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(1992) 24, 783-797. The agent 2,3-butanedione
monoxime
(BDM)
has been
reported
to reduce the sensitivity
of myofilament
force development
to calcium ions, without
affecting
the
calcium transient in myocardium.
One would predict, therefore,
that BDM should reduce the contractile
state
of the heart without
reducing
the amount
of oxygen
that is consumed
to fuel the process of excitationcontraction
coupling.
The purpose of the present experiment
was to test this hypothesis using isovolumically
contracting,
isolated, blood perfused canine hearts during B-blockade
induced by continuous
intra-coronary
infusion of propranolol
(1 mg/h). Contractile
state was increased in seven hearts by CaCI, infusion.
Subsequently,
while the CaCl, infusion was continued
at the highest rate, contractile
state was reduced by BDM
infusion.
At each contractile
state, we measured
the left-ventricular
end-systolic
pressure--volume
relation
(ESPVR),
the relation between myocardial
oxygen consumption and its mechanical correlate, pressure-volume
area (MVO,
us PVA), and the duration
of the LV pressure waveform.
Contractile
state was quantified
by
interpolated
developed
pressure at a reference ventricular
volume of 25 ml (PT5). BDM infusion (0.5.--7 mM)
caused a dose-dependent
reduction
in contractile
state (50% reduction
in P,, at 2.4f 0.3 mM), and a doscindependent
increase in coronary
blood flow. Furthermore,
BDM significantly
reduced the duration
of the
pressure waveform
up to 40% at the highest rate ofBDM
infusion compared to the pressure waveform
duration
measured at maximum
CaCI, infusion. We observed a direct relationship
between MVO,
of the mechanically
unloaded
heart and contractility;
this relation was unaffected
by BDM infusion
(P>O.3),
The slope of the
MVO,-PVA
relation decreased with increases in contractile
state, but this decrease was unaffected
by BDM
(P>O.4).
We conclude that in the isolated canine heart, BDM does not act energetically
as expected for d
myofibrillar
calcium desensitizing
agent.
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Introduction
Results
oxygen

of previous studies have shown that
consumption
of the
externally
unloaded
left ventricle
varies directly
with
ventricular
contractile
state [I-3]. This finding has been hypothesized
to reflect altered
energy demands
for calcium
cycling,
since
changes
in contractile
state are generally
thought to be brought about by changes in the
amount
of calcium
cycled with each beat
[J-7].

relationship;

BDM;

Myorardial

oxygen

consumption;

However,
new classes of inotropic
agents
have emerged recently that reportedly
affect
contractile
state by altering
the sensitivity of
the myofilaments
to calcium instead of’-- or in
addition
to - altering the amount of calcium
available
for contraction
[S]. That is, these
agents have been reported to alter the amount
of force that is developed at a given concentration
of free calcium
in the cytosol. For
example, it has been reported
that the compound 2,3-butanedione
monoxime
(BDM) re-
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duces the calcium sensitivity of the myofilaments [g-11],
without
affecting
the intracellular
calcium
transient
[12]. Hence,
it
would be expected that in the presence of
BDM,
a higher peak calcium concentration
would need to be reached during the calcium
transient in order to achieve a certain contractile state. This would require
cycling of an
additional
amount of calcium with each beat,
and thus would
be expected to be accompanied by increased myocardial
oxygen demand. Hence, one would
predict
that the
relation between unloaded myocardial
oxygen
consumption
(MVO,_,,,)
and contractile
state
would
be shifted upwards
by BDM.
The
purpose of the present study was to test this
prediction
in isolated, blood perfused canine
hearts.
Contrary
to our prediction,
we found that
the relationship
between MVO,-,,,
and contractile state was similar when inotropic
state
was altered either by infusion of CaCl, alone
or by infusion of BDM in combination
with
maintained
CaCl, infusion. These results indicate that one effect of BDM in the isolated
canine heart is to reduce the energy consumed
for calcium
handling
during
excitation-contraction coupling.
A preliminary
report of this study has been
published
previously
[13].

Methods
Surgical preparation
A total of nine isolated canine ventricles were
studied. Of these, seven hearts satisfied the
selection criterion
(see below)
and were included in the analysis. The procedures used to
isolate and support a canine heart were similar to those described
by Suga and Sagawa
[24]. Briefly, two mongrel
dogs (25-35 kg),
anesthetized
with
sodium
pentobarbital
(30 mg/kg), were used for each experiment.
The femoral arteries and veins of one dog
(support dog) were cannulated
and connected
to a perfusion
system used to supply oxygenated blood to the isolated heart. This dog
was medicated
with hydrocortisone
(500 mg
im), diphenhydramine
(50 mg iv) and indomethacin
(25 mg suppository).
Heparin
(5000
IU iv bolus) was administered
after the arteries and veins were cannulated
with the tubing
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of the perfusion
system. The chest of the
second dog (heart donor dog) was opened
under artificial
ventilation.
The subclavian
artery and right atrium were cannulated
and
connected to the perfusion system. After ligation of the azygos vein, superior and inferior
venae cavae, brachiocephalic
artery, descending aorta, and pulmonary
hili, the heart was
removed
from the chest. From
this time
onward,
coronary
perfusion was maintained
with arterial blood from the support dog, the
temperature
of which was maintained
at approximately
37°C with a heat exchanger. The
left ventricle was vented, the left atrium was
opened, and the chordae tendineae
were cut.
A ring adapter
was sewn into the mitral
annulus, and a thin latex balloon
(5 ml balloon material
volume) which was connected
to a volume control system was placed in the
left ventricle.
Left ventricular
pressure was
measured
in the balloon
with a tip micromanometer
(model PC 380, Millar,
Houston,
TX, USA).
Coronary
perfusion
pressure
(CPP) was
measured via a catheter placed through
the
brachiocephalic
trunk into the aortic root. A
two pump (model 1215, Harvard
Apparatus,
South Natick, MA) system was used to servo
control mean CPP at 80 mmHg. The configuration
used for this system has been described recently [15]. Briefly, the first pump
withdrew
arterial blood from the support dog
at a constant
rate, while the second pump
diverted blood flow so as to bypass the isolated
heart. Using this arrangement,
the hemodynamic demand on the support dog was constant, i.e. independent
of coronary flow to the
isolated heart. This procedure
was used in an
attempt to minimize
fluctuations
of support
dog catecholamine
levels, which could potentially result from alterations
in cross-circulated blood flow demand and cause instability
of the contractile
state of the isolated heart.
It has been shown that P-adrenergic
stimulation induces a decrease in the sensitivity of
cardiac myofilaments
to calcium [16], i.e. an
action similar to that proposed for BDM. In
order to exclude possible confounding
effects
of alterations
in the level of p-adrenergic
stimulation
in the isolated heart and in order
to assure maximum
calcium sensitivity of the
myofilaments,
we performed
the experiments
under P-blockade.
For this purpose, a 2 mg
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bolus of propranolol,
followed
by an additional 1 mg/h, was infused into the coronary
perfusion line of the isolated heart. Preliminary studies showed
that this procedure
resulted in an apparent
complete B-blockade
of the isolated heart during the course of the
entire experiment
(that is, absence of an
inotropic
response to a bolus or 51(g dobutamine injected
into the coronary
perfusion
line).
The support dog was ventilated
mechanically. Blood pH, PO,, and pC0, were maintained in the normal range by adjusting
the
vrentilation
rate or by administration
of
sodium bicarbonate
or oxygen as dictated by
the results of periodic
blood gas samples
(rvery 30 mins).
The right ventricle
and atrium of the isolated heart were drained
via a wide bore
catheter with side holes, placed through
the
RV apex. The right side of the heart was
made air tight by a purse string suture around
the cannula in the apex and ligation
of the
vrnae cavae. The flow of coronary
venous
blood iCBF) draining
from the right side of
the heart was measured continuously
by an
ultrasonic
flow probe
(Transonics,
Ithaca,
NY, USA) connected
in series with the wide
bore catheter.
This flow represents
total
coronary blood flow to both the right and left
ventricles,
except for the small amount
of
Thebesian
flow draining
directly into the left
ventricle. This Thebesian
flow was neglected
siuce the amount of this flow has been shown
to be relatively small [17].
This difference
in oxygen content between
arterial
and coronary venous blood (AVO,)
was measured
continuously
by absorption
spectrophotometry
(A-VOX
Systems [28]).
Total heart oxygen consumption
was calculated as the product
of CBF and AVO,;
this
amount was divided into left and right heart
components
(cf Data Analysis).
Heart rate
was fixed by atria1 pacing at 10 to 15 beats/
min hi,gher than the spontaneous
heart rate.
Experimental

protocol

For each heart, data were
baseline contractile
state and
levels of increased contractile
CaCI, infusion
(1 M solution)
rates. Note that the baseline

collected
in the
at one or more
state induced by
at increasing
contractile
state

CaCl,

on MVO,
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was reached after P-blockade;
this contractile
state was, on average, 50% of the contractile
state measured before p-blockade.
The maximum rate of CaCI, infusion was chosen such
that left ventricular
pressure development
was
increased by about 3 to 4 times the baseline
level. Subsequently,
while
maintaining
the
infusion of CaCl, at the highest level, contractile state was reduced to one or more levels by
BDM infusion (0.5 M solution).
Hence, a substantially wide and overlapping
range of contractile
states was examined
in each heart,
both with CaCl,
infusion
alone and with
CaCl, plus BDM infusion. The final concentration of BDM in the blood perfusing
the
isolated heart was calculated
from the infusion rate and the measured CBF. Thus, in this
calculation
we ignored the small contributions
of Thebesian
flow and leakage from surgical
incisions to the total flow of blood delivered to
the isolated heart. Each experimental
run at
each contractile
state consisted of making
measurements
at a minimum
of four randomly chosen preload volumes in the range of
LVV = 5-7 ml to LVV=40-60
ml. The latter
(maximum)
volume was chosen on basis of
the actual size of the left ventricle;
care was
taken to ensure that end-diastolic
pressure did
not exceed 18 mmHg. The hearts were contracting isovolumically
during the entire protocol. After each change in preload, betwern 2
and 3 min were required
to assure that data
were obtained
at steady state. Recorded
signals included left ventricular
pressure 1LVP),
left ventricular
volume
(LVV;
corrected
for
the 5 ml volume
of the balloon
material I,
coronary
perfusion
pressure
(CPP),
CBF,
AVO,, and a surface ECG. Signals were digitized (12 bit resolution)
at a sampling
rate of
200 Hz, stored on diskettes, and analyzed offline. Several beats of data were recorded
at
each preload.
At the end of the experiment,
the weights of the right ventricular
wall and
the left ventricle
(left ventricular
frrr wall
plus septum) were measured.
Data analysis
The end-systolic
and end-diastolic
pressurevolume coordinates
of the 4 or more preload
volumes at each contractile
state were fit by
non-linear
regression
analysis of the Marquardt type to non-linear
power functions:
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LVP,, = ues . (LVVV,) ces
LVP,, = Ued . (LVV-lr,)C”d

These
functions
form
the
end-systolic
(ESPVR;
equation
la) and the end-diastolic
(EDPVR;
equation
1 b) pressure-volume
relation. In these equations, ‘a’, ‘c’, and ‘I’<,’ are
constants. LVP,, and LVP,, are end-systolic
and end-diastolic
left ventricular
pressure,
respectively.
This procedure
was adopted to
account for the non-linearities
in the ESPVR
that were apparent
at high and low contractile states (Fig. 2(a), Results, and reference
[19]). Therefore,
contractile
state, which traditionally
has been expressed by the slope of
the linear ESPVR
in our preparation,
was
expressed in the present study by interpolated
end-systolic pressure at a reference ventricular
volume of 25 ml (P&. Changing
the value of
this reference volume to 20 ml or 30 ml did
not alter the results of the present study.
At each preload
volume
and contractile
state, we calculated
pressure-volume
area
(PVA) of each beat by determining
the area
contained
within
the ESPVR
and EDPVR
(equations
la and 1 b) between
V0 and LVV

0.I

IO
[BDMI

(mM1

FIGURE
1. BDM
dose-response
curve.
Contractile
state was quantified
by pressure
development
at a fixed
ventricular
volume
of 25 ml (P,,). Data were normalized
to the state just prior to BDM
infusion
and at the highest
level
of CaCl,
infusion;
On
average,
P,,= 100%
was
132f
11.7 mmHg.
Pooled
data
from
seven
hearts
were
fitted
to
a modified
Hill
equation:
P,,
(%)=
100.[BDM]mz/([BDM]m’+2.38-‘);
r=0.83;
n= 14.

et

al.

of that beat [I, 31. PVA is considered
to be a
measure of the total mechanical
energy generated by the left ventricle during a beat [I, 31.
Next, the MVO,-PVA
coordinates were fit by
linear regression, resulting in both a slope and
an intercept
(Cf. Fig. 2(b)). The slope parameter of the MVO,-PVA
relation
has been
considered
to reflect the product
of (i) the
efficiency of the myofibrillar
proteins to convert chemical energy into mechanical
energy
and (ii) the metabolic
efficiency to produce
ATP by consuming oxygen; the intercept parameter of the MVO,-PVA
relation represents
the amount of oxygen consumed by the heart
to sustain basal metabolism
and excitationcontraction
coupling
[3]. Oxygen consumption of the entire heart, however, expressed in
ml O,/beat, represents the sum of the oxygen
consumed by the work-performing
left ventricle plus the unloaded,
but still oxygen consuming, right ventricle. To correct for this, we
assumed that the right ventricle consumed an
amount
of the total unloaded
oxygen consumption - measured when the left ventricle
was also unloaded ~ that was proportional
to
its weight, and we subtracted
this amount of
consumed oxygen from all the data at each
contractile
state [I, 31. Note that the amount
of this correction
was assessed at each contractile state. These updated
MVO,
values were
used to describe the MVO,-PVA
relation of
the left ventricle; the intercept of this relation
represents
the oxygen
consumption
of the
unloaded
left ventricle
(MVO,_,,,).
In addition
to examining
the parameters
of
the MVO,-PVA
relation,
we also wished to
compare
the effects of CaCl, and BDM on
myocardial
oxygen
consumption
in terms
other than the MVO,-PVA
framework.
For
this purpose we examined
the effect of contractile state on left ventricular
oxygen consumption
when the heart contracted
at the
reference
volume
(25 ml; MVO,.,,).
Since
data was not always collected precisely at the
25 ml reference volume in each heart, and in
order to allow comparison
between
hearts,
MVO 2.25 was obtained by interpolation
in the
following
manner. First, PVA at LVV = 25 ml
was calculated
from the non-linear
ESPVR
and EDPVR
relations
(Fig. 2(a)). Next, left
ventricular
MV02m25 was interpolated
from
the linear MVO,-PVA
relation [Fig. 2(b)].
Recently,
it has been shown that BDM
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increases the cycling rate of attached
crossbridges in isolated myocardium
[20]. Since
increased cross-bridge
cycling rate may affect
the rate of pressure development
and relaxation, we measured
the effect of CaCl, and
BDM
infusion
on the time course of the
pressure
waveform.
For this purpose,
we
determined
at each contractile
state and preload volume
(1) Peak developed
pressure
(PP); 12) the time (TTP)
required
for pressure to develop from 10% PP to PP and (3)
the time (RELAX)
required
for developed
pressure to decay from PP to 10% PP. Total
duration
(TD) of the pressure waveform
was
defined as TTP+
RELAX.
Next, TTP, REIAX,
and TD were fit as function of preload
volume
at each contractile
state by linear
regression, which allowed for interpolation
of
TTP, RELAX,
and TD to the reference preload volume (25 ml).
BDM caused an increase in CBF, even at
the lowest concentration
that was encountered
10.5 mM). There was, however, no apparent
relation between the BDM concentration
and
CBF increase. It has been reported
that an
increase in CBF per se can cause an increase in
MVO,
[21, 221. We sought to reduce the
impact of this confounding
factor in the present study. Hence, if upon BDM infusion CBF
increased
by a factor of two compared
the
CBF obtained
at the highest contractile
state
induced by CaCl,, the data from that level of
BDM infusion were rejected. Because of this
criterion,
all data from two hearts and data
from 3 BDM states in two additional
hearts
were excluded from the present study.
Statistical analysis
We first tested whether contractile
state affected the slope and intercept
of the MVO,PVA
relations.
For this purpose
multiple
linear regression
[23] was employed
in each
individual
heart, both for CaCl, and BDM
infusion (Table
1). The regression equation
used had the following
form:
MVO,=a.constant+b.PVA+c-AP,,+d.
AP,, . PVA
AP,, was defined as change of P,, upon infusion of’ either CaCI, or BDM. Note that the
coefficient
‘c’ in this equation
indicates
the

CaCl,
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magnitude
of the effect of AP,, on the intercept of the MVO,-PVA
relation
in each
heart. Similarly,
the coefficient ‘d’ is related to
the effect of APz5 on the slope of the MVO,PVA relation.
Next, we extended
this equation,
using 6
dummy
variables
[23] that coded for the
individual
hearts, and hence allowed for variation in slope and intercept
of the MVO,PVA relation
during
the pre-drug
infusion
state between
the seven hearts. Thus, this
equation
allowed
for multiple
linear regression analysis of the MVO,-PVA-P,,
interrelations measured in all hearts, either during
CaCl, or BDM infusion (Table
1). This test
revealed that during CaCI, infusion both intercept and slope parameters
of the MVO,PVA relation
were significantly
affected by
contractile
state; on the other hand, during
BDM infusion, only the intercept
parameter
was significantly
affected by contractile
state
(Table 1).
The effect of BDM on the MVO,-PVA-P,,?
relation can in principle
be tested directly by
further expanding
the regression equation
to
also contain the actual BDM concentration.
However,
the regression
equation
then
becomes quite complicated
and possibly less
sensitive for detecting
an effect of BDM on
MVO,.
Therefore,
we instead opted to plot
the
various
parameters
(i.e.
MVO,
“,,,,
MVO,-PVA
slope, TTP, RELAX,
MV0~w.v
and TD) as a function
of contractile
state
(P& in each individual
heart. Next, in order
to test whether
BDM
affected the relation
between
Pzj and
these parameters,
we
employed
multiple
linear regression analysis.
In the regression model, one dummy variable
coded for the presence or absence of BDM
and another dummy variable
coded for the
experiment
number [23]. In addition,
for the
purpose
of presenting
the combined
data
from all hearts, we devised the following
normalization
scheme for pooling
the data
from the seven hearts. For each heart we
determined
mean P,,, MVO,-,,,,
MVO,
2j,
MVO,-PVA
slope, TTP, RELAX,
and TD
over the range of CaCl, infusions, that is from
baseline (no infusion) to maximal CaCl, infusion. Thus, none of the data obtained during
BDM infusion were included
in the calculation of these mean values. Subsequently.
all
parameter
values obtained in each heart were

4
3
4
3
3
5
2

states

# CaCl,

1. Coefficients

3.2*

2.99
0.23

3.51
0.41

PVA
.10-j

2.1*
3.1*
2.4*
3.9*
2.8*
3.4*
3.2*

3.6*

regression

3.8*

4.10
0.42

3.5*
3.5*
4.3*
5.0*
6.1*
3.1*
3.2*

AP,s
.lO-4

CaCl, infusion

linear

2.9*
5.4*
2.9*
3.2*
3.6*
2.2*
4.4*

Constant
.10-s

of multiple

- 1.1*

- 1.00
0.33

- 1.4*
- 1.6*

-0.1

- 1.4*
- 1.9*
0.5
- 1.1

AP,,.PVA
.lO-’

between

MVO,,

2
2
3
2
3

1

1

states

# BDM

PVA, and P,,

1.6*

6.7*

6.99
0.59

2.6*

2.33
0.27

2.9*
3.2*
2.2*

lO.O*

6.6*
7.6*
6.4*

1.2*
2.6*
2.6*

4.9*
6.5*
6.9*

PVA

.10-i

Constant

.10-s

2.9*

3.93
0.97

6.1*
2.2*
1.2
5.3*
8.1*
2.6*
2.0*

.10-4

AP,,

BDM infusion

-0.3

- 0.09
0.60

- 2.6
-0.3

1.9

-0.8
1.9*
-0.2
-0.5

AP,,.PVA
.I@’

Pressureevolume
area (PVA) and myocardial
oxygen consumption
(in ml O,/beat)
were normalized
to 100 g LV in each heart. Multiple
linear
regression”
was then performed
in each individual
heart using the regression equation:
MVO,=
a.constant + b.PVA + r.AP,j + d.APTj*PVA.
either for the CaCI, infusion group or the BDM infusion group. AP,, indicates the difference in Pzj compared
to pre-drug
infusion values of P,;,
i.e. PJi either at zero CaCl, infusion, or at maximum
CaCl, infusion rate just prior to BDM infusion; note that in the case of BDM infusion, all
APzj values were negative, indicative
of the negative inotropic
action of BDM. # CaCl, states indicates the number of different
levels of CaCI,
infusion rate studied in each individual
heart, including
the baseline contractile
state; # of BDM states indicates the number of different levels of
BDM infusion rate while maintaining
the CaCl, infusion at the highest level.
In the overall model, an additional
six dummy
variables were included in the regression equation in order to code for differences in MVO,PVA intercept and slope in the individual
hearts under base line conditions
(i.e. AP,%= 0); this approach allows for overall statistical testing, that
is, including
the data obtained in all seven hearts 1231.
* Indicates that the coefficient
is significantly
different
(PcO.05)
from zero by multiple
linear regression.

Overall
model

S.E.M.

Mean

1
2
3
4
5
6
7

Heart

TABLE
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expressed as a percentage
of these mean normalization
values. This normalization
procedure removed interanimal
variation
in slope
and intercept
of the relationship
between P,,
and the various parameters;
we and others
have observed such between subject variation
in the MVO,-PVA
parameters
both in the
present study and in previous studies [Z, .?I.
Statistical
comparisons
of slopes and intercepts of the relationships
between P,, and the
various parameters
were then accomplished
by multiple
linear regression analysis applied
to the data pooled from all hearts. In this
regression model, a dummy variable coded for
the presence
or absence
of BDM
[23].
Whether
a statistically
significant
difference
was present for any of the parameters
that
were examined in the present study, was independent
of the regression
model employed
(i.e. with or without
normalization).
Commercially
available
software was used (SYSTAT,
Evanston,
IL, USA).
Data are presented
as mean f S.E.M.
PCO.05 was
considered significant.
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Results
A total of 24 and 14 contractile
states were
analyzed with CaCl, and BDM infusion,
respectively, in seven hearts during B-blockade
induced
by continuous
intra-coronary
infusion of propranolol
( 1 mg/h). Heart rate averaged 143 =t 5.4 beats/min,
right ventricular
free wall mass averaged 58.3 f 2.7 g, and left
ventricular
mass averaged 166 f 7.0 g. Coronary blood flow (CBF) averaged 1.3 f 0.17 ml/
g/min at the highest contractile
state induced
by CaCl, infusion, and increased, on average,
by 40f 12.9% upon infusion of BDM (0.57 mM). This effect of BDM on CBF is consistent with the recently reported action of BDM
to decrease the contractile
strength of isolated
smooth muscle [24].
BDM infusion, while simultaneously
infusing CaCl, at the highest rate, caused a dosedependent
decrease in the contractile
state of
the isolated canine hearts, as is shown by the
semi-logarithmic
plot in Figure
1. In this
figure 100% represents P,, measured
at the
highest level of CaCl, infusion, which was the
contractile
state just prior to initiating
BDM
infusion;
this P,, averaged
132 f 11.7 mmHg
in the seven hearts. The concentration
of

PVA

(mmHg.mt)

FIGURE
2. Effect of CaCI, and BDM
on ESPVR
and MVO,-PVA
relation
(a) End-systolic
pressures,
measured
in one representative
heart, are plotted
as
function of ventricular
volume, to form the end-systolic
pressure volume relation (ESPVR).
Open circles represent data collected
during
the highest rate of CaCI,
infusion; The closed circles represent data collected
during the highest rate of BDM infusion (about 4rn~ final
concentration),
while simultaneously
infusing
CaCI, at
the highest rate. The end-diastolic
pressure-volume
relation is indicated
by the dashed line. ESPVR
and
EDPVR
were fit to non-linear
power functions:
ESPVR (CaCI,) LVP,=
11.1 . (V-6.0)“s’;
n=9; r=0.995
ESPVR (BDM)
LVP,, = 0.76 . (~6.0)’
‘j; n = 6; r = 0.999:
EDPVR
LVP,,=O.O0012
. (V-6.0)“0;
a= 15; r=0.943.
(b) Myocardial
oxygen consumption
is plotted as function of Pressure-Volume
Area (PVA) measured during
the same experimental
runs as shown in panel A. The
MVO,-PVA
relations
(solid lines) were fit by linear
regression:
(Cat&)
MV02=0.104+2.47
. lo-’
. PVA;
n-9;
r= 0.985.
(BDM)
MVO,=0.075+2.79
. IO ’ . PVA;
n=6;
r = 0.978.
Heart rate 148 bpm; LV weight 151 g; RV weight 47 g.
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BDM required
to depress contractile
strength
(PJ by 50% was 2.4f 0.3 mM, which is comparable to that obtained
both from isolated
cardiac [9, 12, 25, 267 and skeletal [IO, 11, 271
muscle preparations.
Figure 2(a) shows an example of the effect
of BDM infusion
(while maintaining
simultaneous CaCl, infusion) on the ESPVR.
The
data were fit to power functions by non-linear
regression (cf Methods).
Note that for clarity
of presentation,
only the ESPVR corresponding to the highest level of CaCl, infusion
(open circles) and the highest level of BDM
infusion
(filled circles) is displayed
in this
figure. Typically,
the ESPVR was concave to
the volume axis at the highest level of CaCI,
infusion, and became convex to the volume
axis with the highest level of BDM infusion.
Thus, a significant
correlation
(PC 0.001) was
apparent between the constant ‘ccs’ of the nonlinear ESPVR
and Pz5, consistent with our
previous observations
in the blood perfused
canine heart [19]; this relation
was similar
whether
P,, was varied by CaCl, or BDM
infusion
(P> 0.05).
Furthermore,
neither
CaCl, infusion
nor BDM
infusion
significantly
affected
the end-diastolic
pressurevolume relation.
Figure
2(b) shows the MVO,-PVA
relations corresponding
to the data shown in
Figure 2(a). The data were fit by linear regression (cJ Methods).
CaCl, infusion increased
the intercept
of the MVO,-PVA
relation
from its pre-infusion
baseline
(not shown),
consistent with previous observations
in the
blood-perfused
canine heart [l-3]. The open
circles in this figure depict MVO,-PVA
coordinates
measured
at the highest level of
CaCl, infusion. Subsequent
infusion of BDM,
while maintaining
the CaCl, infusion at the
highest level, reduced
the intercept
of the
MVO,-PVA
relation
(PC 0.05). The closed
circles in this figure depict MVO,-PVA
coordinates
measured
at the highest level of
BDM
infusion
in this heart. Thus, CaCl,
infusion
alone, or BDM
infusion combined
with CaCI, infusion caused a variation in both
the contractile
state and the unloaded,
nonwork related oxygen consumption
of the heart
(i.e.the y-intercept
of the MVO,-PVA
relation).
Although
the slope of the MVO,PVA relation
was 13% higher with BDM
infusion, this difference did not reach statistical significance.
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We next investigated
the effect of P,, on the
MVO,-PVA
relation, both during CaCl, and
BDM infusion.
Table
1 shows the multiple
linear regression analysis results of each individual heart (cf. Methods).
Contractile
state
(as indexed by P,,) significantly
affected the
intercept
of the MVO,
relation
(see AP,,
column)
during
CaCl, infusion in all hearts
studied, and in six out of the seven hearts
during
BDM
infusion.
The slope of the
MVO,-relation
significantly
decreased
with
increases in P,, (see AP,, . PVA column)
in
four out of seven hearts during
CaCl, infusion, but only in one heart out of seven hearts
during BDM infusion. Overall multiple linear
regression
(cf. Methods),
i.e. using
the
MVO,-PVA-P,,
data obtained
in all seven
hearts revealed that both the slope and elevation of the MVO,-PVA
relation was significantly affected by contractile
state during
CaCl, infusion;
During
BDM
infusion,
the
elevation
of the MVO,-PVA
relation,
but
not its slope, was significantly
affectedby P,,.
We next extended the regression equation
to
also contain
the BDM
concentration
(cf.
Methods).
This test revealed no significant
effect of BDM on either the slope or elevation
of the MVO,-PVA
relation
independent of its
effect on P,,.
In order to better detect the possible effect
of BDM on either slope or intercept
of the
MVO,-PVA
relation, we continued
the statistical analysis using the slope and intercept of
the MVO,-PVA
relation
directly,
i.e. as if
these parameters
were obtained
directly
by
experiment,
rather than being derived from
linear
regression
at each contractile
state.
Figure 3(a) shows the relation
between contractile
state
(as indexed
by P,,)
and
unloaded,
non-work
related oxygen consumption MVO,.Un,; further analysis of data from
the same heart as presented
in Figure 2).
Figure 3(b) shows the relation
between
P,,
a parameter
that describes
and MV02m25,
myocardial
oxygen
consumption
in terms
other than the MVO,-PVA
framework
(cf:
Methods).
The relation
between
P,, and
in Figure
3(b). Data
MW
25 is shown
obtained at baseline contractile
state and during CaCl, infusion are depicted by the open
circles; data obtained
during the BDM infusion (while maintaining
the CaCl, infusion at
the highest rate) are represented
by the filled
circles. It is clear that, in this heart, the
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FIGURE
3. Effect of CaCI, and BDM on MVO,
““,
and MVO,.,,
(a) Non-work
related oxygen consumption
iMVO,u$,
measured in one representative
heart, plotted
as function
of contractile
state (P,,). The data were
obained from the same heart as those presented in Figure
2. Contractile
state was quantified
by developed
left
ventricular
pressure at a reference volume of 25 ml (P,).
Open circles represent experimental
runs in which contractile state was increased from baseline contractile
state
by CaCI, infusion.
Filled circles represent
experimental
runs in which contractile
state was reduced
by BDM
infusion together with maintained
CaCI, infusion at the
highest rate.
i b) Oxygen consumption
at 25 ml left ventricular
volume
(MVO,,,)
plotted
as function
of P,,. The MVO,-,,
parameter
was estimated
as described in the Methods.
I symbols as in panel C)

relationship
between
contractile
state and
was purely a function of contractile
MVO,.““,
state and not affected independently
by BDM.
A similar result was observed for the MVO,-?,
parameter
[Fig.3 (b) 1, confirming
the absence
of an independent
effect of BDM
on myocardial
energetics
in the loaded as well as
unloaded
heart.

791

Figure 4 summarizes
the results from all
hearts regarding
the impact of CaCl, and
BDM infusion on the relationships
between
P,, and the parameters
of the MVO,-PVA
relation
(i.e. MVO 2-un,, MVO,-,,,
and slope).
The data from each individual
heart were
first normalized
to the average
results
obtained
with CaCl, infusion in that heart
and then analyzed by multiple
linear regression (cf. Methods).
Similar to the results from
the one heart shown in Figure 3, CaCl., infusion (open circles) caused an increase in both
contractile
state (Psj) and unloaded
MVO,
(open circles) in all hearts [Fig. 4(a) ]. Subsequent infusion of BDM caused a dose-dependent decrease in P,,, which was associated
with a decrease in unloaded
MVO,
(filled
circles). Neither the slope (P= 0.9) nor elevation (PzO.8)
of this normalized
relation was
significantly
different
between
CaCl,
and
BDM infusion. Also, a similar (PcO.4)
result
was obtained for the MVO,
25 parameter,
as is
shown in Figure 4(b). Note that similar levrls
of statistical significance
were obtained
when
a more extensive multiple
linear regression
model was applied to the data before normalization (cf: Methods).
Hence, contrary’ to our
prediction,
BDM did not offset the relation
between
contractile
state and unloaded,
or
even loaded,
myorardial
oxygen consumption.
Figure 4(c) shows the effect of contractile
state on the slope of the MVO.,-PVA
relation.
Increases in contractile
strength ( ps5) significantly (P= <O.OOl) reduced the slope of the
MVO,-PVA
relation. Furthermore,
the slope
of the
MVO,-PVA
relation
was
not
influenced by BDM independent
of its impart
on P,, (PzO.7).
Figure 5 shows the effect of CaCl, and
BDM
infusion on the relationship
between
contractile
state and the parameters
characterizing
the duration
of the pressure wavrform. As in Figure 4, the data were normalized to the means of the parameters
measured
in each heart during
CaCI, infusion
only.
CaCl, infusion
caused both an increase in
contractile
state (as indexed
by P,,) and a
decrease in the duration
of systole (‘I’D].
Although
both the TTP and RELAX
intervals significantly
(P < 0.02) decreased
with
increases in contractile
state, the RELAX
parameters
was about 3 times more sensitive
to contractilr
state than the TTP paprametrr.
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FIGURE
4. MVO,-PVA
parameters
as function
of contractile
state in all hearts. Data from seven hearts.
Contractile
state is expressed as developed
pressure at a reference ventricular
volume of 25 ml (P,,). All data were
normalized
in each individual
heart to the average
result obtained
with CaCl, infusion
alone (see Methods).
The average
values used for normalization
were: PZ,=89.5f6.4mmHg,
MVO 2.un,=0.50f0.02@
O,/beat/g,
MVO,.,,=
0.65 f 0.04 pl O,/beat/g,
MVO,-PVA
slope = 2.63. 10e5 ml O,/ mmHg.ml.
This slope value corresponds
to
an average myofibrillar
efficiency of 26%3. The data were fit by linear regression for both CaCl, infusion (open circles
and solid lines; n = 24) and BDM infusion (closed circles and dashed lines; n= 14). Statistical
analysis were performed
by multiple
linear regression analysis in which a dummy
variable
coded for CaCl, infusion or BDM infusion [Xl.
Similar analysis of the data before normalization
did not affect the level of significance
for any of the parameters
(see
also Methods).
(a) Relation
between normalized
unloaded
oxygen consumption
(MVO,J
and normalized
P,,. Neither
the slope
(P= 0.9) nor the elevation (P= 0.8) of this relation were affected by BDM. Combining
the data from BDM and CaCl,
infusions (overall linear regression) yielded: MVO,.,,,
(%) =33.1+0.68
. P,, (rz0.82;
P<O.OOl).
(b) Relation
between normalized
oxygen consumption
at 25 ml ventricular
volume (MVO,&
and normalized
P,,.
Neither the slope (P=O.4)
nor the elevation
(P= 0.4) of this relation were affected by BDM. Combining
the data from
BDM and CaCI, infusions (overall linear regression)
yielded: MVO,-,,
(%) = 3 I. I+ 0.70 . P,, (r = 0.85; P< 0.001).
(c) Relation between the slope of the normalized
MVO,-PVA
relation and normalized
P,,. Neither the slope (P=O.7)
nor the elevation (PzO.7)
of this relation were affected by BDM. Combining
the data from BDM and CaCI, infusions
(overall linear regression)
yielded: slope (%) = 137.2 - 0.42 . P,, (r = 0.35; PC 0.0001).

Thus,the
decrease in TD that was observed
with increases in contractile
state upon CaCl,
infusion
was due predominantly
to an acceleration
of myocardial
relaxation
with increases in contractile
state.

BDM infusion caused a significant
decrease
in the duration
of systole (P<O.Ol),
particularly at the higher rates of BDM infusion (and
thus lower values of P,,). The decrease in TD
upon BDM infusion was caused by both a
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FIGURE
5. Effect of &Cl,
and BDM on duration
of the pressure waveform.
Normalized
data from seven hearts is
displayed (Fig. 4 and Methods).
TTP, RELAX
and TD parameters
are plotted as function ofcontractile
state (Pi5; for
definition
of TTP, RELAX
and TD, see Methods).
The data were fit by linear regression for CaCl, infusion (open
circles and solid lines; n = 24) and BDM infusion (closed circles and dashed lines; n = 14). The average values used for
normalization
were: P,,=89.5
f6.4 mmHg, TDz236f4.7
ms, TTP= 104f 3.3 ms, RELAX=
1321’~ 2.3 ms. Statistical analyses were performed
by multiple
linear regression in which a dummy
variable
coded for CaCl? infusion or
BDM infusion [23j.
(b) CaCl, TTP(%)
= 127.1 -0.271
. Plj
raj CaCl, TTP(%)
= 109.0-0.089
. P,,
BDM TTP(%)=81.7*+0.093*
. P,,
BDM TTP[ %) = 93.8* -0.032:
. P,,
icl CaCl, TTP(%)=
119.5-0.194
. P,,
*PC 0.01 CaCl? vs BDM by multiple linear rrgression.
BDM TTP(%)
=88.4*+0.025*
. P,,

decrease in the relaxation
parameter
(RELAX),
and by a decrease in the TTP parameter. These results may indicate that BDM
enhances
the
cycling
rate of cross-bridges
[20]. Alternatively,
BDM
may have caused
abbreviation
of excitation-contraction
coupling at high dosages and thereby have caused
a reduction
in the duration
of systole.

Discussion
In the present study we investigted
the effect
of BDM
on the interrelationships
between
contractile
state and oxygen consumption
of
the cross-circulated
canine heart during
pblockade. BDM caused a dose-dependent
decrease in contractile
state. Contrary
to our
prediction
however,
we found that the relation between contractile
state and unloaded
myocardial
oxygen consumption
was not af-
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fected by application
of BDM to the heart.
On the other hand, BDM infusion did cause a
significant
reduction
in the duration
of systole
at matched contractility.
Some aspects of our results are comparable
to those of Watkins et al. [28], who also found
that BDM (3.5 mM) decreased the unloaded
oxygen consumption
of red-blood-cell
perfused rabbit hearts. In contrast to the present
study however, these investigators
found that
BDM caused a 2 1% reduction
in the slope of
the MVO,-PVA
relation
(see below). However, that study was limited because no comparison was made between the effect of BDM
and the effect of another inotropic
agent (such
as CaCl,) on MVO,.
Thus, it could not be
assessed whether
the change in MVO,
was
simply dependent
upon a change in contractile state, or whether
there was an independent effect of BDM on MVO,.
Unloaded
myocardial
oxygen consumption
(MVO,&
represents the amount of oxygen
consumed by the heart to sustain basal metabolism and excitation-contraction
coupling
[3]. In addition
there may also be energy
expended
mechanically
to deform
the
unloaded
heart, although
this component
is
probably
small [32]. It is generally
assumed
that any change in MVO,.,,,
with altered
contractility
is due to a change in the energy
required
for excitation-contraction
coupling
(i.e.the amount of calcium cycled during each
beat) [3].
The failure of BDM to change the MVO,PVA relation
independent
of accompanying
changes in contractile
state (Figs 3 and 4)
could be the result of several factors. First,
BDM
could alter the amount
of calcium
cycled during each beat. The effect of BDM
on the intracellular
calcium transient has been
studied most extensively
in isolated skeletal
muscle by use of the photoprotein
aequorin.
Unfortunately,
results of these studies have
been conflicting,
in that some studies have
found a decrease of the calcium
transient
upon BDM application
[IO, 271, while others
have found no effect [11]. In isolated rabbit
myocardium,
BDM
up to about 4rn~ has
been reported to be without
an affect on the
calcium
transient
[12]. Similar
experiments
on isolated myocardium
from other species
however, have shown either a decrease [2U] or
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an increase [29] in the cardiac calcium transient upon application
of BDM.
A further
complication,
and perhaps
of
greater importance
to the present study, is the
fact that the recorded calcium transient does
not measure
the total amount
of calcium
cycled in the myocyte each beat [3O, 311. It
should be recognized
that if BDM were to
decrease the myofibrillar
affinity to calcium
ions, one would actually expect an increase in
unbound
cytoplasmic
calcium for a constant
amount
of calcium
cycled each beat [30].
Hence, the reported
actions of BDM on the
calcium transient in myocardium
[IZ, 20, 291
do not exclude an effect of BDM on the total
amount
of calcium
cycles each beat. It is
generally assumed that the oxygen consumed
by the unloaded
heart (i.e. MVO,.,,,)
is proportional
to the amount of calcium cycled for
excitation-contraction
coupling each beat [3].
Hence, the effect of BDM
on myocardial
oxygen consumption
that we observed in the
present study is consistent with the notion that
BDM
causes a reduction
in the amount
of
calcium cycled each beat, possibly by reducing the influx of calcium into the myocytes
during each beat.
A recent report by Gwathmey
et al. [20]
suggests that the desensitizing
action of BDM
in isolated cardiac muscle is due to reduced
cross-bridge
force development,
and not due
to reduced calcium
binding
to the myofilaments. The effect of BDM on the duration
of
systole, independent
of the effects of contractile state per .re (Fig. 5), would be consistent
with such a mechanism
because it indicates
that BDM
may affect the reaction
rate of
some step in the process of force development
subsequent to bind in of calcium to the myofilaments. The energetic
consequence
of this
effect of BDM in the present study however,
appeared
to be too small to be detectable
by
our method.
A second possible explanation
of our finding could be related to the fact that even
though the heart is externally unloaded at the
volume at which the pressure-volume
area
equals zero, some energy is still required
to
deform the heart. Probably,
the amount
of
deformation,
and thus the energy required
to
accomplish
this deformation,
would increase
in proportion
to contractile
state. It is difficult
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to estimate the magnitude
of the energy that is
required
for this deformational
work,
although indirect
evidence has been put forward
suggesting
that this component
of
MVO,
in the intact heart is small [3]. Since
pressure
development
is minimal
in the
unloaded
state, any energy consumed by the
unloaded
heart for mechanical
work is utilized mostly to support
shortening.
Energy
consumption
for shortening
per se has been
shown to be minimal
both in the intact heart
1321 and in isolated cardiac muscle [6, 331.
Furthermore,
for the purpose of the present
study it is not necessary to know the exact
magnitude
of the deformational
component
of MVO,,
since we have directly
compared
the MVO,-P,,
relation
between
CaCl, and
BDM
infusion.
That
is, if some (unrecognized) fraction
of LMVO,.~,,, would
be consumed to sustain deformational
mechanical
work of the heart, reduction
of contractile
state prr se would then lead to a reduction
in
MVO,.U,,,. However,
if BDM were to reduce
contractile
state without
the hypothesized
reduction
in calcium handling
for EC-coupling, we would still detect a slope change in
the MV02+,,-P2S
relation
compared
to that
observed for CaCl, infusion. Thus, only in the
unlikely,
limiting
case in which the relation
between
P,, and MVO,.,,,
would be entirely
due to the energy requirement
of cardiac
deformation,
would
administration
of a
“pure”
myofibrillar
calcium
desensitizing
agent be without
an effect on the relation
between P,,, and MVO,.““,.
Our failure to find
a shift in- this relation
implies
that BDM
cannot be acting as a calcium desensitizing
agent in any energetically
significant
way,
even if a measurable
fraction
of hIIV02.Un,
were to be used for cardiac
deformation.
C:onsistent with this notion
are the results
shown in Figure 3(b) and 4(b). Here, we
examined
the effect of BDM on the relation
between P,, and MVO,-,,,
i.e. the amount of
oxygen consumed
by the heart at the reference volume of 25 ml, a parameter
that is
independent
of the general
framework
of
pressure-volume
area.
It has been shown previously in the isolated
canine heart that the magnitude
of the increase in oxygen consumption
associated with
an increase
in contractile
state (i.e. the
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“energy cost” of contractility’)
is affected by
the manner in which the positive inotropy is
brought about [3]. That is, the “energy cost of
contractility”
is higher
for epinephrine
or
CaCl, infusion, less for digitalis,
and almost
absent for cooling [3]. Similarly,
it has been
shown that the unloaded oxygen consumption
(MVO&
in stunned myocardium
is higher
than that expected from the contractile
state
[34]. Thus, it is unlikely
that the failure to
detect a shift in the P,,-MVO,
relation upon
BDM infusion as compared
to CaCl, infusion
was due to an inherent
lack of sensitivity of
the energetic methods that we have employed
in the present study. However, small changes
in energy consumption
by the heart induced
by BDM in each beat could have been below
the detection limit of our method.
During
CaCI, infusion
in this study, an
increase in contractile
state (i.e. P,.,i correlated significantly
with a reduction
in the
slope of the MVO,-PVA
relation in four out
of seven hearts studied. This result differs
from previous reports (for a recent review see
Suga [3]. However,
the range of contractile
states explored in the present study was larger
than those in the previous studies. Furthcrmore, in the present study we used multiple
linear regression analysis [23], which greatly
increased the sensitivity of the statistical
tests
employed.
The slope of the MVO,-PVA
relation
has been suggested
to be inversely
related to the chemo-mechanical
efficiency of
the myofilaments
[3]. Hence, the data presented in Figure 4(c) implies
that this efficiency is enhanced
at higher levels of contractility.
Further
studies are required
to
investigate
the mechanism
by which contractility affects the chemomechanical
efficiency
of the heart.
BDM did not affect the relation
between
..
slope of the MVO,-PVA
relation
and P.2.3
This implies that BDM does not affect the
efficiency of the transduction
between M\‘OL
and mechanical
energy produced by the heart
independent
of the effects of BDM on contractile state pe?- se (i.e. compared
to alteration
in P,, by CaCI, infusion).
This result is in
contrast to the conclusion
of Lvatkins r~ (11.
F913 who showed that the slope of the
MVO,-PVA
relation
was reduced
21% bt
BDM. This discrepancy
could be due to dif-
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ferences in animal species (rabbit us canine) or
experimental
design between the two studies.
For example, the present study was designed
to compare
the effects of BDM
infusion to
CaCl, infusion, which allowed us to discriminate between the effects of contractility
per se
and the effects of BDM.
In conclusion,
the results of the present
study indicate
that BDM
reduces both the
unloaded
(non-work
related) and the loaded
oxygen consumption
of the heart. However,
the relationships
between contractile
state and
the parameters
of the MVO,-PVA
relation
were not influenced
by BDM, which indicates
that in the intact heart BDM does not act
energetically
as expected for a myofibrillar
calcium
desensitizing
agent.
This
finding

et al.

raises the possibility
that a principle
energetic
mechanism
of action of BDM in the isolated
canine heart is to reduce the energy related to
calcium
handling
for excitation-contraction
coupling.
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