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Abstract

The relationships between contractile function, myocardial ox-
ygen consumption, and tissue high energy phosphate and lac-
tate content were investigated during partial coronary flow
disruption. The experimental preparation was an isolated, iso-
volumic retrograde blood-perfused rabbit heart. Both devel-
oped pressure (r = 0.94) and dp/dt (r = 0.95) exhibited strong
linear correlations with myocardial oxygen consumption that
were stable for up to 45 min after blood flow reduction. In
contrast, tissue high energy phosphate content exhibited non-
linear relationships with both developed pressure and oxygen
consumption such that systolic mechanical function and oxida-
tive metabolism declined to 20 and 30% of control values, re-
spectively, before significant abnormalities in myocardial high
energy phosphate stores were observed. Similarly, developed
pressure and oxygen consumption decreased to 36 and 48% of
control, respectively, before abnormal tissue lactate content
was detected. The results of this study indicate that: (a) me-
chanical function is closely related to the rate of oxidative
energy production during partial coronary flow disruption, and
(b) despite the development of significant contractile dysfunc-
tion, tissue high energy phosphate content remains at normal
levels except under the most severely flow-deprived conditions.
The preservation of tissue energy stores can be explained by
the apparent coupling of contractile performance to oxidative
energy production, which could function to maintain myocar-
dial energy balance during partial coronary flow restriction.

Introduction

Previous studies have demonstrated that the severity of myo-
cardial contractile dysfunction correlates with the degree of
blood flow impairment during myocardial ischemia produced
by partial coronary artery obstruction (1-4). Based on the
known effects of impaired oxygen delivery, it has been postu-
lated that the close correlation between function and perfusion
reflects corresponding abnormalities in tissue ATP content
and/or oxidative ATP production (1, 5, 6). However, the rela-
tionship between contractile performance and tissue energy
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metabolism has been evaluated only during oxygen depriva-
tion produced by complete coronary artery occlusion or hy-
poxic/anoxic myocardial perfusion (7-13). Because of poten-
tial differences in the rate of oxygen delivery, residual oxida-
tive energy production, and cellular washout, extrapolation of
these results to incomplete coronary flow restriction seems
unwarranted. In addition, prior investigations have not corre-
lated oxygen-limited contractile performance with directly
measured myocardial oxygen consumption (OC).' Therefore,
the potential correlation between contractile dysfunction, tis-
sue high energy phosphate content, and oxidative energy pro-
duction during partial coronary flow disruption has yet to be
evaluated.

The purpose of the present study was to determine the
relationships between contractile dysfunction, myocardial ox-
idative ATP production as assessed by oxygen consumption,
and tissue high energy phosphate and lactate content during
partial coronary flow restriction. To accomplish this goal,
graded, steady state reductions in myocardial perfusion were
produced in isolated, isovolumic, retrograde blood-perfused
rabbit hearts. In this experimental preparation, coronary flow
reductions are global and independent of ventricular loading
conditions. Isovolumic developed pressure (DP) and its first
derivative, myocardial OC and tissue ATP, creatine phosphate
(CrP), ADP, AMP, and lactate content were measured in
hearts with flow rates ranging from a control value of (±SE)
2.15±0.16 ml/g wet wt min-' to 0.17±0.01 ml/g wet wt min-'.
The results of this study indicate that flow-limited contractile
performance and myocardial OC are linearly related while
contractile performance and OC must decline to 20 and 30%
ofcontrol values, respectively, before significant abnormalities
in myocardial high energy phosphate content are detected.
These observations suggest that the apparent coupling of me-
chanical performance and oxidative energy production might
function to preserve myocardial energy balance during partial
coronary flow restriction.

Methods

Experimental preparation. Preparation of isovolumically beating, ret-
rograde blood-perfused rabbit hearts was similar to that previously
reported (14-16). Briefly, after administration of 10 mg of sodium
heparin and 200 mg of sodium pentobarbital via an ear vein, hearts
from nonfasted male New Zealand white rabbits (2.0-2.5 kg) were
excised through a median sternotomy and arrested in ice-cold saline.
The aorta was rapidly cannulated to allow retrograde perfusion with
red blood cell-containing perfusate. Flow was held constant at 2.0

1. Abbreviations used in this paper: CrP, creatine phosphate; DP, de-
veloped pressure; OC, oxygen consumption; TAN, total adenine nu-
cleotide.
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ml/g wet wt min-' using a Minipuls 2 peristaltic pump (Gilson Co.,
Inc., Worthington, OH). The red blood cell containing perfusate was
not recirculated.

An apical drain was inserted through the left atrium into the left
ventricle to allow drainage of fluid from the Thebesian circulation.
After the atrioventricular node was crushed to allow controlled stimu-
lation, a fluid-filled latex balloon connected to a Gould-Statham
P231D pressure transducer (Gould Inc., Oxnard, CA) was inserted into
the left ventricle via the left atrium and mitral valve. A coronary
venous sampling catheter and needle thermistor (Bailey Instrument
Co., Inc., Saddlebrook, NJ) were inserted into the right ventricle via
the right atrium. The venae cavae and pulmonary artery were then
ligated so that all coronary venous drainage flowed out the sampling
catheter without exposure to the atmosphere.

Hearts were perfused with a modified Tyrode's solution containing
20% oxygenated bovine red cells and 15 g/liter bovine serum albumin
(free fatty acid free, Sigma Chemical Co., St. Louis, MO). The specific
electrolyte concentrations were (in millimoles/liter or mM): NaCl,
110.0; CaC12, 2.5; KCI, 6.0; MgCl2, 1.0; NaH2PO4, 0.435; and
NaHCO3, 28.0. Bovine serum albumin was prepared by overnight
dialysis at 4VC against a large volume ofbuffer and filtration through a
0.8-Mum Millipore filter. Dextrose ( 1 mM), insulin (2.5 mU/ml), and
sodium acetate (2.0 mM) were provided to ensure adequate substrate
availability to the myocardium. In one series ofexperiments, perfusate
hematocrit was systematically reduced from 20 to 10%, 5%, and 0%.

Bovine erythrocytes were collected from a local slaughter house
with sufficient heparin for anticoagulation, transported on ice, and
immediately centrifuged (2,600 g) at 4VC for 20 min. After aspirating
plasma and buffy coat, the cells were washed three times and stored in
calcium-free buffer. Red cells were oxygenated by washing five times in
ice-cold perfusate which had been equilibrated with 100% oxygen.
Final perfusate pH was adjusted to between 7.30 and 7.40 by equili-
brating the buffer in which red cells were suspended for myocardial
perfusion with 98%/2% 02/CO2. The red cell, albumin-containing per-
fusate was placed on ice and a mixture of 100% 02 and 98%/2%
02/CO2 was blown over the surface of the red cells in sufficient quan-
tity to maintain oxygen content and pH constant. An in-line Swank
transfusion filter (133sm exclusion; model IL 200; Pioneer Viggo, Inc.,
Beaverton, OR) was used to filter red cell aggregates.

Data collection and analytical procedures. Diastolic pressure, iso-
volumic DP, and the first derivative ofDP were recorded continuously
from the fluid-filled ventricular balloon on an HP7404A recorder
(Hewlett Packard Co., Palo Alto, CA). The dynamic response charac-
teristics of this pressure measurement system were characterized by
suddenly releasing pressure from a hand-held syringe. The damped
natural frequency and damping coefficient were 43 Hz and 0.59, re-
spectively. The calculated natural frequency was 54 Hz, suggesting a
"flat" response to > 40 Hz. These results satisfy the criteria of Falsetti
et al. (17) for accurate measurement of ventricular pressure and its first
derivative using fluid-filled catheters.

Arterial and venous oxygen concentrations were determined on a
Lex 02 Con oxygen analyzer (Lexington Instruments, Waltham, MA).
Oxygen extraction was computed from the directly measured arterial
and venous concentrations while the rate ofoxygen consumption was
determined using these concentrations and the predetermined flow
rate. Arterial samples were taken from a side-arm placed just above the
aortic cannula.

Analysis of tissue high energy phosphate and lactate content was
performed by smash-freezing the left ventricular free wall with Wol-
lenberger clamps cooled to the temperature of liquid nitrogen. Frozen
myocardial wafers (width 0.8-1.5 mm) were subsequently pulverized,
extracted with 6% perchloric acid, and neutralized with 5 M K2CO3.
Myocardial ATP and CrP were measured spectrophotometrically
using the glucose-6-phosphate dehydrogenase enzyme assay, ADP and
AMP, with the coupled pyruvate kinase-lactate dehydrogenase reac-
tion and lactate with the lactate dehydrogenase procedure (16, 18).

Experimental protocol. After the preparation was complete, the left
ventricular balloon was inflated until end-diastolic pressure was 8

mmHg. Stimulating electrodes from a Grass SD44 stimulator were
placed against the left and right ventricles and 4-V, 4-ms stimuli were
delivered at a rate of 180/min. Both the balloon volume and stimulus
rate were subsequently maintained constant so that ventricular loading
conditions and heart rate were invariant throughout each experiment.
Similarly, temperature was maintained between 370 and 380C using a
water-jacketed perfusate heating coil and heart chamber.

An equilibration period of 15 min preceded any experimental in-
tervention. At end equilibration, myocardial blood flow and ventricu-
lar performance were assessed to allow evaluation of the comparability
of hearts in the different experimental subgroups. The results of this
analysis revealed that there were no statistically significant preinter-
vention differences in the rate of myocardial perfusion (2.25±0.11
ml/g wet wt min-'), DP (102.7±1.4 mmHg), or end-diastolic pressure
(7.9±0.10 mmHg) between any of the experimental subgroups (P
> 0.05 for all comparisons).

After equilibration, myocardial perfusion was reduced and subse-
quently held constant so that each heart was studied at only one myo-
cardial perfusion rate. The particular flow rate evaluated in individual
experiments was predetermined from an alternating schedule of step-
wise reductions/increases in perfusion between control-flow and the
lowest flow rate evaluated. Perfusion pressure averaged 57.1±2.5
mmHg under control conditions and declined in parallel with the
severity of flow restriction, with the lowest pressure (19±0.5 mmHg)
recorded at the lowest flow rate. Balloon volume and stimulus rate
were held constant in all hearts so that changes in the rate X pressure
product and mechanical energy consumption would be accurately re-
flected by detected alterations in isovolumic developed pressure.

To assess the effect of time on the relationships between flow-re-
stricted mechanical performance, OC, and tissue high energy phos-
phate and lactate content, two groups of hearts were evaluated. In the
first group (group I, 30 hearts), varying severities of flow restriction
were produced and held constant for 15 min before smash-freezing. In
the second group (group 11, 29 hearts), flow was reduced in an identical
fashion as for group I and maintained constant for 45 min before
smash-freezing. In both groups, the presence of steady state mechani-
cal performance and oxygen utilization was evaluated by measuring
OC, end-diastolic pressure, and DP and its first derivative at 5, 10, and
15 min after initial flow restriction. In group II hearts, an additional set
of measurements was taken at 45 min.

Data are expressed as mean±SEM. Statistical analysis of data ac-
quired sequentially in individual hearts was performed using an analy-
sis of variance with repeated measures while comparisons between
experimental groups was performed with a two-way analysis of vari-
ance. The relationships between DP, its first derivative, OC, and myo-
cardial high energy phosphate and lactate content were evaluated by
obtaining best-fit curves using least-squares analysis of linear, polyno-
mial, and exponential expressions. Significant differences between
best-fit curves were determined by regression analysis. A P value
< 0.05 was considered significant.

Results

Fig. 1 illustrates the relationship between flow, OC, and oxy-
gen extraction during progressive flow restriction. The data
have been organized into six subgroups according to the mea-
sured rates of flow-limited oxygen consumption as outlined in
Table II. Under control conditions, flow, OC, and oxygen ex-
traction fraction averaged 2.15±0.16 ml/g wet wt min-',
4.25±0.21 gmol/g wet wt min', and 0.59±0.05, respectively.
As flow was reduced to a minimum value of 0.17±0.01 ml/g
wet wt min-1, oxygen extraction fraction increased to a maxi-
mum of 0.96±0.02, while OC declined to 0.54±0.03 ,mol/g
wet wt min-'. The virtually complete utilization of oxygen at
low flows indicates that the decline in OC during progressive

Myocardial Energetics during Partial Coronary Flow Disruption 87



extraction

Zko ~~~~~~~~~~~~~~.8

E /LX

-a2.0 0

1.0 .6

.5 I. 1.5 2.0

Flow

(mis/gm wet wt. min-1

Figure 1. Relationship between myocardial OC (Ox Cons.), oxygen
extraction, and blood flow during graded, steady-state reductions in
myocardial perfusion. Data are the average results from the first 15
min for both group I and II hearts. Each data point is the mean
±SEM for 9 to 12 hearts. Ox. Ex. Fr., oxygen extraction fraction.
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flow restriction was due to decreased oxygen delivery and not
to a decline in the percent nutritional blood flow.

Fig. 2 illustrates the effect of time on the values for myo-
cardial OC (A), DP (B), dp/dt (C), and diastolic pressure (D)
observed after graded reductions in myocardial perfusion. The
data have been organized into six subgroups similar to the
previous illustration. By 5 min after flow reduction, OC, DP,
and dp/dt had all declined in proportion to the severity of flow
restriction while diastolic pressure was unaffected at this early
time period. OC remained stable between 5 and 45 min as
indicated by the fact that mean OC values in each individual
subgroup were within 8% of each other at all times evaluated
(P> 0.05). Similarly, DP and dp/dt were also stable for up to
15 min of reduced perfusion since mean values in individual
subgroups did not change by > 10% over this time period.
However, DP and its first derivative increased by 29-42% from
15 to 45 min in hearts with the lowest rates ofoxidative metab-
olism (P < 0.05). The maximum change occurred at the lowest
flow rate with developed pressure and dp/dt increasing from
6.2± 1.0 mmHg and 120±20 mmHg s-' at 15 min to 8.8± 1.1
mmHg and 155±26 mmHg s-' at 45 min, respectively. These
data indicate that the response of myocardial OC and systolic
ventricular performance to partial, sustained reductions in
myocardial perfusion is to establish a new, reduced, steady
state rate of oxidative metabolism and contractile function
that is stable for up to 45 min except for a slight, late increase
in systolic function under the most severely flow-restricted
conditions.

Figure 2. Effect of time on the responses of myo-
0.7 - 1.0 cardial OC (A), DP (B), peak dp/dt (C), and end-

diastolic pressure (D) to graded, steady-state re-
ductions in myocardial perfusion. Data during the

//A 1.0 - 1.5 first 15 min represent the average values for both
-//,o .s1.5- 2.5 group I and group II hearts (no significant differ-

ences were detected for any of the measured pa-
2.5-3.5 rameters when comparing group I and II hearts

during the first 15 min [P > 0.05 for all compari-
S io 15 <' 4S sons]). The 45-min values are from single mea-5 10 IS 45

surements performed in group II hearts. LVEDP,
Time (min.) left ventricular end-diastolic pressure.
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Although reducing myocardial perfusion had little effect
on diastolic pressure at 5 min, end-diastolic pressure increased
by as much as 251% between 5 and 45 min in hearts studied
during marked reductions in oxidative metabolism (P < 0.05).
The maximum increase occurred at the lowest flow rate, with
diastolic pressure increasing from 8.4±0.60 mmHg at 5 min to
13.4±2.1 and 29.5±4.1 mmHg at 15 and 45 min, respectively.
Since ventricular loading conditions were kept constant in
these experiments, the marked change in diastolic pressure
during reduced myocardial perfusion reflects a primary de-
crease in myocardial compliance that was not accompanied by
detectable evidence of deteriorating systolic function.

Fig. 3 illustrates the relationship between isovolumic DP
and myocardial OC (A and C) and dp/dt and OC (B and D) at
15 and 45 min after flow reduction. Each data point represents
an individual heart and the solid or dashed straight lines are
the least-squares determined best-fit relationships between the
systolic functional parameters and myocardial OC. At 15 min,
a strong linear correlation exists between both DP and OC (r
= 0.94) and dp/dt and OC (r = 0.95). In addition, although
both DP and its first derivative tended to increase slightly at
low flows, no significant differences were observed in the linear
functions relating DP (r = 0.90) and dp/dt (r = 0.91) to myo-
cardial oxygen at 45 min compared with those obtained at 15
min (P > 0.05). Since the rate X pressure product and DP
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changed concordantly with the constant rate stimulation em-
ployed in this study, these data indicate that stable, linear rela-
tionships exist between isovolumic DP, its first derivative, and
the rate X pressure product versus myocardial OC for up to 45
min after graded flow restrictions.

To evaluate the independent role of reduced myocardial
perfusion (i.e., the "garden hose" effect [19]) on the relation-
ships observed between DP, dp/dt, and OC, five hearts were
evaluated under constant flow conditions in which myocardial
oxygen delivery was progressively reduced by decreasing per-
fusate hematocrit from 20 to 10%, 5%, and 0% (Fig. 4). As
hematocrit was reduced, perfusion rate accelerated slightly
from 2.21±0.14 ml/g wet wt min' to 2.52±0.10 ml/g wet wt
min', with no change in relative perfusion pressure (the accel-
eration ofblood flow with reduced hematocrit was presumably
due to the diminished viscosity ofred blood cell free perfusate,
suggesting that altered perfusate viscosity has a minor effect on
our pump flow-delivery). No significant differences in the lin-
ear relationships between DP and OC (r = 0.94) and dp/dt and
OC (r = 0.91) were observed in this group of hearts compared
with that previously observed during progressive flow restric-
tion (P > 0.05 for both comparisons), despite the marked dif-
ferences in coronary flow rate. These data indicate that the
linear correlation between isovolumic systolic function and
OC is independent ofthe absolute rate ofmyocardial perfusion
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and that the garden hose effect does not appear to contribute
significantly to this relationship.

To evaluate the potential role of anaerobic metabolism in
overall myocardial energy production during progressive flow
restriction, myocardial lactate production and oxygen con-
sumption were simultaneously evaluated in 15 hearts during
graded, steady state reductions in myocardial perfusion (Table
I). As flow and oxidative metabolism were reduced, lactate
production and the percent ATP derived from anaerobic me-
tabolism increased. At the lowest rate of oxidative metabolism
(0.72±0.04 .umol/g wet wt min'), anaerobic metabolism con-
tributed a maximum of 10.4% to the total myocardial ATP
production. Since anaerobic energy production could account
for only 10% of overall ATP production even at low rates of
OC, these data indicate that oxidative energy production re-
mained the predominant energy source during progressive

Table I. Contribution ofAnaerobic Metabolism
to Total ATP Production

% ATP from
OC subgroup OC Lactate production lactate

pmol/g wet wt min-' Amol/g wet wt min-'

1.5-2.5 2.08±0.06 -0.03±0.03 <1.0
1.0-1.5 1.19±0.04 -0.32±0.05 4.5
0.6-1.0 0.72±0.04 -0.50±0.04 10.4

Data from 15 hearts (five hearts per group) in which lactate produc-
tion and OC were assessed simultaneously during partial flow reduc-
tion. Measurements were taken under steady-state conditions 15 min
after flow manipulation. Total ATP production was computed from
both the OC values (assuming a P/O ratio of 3) and from lactate pro-
duction (assuming 1 mol ofATP production per mole of lactate pro-
duced). These computations also assume negligible steady-state free
fatty acid and glycogen metabolism (if significant fatty acid or glyco-
gen metabolism is assumed, the maximum percent ofATP derived
from lactate increases to 11.4 and i4.7%, respectively). The - signi-
fies lactate production. Arterial lactate concentration (from red cell
glycolysis) averaged 0.25±0.03 mM. Data are mean±SEM.

Figure 4. Relationships between DP (A)
and peak dp/dt (B) vs. OC in five hearts
subjected to progressive restriction of oxy-
gen delivery by staged reductions in perfus-
ate hematocrit while holding flow con-
stant. The data represent single measure-
ments obtained 10-15 min after each
hematocrit reduction. The solid lines are
the best-fit relationships for the two sys-
tolic functional parameters vs. OC. The
dashed lines are the best-fit straight lines
observed at 15 min during progressive flow
restriction (from Fig. 3). No significant dif-
ferences were observed in the linear rela-
tionships between DP, dp/dt, and OC,
whether oxygen delivery was restricted by
reducing flow or perfusate hematocrit (P
> 0.05 for both comparisons). RF, Re-
duced flow.

flow restriction and that the linear relationship between sys-
tolic function and OC would not be substantially affected by
inclusion of anaerobic metabolism.

Fig. 5 illustrates the relationship between myocardial OC
and tissue ATP (A), CrP (B), total adenine nucleotide (TAN)
(C), and lactate (D) content observed 15 min after graded flow
restriction (group I). Fig. 6 illustrates similar relationships ob-
tained at 45 min (group II). The effect of progressive flow
restriction on tissue ADP and AMP content has not been il-
lustrated, since these parameters were not altered by reducing
the rate of oxidative metabolism. The data presented in Figs. 5
and 6 have also been summarized in Table II.

In contrast to the results obtained for ventricular perfor-
mance, the relationships between myocardial OC and tissue
ATP, CrP, TAN, and lactate content were curvilinear at 15
min with high energy phosphate and lactate content remaining
at or near control levels despite substantial reductions in the
rate of oxidative metabolism. Comparison ofthe data obtained

at 15 min (Fig. 5) and 45 min (Fig. 6) reveals that no signifi-
cant differences in the curvilinear expressions relating myo-
cardial ATP, CrP, and TAN content to OC were observed at
these two time periods (P > 0.05 for each comparison). Only
tissue lactate demonstrated a consistent change between 15
and 45 min, with a small increase in lactate accumulation
detected at the later time period (P < 0.05).

Based on the statistical similarity ofthe expressions relating
tissue energy stores to OC at 15 and 45 min, the high energy
phosphate data from these two time periods were combined to
estimate the rate of restricted oxidative metabolism at which
significant high energy phosphate depletion was first observed
(Table II). Since lactate content changed with time, the lactate
data were not combined and these two time periods were eval-
uated separately. Analysis of the combined high energy phos-
phate data revealed that significant ATP, CrP, and TAN de-
pletion were detected when the rate ofOC was reduced by 70%
from a control value of 4.25±0.21 tmol/g wet wt min' to
1.30±0.04 ,mol/g wet wt min-'. Similarly, significant lactate
accumulation was observed at both 15 and 45 min when the
rate of OC was reduced by - 50%. Taken together, the data
depicted in Figs. 5 and 6 and Table II indicate that there is a
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O\ 0\Osions for the 45-min )

data; the superimposed
0 0 dashed curves are those ob-
0 00 45\ served at 15 min (Fig. 5).
\:0 45m The only significant differ-

0 0 ence observed between 15-
' 'I ' and 45-min curves was for1.0 2D 3D 4.0 SD

tissue lactate content (P
ygen Consumption molesAin wet wt. min'1 < 0.05).
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Table II. Combined 15- and 45-min Valuesfor OC, DP, and Tissue High Energy Phosphate and Lactate Content

OC group OC DP ATP CrP TAN Lactate, 15 min Lactate, 45 min

zmol/g mmHg jimolig dry wt ;Lmolig dry wt umoI/g dry wt gmol/g dry wt pmol/g dry wt
wet wt min-'

>3.5 4.25±0.21 90.7±7.1 19.4±0.24 38.0±0.53 24.0±0.41 5.9±0.56 7.9±0.79
2.5-3.5 3.17±0.11 62.0±4.2 19.5±0.40 37.3±0.90 25.1±0.37 8.1±1.0 10.2±1.1
1.5-2.5 2.06±0.07 32.7±2.0 17.9±0.35 34.1±0.85 23.1±0.29 23.7±1.3* 31.9±2.4*
1.0-1.5 1.30±0.04 19.2±1.4 17.0±0.32* 31.5±0.80* 21.9±0.23* 24.9±1.2* 34.6±2.0*
0.7-1.0 0.86±0.03 11.2±0.9 15.5±0.21* 22.7±0.85* 20.9±0.21* 40.1±1.8* 56.3±1.9*
0.4-0.7 0.54±0.03 7.5±0.5 12.4±0.29* 14.6±0.70* 17.8±0.22* 61.6±1.2* 67.5±1.4*

Combined 15- and 45-min data for OC, DP, and tissue ATP, CrP, TAN, and lactate content. Each data point is the mean±SEM for 9 to 12 hearts.
* P < 0.05 vs. control (OC > 3.5 gmol/g wet wt min').

relative preservation of tissue energy stores and lactate content
during progressively restricted oxidative metabolism for up to
45 min after graded flow reductions.

The apparent steady state for tissue high energy phosphate
content at normal or slightly reduced levels between 15 and 45
min after partial coronary flow disruption stands in contrast to
the progressive depletion of adenine nucleotides previously
observed after total coronary artery obstruction. To evaluate
the effect of more severe oxygen deprivation on tissue high
energy phosphate and lactate content, studies were repeated at
15 and 45 min after complete cessation ofcoronary blood flow
(Table III). In agreement with previous reports (7-1 1), myo-
cardial ATP, ADP, and TAN were progressively depleted
while AMP increased over this time period, indicating the
comparability ofthe current experimental preparation to those
previously employed.

Fig. 7 demonstrates the relationships between isovolumic
DP and tissue ATP (A), CrP (B), TAN (C), and lactate (D)
content derived from the combined 15- and 45-min data. Al-
though not shown, similar results were obtained when dp/dt
was plotted against tissue high energy phosphate and lactate
content. In all cases, the relationships between DP and tissue
energy metabolites were best described by an exponential ex-
pression with substantial reductions in isovolumic pressure
development occurring before detectable high energy phos-
phate depletion or lactate accumulation. Using an analysis
similar to that employed for myocardial oxygen consumption
vs. tissue energy stores (Table II), DP declined by 80% from a
control value of 90.7±7.1 to 19.2±1.4 mmHg before myocar-
dial ATP, CrP, or TAN content became abnormal. Similarly,
pressure development decreased by 64% to 32.7±2.0 mmHg
before abnormal myocardial lactate content was observed.
These data indicate that tissue high energy phosphate stores

and lactate content are maintained at or near normal levels in
the presence of progressive contractile dysfunction after
graded reductions in coronary blood flow.

Discussion

The results of this study reveal that progressive flow restriction
produces parallel reductions of contractile performance and
myocardial OC without significant high energy phosphate de-
pletion, except under the most severely flow-limited condi-
tions. These observations suggest that mechanical function is
closely coupled to the rate of oxidative energy production dur-
ing partial coronary flow disruption. Since mechanical energy
consumption declined concordantly with DP with the con-
stant rate stimulation imposed here, the preservation of tissue
energy stores observed during moderate flow limitation might
be a consequence of the apparent coupling of mechanical en-
ergy consumption and oxidative energy production, which
could function to maintain myocardial energy balance.

During moderate flow restriction, the mechanism whereby
mechanical function might be coupled to oxidative energy
production does not appear to be depend on detectable abnor-
malities in myocardial cellular washout, calcium delivery, or
whole tissue high energy phosphate content. Specifically, the
linear relationship between mechanical performance and OC
was observed whether oxygen delivery was restricted by reduc-
ing perfusion rate or by reducing perfusate hematocrit without
altering blood flow. In addition, the relationship between tis-
sue lactate content and contractile function was definitely
nonlinear and qualitatively similar to that observed for high
energy phosphates. These observations suggest that flow-re-
lated changes in calcium delivery and/or tissue wash-out of
metabolic end-products (20, 21) do not account for the appar-

Table III. Tissue High Energy Phosphate and Lactate Content during NO-Flow Ischemia

ATP CrP ADP AMP TAN Lactate

;moI/g dry wt 'smol/g dry wt Amol/g dry wt ,mol/g dry wt jumol/g dry wt jumol/g dry wt

15 min 8.6±0.20 <3.0 6.2±0.21 1.95±0.08 16.7±0.32 138.8±0.90
45 min <1.5* <3.0 3.3±0.16* 6.3±0.16* 9.7±0.20* 162.8±2.1*

Tissue high energy phosphate and lactate content at 15 and 45 min after production of no-flow ischemia. Each data point is the mean±SEM
for four to five hearts. * P < 0.05 for 45- vs. 15-min values.
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Figure 7. Relationships between DP and
tissue ATP (A), CrP (B), TAN (C), and lac-
tate (D) content based on the combined
15- and 45-min data.

ent coupling of mechanical function to oxidative energy pro-
duction. The absence of a detectable reduction in whole tissue
ATP or CrP content mitigates against depletion of myocardial
energy stores directly regulating flow-limited contractile func-
tion (11). In addition, the preservation of myocardial high
energy phosphate content suggests that modulation of con-

tractile protein function by whole tissue inorganic phosphate
accumulation is unlikely (22). Although it is possible that di-
minished tissue P02 (13) or altered cyclic AMP content (23)
might have affected contractile performance, the precise
mechanisms whereby tissue P02 directly affects contractility
and changes in cyclic AMP content during diminished oxida-
tive energy production could explain the parallel reduction in
mechanical function have not been published. Furthermore,
the strong linear relationship observed between ventricular
performance and OC suggests that a decreased supply ofoxida-
tively produced ATP might have reduced contractile function,
possibly by depleting ATP in a strategically placed, contractile
protein-related microcompartment (24). Compartmentalized
ATP depletion could have affected contractile protein func-
tion through local pH changes, phosphate accumulation, or a

concentration-dependent reduction in the free energy ofATP
hydrolysis (27) without altering whole tissue high energy phos-
phate or lactate content.

Although tissue energy stores were preserved during mod-
erate flow reduction, more marked restrictions in myocardial
perfusion produced high energy phosphate depletion. That the
same linear correlation between mechanical activity and OC
existed at both moderate and more marked degrees of flow
limitation suggests that the development of abnormal tissue
high energy phosphate and lactate content might have contrib-
uted insignificantly to the depressed function observed at the
lower flow rates. In addition, the parallel decline in mechanical
function and oxidative metabolism over the entire range of
perfusion rates evaluated suggests that the high energy phos-
phate depletion observed at the lower flow rates does not ap-

pear to be secondary dissociation of mechanical energy re-

quirements from oxidative energy production. Other explana-
tions for the high energy phosphate depletion during marked
reductions in flow and oxidative metabolism include a relative
increase in the percent of fixed, nonmechanical energy con-

sumption, severely impaired tissue wash-out (25), and/or re-

duction of oxygen delivery below some critical level required
to maintain mitochondrial function (26).

The close association of mechanical energy consumption
and oxidative energy production with preserved tissue energy
stores during partial coronary flow restriction is consistent
with a recently reported study from this laboratory evaluating
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myocardial energy balance during excessive inotropic stimula-
tion at basal coronary flow rates (16). In this latter investiga-
tion, inotropic stimulation at constant flow rates did not alter
the rate X pressure or deplete tissue ATP or CrP content com-
pared with control values. These observations were interpreted
to indicate that the myocardium "down-regulates" contractile
function in the presence of inadequate coronary flow reserve
to preserve myocardial energy balance. In the current study,
the apparent coupling of contractile function to oxidative en-
ergy production suggests that the previously observed down-
regulation of mechanical function during positive inotropic
stimulation might have been due to the constant myocardial
oxygen supply and limited ability to increase oxidative energy
production. Taken together, these two studies suggest that the
close association of contractile performance and OC might be
observed under several different conditions of limited oxygen
supply and/or altered oxygen demand and might indicate a
limited role for excessive mechanical energy consumption in
the depletion of myocardial high energy phosphate stores dur-
ing incomplete coronary flow disruption.

Comparison of the current results to previous studies eval-
uating the relationship between ischemic contractile dysfunc-
tion and directly measured tissue high energy phosphate stores
is limited by substantial differences in the experimental
models employed. In many of these prior investigations, severe
oxygen deprivation was produced by acutely occluding a coro-
nary artery or by perfusing isolated hearts with oxygen-free
perfusate (7-1 1). Under these conditions, myocardial OC be-
comes rapidly and severely depressed and technically unquan-
tifiable, making it difficult to evaluate the role of a diminished
rate of oxidative ATP synthesis in the production of hypoxic
contractile failure. In addition, myocardial contraction rapidly
ceases and tissue high energy phosphates are progressively de-
pleted without the reestablishment of either a functional or
metabolic steady state. In contrast, in the current model of
partial coronary flow disruption, OC could be quantified and
the maintenance of a reduced rate of oxidative energy produc-
tion appeared to produce a reasonably stable preparation in
which time-dependent changes in myocardial function and
energy metabolism were minimal relative to the effects of flow
impairment. The presence of continued oxidative metabolism
presumably also contributed to the preservation of tissue high
energy phosphate content not observed in previous reports
evaluating more severe oxygen deprivation.

In a recently published study, the relationships between
hypoxic contractile failure, tissue high energy phosphate con-
tent, and flux through the creatine kinase reaction were stud-
ied in in vivo rat hearts using [3"P]NMR techniques (12). In
contrast to other previous investigations, the degree of myo-
cardial oxygen deprivation produced in this latter study would
appear to be more comparable with that evaluated here. The
results obtained during in vivo hypoxic myocardial perfusion
revealed that contractile dysfunction was more closely related
to flux through the creatine kinase reaction than to whole
tissue ATP or CrP content. This observation is consistent with
the current results, especially if the proposed coupling of the
creatine kinase reaction to oxidative ATP production, mitro-
chondrial translocation, and mechanical consumption is
equally applicable to hypoxic and normoxic conditions. How-
ever, unlike the preservation of tissue high energy phosphate
content observed here, myocardial ATP and CrP content did
not remain at normal levels during in vivo hypoxic myocardial

perfusion. The high energy phosphate depletion observed in
vivo might reflect the complexity of producing cardiac failure
in intact animals due to the combined effect of several com-
pensatory processes including excessive catecholamine stimu-
lation and cardiac dilation in the presence of significant hypo-
tension and altered cardiac perfusion.

The present observation of a linear relationship between
contractile performance and oxygen consumption is in quali-
tative agreement with previously published studies demon-
strating a close correlation between the degree of blood flow
impairment and the severity of contractile dysfunction during
partial coronary artery obstruction (1-4). However, the rela-
tive preservation of tissue high energy phosphate stores and
limited lactate accumulation does not agree with the results of
several previous studies demonstrating a strong correlation be-
tween the rate of coronary venous lactate and inosine produc-
tion and the degree of flow and contractile impairment (1, 5).
Potential explanations for this apparent discrepancy are that:
(a) These previous studies were performed during regional
flow reductions in which the relationship between venous me-
tabolite concentration and severity of blood flow reduction is
difficult to determine; (b) An increase in the rate of venous
lactate and inosine production could reflect regionally im-
proved tissue washout and/or accelerated synthesis and mem-
brane transport with minimal alterations in tissue content; and
(c) The amount of inosine detected in venous effluent ac-
counted for a very small portion of myocardial ATP content
(5) and increased inosine production could reflect turnover of
a small pool of ATP undetectable by whole tissue assays.
Therefore, these apparently disparate results could reflect the
different methodologies involved to assess myocardial energy
metabolism.

Diastolic pressure was observed to increase between 15 and
45 min after flow reduction, with the more marked changes
occurring under more severely flow deprived conditions.
These increases in diastolic pressure reflect a primary reduc-
tion in myocardial compliance under the constant loading
conditions imposed in this study. Since corresponding reduc-
tions in oxidative ATP production, tissue high energy phos-
phate content, or systolic function were not observed over this
same time period, the reduction in myocardial compliance
presumably reflects cellular calcium accumulation due to ab-
normal calcium homeostasis.

The relative preservation of tissue high energy phosphate
content suggests that moderate ventricular hypofunction oc-
curring in vivo after acute, partial coronary artery obstruction
might not be associated with ischemic ATP and CrP depletion
or lactate accumulation. In addition, altered ventricular func-
tion related to acute interventions designed to improve blood
flow or reduce myocardial energy requirements might not re-
flect quantitatively similar changes in tissue high energy phos-
phate or lactate content. Therefore, the current results suggest
that caution should be exercised in interpreting changes in
ventricular function during partial coronary artery obstruction
as indicative of corresponding alterations in cellular energy
metabolism.
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