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Abstract

Using 31P-nuclear magnetic resonance, we studied the relation-
ship between myocardial high-energy phosphate content and flux
values for the creatine kinase reaction in the living rat under
inotropic states achieved during norepinephrine infusion and
halothane anesthesia. Under 2% halothane anesthesia (n = 4),
1% halothane anesthesia (n = 5) and norepinephrine infusion (n

4), rats developed rate-pressure products of 19.5±1.6,
32.0±3.5, and 48.5±2.0 X 1,000 mmHg/min, respectively.
Adenosine triphosphate content was not affected by inotropic
state, ranging from 24.3±1.1 to 25.6±1.1 tnmol/g dry weight,
but creatine phosphate content varied inversely and reversibly
with cardiac performance from 45.6±6.0 under 2% halothane to
26.0±6.5 ptmol/g dry weight during norepinephrine infusion. The
flux values for the creatine kinase reaction were 15A±4.6,
20.5±2.0, and 30.1±7.9 ,tmol/g dry weight per s under 2% halo-
thane, 1% halothane, and 1% halothane with norepinephrine,
respectively. These results suggest that the turnover of myocar-
dial high-energy phosphate compounds, not their tissue contents,
matches cardiac performance during inotropic stimulation.

Introduction

Oxidative metabolism generates most of the ATP for cardiac
contraction. Consequently, myocardial oxygen consumption
correlates closely with cardiac energy utilization. The major de-
terminants of myocardial oxygen consumption are governed
chiefly by systolic performance of the left ventricle: wall stress,
inotropic state and heart rate (1-4). In the living animal, increases
in wall stress and inotropic state stimulate oxygen consumption
to a much greater degree than increasing heart rate (5, 6).

In heart, energy production matches energy utilization so
that tissue ATP content remains constant, or nearly so, despite
large changes in ATP turnover and cardiac performance. In
contrast, increases in wall stress and inotropic stimulation de-
crease the myocardial content of creatine phosphate in both the
intact animal (7) and in isolated hearts (4, 8, 9). Consistent with
its weaker effect on oxygen consumption, increasing the heart
rate by atrial pacing in the intact animal has no effect on myo-
cardial ATP or creatine phosphate (10).

During inotropic stimulation, the creatine kinase reaction
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(EC 2.7.3.2) may be important for the close coupling between
ATP synthesis and utilization in the myocardium. The intra-
cellular localization of creatine kinase isozymes, with the mi-
tochondrial form bound to mitochondria (1 1-13) and the MM
form attached to the M-line of the sarcomere (14, 15), insures
that ADP be available for oxidative phosphorylation and that
ATP be replenished at the contractile apparatus. At constant
pH, the reaction is second-order in creatine phosphate and ADP:
Mg ADP + CrP Mg ATP + creatine.

The 3"P-NMR technique ofmagnetization transfer has been
used to define the rate ofATP synthesis in isolated hearts from
oxidative phosphorylation (14, 16) and from creatine phosphate
via the creatine kinase reaction (14, 9, 16-18). The rates ofATP
turnover, traditionally estimated by oxygen consumption, can
now be measured with magnetization transfer methods. How-
ever, studies that compared flux through the creatine kinase re-
action to the level of cardiac performance and mitochondrial
respiration have produced conflicting results. Some studies have
found no relationship between flux and cardiac performance
(16, 17), suggesting that creatine kinase is in thermodynamic
equilibrium in the buffer-perfused heart. On the other hand,
other studies have demonstrated that flux through the creatine
kinase reaction increases with cardiac performance and oxygen
consumption, supporting the evidence that creatine kinase plays
an important role in coupling myocardial energy production to
utilization (4, 9, 18).

Using 31P-nuclear magnetic resonance (NMR)' spectroscopy,
we measured high-energy phosphate content in hearts of animals
during norepinephrine infusion and observed a reversible
depression of creatine phosphate but no change in ATP. In ad-
dition, we have studied creatine kinase kinetics in the hearts' of
these animals in order to define the effect of cardiac performance
on ATP turnover. Norepinephrine infusion and various doses
of halothane anesthesia produced a broad range of cardiac per-
formance that could not be achieved with ventricular pacing.
The simultaneous hemodynamic and metabolic measurements
showed that inotropic stimulation reversibly alters creatine
phosphate but not ATP content and increases flux through the
reaction catalyzed by creatine kinase.

Methods

Animals. Male Sprague-Dawley rats, weighing 300-400 g, were fed ad
lib. Each animal was anesthetized initially with 2% halothane vaporized
(Fluotec Vaporizer, Cyprane Limited) and delivered by constant flow
(small animal respirator, Harvard Apparatus Co., Natick, MA) through
a nasal cone. We intubated the animal via tracheostomy with a 1.5-cm
length of polyethylene tubing (Clay-Adams, Parsippany, NJ: 1.14 mm
ID, 1.57 mm OD) connected to Tygon tubing (3.2 mm ID, 6.4mm OD)

1. Abbreviations used in this paper: NMR, nuclear magnetic resonance;
T 1, longitudinal relaxation time.
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attached to the respirator, which was adjusted to deliver room air at a
tidal volume of 10 mil/kg 70 times per min.

Hemodynamic measurements. We cannulated the left common ca-
rotid artery and the right internal jugular vein with 2.0 cm lengths of
polyethylene tubing (0.73 mm ID, 0.98 mm OD) connected to 120 cm
ofTygon Microbore Tubing (Norton Plastics, Akron, OH: 1.27 Mnm ID,
2.34 mm OD). The carotid cannula was advanced to the aorta and con-
nected to a Statham P23Db pressure transducer (Gould Instruments,
Santa Clara, CA) for continuous measurement of central aortic pressure
and heart rate on a 7754B recorder and 8805D pressure amplifier (Hew-
lett-Packard Co., Palo Alto, CA). The transducer system exhibited ex-
cellent frequency and damping characteristics (n = 4, mean±SD): damped
natural frequency Nd = 51±7 Hz; damping coefficient D = 0.50±0.12;
and undamped natural frequencyN = 67±8 Hz (19). The internal jugular
line was connected to a stopcock and syringes that contained 145 mM
NaCl with either heparin (bovine, Abbot Laboratories, North Chicago,
IL) 10 U/ml or norepinephrine (Breon Laboratories, New York) in con-
centration of 10 Ag/ml in 145 mM NaCl. After baseline hemodynamic
measurements were recorded, we made a subxiphoid incision, penetrated
the anterior diaphragm and made a midline sternotomy, avoiding the
internal thoracic arteries which were ligated superior to the thymus. A
transverse sternal and thoracic incision was made just inferior to the
ligated internal thoracic arteries and extended laterally to the mid-axillary
line and inferiorly to the costal margin. Estimated blood loss for each of
the preparations for this study was < 2.0 ml and was replaced with equal
volume of 145 mM NaCl. The preparation is illustrated in Fig. 1.

The body temperature of the rat was maintained by running water
at 350C through two loops of Tygon tubing placed against the body of
the animal. Hemodynamic stability of the preparation persisted for > 4
h in control experiments. All measurements reported here were made
in preparations within 4 h after the onset of anesthesia.

At the end of the study, halothane was increased to 4% to produce
lethal cardiovascular collapse.
NMR measurements. The animal was placed in an aluminum probe

with the apex of the left ventricle loosely positioned against a parafilm-
covered, 1.4 cm, two-turn surface coil. Intercostal muscle was retracted
> I cm from the coil. Ventilation and vascular lines ran through the
length of the probe. The probe was placed in the bore of an 360 MHz

Figure 1. The open-chest rat preparation. Polyethylene cannulas were
placed in the left common carotid artery for blood pressure measure-
ment, the right internal jugular vein for administration of fluids, and
the trachea for ventilation and anesthesia. Pin electrodes were placed
on the limbs for recording electrocardiograms. Bipolar pacing elec-
trodes were attached to the posterior wall of the left ventricle for pac-
ing studies. The instrumented animal was positioned in a surface coil
probe so that a two-turn surface coil lay directly over the left ventricu-
lar apex.

magnet (Oxford Instruments, Bedford, MA) interfaced with a NT360
(Nicolet Instrument Corp., Madison, WI) spectrometer. The magnetic
field was shimmed by maximizing the signal intensity for 23Na at 95.24
MHz. 3'P-NMR spectra were recorded by signal-averaging 32 scans ob-
tained after a 15-ps broadband pulse and a 12.5-s interpulse delay.

Studies with phantoms showed that the surface coil obtained 50%
of the signal from the superficial volume 2 mm deep and that 75% of
the signal arose from a volume 4 mm deep. The contribution of skeletal
muscle signal to the specta was calculated to be < 5%. We also obtained
31P-NMR spectra from a preparation within 10 min after excision of
the heart. Only signals for 2,3-diphosphoglycerate and ATP in a ratio of
25:1 (characteristic of blood) could be detected. No skeletal muscle cre-
atine phosphate signal could be detected from the cardiectomized rats
at a time when the ischemic skeletal muscle creatine phosphate and ATP
contents are > 99% of their control values (data not shown).

Magnetization transfer was observed when each broadband pulse
was preceded by a low-power, narrowband pulse at the resonance fre-
quency of ['y-P]ATP for 0 to 4.8 s. Separate studies showed that the
narrowband pulse directly attenuated the creatine phosphate magneti-
zation by < 5% when the carrier frequency was placed 350 Hz downfield
from the resonance for creatine phosphate.

Magnetization areas for the [,6-P]ATP and creatine phosphate res-
onances were measured with the Nicolet integration program. During
anesthesia with 1% halothane, myocardial ATP was set to 25 pmol/g
dry weight (20) after subtracting the ATP estimated in the red cells that
contributed to the [i-PJATP resonance area. The myocardial ATP content
during 2% halothane and norepinephrine infusion was normalized to
the value obtained during 1% halothane after subtracting the estimate
for red cell ATP. The ATP content of red cells was determined from the
ratio of 2,3-diphosphoglycerate to ATP measured in blood drawn from
the left ventricle at the end ofthe study. Under the NMR conditions for
this study, the ratio of 2,3-diphosphoglycerate to ATP in red cells was
22.7±3.4 (n = 6).

Experimental protocol. Simultaneous hemodynamic and NMR
measurements were made in animals under three experimental condi-
tions: 2% halothane, 1% halothane, and 1% halothane plus norepinephrine
infusion at 10 nmol/min. The five animals were subjected to each con-
dition in a random manner (2%-1%-N, N-1%-2%, 1%-N-2%, 1%-2%-N,
N-2%-1%, where 2% = 2% halothane, 1% = 15% halothane, and N = nor-
epinephrine). At the beginning of each experimental period, hemody-
namic and myocardial contents of ATP ard creatine phosphate were
monitored until a steady state was achieved (typically within 14 min,
the time required for two unsaturated NMR spectra to be acquired for
measurements of ATP and creatine phosphate to confirm metabolic
steady state before each 50-min magnetization transfer experiment). He-
modynamic measurements were recorded continuously to insure phys-
iologic steady state.

Blood gas measurements. In parallel experiments, blood gas mea-
surements were made in four open-chest animals ventilated with room
air and 1% halothane for 90 min. Blood was withdrawn directly from
left ventricular puncture and stored in heparinized glass syringes for 20
min until analysis (Corning pH/blood gas analyzer): pH = 7.38±0.1 1,
Po2 = 96±14 mmHg, Pco2 = 37±9 mmHg, and hemoglobin 02 satu-
ration = 97±1%.

Electrocardiograms. Six-lead electrocardiograms were recorded from
the limb attachments in four other open-chest animals outside theNMR
spectrometer under each experimental condition. Pin electrodes (0.5 mm
copper wire) were placed subcutaneously and connected to a cable
shielded with aluminum foil to eliminate 60-Hz interference. The elec-
trocardiograms were recorded with a Hewlett-Packard bioelectric 881 1A
amplifier.

Epicardial pacing. To compare the hemodynamic effects of norepi-
nephrine infusion to those of ventricular pacing, four open-chest animals
had epicardial pacing leads (insulated 0.5 mm copper wire) attached
atraumatically to the posterior left ventricular epicardial surface with
cyanoacrylate (Krazy glue). The leads were attached to a S44 stimulator
(Grass Instrument Co., Quincy, MA). The pacing threshold was < 0.5
mV for each animal. The animals were paced at 360, 420, 480, 540, and
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600 beats per minute (bpm) for 10 min at each rate. Central aortic pressure
was recorded continuously during the pacing.

Creatine content. After each animal had been subjected to the three
experimental conditions and a lethal dose of halothane administered,
0.5 g of left ventricular tissue was removed immediately, blotted dry,
and frozen at -70°C. 5 to 10 mg of the left ventricular tissue were later
weighed and homogenized in 0.1 M K2HPO4, pH 7.4, with 1 mM EGTA
I mM fl-mercaptoethanol at 4°C for a final tissue concentration 5 mg/
ml. Total creatine content was measured in these homogenates by using
the method of Kammermeier (21).

Statistical analysis. The TI for creatine phosphate and the pseudo-
first order rate constant for the creatine kinase reaction were obtained
by identifying the parameters for the single-exponential function between
magnetization and saturation time with variance-weighted nonlinear
regression analysis (4, 22). Differences for the rate-pressure products,
ratios of creatine phosphate to ATP, rate constants, TI values, and
chemical flux values among the three experimental conditions were de-
termined by using the multiple range test of Neumann-Keuls if a sig-
nificant effect was proved by one-way analysis of variance (23). All cal-
culations and regression analysis were performed with the research and
statistics management package (Bolt, Beranek and Newman; VAX 11/
780 Computer, Digital Equipment Corporation). All data are presented
as mean±standard deviation.
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Figure 2. Hemodynamic and metabolic stability. Heart rate (beats per
minute) and blood pressure were recorded continuously as NMR mea-
surements of myocardial creatine phosphate and ATP were made dur-
ing 2% halothane anesthesia (n = 4), 1% halothane (n = 5), or 1%
halothane plus norepinephrine infusion (n = 4).

Results

Preparation stability. Five rats were intubated, instrumented,
and inserted into the bore of the Nicolet NT360 spectrometer
for simultaneous hemodynamic and NMR measurements under
conditions of 2% halothane anesthesia or 1% halothane anes-
thesia with or without norepinephrine infusion. Norepinephrine
produced no evidence of arrhythmia at an infusion rate of 10
nmol/min. In one animal, norepinephrine infusion at a rate of
100 nmol/min produced severe hypertension and an irregularly
irregular rhythm consistent with atrial fibrillation. In another
animal, the higher halothane dose produced eventual cardiac
collapse. Accordingly, data from these two intervention periods
were excluded from analysis.

All magnetization transfer measurements were made during
a 60-min period of hemodynamic and metabolic steady state.
We observed no significant change in heart rate, blood pressure,
or myocardial ATP and creatine phosphate content during each
60-min observation period (Fig. 2). Furthermore, the hemody-
namic and metabolic changes induced by norepinephrine in-
fusion were completely reversible. In three animals, norepi-
nephrine was infuised during the first or second study period (see
Methods). In these three animals myocardial creatine phosphate
was 27.1±5.1 umol/g dry weight and the systolic blood pressure
135±3 mmHg during norepinephrine infusion. After the nor-
epinephrine was discontinued, the creatine phosphate content
increased to 41.6±4.3 umol/g dry weight, which is indistin-
guishable from the control value of40.7+0.4 ,mol/g dry weight,
as systolic blood pressure returned to the baseline value of
105±13 mmHg.

Inotropic stimulation. Varying the dose of halothane and
infusing norepinephrine produced a wide range in cardiac per-
formance. At a dose of 2% halothane, the mean heart rate and
systolic blood pressure were 276±20 bpm and 71±8 mmHg. At
1% halothane, the values for average heart rate and blood pres-
sure rose to 308±20 bpm and 105±13 mmHg. Norepinephrine
infusion further increased the values for heart rate and blood
pressure to 358±19 bpm and 136±3 mmHg (Table I). Electro-
cardiograms showed no ST segment shift or T wave changes to

Table I. Kinetic and Hemodynamic Results

Condition

2% Halothane 1% Halothane Norepinephrine

Rate-pressure product 19.5±1.6 * 32.0±3.5 * 48.5±2.0
Flux (ttmol/g dry per s) 15.4±4.6 20.5±2.0 * 30.1±7.9
Rate Constant (k, s-') 0.35±0.11 0.50±0.10 * 1.17±0.16
Ti (creatine phosphate) 2.4±0.2 2.2±0.2 2.6±0.3
Creatine phosphate/
ATP 1.9±0.1 1.6±0.1 * 1.0±0.1

n 4 5 4

The rate-pressure products (1,000 X mmHg/min), flux measurements
(,umol/g dry weight per s) and the pseudo-first order rate constants
(s-I) for the creatine kinase reaction, the TI values (s) for creatine
phosphate, and the ratio of creatine phosphate to ATP were deter-
mined under conditions of 2% halothane, 1% halothane, or 1% halo-
thane plus norepinephrine at 10 nmol/min. All data are presented as
mean±SD.
* Difference (P < 0.05) between adjacent group means if analysis of
variance showed a significant difference.
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suggest subendocardial ischemia during halothane-induced hy-
potension or norepinephrine infusion (Fig. 3).

Epicardial pacing. Ventricular pacing consistently reduced
systolic blood pressure (Fig. 4). Reduced systolic pressure was
offset by the pacing rate so that the rate-pressure products in-
creased from 30.7±4.3 X 1,000 mmHg/min at the animals' in-
trinsic cardiac rhythm to a maximum of 35.6±5.8 X 1,000
mmHg/min during pacing at a rate of480 bpm. At high pacing
rates, the hemodynamic recordings showed a preserved dicrotic
notch and no "ringing," suggesting that the damping and fre-
quency response of the transducer system permitted accurate
blood pressure measurements. 31P-NMR measurements made
at each pacing rate showed no change in myocardial creatine
phosphate or ATP (data not shown). Atrial pacing was not at-
tempted.

Simultaneous hemodynamic and magnetization transfer
measurements. Since ventricular pacing produced only small
changes in the rate-pressure product in the rat, we used norepi-
nephrine infusion to increase cardiac performance for the study
of myocardial energetics.

Fig. 5 shows an example ofthe simultaneous hemodynamic
and NMR records for one animal studied under the three dif-
ferent levels of cardiac performance set by varying halothane
dose and norepinephrine infusion. The rate-pressure product in
this animal was 49.5 X 1,000 mmHg/min under conditions of

1% halothane plus norepinephrine, 29.4 X 1,000 mmHg/min
under 1% halothane alone, and 18.9 X 1,000 mmHg/min under
2% halothane. The 3'P-NMR spectra show the steady state levels
of red cell 2,3-diphosphoglycerate, myocardial creatine phos-
phate, and ATP predominantly from heart. The resonance from
inorganic phosphate could not be discriminated from the 2,3-
diphosphoglycerate lines.

At each level of cardiac performance, selective saturation at
the [y-P]ATP resonance for 0.3 to 4.8 s provided direct evidence
for chemical exchange via the creatine kinase reaction. As sat-
uration time at ['y-P]ATP increased, the magnetically invisible
terminal phosphate of ATP exchanged with the phosphate of
creatine phosphate. The exchange reached asymptote at - 5s.
Different rates of exchange, observed as differences in the decay
in creatine phosphate magnetization with respect to saturation
time, were found for the three different rate-pressure products.
The decay of creatine phosphate magnetization was greatest
during norepinephrine infusion and least when 2% halothane
was used. This qualitative analysis suggests that chemical ex-
change via the creatine kinase reaction was greatest during nor-
epinephrine infusion and least during 2% halothane anesthesia.

The NMR measurements yielded information about the
steady state levels of myocardial ATP and creatine phosphate
and red cell ATP and 2,3-diphosphoglycerate. Myocardial ATP
ranged from 24.3±1.1 to 25.6±1.1 gmol/g dry weight and
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Figure 3. Electrocardiogram. Leads I, II, and III are

taken from the six-lead electrocardiograms during 2%
halothane or 1% halothane with or without norepi-
nephrine.
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Figure 4. Pacing hemodynamics. Epicardial ventricular pacing at var-

ious rates for 10 min produced mild hypotension in four animals.

showed no dependence on cardiac performance. Myocardial
creatine phosphate varied inversely with cardiac performance,
ranging from a mean value of26.0±6.5 ,mol/g dry weight during
norepinephrine infusion to 45.6±6.0 ,mol/g dry weight under
conditions of 2% halothane anesthesia. During anesthesia with
1% halothane, the myocardial creatine phosphate was 40.9±0.4
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Figure 5. Hemodynamic and NMR records. Simultaneous central aor-

tic pressure recording and 3'P-NMR cardiac measurements were made
sequentially in a rat during 1% halothane anesthesia with norepineph-
rine infusion at 10 nmol/min (A), halothane anesthesia without nor-

epinephrine (B), 2% halothane anesthesia alone (C). Each 3'P-NMR
spectrum resulted from 32 scans with a 12.5-s interpulse delay after
selective saturation at the [y-P]ATP resonance frequency for 0 to 4.8
s. 2,3-DPG, red cell 2,3-diphosphoglycerate; CrP, myocardial creatine
phosphate; y, a, and fl, respective phosphorus atoms of ATP.
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,umol/g dry weight and the ATP content was 25 gmol/g dry
weight. The ratio of myocardial creatine phosphate to ATP was
inversely related to cardiac performance (Table I). A small in-
crease in NMR-visible 2,3-diphosphoglycerate was noted during
norepinephrine infusion in three of four experiments, but this
was not statistically significant. Increasing the halothane con-
centration produced no consistent change in the signal for red
cell 2,3-diphosphoglycerate. The mean value for red cell ATP
content was 3.2±0.7 ;moVg cardiac dry weight (n = 13).

Magnetization transfer experiments performed at the vari-
ous levels of cardiac performance revealed that both the rate
constants and the flux values for the creatine kinase reaction in
the direction of ATP synthesis increased with cardiac perfor-
mance (Table I). As cardiac performance increased over a 2.5-
fold range, we observed a 3.3-fold increase in the rate constant
for the creatine kinase reaction and a 2.0-fold increase in the
flux through the forward direction ofthe reaction. The Tl values
for creatine phosphate showed no dependence on cardiac per-
formance (Table I).

Physiological chemistry of creatine kinase. By varying the
dose ofhalothane and using norepinephrine infusion we obtained
a 2.5-fold change in the rate-pressure product. Associated with
this increase in rate-pressure product was a fall in the myocardial
creatine phosphate content. Myocardial ATP did not change
over the wide range in cardiac performance (Fig. 6 A). The re-
lationship between the rate constant for the creatine kinase re-
action in the direction of ATP synthesis versus rate-pressure
product defined a function with positive slope (Fig. 6 B), showing
that the rate constant is directly related to the level of cardiac
performance in the intact animal. Multiplying the rate constant
by creatine phosphate content yielded the value for chemical
flux for the creatine kinase reaction in the direction of ATP
synthesis. These results show that flux through the creatine kinase
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reaction increased with rate-pressure product in the intact animal
(Fig. 6 C).

Using the equilibrium constant of 166 for the creatine
kinase reaction at physiologic pH (24) and the value of 3.23 g
cell water/g dry weight for the blood-perfused rat heart (25), we
converted myocardial content (expressed in gmol/g dry weight)
to cellular concentration (mM) and estimated values for the
concentration of cytosolic ADP. We calculated [ADP] values of
17, 32, and 87 ,M for hearts under conditions of2% halothane,
1% halothane, and 1% halothane plus norepinephrine, respec-
tively (Table II). The 3.3-fold increase in the pseudo-first order
unidirectional rate constant for the reaction is thus matched by
a fivefold increase in the estimate for [ADP]. Based on values
for free cytosolic ADP, we estimated values for the second-order
rate constant and found no difference among the three conditions
(Table II).

Discussion

Hemodynamic studies in the open-chest rat showed that cardiac
performance, as estimated from the rate-pressure product, could
be studied over a threefold range by using various halothane
concentrations and a low dose ofnorepinephrine. NMR studies
showed that the content of creatine phosphate varied inversely
but reversibly with cardiac performance, whereas ATP content
did not change. Magnetization studies suggested that the rate of
ATP synthesis from creatine phosphate via the creatine kinase
reaction increased with cardiac work. Thus, we observed that
cardiac performance was matched to the level of high-energy
phosphate turnover.

We studied myocardial energetics over a broad range ofcar-
diac performance and energy utilization in the living animal.
We used the rate-pressure product from central aortic recordings
to provide an index of cardiac performance. Measuring oxygen
consumption of the rat heart would have provided a better index
of myocardial energy utilization than using the rate-pressure
product, but this could not be measured at the various levels of
cardiac performance in the living animal without cannulation
of the coronary sinus.

Recognizing the need to study myocardial energetics under
conditions of cardiac performance that are physiologically rel-

Table II. Terms for the Rate Equation
for the Creatine Kinase Reaction

Condition

2% Halothane 1% Halothane Norepinephrine ANOVA

Flux (mM/s) 4.8±1.4 6.3±0.6 * 9.3±2.4 *
k'(mM-'.s-') 20+10 16±12 14±5 NS
[ADP] (WM) 17±7 31±21 * 87±28 *
[CrP] (mM) 14.7±0.8 12.2±1.1 * 7.6±0.8 *

Flux through the creatine kinase reaction, as determined by NMR
methods, was converted to concentration units (mM/s) by using 3.23
g cell water/g dry weight (25) and compared to the individual compo-
nents of the rate equation: k'* [ADP] * [CrP], where k' is second order
rate constant (mM-' * s-') estimated from the pseudo-first order rate
constant, k, and from values for [ADP] (juM). NS refers to no differ-
ence among the three groups by analysis of variance (ANOVA).
*Difference (P < 0.05) between adjacent group means if analysis of
variance showed a significant difference.

evant, we compared the hemodynamic effects of ventricular
pacing to those of norepinephrine infusion and halothane anes-
thesia. We observed that a low dose ofnorepinephrine increased
the heart rate and blood pressure to values reported for the un-
anesthetized rat (26), but pacing produced hypotension. The
decrease in blood pressure with pacing at rapid pacing rates has
been observed for all species studied and can be attributed to
incomplete ventricular relaxation and inadequate ventricular
filling (27). Decreased systolic pressure appears in the intact dog
at heart rates > 200 (27-29). Interestingly, one compensatory
mechanism that tends to maintain systolic pressure in the dog
is the "treppe" effect (the rate-related increase in contractility),
which does not exist in the rat heart (30, 31). Thus, norepi-
nephrine, whose concentration increases in rat plasma during
stress (26), produces a more physiologically relevant range of
cardiac performance than pacing by augmenting both the blood
pressure and heart rate.

In addition to its more potent hemodynamic effects, nor-
epinephrine infusion stimulates oxygen consumption to a greater
degree than pacing even at identical values for the rate-pressure
product (1, 32). For any level of peak developed tension in the
isovolumetrically contracting dog heart, Graham et al. (1) found
that norepinephrine infusion increased oxygen consumption by
50%1. Saito et al. (5) observed that the increase in myocardial
oxygen consumption was six times greater for every 1 mmHg
rise in aortic pressure than for every 1 bpm increase in heart
rate in the dog. Boerth et al. (6) observed that the increase in
myocardial oxygen consumption was five times greater for ino-
tropic stimulation from norepinephrine than from atrial pacing.
In each case, pacing produced only modest increases in oxygen
consumption but pressure work stimulated oxygen consumption
substantially. Thus, for any value for the rate-pressure product
in the intact animal, oxygen consumption can vary widely de-
pending on the presence of inotropic agents and the absolute
level ofblood pressure. Sonnenblick et al. (33) found that positive
inotropic stimulation in the dog always increased myocardial
oxygen consumption despite variable changes in the tension-
time index and the rate-pressure product. Although it increases
myocardial energy utilization, norepinephrine infusion in the
dog has been shown to augment coronary flow and produce
smaller increases in cellular NADH levels than pacing (28).
During norepinephrine infusion in this study, it is likely that
myocardial oxygen consumption and energy utilization were
greatly enhanced because ofthe combined pressor and inotropic
effects that exceeded those of pacing.

We also observed small changes in cardiac performance by
using two doses of halothane. Although all volatile anesthetics
have cardiac depressant properties that are generally related to
their potencies as general anesthetics (34), advantages of using
halothane for this study include its lack of stimulation ofthe rat
sympathetic nervous system even during hypotension (26) and
its insignificant direct effect on the myocardial contents ofhigh-
energy phosphate compounds (35, 36). The results ofthis study
also show that halothane does not depress myocardial high-en-
ergy phosphate content directly.

Over a wide range of cardiac performance, we observed no
change in myocardial ATP content. In contrast, creatine phos-
phate content fell reversibly during inotropic stimulation with
norepinephrine. The relationship between high-energy phosphate
compounds and cardiac performance observed here is similar
to that seen in the isolated perfused rat heart (4, 8, 9) and in the
dog heart in the living animal as wall stress is increased (7). It
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seems unlikely that myocardial ischemia produced the reversible
changes in creatine phosphate content seen during the norepi-
nephrine infusion in this study. The blood pressure and heart
rates during norepinephrine infusion are equivalent to those in
the unanesthetized rat (26), the animals would not be expected
to have coronary disease, and no electrocardiographic changes
of ischemia were observed. Although oxygen deprivation has
been observed to depress myocardial creatine phosphate content,
it decreases the flux values for the creatine kinase reaction (37)
in contrast to the effect of norepinephrine.

Several similarities exist between the buffer-perfused, isolated
heart and the blood-perfused heart in situ. In the present study,
at the highest workload, the creatine phosphate/ATP ratio was
identical for isolated and in situ hearts. Under low workload,
the creatine phosphate/ATP ratio was 50% higher in the heart
in the intact animal, probably reflecting differences in substrate
metabolism between the glucose-supplied isolated heart versus
the preferred nonglucose substrates in the living animal. Similar
to the aqueous-perfused isolated heart (4), the heart in the living
animal has T1 values for creatine phosphate that do not vary
with cardiac performance (Table I). Cardiac performance in the
intact animal, coupled to myocardial oxygen consumption, and
flux through the creatine kinase reaction in the direction ofATP
synthesis increase concomitantly (Fig. 6 C). Interestingly, the
absolute value for flux is lower in the blood-perfused heart of
the living animal than it is in the isolated heart. We measured
flux values of 15.4±4.6 Amol/g dry weight per s at a rate-pressure
product of 19.5 X 1,000 mmHg/min in the living animal but
calculate values for flux of 28.5±2.9 Armol/g dry weight per s in
the isolated heart at a rate-pressure product of 15.2 X 1,000
mmHg/min (4). The magnetization transfer measurements and
numerical analysis were similar for the two sets of experiments.
The different flux values between the aqueous-perfused heart
and the blood-perfused heart may be due to differences in oxygen
consumption, free cytosolic ADP concentration, or chemome-
chanical efficiency.

Over a range of cardiac performance that varied 2.5-fold,
we observed a 3.3-fold increase in the pseudo-first order rate
constant and a twofold increase in flux through the creatine
kinase reaction. The decay in creatine phosphate magnetization
with respect to saturation time yields an accurate value for the
pseudo-first order rate constant for the creatine kinase reaction
because creatine phosphate participates in no reaction other than
creatine kinase. The 3.3-fold increase in the pseudo-first order
rate constant was associated with a fivefold increase in estimated
cytosolic [ADP]. This is an important observation because the
magnetization transfer analysis used here simplifies the creatine
kinase reaction to a first-order system. The forward direction of
the creatine kinase reaction is a second-order process in both
creatine phosphate and ADP. Flux can also be calculated from
the rate equation: k'[ADPJ] [CrP] where the term k'[ADP] is
given by the pseudo-first order rate constant, k. Our results show
that [ADP] is the term in the rate equation that changes most
prominantly with cardiac performance. The 5. 1-fold increase in
ADP cardiac performance offets the 45% decrease in creatine
phosphate and produces a net increase in flux because k', the
estimated second-order rate constant, does not change signifi-
cantly (Table II). The results are also consistent with the notion
that ADP regulates ATP synthesis both from oxidative phos-
phorylation and from creatine phosphate via the creatine kinase
reaction.

The estimates for [ADP] help to resolve differences among

the various studies on creatine kinase flux in the isolated heart.
Matthews et al. (16) observed a 2.5-fold variation in estimated
[ADP] in the isolated heart under various workloads and sub-
strate supply. They concluded that [ADP] regulates flux through
the creatine kinase reaction even though they observed no dif-
ference between flux and workload (or [ADP]). Maidan et al.
(17), observing no significant relationship between flux and car-
diac work, measured only a 10% change in the creatine phos-
phate/ATP ratio (in contrast to the change that we observed
here). It seems likely that their measurements of flux were made
over a range of cardiac performance and energy utilization that
was associated with only small changes in [ADP]. In contrast,
Kupriyanov et al. (9) observed an increase in creatine kinase
flux measured over a wide range of cardiac performance that
was associated with a 45% variation in the creatine phosphate/
ATP ratio. In the isolated heart, we observed a significant increase
in flux through the reaction over a eightfold range in oxygen
consumption and a 27% variation in the creatine phosphate/
ATP ratio (4). While no study has shown a 1:1 relationship be-
tween creatine kinase flux and cardiac performance, most in-
vestigators have observed an increase in flux in hearts when such
measurements were made over a wide range ofenergy utilization
as reflected by oxygen consumption, the ratio of creatine phos-
phate to ATP, or estimates for free ADP. Because ofthe inherent
insensitivity ofNMR methods, we have found that significant
changes in flux over a range of cardiac performance can be ob-
served only if the signal-to-noise for creatine phosphate is at
least 25:1 and such measurements are made over at least a two-
fold range in myocardial oxygen consumption as estimated from
the rate-pressure product during inotropic stimulation (1, 5, 6,
33). The average standard deviation for the measurement offlux
in this study was > 25%. Although we observed a 33% increase
in flux between the 2% and 1% halothane conditions, this dif-
ference was not statistically significant.

In summary, we observed that myocardial creatine phosphate
content varied inversely and reversibly with cardiac performance
in the living rat during inotropic stimulation. Myocardial ATP
content did not change with cardiac performance. Magnetization
transfer experiments showed that estimates for ADP and the
measured flux values for the creatine kinase reaction in the di-
rection of ATP synthesis increase with cardiac performance in
the living rat. Thus, flux through the creatine kinase reaction in
the heart of the living animal may be determined in part by
cytosolic ADP concentration and the rate of mitochondrial ATP
synthesis. The results suggest the myocardial content of ATP
bears no direct relationship with cardiac performance over a
wide physiologic range. Instead, high-energy phosphate turnover
is the energetic basis for cardiac performance in the living animal.
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