muscle chamber
(U-tube). The vapouriser raised the partial pressure of H,O
of the carbogen stream well above the saturation pressure
at 27°C and the condensor assured that the temperature of
the carbogen stream was reduced back to bath temperature
before entering the muscle chamber. The continuous slow
accumulation of liquid H,O in the water-trap at ex-
perimental temperatures gave assurance that the carbogen
stream entering the muscle chamber was fully water-
saturated and hence caused no evaporative heat loss from
the muscle-thermopile system.

The port at the top of the thermopile, through which
passed a stainless-steel rod which connected the muscle to
the isotonic lever (Fig. 1), was closed to the atmosphere by
a tightly fitting (dental dam) membrane held in place by a
heavy brass ferrule. To permit drainage of the muscle
chamber and the making of heat measurements, a second
port was opened into the muscle-thermopile chamber. This
port was open to atmosphere through 2 m of polythene hose
all but the final few centimetres of which were immersed in
the water bath. This served as a “dead-space” of humidified,
temperature-controlled carbogen which could be drawn
back into the chamber upon draining (if the rate of draining
exceeded the rate of carbogen flow from the second cylinder)
and hence prevented the admixture of room air with
carbogen in the muscle chamber.

The U-tube muscle chamber containing the muscle-
thermopile system was lowered info a covered 151 water
bath. The water in this temperature-controlled bath was
vigorously stirred by a stream of compressed air and
circulated through a Haake Model N3 Ultrathermostat op-
erating in series with a Haake Model K11 Refrigeration
Unit.

Reliability and validity of the heat measurements. Unlike the
measurement of any component of active heat production
of muscle, the measurement of resting heat must be made
with reference to an absolute base-line. This base-line is
taken as the output of the thermopile alone when it is under
solution. Ideally, draining the solution from the thermopile
at any temperature, in the absence of a muscle, should lead
to zero output. If the carbogen stream is either not
equilibrated to bath temperature or is not fully water-
saturated, or if room air enters the muscle chamber upon
draining, then the output of the thermopile will not be zero
and may be bath temperature-dependent. The modifications
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described above were made in an attempt to prevent these
possible sources of error.

The reliability of temperature stability and the validity
of the heat measurements were examined by comparing the
thermopile output upon draining at 20°C and 27°C. This
was done both with the thermopile alone and with an
“artificial muscle” (a cylinder of papillary muscle pro-
portions, made of 2% agar) mounted on the thermopile.
Despite all the precautions outlined above, a small but con-
sistent difference in thermopile output at 20°C and 27°C
resulted upon draining. The average results of 10 experi-
ments were 1.10 +0.11 pV at 20°C and 0.63 + 0.23 pV at
27°C. This draining artifact was not influenced by the pres-
ence of an agar “artificial muscle” on the thermopile. Like-
wise the effect was independent of the temperature of the
vapouriser (in the range 60°C to 90°C) and of the rate of
flow of the carbogen stream (in the range 10 to 50 ml/
min). Vapouriser temperature and carbogen flow rate were
standardized at 80°C and 25 ml/min respectively and correc-
tion factors corresponding to 1.10 pV at 20°C and 0.63 pv
at 27°C were applied to the measured resting heat values.
This correction procedure had the effect of slightly in-
creasing the measured difference in heat rates at the two
temperatures and hence of slightly inflating the calculated
Qo value.

Rate of heat loss. As described previously (Gibbs and Gibson
1969, 1972), the rate of heat loss from the muscle-thermopile
system was essentially exponential. Experiments with agar
“artificial muscles” showed that the rate of heat loss was
independent of bath temperature. These experiments were
repeated with three papillary muscles with the same result;
relative discrepancies ranged from 0 to 2.6%. In addition,
the rates of heat loss from each of four papillary muscles
were measured separately at each of two muscle lengths
(corresponding to pre-loads of 1 and 12 g). The maximum
relative discrepancy was 5.1% and no consistent trend with
muscle length was observed. Nevertheless, the rate of heat
loss was always determined under a pre-load of 1 g.

Heat calibration. Calibration was achieved by discharging a
capacitor through the electrodes into the muscle, as pre-
viously described (Gibbs and Gibson 1969). Experiments
were again conducted both on agar “artificial muscles” and
on 4 papillary muscles at both temperatures and at the
aforementioned two muscle lengths (pre-loads) to ascertain
the temperature- and length-dependence of the heat calibra-
tion procedure. Once again no consistent trend was evident
and the maximum discrepancy observed corresponded to
5.6% of the calibration signal. Nevertheless, calibration was
always performed with the muscle under a 1 g pre-load.
Given a signal of S (mV), the rate of resting heat production,
H,. (mW/g), was calculated by
H, = Sﬂﬁ- x 1073

C w
where C (mV) is the output of the thermopile in response to
a heat calibration step of H (m)), /& (s ') is the rate of heat
loss from the muscle thermopile system, and w (mg) is the
weight of the muscle.

Statistical design. A repeated-measures factorial design was
developed in which each of eight muscles was subjected to
each level of all four treatment factors. The three 2-level
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Table 2. Experimental design

Muscle Stretch 20°C 27°C
number sequence

With Without Without With

amino acids amino acids amino acids amino acids

45% 95% 95% 45% 95% 45% 45% 95%
8 d 1 2 3 4 5 6 7 8
1 i 2 1 4 3 6 5 8 7
5 d 3 4 1 2 7 8 5 6
4 i 4 3 2 1 8 7 6 5
3 i 5 6 7 8 1 2 3 4
6 d 6 5 8 7 2 1 4 3
2 i 7 8 5 6 3 4 1 2
7 d 8 7 6 5 4 3 2 1

8 x 8 Latin Square for order of presentation of three conditions; temperature, presence or absence of amino acids, and oxygen fraction.
Muscles were randomly assigned to rows as shown in column 1. Stretch sequence indicates whether the loads were presented in increasing
(i) or decreasing (d) order:i = 1,2,4,8,12and 1 g;d = 1, 12, §, 4, 2 and 1 g. Entries within the body of the table indicate the order in
which the treatments were applied; each sequence of six loads was applied within every treatment

factors (temperature, 20°C and 27°C; oxygen fraction or
FO,, 45% and 95%; and amino acids, presence or absence)
were presented to muscles in an order which was dictated
by an 8 x 8 Latin Square (Table 2). Within each treatment
level-time combination, all six levels of the final factor (pre-
load: 1, 2, 4, 8, 12 and 1 g) were presented to each muscle in
either the given (ascending) sequence or in mirror-image
(descending) sequence. The repeated-measures nature of this
design allowed separation of differences among muscles
(itself of little physiological interest) from the effects of the
treatments, thereby increasing statistical power. Use of a
Latin Square, within which the three two-level factors were
nested, allowed separation of the effects of those three
factors from the effect of the order in which they were
presented. As a result the effect of time upon the rate of
resting heat production was quantified independently of the
other factors.

Data were analysed by Analysis of Variance using the
ANOVA procedure supplied as part of the SAS statistical
software package (Ray 1982). Null hypotheses were ex-
amined for statistical significance, at the 95% level of confi-
dence (x = 0.03), using the methods of Rodger (1975).

Experimental protocol. Within the constraints imposed
by the statistical design, a protocol was selected which
minimized the duration of experiments. From Table 2 it can
be seen that temperature was changed only once during the
day, i.e. all 24 FO,-amino acid-pre-load treatment com-
binations were done at one temperature and then repeated
(in a different order) at the other temperature. This reduced
the duration of an experiment since about 1 h was required
for full thermal stabilization at either temperature. Likewise
the Krebs solution (with or without amino acids) was
changed only 3 times per day, i.e. all 12 FO,-pre-load treat-
ment combinations were performed at any given amino acid-
temperature combination before changing the Krebs solu-
tion. This also reduced experimental duration since changing
the Krebs solution required raising the muscle chamber out
of the water bath briefly — a procedure which disturbed the
baseline output of the thermopile for about 10—15 min.
During each of the 8 measurement periods ail 6 pre-loads
were applied. The muscle was thus out of solution (i.e.,

muscle chamber drained) for about 15—20 min. At the
completion of a measurement period the solution was raised
and the muscle allowed to recover for 30 min. The first
measurements were made 1h after cardiectomy and
succeeding measurement periods followed at 45— 50 min
intervals except that somewhat longer was required when
bath temperature was changed. The total duration of an
experiment was thus about 7 h. During all equilibration and
recovery periods the muscle was stimulated isotonically at
1/6 Hz under a 1 g pre-load.

It might be argued that an experimental protocol-
involving long periods of rest alternating with periods of
mild (isotonic) activity could lead to a reduced rate of resting
heat production. A preliminary study was undertaken on
cight rat papillary muscles to examine this question. Four
muscles, under a 1g pre-load, remained unstimulated
throughout the day. The other four muscles contracted
isotonically, at a rate of 1/6 Hz, under a 1 g pre-load. Resting
heat was measured under this pre-load once every hour for
7 h. These experiments were performed in the absence of
amino acids at 27°C in 95% O,.

Results

The preliminary study yielded a null result. There was no
difference in the rate of resting heat production between
muscles which were unstimulated and those which were
stimulated between measurement periods (Fig. 2). This is in
agreement with the findings of Lochner et al. (1968) who
showed that, by the fortieth minute of arrest, the oxygen
consumption of perfused rat hearts was independent of the
workload prior to arrest. Although the rate of resting heat
production of all muscles showed the characteristic ex-
ponential decline with time, there was no evidence of a
difference in either the rate of decline or the mean value over
any time interval between muscles which were stimulated
continually and those which were quiescent throughout the
day. This result (Fig. 2) justifies the experimental protocol
used in the main study in which the first measurements were
made after an equilibration period (less than an hour) which
was probably too brief to allow muscles to reach peak mech-



anical performance. The results which follow refer to the
main study only.

Figure 3 shows original records from two different
muscles under selected treatment conditions. These records
were chosen to show the inter-muscle variability in the re-
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Fig. 2. Results of preliminary study. No difference in rate of resting
heat production of rat left-ventricular papillary muscles whether
unstimulated (broken line) or stimulated continually (solid line) be-
tween measurement periods. Vertical bars are standard errors of the
means of n = 4 hearts. Between measurement periods the stimulated
muscles contracted isotonically against a 1 g pre-load at 1/6 Hz. As
measured at the fourth hour (see Methods) there was no difference
in maximal active force development between stimulated and
unstimulated muscles
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sponse of the rate of resting heat production to stretch. Some
muscles responded with little change, others with a large
increase in resting heat rate. Complete data for one muscle
are shown in Fig. 4. Note the extreme stability of the resting
heat rate under a 1 g pre-load over each measurement
period.

Table 3 summarizes the results of the Analysis of
Variance of the resting heat data. Note that over 40% of the
total variance was due to differences among muscles — a
component of no further interest except to underscore the
large inter-muscle variability. Because of the large number
(12) of interaction terms (for example: temperature-
x FO, x amino acids x pre-load), and because none proved
to be statistically significant, they have been omitted from
the Table. All the main effects except amino acids (i.e.
temperature, FO,, stretch or pre-load, and time) were
statistically significant (Fig. 5).

Increasing the temperature from 20° C to 27°C increased
the cardiac basal metabolic rate by 20% (4.5 to 5.5 mW/g)
which corresponds to a Q,, of 1.31. Reducing the oxygen
fraction from 0.95 to 0.45 atm caused a 25% reduction in
heat rate. Lengthening the muscle by the application of pre-
loads of greater than 1 g increased the basal metabolic rate.
Under the largest (12 g) pre-load the increase ranged from
2% to 65% (mean = 20%). The order in which the pre-
loads were applied (i.e., ascending or descending sequence)
was not significant. The presence of amino acids failed to
elevate the basal rate of heat production; the 7% increase
(from 4.8 to 5.2 mW/g) was not statistically significant. As
in the pilot study (Fig. 2), the rate of resting heat production
fell significantly over the day throughout the first three or

Fig. 3

Original records of a muscle (8, Table 1) with a
large (upper panel) and a muscle (1, Table 1) with a
small (lower panel) stretch effect. In each panel the
lower trace is the heat output (given in units of
temperature change of the active junctions of the
thermopile (m° C), thermopile output (uV), and
rate of muscle heat production (mW/g) in response
to passive loads of 1, 2, 4, 8, 12 and 1 g (lower
panel) or mirror-image sequence (upper panel).
Upper trace of each panel gives the change in
muscle length caused by these passive loads. For
both records: T = 27°C; FO, = 95%; without
amino acids

95% 0

45% 0,

" 45% 0,

Fig. 4

Complete data for a single rat papillary
muscle (8: Table 1). Descending load
sequence used throughout (shown for
first measurement period only).

Shaded bars: amino acids present.
Temperature: 20°C preceded 27°C.
This muscle showed a consistently large

2 3 4 5
TIME AFTER CARDIECTOMY (h}

stretch effect
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four of the eight measurement periods. These data are shown
in Fig. 5 as if the periods had been equally spaced although,
as described in the Methods, the intervals ranged from 45
to 60 min. It is to be emphasized that the Latin Square
nature of the experimental design (see Methods) allows the
effect of time to be examined completely independent of the
effects of amino acids, temperature, FO, and stretch.

The absence of statistically significant interaction effects
in the Analysis of Variance (Table 3) is of importance. This
means, for example, that the effect of stretch or pre-load
upon the basal heat production was the same at both
temperatures and both oxygen fractions and did not depend
on the presence of amino acids. Likewise the effect of oxygen
fraction was independent of temperature, amino acids or
muscle length and furthermore, from the absence of signifi-
cant higher-order interactions, independent of any combina-
tion of these factors. It is clear that such a factorial design
allows more comprehensive conclusions to be drawn than

Table 3. Summary of analysis of variance

Source of variation SS df MS F
Total 2,035.25 383 — —
Muscles 872.52 7 — —
Treatments 792.13 14 - -
Temperature 86.04 1 86.04 15132
Amino acids 10.92 1 10.92 1.92
FO, 188.26 1 188.26 33.122
Time 495.36 7 70.76 12.45%
Error (Latin square) 238.77 42 5.68 —
Treatments 85.93 75 -~ —
Pre-load 66.85 5 13.37 71.38*
Error (factorial) 4589 245 0.19 —

SS, sum of squares; df, number of degrees of freedom; MS, mean
square; F, variance ratio. Note that Muscles 4+ Treatments +
Error = Total for both SS and df. (In upper part of Table df are 7
+ 14 + 42 = 63 as required for an 8 x 8 Latin square.) Only main
effects are shown since no interaction effects were significant

® Significant at the 95% confidence level (x = 0.05)

if a number of separate experiments, each examining the
influence of only a single factor, had been performed.

Discussion

The aim of the present set of experiments was to explore
both the direct and interactive effects of four agents: FO,,
stretch, amino acids and temperature in a species (rat)
known to have an inherently high rate of both cardiac basal
metabolism (Loiselle and Gibbs 1979) and cardiac protein
turnover (Earl et al. 1978). The rate of resting heat produc-
tion of rat left ventricular papillary muscles was determined
myothermically in the presence of an exogenous substrate
(10 mmol - 17! pyruvate) known to enhance the cardiac
basal metabolic rate (Chapman and Gibbs 1974). Although
the myothermic method was essentially that which has been
in use in the laboratory of Dr. Gibbs over the past decade
(for reviews see Gibbs 1978, 1982; Gibbs and Chapman
1979a,b; Chapman 1983), a number of minor technical
modifications were made. These aimed to reduce the
possibility of thermal artifacts associated with temperature
equilibration, oxygenation and humidification of the
muscle-thermophile chamber. It must be emphasized that
these precautions led to no disparity between the current
results and those previously published from this laboratory.
Thus the results shown in Fig. 5 (resting heat rate versus
time) are compatible with those of Loiselle and Gibbs
(1979); the approximately 25% higher rate in the current
study can be attributed to the use of pyruvate rather than
glucose (Chapman and Gibbs 1974). In fact, the variability
in rate of resting heat production among different papillary
muscles (see component of variance due to muscles in
Table 3, and compare Figs. 2 and 5) likely far exceeds any
errors of measurement.

FO, effect. As can be scen in Fig. 5, the effect of halving the
fraction of oxygen (FO,) in the medium bathing the
papillary muscle was modest, albeit statistically significant.
Reducing FO, from 95% to 45% reversibly reduced the rate
of resting heat production by only 25% (5.7 to 4.3 mW/g).
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A similar result has recently been reported for rabbit
papillary muscles in the temperature range 15°C to 30°C
(Loiselle and Gibbs 1983). Using rat heart slices, Fuhrman
et al. (1950) noted that the rate of oxygen consumption was
higher in 100% O, than in air. They did not quantitate the
effect so it was presumably small and possibly even caused
by altered pH. Indeed, Whalen and Fangman (1963) showed
that the oxygen consumption of working cat papillary
muscles was only halved when the FO, was reduced from
98% to 25%. Although lactate production was not measured
in the present experiments it is not likely to have made a
significant contribution as it is known to account for less
than 1% of the basal metabolism of rabbit papillary muscles
in vitro (Chapman et al. 1982). It appears that even the high
inherent rate of basal oxygen usage by the rat heart is not
greatly compromised by the low oxygen content of bathing
media in vitro,

Amino acid effect. The provision of the amino acids in the
bathing medium failed to elevate the rate of heat production
of quiescent papillary muscles (Fig. 5). A similar null effect
of the addition of amino acids has been reported for the
Krebs-perfused dog heart in situ (Gibbs et al. 1980). This
result is surprising since both protein synthesis (Millward et
al. 1976) and degradation (Ballard 1977) as well as amino
acid influx (Bafios et al. 1978) are energy-requiring processes,
the rate of protein turnover in the heart is high (Ear! et
al. 1978), cardiac protein synthesis is not diminished by
prolonged cardiac arrest (Schreiber et al. 1977), and the
provision of amino acids stimulates oxygen utilization in
cardiac myocytes in vitro (Burns and Reddy 1978). The
concentrations of amino acids used in the current study
would have been sufficient to achieve maximal rates of influx
in the rat heart (Bafios et al. 1978) and insulin, which
stimulates amino acid uptake in the myocardium (Wilden-
thal et al. 1976; for a review see Johnstone 1979), was pro-
vided. Likewise the equilibration periods were sufficient to
permit maximal accumulation within cardiac cells of most
amino acids (Bafios et al 1978). If it be assumed that the
steady decline with time of the cardiac resting metabolism
(Figs. 2 and 5) reflects a slowing of protein metabolism,
then such a decline is apparently unaffected by the presence
of amino acids.

Stretch effect. The stretch effect was examined in this study
not to confirm its existence in yet another species, but
expressly to see whether the effect was enhanced by the
presence of amino acids. Stretch is known to increase the
rate of incorporation of amino acids into both skeletal (Van-
denburgh and Kaufman 1981) and cardiac (Lesch et al.
1970; Peterson and Lesch 1972) muscle. It has been
suggested (Gibbs 1978; Loiselle and Gibbs 1983) that the
stretch effect might be related to a greatly increased rate of
protein synthesis such as is seen within 24 h of acute pre-
ssure-overload hypertrophy (Everett et al. 1979).

If this suggestion were indeed correct then the stretch-
induced increment in resting heat rate should have been
increased in the presence of amino acids. This would have
resulted in a statistically significant stretch < amino acids
interaction term in the Analysis of Variance. Such a result
did not occur. Whereas this result offers no support for the
stretch-protein synthesis suggestion, neither does it con-
vincingly negate it. Although it seems unlikely (see Amino
acid effect, above), it is possible that the amino acids were
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supplied in a form which rendered them unavailable to the
cells. It is possible that the stretch effect indeed reflects
protein synthesis but from endogenous supplies of amino
acids only.

On the other hand the stretch-induced increment in basal
metabolism may be unrelated to protein synthesis. That is,
the stretch-induced increase in the uptake of amino acids
(Leschetal. 1970; Peterson and Lesch 1972) may be achieved
at little or no nett energetic cost. In this regard, a recent
report (Morgan et al. 1983) has shown that the increase in
protein synthesis of the perfused rat heart, secondary to an
elevated perfusion pressure, is achieved without an increase
in oxygen consumption when the heart is arrested. Thus, in
the basal state, stretch-induced protein synthesis may be
energetically neutral. Such a proposal would likely be best
tested using controlled stretches of the left ventricle of
isolated, perfused hearts in the arrested state. In the mean-
time it seems that the stretch effect (which is completely
reversible, as demonstrated by the absence of an effect of
order of presentation of loads, Fig. 5 and Table 3) must, like
the resting cardiac metabolism per se, remain unexplained
at present.

Time effect. As can be seen in Figs. 2 and 35, the rate of
resting heat production fell progressively with time following
cardiectomy to reach a plateau value after some 3 to 5 h.
This phenomenon, though also ill-understood, has been pre-
viously reported in both isolated papillary muscles (Pen-
pargkul and Scheuer 1969; Chapman and Gibbs 1974;
Loiselle and Gibbs 1979) and isolated perfused hearts (L.och-
ner et al. 1968). Such an effect does not occur during cardiac
arrest in situ (Gibbs et al. 1980) and seems more pronounced
in isolated papillary muscle preparations, using either
myothermic or polarographic methods, than in the
Langendorff-perfused whole-heart preparation (Gibbs and
Kotsanas 1983). As has been previously emphasized
(Loiselle and Gibbs 1979), the decline does not coincide
with any decrement in mechanical performance of papillary
muscle; in fact it is most rapid when the mechanical perform-
ance of the muscle is still improving. The time-dependent
decline is not likely related to rates of protein synthesis
since these are unaffected by three hours of cardiac arrest
(Schreiber et al. 1977) and the decline persists despite the
provision of amino acids (Table 3). The progressive decline
may nevertheless reflect the absence, in Krebs-bathed prepa-
rations, of some preferred substrate of cardiac basal metab-
olism. It is not likely associated with washout of endogenous
catecholamines during these lengthy experiments since the
provision of exogenous catecholamines in vitro has no effect
on cardiac basal metabolism (Coleman et al. 1971; Chapman
et al. 1977).

Temperature effect. The precautions detailed in the Methods
were made in order to reduce the likelihood of temperature-
dependent errors in the measured rate of resting heat pro-
duction. They were deemed necessary because of the
possibility that the recently-reported low Qo value for
rabbit cardiac basal heat production (Loiselle and Gibbs
1983) reflected some temperature-dependent error associ-
ated with the oxygenation procedure. The equally low Q4
value (1.3) reported in the present study (Fig. 5) renders that
explanation unlikely. Rather it appears that the temperature
coefficient, or Q,, of cardiac basal metabolism in vitro is
only obout one-half of the value commonly associated with
metabolic processes. Although a companion paper (Loiselle
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1985) brings additional experimental evidence to bear on
this statement, together with a much fuller review of the
literature, it is relevant to point out that Lochner et al.
(1968) reported a similarly low Qo value for the K™ arrested
guinea-pig heart. It thus appears that a low effect of
temperature must be added to the lengthy list of unresolved
problems concerning the nature of cardiac basal metab-
olism.
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