
CARDIOVASCULAR SYSTEM

C. Widén Æ C. J. Barclay

Resting metabolism of mouse papillary muscle

Received: 3 February 2005 / Accepted: 4 March 2005 / Published online: 29 April 2005
� Springer-Verlag 2005

Abstract The aims of this study were to measure the
resting metabolic rate of isolated mouse papillary mus-
cles and to determine whether diffusive O2 supply is
adequate to support the resting metabolism. Resting
metabolism of left ventricular papillary muscles was
measured in vitro (27�C) using the myothermic tech-
nique. The rate of resting metabolism declined expo-
nentially with time towards a steady value, with a time
constant of 18±2 min (n=13). There was no alteration
in isometric force output during this time. The magni-
tude of the resting metabolism, which depended in-
versely on muscle mass, more than doubled following a
change in substrate from glucose to pyruvate and was
increased 2.5-fold when the osmolarity of the bathing
solution was increased by addition of 300 mM sucrose.
Addition of 30 mM 2, 3-butanedione monoxime affected
neither the time course of the decline in metabolic rate
nor the eventual steady value. Analysis of the diffusive
oxygen supply to the isolated preparation indicated that
small papillary muscles (mass <1 mg), which have a
very high resting metabolic rate early in an experiment,
are unlikely to be adequately oxygenated.

Introduction

The isolated mouse papillary muscle is useful for deter-
mining the physiological consequences of heart-focused
genetic manipulations. Papillary muscles are composed
of ventricular myocytes aligned along the long axis of
the muscle, making them ideal for measurement of

ventricular muscle force generation, work output and
energy expenditure [3, 4, 9, 13, 18]. The only source of
O2 for an isolated muscle preparation is diffusive supply
from the muscle surface. If the rate of O2 consumption is
sufficiently high, diffusive O2 supply may be inadequate
to oxygenate the entire muscle cross-section, leaving an
anoxic region in the centre of the muscle. An anoxic
region of muscle will eventually be unable to generate
force or use energy, thus reducing mass-specific values
for these variables, and, as observed in ischaemic cardiac
muscle, contracture is likely to develop.

The adequacy of diffusional O2 supply is governed by
the balance between the rate at which O2 diffuses into
the muscle, quantified by the diffusivity, and the rate at
which the tissue consumes O2. The probability of an
anoxic core forming is enhanced by conditions that in-
crease metabolic rate relative to O2 diffusivity. Muscles
from small animals, such as mice, have inherently high
metabolic rates compared with muscles from larger
animals. Furthermore, it is common for investigations
using mouse papillary muscles to be performed at 37�C
[6, 15, 31]. Metabolic rate is more temperature sensitive
than O2 diffusivity [30] so higher experimental temper-
atures increase the probability of anoxic core formation.

In most studies that have used mouse papillary
muscles, there appears to have been a poor appreciation
of the potential limitations of diffusive O2 supply [6, 15,
31, 34, 36]. In one study in which the size of muscle
required to avoid anoxia was assessed [33], the assess-
ment was based on published data for rat papillary
muscles but the metabolic rate of mouse cardiac muscle
is likely to be greater than that of rat cardiac muscle [12].
Another study used metabolic data from isolated beat-
ing mouse hearts to analyse O2 diffusion into isolated
mouse trabeculae [35]. However, the rate of O2 con-
sumption used in those authors’ calculations is in error
through not appreciating that the original value [14] was
expressed per gram dry weight. Consequently, those
authors [35] overestimated the rate of O2 consumption
by a factor of �5 and concluded, incorrectly, that even
thin mouse trabeculae (half-thickness �0.11 mm) would
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become anoxic at metabolic rates occurring during
contractile activity. These two examples highlight the
fundamental problem in the analysis of diffusional O2

supply to isolated mouse cardiac muscles: the metabolic
rate of these muscles has not been measured.

Metabolism can be divided into a resting component,
corresponding to the metabolism required to support
cellular processes other than those related to contractile
activity, and a contractile or active component, repre-
senting the metabolism associated with excitation, acti-
vation and contraction. In cardiac muscle, resting
metabolism accounts for 20–35% of the metabolism of a
beating heart [12], a much higher fraction than for other
striated muscles. The first factor to be considered in
assessing the viability of in vitro preparations is the
ability of diffusive O2 supply to meet the metabolic de-
mands of the resting muscle. The aims of the present
study were to measure the resting metabolic rate of
mouse papillary muscles and to assess the ability of O2

diffusion to meet the resting energy demands.
The resting metabolism of cat and rabbit papillary

muscles has been measured previously. Resting meta-
bolic rate declines exponentially with time during an
experiment [25, 27, 28]. For instance, the resting meta-
bolic rate of rat papillary muscles was �12 mW g�1 1 h
after the heart was removed from the animal but 2 h
hours later it had decreased to �7 mW g�1 and subse-
quently remained at that value. Potentially, this char-
acteristic could result in a transient, central anoxia in the
muscles early in an experiment, when metabolic rate is
high, with the possibility that ischaemia-reperfusion
damage then occurs as the resting metabolic rate de-
clines and O2 supply becomes adequate. Therefore, in
the current study, the time course of changes in resting
metabolism was characterised.

Materials and methods

Papillary muscle preparation

Papillary muscles were dissected from the left ventricle
of hearts from 6- to 12-week-old male Swiss mice. The
mice were rendered unconscious by inhalation of 80%
CO2-20% O2 gas mixture [21] and killed by cervical
dislocation. All animal-handling procedures were ap-
proved by the Griffith University Animal Ethics Com-
mittee. The chest was opened, the heart rapidly excised
and transferred to oxygenated (95% O2-5% CO2)
Krebs-Henseleit solution at �22�C and of the following
composition (mM): 118 NaCl, 4.75 KCl, 1.18 KH2PO4,
1.18 MgSO4, 24.8 NaHCO3, 2.5 CaCl2, 10 glucose. The
heart was massaged with the apex removed to facilitate
removal of blood and then placed in Krebs solution
containing 30 mM 2,3-butanedione monoxime (BDM)
(Sigma, St. Louis, Mo., USA) to inhibit contractile
activity. BDM protects muscles from dissection damage
and does not alter energetic or mechanical properties
once washed out [20]. The left ventricle was opened, a

papillary muscle dissected free and T-shaped aluminium
clips [10, 11] attached to the tendon at one end of the
muscle and to a piece of ventricular wall at the other.

Experimental apparatus for myothermic investigations

In the experimental chamber, the clip at one end of the
muscle was connected to a semi-conductor force trans-
ducer (AE801, SensorOne, Sausalito, Calif., USA) and
the other end held in a clamp. The muscle lay along the
active thermocouples of a thin-film, antimony-bismuth
thermopile [2, 32] that was used to measure changes in
muscle temperature from which heat production was
calculated. Two thermopiles were used in this study. The
recording regions of the two thermopiles were 4 mm and
5 mm long, contained 16 and 20 thermocouples
and produced 1.30 and 1.21·10�3 V �C�1 respectively.
Preparations were placed on the thermopile so that the
section of ventricular wall and the clip holding that end
of the preparation were not on the recording region. The
ends of the thermopile had thermocouples that were not
connected to the recording region to ensure that heat
loss from the preparation was uniform along its length
and prevented thermal gradients from developing along
the preparation. Muscles were stimulated via two plati-
num wire electrodes placed on either side of the prepa-
ration. After mounting in the chamber, muscles were
stretched until the passive force was �5 mN mm�2,
which corresponds to a sarcomere length of �2.1 lm
(see Fig. 4 in [35]). In a preliminary experiment, muscle
length was set to that giving a passive force of
5 mN mm�2 and then the muscles were fixed in ethanol
[19]. After 24 h, the muscles were transferred to glycerol,
small bundles of myocytes were teased free and their
sarcomere length measured using the diffraction pattern
formed when He-Ne laser light was shone through
the myocytes. The mean sarcomere length was
2.12±0.03 lm (mean±SEM; n=5 preparations).

Heat measurements

The thermopile was enclosed in a glass chamber con-
taining Krebs-Henseleit solution. The chamber was
submerged in a 40-l, temperature-controlled water bath
(F-10-HC, Julabo Labortechnik, Seelbach, Germany)
maintained at 27�C. The thermopile output was pro-
portional to the difference in temperature between the
muscle and the frame of the thermopile. The frame was
kept at a constant temperature by contact with the
temperature-controlled reservoir. The rate of muscle
heat output was calculated from the difference in muscle
temperature between that measured when the chamber
was full of solution (heat produced by the muscle dis-
sipates into the solution so muscle temperature equals
the chamber temperature) and that measured when the
solution was drained from the chamber (air is a poor
conductor of heat so muscle temperature increases until
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rate of heat loss through the thermocouples to the frame
equals the rate of heat production). The chamber was
aerated continuously with 95% O2-5% CO2 that had
been thermally equilibrated and saturated with water
vapour.

The thermopile output was low-pass filtered (cut-off
frequency 100 Hz) and amplified using a series
arrangement of two low-noise amplifiers (15C-3A,
Ancom Instruments, Cheltenham, Glos., UK; SR560,
Stanford Research Systems, Sunnyvale, Calif., USA).
The outputs of the force transducer and thermopile
were sampled at 220 Hz, digitised using a 12-bit A/D
converter (DAS-1802AO, Keithley Instruments,
Cleveland, Ohio, USA), displayed on a monitor and
stored on disk. Software developed using Test Point
(Capital Equipment Corporation, Burlington, Mass.,
USA) was used to control data recording and to
analyse the data.

Calculation of rate of resting heat production

Resting metabolic rate was defined as the rate mea-
sured when the muscle was mechanically quiescent and
had been so long enough for metabolic activity asso-
ciated with any preceding contractile activity to have
ceased. In preliminary experiments, it was found that
after a series of contractions active metabolic rate de-
creased with a time constant of 15 s at 27�C. There-
fore, contractile activity must have ended at least 75 s
prior to measurement of resting metabolism. In the
current study, muscles performed a brief series of
twitches for the measurement of contractile force after
each measurement of resting metabolism. The muscle
was then quiescent for 10 min before the next mea-
surement.

The rate of heat production of the resting muscles
(AR) was calculated from the change in thermopile
output (DV, corrected for amplifier gain) that occurred
upon draining the solution from the muscle chamber
using the following formula [16].

AR ¼
DV� k� C

n� a
ð1Þ

where n is the number of thermocouples, a the Seebeck
coefficient (lV �C�1 couple�1), k the rate of heat loss
from the muscle (s�1) and C the heat capacity of the
muscle and any adhering saline (mJ �C�1). C and k
were determined from the time course of cooling fol-
lowing heating of the muscle using the Peltier effect
[22].

To check the resolution of the method, a series of
measurements were made using a dead papillary muscle
(stored in ethanol for 24 h prior to measurements and
then rehydrated in saline). The resting heat rate was
�0.1±0.4 mW g�1 (mean±SD; n=21 measurements).
For comparison, the minimum measured resting heat
rate for live preparations was 8.4±1.6 mW g�1.

Experimental protocols

The thermopile system required 15 min for thermal
stabilisation before the first measurement of resting
metabolism could be made. Measurements were then
made at 10-min intervals for 40 min. In experiments in
which the effect of metabolic substrate (glucose or
pyruvate) on resting metabolism was to be determined,
the protocol was performed as described above using
one substrate and, 40 min after the first measurement,
the solution changed to one containing the other sub-
strate and the measurement protocol repeated. The or-
der of presentation of the substrates was alternated in
successive experiments.

Sucrose was used to study the effect of hyperosmo-
larity on resting metabolism. For these experiments,
three measurements of resting heat rate were made in the
standard Krebs solution and then that solution was re-
placed with Krebs containing 300 mM sucrose for the
following three measurements. The solution was then
changed back to the standard Krebs for three more
measurements (see Fig. 3a).

Data normalisation and statistical analysis

At the end of an experiment the preparation was re-
moved from the experimental apparatus, the clips cut
off, the muscle lightly blotted and its mass determined
using an electronic balance (Cahn 25, Cahn Instruments,
Cerritos, Calif., USA). The average cross-sectional area
was calculated assuming a density of 1.06 g cm�3. Ac-
tive force was normalised by cross-sectional area.

All data are presented as means±SEM. The signifi-
cance of variations in metabolic rate with muscle mass
were analysed using one-way ANOVA. Comparisons of
substrates and the effect of hyperosmolarity were made
using Student’s t-test for paired samples. Decisions
concerning significance were made at the 95% level of
confidence.

Analysis of diffusive O2 supply

The radius to which O2 can diffuse (the critical radius
RC) was calculated using the equation derived by Hill
[16, 17].

RC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4K Y0

AR

r

ð2Þ

where K is the diffusivity of O2 in muscle
(cm2 atm�1 min�1), Yo the partial pressure of O2 (PO2)
at the muscle surface (atm) and AR the rate of O2 con-
sumption of the resting muscle (cm3 min�1 g�1). In this
model it is assumed that the papillary muscle is a
cylinder of uniform radius, that negligible O2 diffu-
sion occurs through the ends of the cylinder, and
that rate of O2 consumption is constant. K is
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2.37·10�5 cm2 atm�1 min�1 at 22.8�C [30] and was ad-
justed to 27�C using a Q10 of 1.06 [30], giving a value of
2.43·10�5 cm2 atm�1 min�1. The PO2 in the chamber
solution was measured using an O2-sensitive microelec-
trode (OX500, Unisense, Aarhus, Denmark) and was
0.95 atm. Rates of resting metabolism were converted to
rates of O2 consumption using an energetic equivalent of
19 mJ ll�1. This was calculated on the basis that molar
gas volume at 27�C is 24.6 l and the enthalpy change for
glucose oxidation is 2,803 kJ mol�1. The contribution
of myoglobin-facilitated O2 diffusion to O2 supply was
not included in the model because myoglobin contrib-
utes little to total O2 flux within isolated papillary
muscles when the external PO2 is >0.2 atm [26].

Results

Resting metabolic rate of papillary muscles
depended on time and muscle mass

The rate of heat output from resting papillary muscles
decreased with time during an experiment (Fig. 1). The
records in Fig. 1a show thermopile records from one
muscle at 10-min intervals. The amplitude of the record
is proportional to resting heat rate. The rate of heat
production declined with time and the difference be-
tween successive 10-min intervals decreased as the
experiment progressed. The time course of the decline
could be well described by a single exponential function
with an asymptote approximating the eventual steady
value [AR(¥), Eq. 3].

ARðtÞ ¼ ARð0Þe�t=s þARð1Þ ð3Þ

where AR(0) is the first value measured in an experiment
(i.e. 15 min after placing the muscle in the chamber) and
s the time constant. Figure 1b illustrates that AR even-
tually stopped declining and became fairly steady. The

mean time constant was 18±2 min (n=13) so that
�90 min was required before AR attained a steady value
(Fig. 1b). Despite the changes in AR, there was no sig-
nificant effect of time on isometric force production
during the time course of the experiments.

The absolute value of AR depended on muscle mass,
being greater for small muscles than large muscles. To
illustrate this, muscles were sorted according to mass
and mean values calculated for each group (Table 1,
Fig. 2). The mean resting metabolic rate of muscles with
mass <1 mg (mean mass 0.74±0.03 mg; n=3) was
47±11 mW g�1 compared with 14±2 mW g�1 for
muscles >2 mg (mean mass 2.6±0.2 mg; n=4). There
was no significant difference in the time constant for
decline in rate among the groups and the slope of a line
through a plot of the individual data as a function of
muscle radius did not differ significantly from zero
(r2=0.04, n=13).

On eight occasions, two papillary muscles from the
same heart were tested. In those cases, the second muscle
was left attached to the ventricular wall of the isolated
heart for �2 h, exposed to oxygenated Krebs, before it
was transferred to the experimental chamber. The initial
values of AR for the second muscles were appropriate for
their mass, as judged by data from muscles that were
tested shortly after excision of the heart, and AR de-
clined with the same time course as for the other mus-
cles.

The effect of BDM on resting metabolic rate

To determine whether changes in either cross-bridge
activity or Ca2+ cycling may have contributed to the
decline in rate with time, the resting metabolism of four
muscles was measured with 30 mM BDM in the Krebs
solution. BDM at this concentration inhibits both cross-
bridge cycling and Ca2+ cycling [1]. AR still declined
exponentially with a time constant of 17±4 min (n=4).

Fig. 1a,b Example of decline in resting heat rate with time during
an experiment. a Thermopile records from one papillary muscle
(mass 2.06 mg; length 4.6 mm) at different times during an
experiment. The time (in min) at which each recording was made
is given beside the record. The sections of records on the left are the
baseline measurements made while the muscle was immersed in

solution. The sections of the right were made after the solution had
been drained. b Resting metabolic rate, normalised by muscle mass
(filled square) (mass 1.78 mg; length 3.9 mm) measured at 10-min
intervals. An exponential curve (solid line) was fitted through the
points fitted by least-squares regression. The time constant was
20 min and the steady value was 3.6 mW g�1
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Although the experiment was not specifically designed to
determine whether the magnitude of AR at the start of
an experiment is affected by BDM, the mean value in the
first measurement (9±2 mW g�1; mean mass
2.2±0.6 mg) was comparable to that for muscles of
similar mass measured without BDM. After measuring
AR in the presence of BDM for �90 min, the solution
was changed to Krebs without BDM and, after a 15-min
interval (sufficient for mechanical activity to recover),
AR was measured again. At that time, AR measured
without BDM present did not differ significantly from
that measured previously with BDM.

The effect of hyperosmolarity on resting metabolic rate

A characteristic of resting metabolism in striated mus-
cles from other species is that it increases with increasing
osmolarity of the bathing solution (e.g. [29]). To see
whether this also applied to mouse papillary muscles,
resting metabolism measured in normal Krebs solution
was compared with that measured in the presence of the
impermeant solute sucrose (300 mM ” 300 mOsmol l�1,
a threefold increase in osmolarity). In the hyperosmotic

solution, AR increased greatly (Fig. 3a) and force output
(Fig. 3b) was almost abolished. The mean resting heat
rate with sucrose was 247±20% (n = 4) of that in
normal Krebs solution. Upon returning the muscle to
normal solution, both AR and force output returned to
previous values within 15 min.

The effect of metabolic substrate on resting metabolism
and force output

Two exogenous substrates are commonly used in
experiments with isolated papillary muscles: glucose and
pyruvate. In all preparations studied (n=10), resting
metabolic rate was higher with pyruvate than with

Table 1 Characteristics of mouse papillary muscle preparations

<1 mg 1–2 mg >2 mg

Number of muscles 3 6 4
Wet mass (mg) 0.74±0.03 1.5±0.1 2.6±0.2
Length (mm) 2.8±0.3 3.8±0.2 4.2±0.4
Cross-sectional
area (mm2)

0.26±0.02 0.39±0.04 0.61±0.09

Radius (mm) 0.28±0.01 0.35±0.02 0.44±0.03

Fig. 2 Effect of muscle mass on resting metabolic rate. Muscles
were divided according to wet mass into three groups (<1 mg, 1–
2 mg, >2 mg) and for each group, the mean resting metabolic rate
is plotted as a function of mean mass. The number of muscles in
each group is shown in parentheses. Data are shown for the first
measurement made in an experiment (filled square; solid line) and
for the estimated steady values (filled circle; dashed line). The steady
values were estimated from the exponential curves fitted to the data
for each muscle (Fig. 1b). Means±SE. The effect of muscle mass
on resting metabolic rate was significant

Fig. 3a,b Example of the effect of hyperosmolarity on resting heat
output and force production. a The protocol used to determine the
effect of hyperosmolarity on resting metabolism. The first three
measurements of resting metabolism (filled squares) were made in
the presence of isosmotic saline (I). The exponential decline in rate
was fitted with a curve (dashed line). Three measurements were then
made in the hyperosmotic solution (time of exposure is indicated by
H and solid horizontal line; resting heat rate, filled circles), followed
by another four in isosmotic solution. The magnitude of the
hyperosmotic stimulation of resting metabolism (arrow) was
determined by comparing the resting metabolism with that
predicted by extrapolation of the exponential fitted through the
first three points (dashed line). Hyperosmolarity caused a three-fold
increase in resting heat rate in this example. b Records of the time
course of isometric force production made before (left), during
(middle) and after (right) exposure to the hyperosmolar solution.
Hyperosmolarity reversibly decreased isometric force production

213



glucose. The mean difference (AR with pyruvate minus
AR with glucose) was significant and was
2.8±0.8 mW g�1, which corresponded to the value in
pyruvate being 210±50% of that in glucose. There was
no significant difference in the isometric force output
between the two substrates [mean values: pyruvate
20±3 mN mm�2; glucose 19±2 mN mm�2 (n=9)].

Discussion

The above data are the first measurements of the
metabolism of mouse papillary muscles. The primary
purpose of this study was to obtain data that could be
used to assess the adequacy of diffusive O2 supply. In
addition, the characterisation of resting metabolism of
mouse papillary muscles provides some further insight
into the metabolism of in vitro preparations of cardiac
muscle and these will be discussed first.

Comparison with other studies

A prominent characteristic of the resting metabolism of
papillary muscles is that it declines with time (Fig. 1).
This has been observed in papillary muscles from cats
and rats [27] but not guinea-pigs [8, 27]. For papillary
muscles from rats, the time constant for the decline in
resting heat rate is greater [�60 min at 27�C; 24, 27]
than that for mouse papillary muscles (�20 min at
27�C). The cause of the decline in resting metabolism
with time remains obscure. It is not a reflection of a
dying muscle, because the mechanical performance does
not alter with time, nor does it represent an irreversible
or only slowly reversible depression of metabolic
capacity, because the resting metabolism can be stimu-
lated several-fold by changing substrate from glucose to
pyruvate and increasing the osmolarity of the bathing
solution (Fig. 3). The decline is related to isolation of the
muscles, since it probably does not occur in isolated
hearts (for a detailed discussion, see [12]). Gibbs and
Loiselle [12] have suggested that the decline in resting
metabolism may arise from accumulation of an inhibi-
tory endothelial factor that accumulates in the absence
of microvascular circulation. Our data suggest that the
rate does not decline from the time the heart is excised,
as previously suggested [12, 24, 27] because in our
experiments the resting metabolism was the same whe-
ther muscles were tested within 20 min of excision of the
heart or had remained in the open, superfused ventricle
for 2 h before dissection. This suggests that the decline
in metabolic rate is initiated by dissection of the papil-
lary muscle from the ventricle. This raises the possibility
that the resting metabolic heat rate is high initially due
to dissection damage, as has been described for skeletal
muscle [5]. The only part of the papillary muscles that
necessarily incurred damage during dissection was the
end that attached to the ventricular wall (one of the clips
holding the preparation was crimped onto a piece of

ventricular wall muscle) but heat output from that sec-
tion of the preparation was not included in our record-
ings. Thus, it is unlikely that the high metabolic rate
recorded at the start of an experiment was related to
dissection damage. The cause of the change in resting
metabolic rate with time in isolated papillary muscles
thus remains unclear.

The inverse relationship between muscle size and
resting metabolism has been described previously for
rabbit papillary muscles [28], although in the current
study the magnitude (both absolute and relative) of this
effect was greater than that for rabbit muscles. An
obvious explanation for such an effect is that larger
muscles are unable to get enough O2 by diffusion to
support their metabolism, so an anoxic core develops.
However, this explanation has been shown to be incor-
rect, by both modelling and experiment [23, 26, 28]. In
fact, as will be demonstrated in the following section, it
is the small preparations used in the current study that
are most likely to be O2 diffusion limited.

Adequacy of diffusive oxygen supply

The main purpose of these experiments was to obtain
data to enable an assessment of the adequacy of diffusive
O2 supply to meet the metabolic requirements of resting
mouse papillary muscles. If the metabolic rate of an
isolated muscle is high compared with the rate at which
O2 diffuses into the muscle, an anoxic region may de-
velop in the core of the muscle. Furthermore, if an an-
oxic region subsequently becomes oxygenated, for
example as metabolic rate declines with time, then the
cellular characteristics associated with ischaemia-reper-
fusion damage (for a review, see [7]) may become
apparent.

The results of the analysis of diffusive O2 supply are
illustrated in Fig. 4 in which the resting metabolic rates
of the muscles used in this study are plotted as a function
of muscle radius. Data are shown both for the first
values measured (Fig. 4a) and for the estimated steady
values (Fig. 4b). The curved lines indicate the calculated
critical radius (RC; Eq. 2) for each combination of ra-
dius and metabolic rate. For muscles lying to the right of
these lines, O2 diffusion would have been inadequate to
meet the O2 demand. For the metabolic rates measured
early in an experiment, the calculations indicate that six
muscles may have had inadequate O2 supply (Fig. 4a).
Three of these were muscles with masses below 0.8 mg.
Once resting metabolic rate had declined to its steady
value, all the muscles used were below the critical radius
for their metabolic rate.

This analysis illustrates that despite the small size of
the mouse papillary muscles, at early times in an
experiment their metabolic rate can be sufficiently high
for the formation of an anoxic core and, in an apparent
paradox, this is particularly likely to occur for the
smallest muscles because they have high metabolic rates.
Furthermore, because the resting metabolic rate is
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doubled if pyruvate is used as a substrate, achieving
adequate oxygenation would be more difficult using that
substrate; doubling metabolic rate reduces RC by a
factor of �(0.5), i.e. �0.7.

Experimental temperature also has an important
effect on diffusive O2 supply with lower temperatures
favouring O2 supply because resting metabolism is
more temperature sensitive (Q10�1.3; [25,28]) than O2

diffusivity (Q10=1.06; [30]). Some mouse papillary
muscle experiments have been performed at 37�C [6, 15,
31]. At that temperature, metabolic rate would be 1.3
times greater than the values in Fig. 4 and the critical
radius would be decreased by a factor of �(1.06/1.3),
i.e. 0.9. The metabolic rate of contracting mouse pap-
illary muscles has not yet been measured but contractile
activity at physiological frequencies might be expected
to double metabolic rate [12], decreasing the critical
radius by an additional factor of 0.7. If we consider a
mid-range papillary muscle (mass �1.5 mg; radius
0.35 mm), at 27�C it has an eventual steady AR of
�4.5 mW g�1 and RC would be 0.8 mm (RC>actual
radius implies adequate O2 supply). Some 2 h after
dissection, at 37�C, contracting and with pyruvate as
substrate, total metabolic rate could be �18 mW g�1

and RC would be reduced to 0.4 mm but still greater
than the actual radius. However, under those condi-
tions RC would be <0.3 mm, favouring anoxic core
formation, throughout the first 30 min in vitro. These
calculations emphasise that the adequacy of diffusive
O2 supply cannot be taken for granted simply because
the preparation is small.

Recommendations for performing experiments with
isolated papillary muscles

In summary, even for quiescent mouse papillary muscles
it is possible that diffusive O2 supply is inadequate,

especially shortly after removal of the muscle from the
heart. On the basis of the data obtained in this study we
would recommend the following procedures to minimise
the chances of O2 supply becoming inadequate: (1) avoid
using very small papillary muscles (<1 mg); (2) use
glucose rather than pyruvate as substrate; (3) use a
temperature lower than 37�C; (4) avoid or minimise
contractile activity during the equilibration period after
dissecting the muscle. Implementing recommendations
2–4 just during the time that AR is high (the first 40–
60 min after dissection) would also minimise the chances
of developing anoxia early in an experiment.
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