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Recent advances in transgenic technology have
ade the mouse a particularly interesting small ani-
al in cardiovascular research. Increasingly sophisti-

ated experimental methods and tools are needed for
etailed characterization of cardiovascular physiol-
gy and biochemistry in the mice. The objective of this
tudy was to develop a method for noninvasive evalu-
tion of cardiac energy metabolism in the mouse. Car-
iac gated 31P magnetic resonance spectroscopy using
mage Selected in Vivo Spectroscopy (ISIS) method
as applied in old mice overexpressing bovine growth
ormone (bGH) (n 5 5) and control mice (n 5 5). The

ocalized volumes of interest were 128 and 112 mL,
espectively. Phosphocreatine-to-ATP ratio was 1.5 6
.13 in the bGH mice and 2.1 6 0.04 in the control group
P < 0.01). The study demonstrates the feasibility of
pplication of volume-selective 31P MRS for evaluation
f cardiac energy metabolism in the mouse under
aintained physiological conditions. © 2000 Academic Press

Key Words: volume-selective 31P MRS; ISIS; trans-
enic mice; myocardial energy metabolism; growth
ormone; magnetic resonance spectroscopy; cardio-
ascular diseases; in vivo animal models.

Recent advances in transgenic technology have made
he mouse a particularly interesting small animal in
ardiovascular research (1, 2). By manipulation of
ouse genome it is now possible to study the conse-

uences of altered gene expression (overexpression,
bsence, or suppression) of different proteins (e.g., re-
eptors, enzymes) for normal physiology and patho-
hysiology of the heart. Although the importance of the
ouse as experimental animal is continuously increas-

ng, in comparison with other experimental animals,
ardiovascular physiology and pathophysiology in the
ouse is relatively scarcely described in the literature

3). Therefore, there is a clear need for further and
etailed characterization of cardiovascular character-
222006-291X/00 $35.00
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o apply increasingly sophisticated experimental meth-
ds and tools. The use of magnetic resonance (MR)
ethods is growing in animal experimentation and MR

s probably the most promising technique for charac-
erization of different transgenic phenotypes. Thanks
o the inherent properties, MR technique offers unique
ossibility for integrated and simultaneous study of
rgan anatomy, function, and biochemistry—a feature
hat no other technique offers at the present time (4).
yocardial energy metabolism has gained consider-

ble attention in recent years since accumulating evi-
ence indicates that disturbances in myocardial energy
etabolism are associated with different diseases of

he heart (5). Although mice and other small animals
re most frequently used in cardiovascular research
nly few small-animal models for evaluation of myo-
ardial bioenergetics with 31P MR spectroscopy are de-
cribed in the literature. Recently, we have described a
ew model for noninvasive evaluation of cardiac bioen-
rgetics in the rat after induction of myocardial infarc-
ion (6). The purpose of this study was to extend the
mplementation of the method to the mouse and to
valuate its usefulness for detection of hypothetically
isturbed myocardial energy metabolism in previously
escribed transgenic mice with overexpression of bo-
ine growth hormone (bGH) (7).

ETHODS

Animals. The study protocol was approved by ethical committee
f Gothenburg’s University and was in agreement with the “Guide
or the Care and Use of Laboratory Animals” published by the U.S.
ational Institutes of Health (NIH Publication No. 85-23, revised
996). All animals were maintained on standard pellets and tap
ater ad libitum. Ten month old normal mice (BW 5 25–35 g, n 5
) and transgenic mice overexpressing bovine growth hormone
bGH) (BW 5 40–50 g; n 5 5) were used. The animals were kept on
2-h light–dark cycle. The detailed description of experimental pro-
edure for production of the bGH mouse strain has been reported
reviously (7).
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31P MRS of mouse heart. MR imaging and spectroscopy exper-
ments were performed on a 2.35 Tesla (T) horizontal magnet with

20 cm bore (Bruker Biospec 24/30) interfaced with an X-32
cquisition system giving operating frequencies for 1H and 31P MR
00 and 40.5 MHz respectively. The homogeneity of the global B1

agnetic field was optimized by adjustment of the current in the
him coils while the free induction decay of the water 1H-signal
as observed. Magnetic field homogeneity was accepted when the

ine width at half height was ,0.5 ppm. A gradient system with
aximum gradient strength of 125 mT/m equipped with digital

reemphasis was used for gradients switching. A double tuned (1H
nd 31P) Helmholtz coil of 2 cm diameter was used for transmis-
ion and reception of RF. Mice were anesthetized with fentanyl/
uanizon (Hypnorm, Janssen) 0.5 mg/kg and diazepam (Stesolid,
umex-Alpharma) 2.5 mg/kg. Constant body temperature (37 6
.5°C) was maintained by specially adapted homeothermic blan-
et system (Harvard Apparatus) consisting of the warming pad
nd rectal probe for regulation of the heat output (Fig. 1). Main-
enance of constant body temperature in the mouse is particularly
roblematic since mice have very low body weight/body surface
atio which makes them prone to rapid loss of body temperature in
ool environment. A homemade plexiglass holder for warming pad
Fig. 1) was used to keep the pad at 5 cm distance from the coil as
t interfered with homogeneity of the B1 magnetic field. The ani-

als were placed with heart region lying within the Helmholtz
oil in prone position to minimize respiratory movements of the
hest wall. The paws were wrapped in thin copper foil and con-
ected via carbon electrodes to the Physiogard SM 785 MR mon-

toring system (Bruker, Karlsruhe, Germany). Continuous ECG
ignal was acquired and used for synchronization of RF pulses and
onitoring of HR. The animals were maintained anaesthetized by

ontinuous gas anesthesia through nasal cone. Isoflurane was
elivered in the mixture of oxygen and nitrous oxide (1:1) in the
oncentration 0.4 –1% and at flow rate 0.4 L/min. A gradient echo

FIG. 1. The image depicts the mouse on the examination board
repared for the placement in the magnetic bore for localized cardiac
ated 31P MRS experiment. The mouse is anesthetized with isoflu-
ane through the nasal cone and lies with the heart region inside the
ouble tuned (1H and 31P) Helmholtz coil. The paws are wrapped in
hin copper foil and connected via carbon electrodes to the monitor-
ng system for control of heart rate. Constant body temperature was

aintained by homeothermic blanket system consisting of the warm-
ng pad and rectal probe for regulation of the heat output. A home-

ade holder for warming pad was used to keep the pad at 5 cm
istance from the coil as it interfered with homogeneity of the B1

agnetic filed.
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ion of volume of interest (VOI). All images were obtained with
ynchronized RF pulses to the cardiac rhythm with triggering
elay of 1 ms after the R wave. Five images (1 mm slice thickness
nd field of view of 4 cm) were acquired in the coronar plane in
rder to visualize the thoraco-abdominal region and the heart.
tarting from the scout image in the coronar plane 4 additional

mages (1 mm slice thickness) were taken perpendicular on the LV
ong axis. The size of the VOI was 8 3 4 3 4 mm3 (128 mL) and 7 3
3 4 mm3 (112 mL) which included as much of the LV as possible.
election of the VOI was made first on the images in the coronar
lane and then the position was crosschecked on the images in the
ransverse plane (Figs. 2A, 2B, and 2C). If the VOI included parts
f chest muscles, diaphragm or liver it was repositioned. There-
fter, localized shimming was performed on the VOI using cardiac
ated STEAM localization pulse sequence observing the proton
ignal. Localized shimming improved the linewidth at half height
bout 12–15 and 30 – 40 Hz at the base. Cardiac gated image
elected in vivo spectroscopy (ISIS) method (8) was employed for
olume-selective 31P spectroscopy. Acquisition parameters were
096 scans with 2.5 s repetition time, 4k data points and 2500 Hz
weep width giving total scan time 2 h and 57 min. A 4 ms
diabatic amplitude modulated hyperbolic secant shaped pulse
as used for inversion and a 3.5 ms half since cosine pulse was
sed for excitation in the ISIS method. Spectroscopic processing
onsisted of exponential multiplication (lb 5 6 Hz) by first order
hase correction. Phosphorous metabolites were calculated by
omputer integration of the areas under the respective peaks.
yocardial energy reserve was evaluated by means of PCr/ATP

atio calculated by dividing PCr with b-ATP resonance area. This
atio is proportional to the levels of intracellular ADP and there-
ore is an indicator of cellular phosphorylation potential (9). PCr/
TP ratio was corrected for partial saturation for each animal
eparately by use of the correction factor calculated from PCr/ATP
easured from unlocalized spectra of the chest region acquired at

.5 s and 15 s repetition time (Figs. 5C and 5D) (10).
To evaluate the amount of possible contaminating signal from the

egions outside the VOI, experiments were performed on phantom
onsisting of two separate compartments filled with two different
uffers: Na2HPO4 and NaH2PO4, respectively. Localized spectros-
opy using ISIS method was performed following the same protocol
s described above. When VOI was localized in one of the compart-
ents no external signal from the other compartment was observed

ndicating no contamination (Figs. 5A and 5B).
31P spectroscopy of the blood. When ventricular chamber is in-

luded in the VOI, blood signal from the LV chamber can result in
alse myocardial PCr/ATP and PDE/ATP ratio. This occurs because
lood contains ATP and PDE but not PCr. Therefore, to calculate the
eal myocardial PCr/ATP and PDE/ATP ratio, correction for blood
ontribution to b-ATP and PDE resonance areas is necessary (11,
2). In order to calculate appropriate correction factors one needs to
now ATP/2,3-DPG and PDE/2,3-DPG ratio of the blood since 2,3-
PG signal in cardiac spectrum originates from blood. Furthermore,

oncentration of 2,3-DPG in the blood may change during cardiac
iseases (13). Therefore, 31P MRS of blood was performed in separate
xperiments according to the protocol previously described (14). The
lood was drawn from the right ventricle and pooled (because of
imited blood volume) from both, bGH mice and controls at the end of
he study. The 31P MRS was performed within 15 min after collection
f the blood during which time it was placed on ice (14). The exper-
ments were performed on a BRUKER DMX 500 NMR Spectrometer
t 11.75 T. Blood samples of 1 ml were placed in 10 mm standard MR
ubes and spun at 18 Hz for optimization of shimming. WALTZ-16
roton broadband decoupling was applied to eliminate 1H–31P MR
ultiples. 31P MR spectra were obtained at 310 K, by accumulating

032 free induction decays (FIDs) with a repetition time of 1 s. After
xponential multiplication (lb 5 4 Hz) data was Fourier transformed
nd first order phase corrected. Resonance areas for ATP, PDE,
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,3-DPG peaks were identified and integrated. The correction of
yocardial b-ATP and PDE resonance areas were then calculated

ccording to the formulae:

FIG. 2. (A) 1H gradient-echo scout image from thoraco-
bdominal region of the bGH mouse in the coronar plane. The delin-
ated volume of interest (VOI) includes parts of the left ventricular
yocardium and blood in the chamber. Care was taken to not include

hest skeletal muscle and liver in the VOI. AW, left ventricular
nterior wall; PW, left ventricular posterior wall; RV, right ventricle;
, septum; L, lever. (B) 1H gradient-echo scout image of the bGH
ouse thoracic region in the transversal plane. Observe cardiac

nlargement and presence of thoracal deformity. The size of the
elineated VOI is 8 3 4 3 4 mm3 (128 mL). AW, left ventricular
nterior wall; PW, left ventricular posterior wall; RV, right ventricle;
, septum. (C) 1H gradient-echo scout image of the control mouse
horacic region in the transversal plane. The size of the delineated
OI is 7 3 4 3 4 mm3 (112 mL). AW, left ventricular anterior wall;
W, left ventricular posterior wall; RV, right ventricle; S, septum.
224
2 0.5 3 ~ATP/ 2,3-DPGblood! 3 2.3-DPGtotal (4)

DE 5 contaminated PDE

2 0.5 3 ~PDE/ 2,3DPGblood! 3 2,3-DPGtotal (12).

Statistics. Computer software (Statview 5.01) was used to per-
orm standard statistical procedure with calculation of mean value
nd standard deviation (SD) in the different groups. Unpaired Stu-
ent t test was used to determine if changes in parameters between
he studied groups were statistically significant. Normal distribution
f the data was assessed with Kolmogorov–Smirnov test. When data
ere not normally distributed, nonparametric test was applied

Mann–Whitney). The value P , 0.05 was considered as statistically
ignificant. All data are presented as means 6 SEM, unless other-
ise indicated.

ESULTS

Total experimental time was 3.5 h including prepa-
ation of animal, shimming and acquisition of spectra.
ll ten animals tolerated well the examination proce-
ure. After acquisition of spectra and discontinuation
f anesthesia the mice recovered spontaneously within
inutes. There were no signs of adverse effect of an-

sthesia or experimental protocol on ECG pattern and
ody temperature. The mean heart rate was not sig-
ificantly different between the groups i.e. 570 6 22 in
he control group and 559 6 18 in the bGH group. The
ice remained healthy after the examination and were

acrificed 1 week later. After induction of anesthesia
nd placement of the mouse in the magnet, another
0–15 min were required to establish normal body
emperature because of initial drop caused by anesthe-
ia and cold environment in the magnetic bore. Flow
ate and isoflurane concentration in the anesthetic gas
eeded to be adjusted when HR was in decrease or

ncrease. Heart rate fluctuations were easy to control
nd occurred only in the beginning of the experiment.
hen steady state condition was established no fur-

her adjustment of anesthesia was needed. During
hole examination procedure the animals were main-

ained normothermic between 37–38°C. The PCr/ATP
alues corrected for partial saturation are summarized
n the Table 1. Significantly lower corrected PCr/ATP
atio was observed in the transgenic mice (1.5 6 0.13
ersus 2.1 6 0.04, P , 0.01) (Fig. 3). There was a
rominent phosphodiester (PDE) signal in the cardiac
pectra from bGH mice. However, when corrected for
lood contamination, myocardial PDE/ATP ratio was
ot significantly different from the control group indi-
ating that PDE signal originated mainly from the
lood. Increased myocardial PDE/ATP ratio is pro-
osed to be an indicator of cellular destruction (15).
lood ATP/2,3-DPG was 1.3 lower while PDE/2,3-DPG
atio was 3.8 times higher in the bGH mice compared
o the controls (Fig. 4) resulting in different corrections
f myocardial b-ATP and PDE signals. Blood PDE/ATP
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atio was 4.7 times higher in the bGH mice indicating
resence of hyperlipidemia.

ISCUSSION

The main aim of the present study was development
f the method for in vivo noninvasive evaluation of
ardiac energy metabolism in mice. To our knowledge,
ur group was first to report, in a preliminary form,
easibility of performing noninvasive cardiac 31P MRS
n the mouse (16).

Despite recent advances in the treatment, cardiovas-
ular diseases (atherosclerosis, ischemic heart disease
nd heart failure) remain leading cause of morbidity
nd mortality in the industrialized countries. Under-
tanding of pathophysiological mechanisms involved in
evelopment of heart disease as well as the search for
ew pharmacological treatments to improve patient
ymptoms and survival will continue to depend on
elevant animal models. Although rats and mice are
he two most frequently used experimental animals in
ardiovascular research, only few models for cardiac

31P MRS in small animals are described in the litera-
ure. Continuously increasing number and availability
f different transgenic mice models related to myocar-
ial diseases creates a demand for detailed character-
zation of cardiovascular physiology and biochemistry
n mice. We have recently demonstrated the advantage
f using volume-selective cardiac 31P MRS for in vivo
etection of disturbances in cardiac bioenergetics in
ats with myocardial infarction (6). In this paper, the
ethod has been further developed along with our

revious strategy (17) and adjusted for in vivo, nonin-
asive application in the living mouse. The results
emonstrate that generally recommended protocol for
olume-selective cardiac 31P MRS can be successively
pplied no only in humans and large animals but also
n small rodents as well.

Control bGH

W (g) 32.7 6 0.8 45.2 6 2.2*
W (mg) 92 6 2.3 242 6 25.6*
R beats/min 570 6 22 559 6 18
yocardium
PCr/ATP corrected 2.1 6 0.04 1.5 6 0.13*
PDE/ATP corrected 0.44 6 0.12 0.58 6 0.13

lood
PDE/ATP 6.1 28.9
ATP/2,3-DPG 0.053 0.041
PDE/2,3-DPG 0.29 1.1

Note. BW, body weight; HW, heart weight; HR, heart rate; PDE,
hosphodiesters; PCr, phosphocreatine; ATP, adenosine-3-phos-
hate; 2,3-DPG, diphosphoglycerate.
* P , 0.01 versus control.
225
mphasized recently by the increasing body of evidence
ndicating that disturbances in myocardial energy me-
abolism are involved in the development of ventricu-
ar dysfunction and heart failure in different diseases
f myocardium (18–20). Large proportion of this recent
vidence were provided by use of 31P MRS as experi-
ental tool in experiments conducted both in vivo and

n vitro (5, 18).
31P MRS evaluation of transgenic mouse hearts have

een performed recently to address specific questions
egarding the regulation of myocardial energy metab-
lism (21, 22). However, these experiments were con-
ucted in vitro on perfused heart preparations. In vitro
xperimentation offers the advantage to alter only one
ariable at the time and to measure the effect of that
articular perturbation (e.g., substrate availability
nd/or concentration, pO2, pH, temperature, preload,
fterload, pharmacologically active substances) on cel-
ular bioenergetics. Even though important informa-
ion has been gained from these experiments regarding
egulation of cellular energy metabolism in myocar-
ium there are several limitations inherent to this

FIG. 3. Representative cardiac 31P MR spectra from the control
ouse (top) and bGH mouse (bottom). Observe marked difference in

he intensity of PCr resonance area. Higher PDE signal was ob-
erved in the spectra from bGH mice; however, after correction there
as no difference in the PDE/ATP ratio between the groups, indi-

ating that a large proportion of PDE signal originated from the
entricular blood. PCr, phosphocreatine; a, b, g-ATP, a, b,
-phosphates of adenosine-3-phosphate; 2,3-DPG, diphosphoglycer-
te; Pi, inorganic phosphate; PDE, phosphodiesters.
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odel which deserve to be mentioned. It is not possible
o study time-depended alterations in myocardial
ioenergetics after specific manipulation of mouse ge-
ome or after induction of certain disease process in
he same animals or to evaluate the effects of pharma-
ological intervention. One must not forget that in vitro
odels, although valuable, are oversimplification of
ormal physiological conditions. Conclusions drawn
rom these experiments should be interpreted with
aution because the heart was extracted from its phys-
ological milieu which is characterized by numerous
eurohumoral counterbalancing systems and sub-
ystems in dynamic interaction. Therefore, it is appar-

FIG. 4. Representative 31P MR spectra of the pooled blood from
GH mice (top) and control mice (bottom). Observe higher PDE
ignal in the spectrum from the bGH mice. Also 2,3-DPG/ATP
atio was higher in bGH mice, indicating that different correction
actors should be applied for calculation of myocardial b-ATP
ignal. a, b, g-ATP, a, b, g-phosphates of adenosine-3-phosphate;
,3-DPG, diphosphoglycerate; Pi, inorganic phosphate; PDE,
hosphodiesters.
226
omplement and extension of in vitro models. When
ossible, the results from in vitro experiments should
e confirmed in vivo.
Numerous studies designed to evaluate parameters

f cardiac function and hemodynamics in mice were
onducted at heart rate below 300 beats/min (23–25).
his is rather unphysological condition for the mouse
nd the question arises regarding interpretations of
he results from these studies. This problem has been
ecently addressed (26). Our study demonstrates that
roper use of adequate anesthesia and active thermo-
egulation are the two most important measures for
reservation of normal heart rate.
The PCr/ATP ratio reported in this study is in

greement with previously published in vitro data
27) although others has reported lower values (22).
his ratio is an intrinsic index of myocardial energy
eserve and has been shown to be a predictor of
ortality in patients with congestive heart failure

28). Mice with overexpression of bGH have been
escribed in literature previously as a model for
tudies of in vivo effects of excessive GH. Several
ifferent pathophysiological alterations in the body
f these animals have been reported including liver
nd renal failure, skeletal defects, increase incidence
f mammary cancer, cardiac hypertrophy and also
hanges in normal myocardial histology (29, 30). The
ld bGH mice were used in order to investigate if the
ethod is sufficiently sensitive to detect possible

isturbances in myocardial energy metabolism. In-
eed, the apparent decrease in myocardial PCr/ATP
atio in the bGH mice demonstrates both, the use-
ulness of the method for detection of bioenergetic
bnormalities in the mouse heart and possible neg-
tive effect of chronic exposure to high plasma GH
evels on myocardial energy metabolism. The fact
hat the bGH group had higher blood 2,3-DPG/ATP
atio suggests that determination of correction factor
or b-ATP resonance area should be performed for
ach experimental group separately when experi-
ental groups differ for the presence of disease. Fur-

hermore, high 2,3-DPG signal may indicate pres-
nce of cardiac dysfunction in bGH mice as previous
tudy have reported increased blood concentrations
f this metabolite in the patients with cardiac dis-
ases (13, 31). Both decreased myocardial PCr/ATP
nd increased blood 2,3-DPG/ATP strongly suggests
he presence of cardiac dysfunction in bGH mice.
hese intriguing findings warrant further studies in
hich assessment of functional, pathohistological
nd boenergetic properties of myocardium of these
nimals should be investigated in more detail. Pre-
ious studies have shown that species differences
xist regarding blood 2,3-DPG/ATP ratio (14). It ap-
ears, however, that there is no difference in this
atio between normal rats and mice (6). Another
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nteresting finding was the presence of high PDE
ignal in the blood from bGH mice. The reason for
his is unknown but it could be a result of known
ipolytic effects of GH hormone and presence of hy-
erlipidemia in the bGH mice as blood PDE signal
riginates mainly from serum lipids (12, 31). Indeed,
revious studies have reported the occurrence of hy-
ercholesterolemia in the bGH mice (29). Although
he examination time was relatively long, all ani-
als recovered spontaneously without any sign of

dverse effect of experimental procedure. The rela-
ively long acquisition time could be significantly
hortened with experimentation at stronger mag-
etic fields (MR systems designed for animal exper-

mentation at 4.7 T and 7 T are available from sev-
ral manufacturers) due to improved signal-to-noise
atio for the same amount of scans.
In summary, the study demonstrates the feasibility

f performing noninvasive cardiac 31P MRS in living
ice and detection of disturbed myocardial bioenerget-

cs under maintained physiological conditions. The
ethod could be particularly useful for longitudinal

tudies and for evaluation of effects of different treat-

FIG. 5. (A) Unlocalized 31P MR spectrum from the phantom con
a2HPO4 and NaH2PO4. Note two different signals from each buffer
mm) placed in the compartment filled with NaH2PO4. Absence of th

rom the outer volume. (C) Unlocalized 31P MR spectrum from the m
-phosphates of adenosine-3-phosphate; 2,3-DPG, diphosphoglycerat
pectrum from the mouse (repetition time 5 15 s). The PCr/ATP ratio
C). PCr, phosphocreatine; a, b, g-ATP, a, b, g-phosphates of adenosi
DE, phosphodiesters.
227
ents on cardiac bioenergetics in transgenic and other
xperimental models in the mouse.

EFERENCES

1. Chien, K. R. (1995) Cardiac muscle diseases in genetically engi-
neered mice: Evolution of molecular physiology. Am. J. Physiol.
269, H755–H766.

2. Doevendans, P. A., Daemen, M. J., de Muinck, E. D., and Smits,
J. F. (1998) Cardiovascular phenotyping in mice. Cardiovasc.
Res. 39, 34–49.

3. James, J. F., Hewett, T. E., and Robbins, J. (1998) Cardiac
physiology in transgenic mice. Circ. Res. 82, 407–415.

4. Bottomley, P. A. (1994) MR spectroscopy of the human heart:
The status and the challenges. Radiology 191, 593–612.

5. Neubauer, S., Horn, M., Pabst, T., Godde, M., Lubke, D., Jilling,
B., Hahn, D., and Ertl, G. (1995) Contributions of 31P-magnetic
resonance spectroscopy to the understanding of dilated heart
muscle disease. Eur. Heart J. 16(Suppl. O), 115–118.

6. Omerovic, E., Bollano, E., Basetti, M., Kujacic, V., Waagstein, L.,
Hjalmarson, Waagstein, F., and Soussi, B. (1999) Bioenergetic,
functional and morphological consequences of postinfarct cardiac
remodeling in the rat. J. Mol. Cell. Cardiol. 31, 1685–1695.

7. Tornell, J., Rymo, L., and Isaksson, O. G. (1991) Induction of
mammary adenocarcinomas in metallothionein promoter-

ing of two separate compartments filled with two different buffers:
) Localized 31P MR spectrum from the phantom with VOI (8 3 4 3
a2HPO4 signal in the localized spectrum indicates no contamination
e (repetition time 5 2.5 s). PCr, phosphocreatine; a, b, g-ATP, a, b,
i, inorganic phosphate; PDE, phosphodiesters. (D) Unlocalized 31P

he fully saturated spectrum is 1.4 higher than in partially saturated
3-phosphate; 2,3-DPG, diphosphoglycerate; Pi, inorganic phosphate;
sist
. (B
e N
ous
e; P
in t
ne-



human growth hormone transgenic mice. Int. J. Cancer 49, 114–

1

1

1

1

1

1

1

1

1

1

2

diac high-energy phosphate metabolism in heart failure. Circu-

2

2

2

2

2

2

2

2

2

3

3

Vol. 271, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
117.
8. Ordidge, R. J., Connelly, A., and Lohman, J. A. B. (1985) Image-

selected in vivo spectroscopy (ISIS): A new technique for spa-
tially selective NMR spectroscopy. J. Magn. Reson. 66, 283–294.

9. Schwartz, G. G., Greyson, C. R., Wisneski, J. A., Garcia, J., and
Steinman, S. (1994) Relation among regional O2 consumption,
high-energy phosphates, and substrate uptake in porcine right
ventricle. Am. J. Physiol. 266, H521–H530.

0. Bottomley, P. A., Hardy, C. J., and Weiss, R. G. (1991) Correcting
human heart 31P NMR spectra fo partial saturation. Evidence
that saturation factors for PCr/ATP are homogenous in normal
and disease states. J. Magn. Reson. 95, 341–255.

1. Bottomley, P. A. (1992) The trouble with spectroscopy papers. J.
Magn. Reson. Imaging 2, 1–8.

2. de Roos, A., Doornbos, J., Luyten, P. R., Oosterwaal, L. J., van
der Wall, E. E., and den Hollander, J. A. (1992) Cardiac metab-
olism in patients with dilated and hypertrophic cardiomyopathy:
Assessment with proton-decoupled P-31 MR spectroscopy. J.
Magn. Reson. Imaging 2, 711–719.

3. Woodson, R. D., Torrance, J. D., Shappell, S. D., and Lenfant, C.
(1970) The effect of cardiac disease on hemoglobin-oxygen bind-
ing. J. Clin. Invest. 49, 1349–1356.

4. Horn, M., Kadgien, M., Schnackerz, K., and Neubauer, S. (1994)
31P Metabolites in the blood show marked species differences.
Proc. Soc. Magn. Reson. Med. 1, 318.

5. de Roos, A., and van der Wall, E. E. (1994) Evaluation of isch-
emic heart disease by magnetic resonance imaging and spectros-
copy. Radiol. Clin. North Am. 32, 581–592.

6. Omerovic, E., Bollano, E., Madhu, B., Bohooly, M., Tornell, J.,
Waagstein, F., Isgaard, J., and Soussi, B. (1998) The use of in vivo
31P MRS for evaluation of cardiac energy status in the transgenic
mice overexpressing growth hormone. MAGMA 6, 200.

7. Madhu, B., Lagerwall, K., and Soussi, B. (1996) Phosphorus
metabolites in different muscles of the rat leg by 31P image-
selected in vivo spectroscopy. NMR Biomed. 9, 327–332.

8. Bottomley, P. A., Herfkens, R. J., Smith, L. S., and Bashore,
T. M. (1987) Altered phosphate metabolism in myocardial infarc-
tion: P-31 MR spectroscopy. Radiology 165, 703–707.

9. Weiss, R. G., Bottomley, P. A., Hardy, C. J., and Gerstenblith, G.
(1990) Regional myocardial metabolism of high-energy phos-
phates during isometric exercise in patients with coronary ar-
tery disease. N. Engl. J. Med. 323, 1593–1600.

0. Neubauer, S., Krahe, T., Schindler, R., Horn, M., Hillenbrand,
H., Entzeroth, C., Mader, H., Kromer, E. P., Riegger, G. A., and
Lackner, K. (1992) 31P magnetic resonance spectroscopy in di-
lated cardiomyopathy and coronary artery disease. Altered car-
228
lation 86, 1810–1818.
1. Saupe, K. W., Spindler, M., Tian, R., and Ingwall, J. S. (1998)

Impaired cardiac energetics in mice lacking muscle-specific
isoenzymes of creatine kinase. Circ. Res. 82, 898–907.

2. Spindler, M., Saupe, K. W., Christe, M. E., Sweeney, H. L.,
Seidman, C. E., Seidman, J. G., and Ingwall, J. S. (1998) Dia-
stolic dysfunction and altered energetics in the alphaMHC403/1
mouse model of familial hypertrophic cardiomyopathy. J. Clin.
Invest. 101, 1775–1783.

3. Dorn, G. W., 2nd, Robbins, J., Ball, N., and Walsh, R. A. (1994)
Myosin heavy chain regulation and myocyte contractile depres-
sion after LV hypertrophy in aortic-banded mice. Am. J. Physiol.
267, H400–H405.

4. Iwase, M., Bishop, S. P., Uechi, M., Vatner, D. E., Shannon,
R. P., Kudej, R. K., Wight, D. C., Wagner, T. E., Ishikawa, Y.,
Homcy, C. J., and Vatner, S. F. (1996) Adverse effects of chronic
endogenous sympathetic drive induced by cardiac GS alpha over-
expression. Circ. Res. 78, 517–524.

5. Gottshall, K. R., Hunter, J. J., Tanaka, N., Dalton, N., Becker,
K. D., Ross, J., Jr., and Chien, K. R. (1997) Ras-dependent
pathways induce obstructive hypertrophy in echo-selected trans-
genic mice. Proc. Natl. Acad. Sci. USA 94, 4710–4715.

6. Kass, D. A., Hare, J. M., and Georgakopoulos, D. (1998) Murine
cardiac function: A cautionary tail. Circ. Res. 82, 519–522.

7. Flogel, U., Decking, U. K., Godecke, A., and Schrader, J. (1999)
Contribution of NO to ischemia–reperfusion injury in the saline-
perfused heart: A study in endothelial NO synthase knockout
mice. J. Mol. Cell. Cardiol. 31, 827–836.

8. Neubauer, S., Horn, M., Cramer, M., Harre, K., Newell, J. B.,
Peters, W., Pabst, T., Ertl, G., Hahn, D., Ingwall, J. S., and
Kochsiek, K. (1997) Myocardial phosphocreatine-to-ATP ratio is
a predictor of mortality in patients with dilated cardiomyopathy.
Circulation 96, 2190–2196.

9. Wanke, R., Wolf, E., Hermanns, W., Folger, S., Buchmuller, T.,
and Brem, G. (1992) The GH-transgenic mouse as an experimen-
tal model for growth research: Clinical and pathological studies.
Horm. Res. 37, 74–87.

0. Brem, G., Wanke, R., Wolf, E., Buchmuller, T., Muller, M.,
Brenig, B., and Hermanns, W. (1989) Multiple consequences of
human growth hormone expression in transgenic mice. Mol.
Biol. Med. 6, 531–547.

1. Horn, M. N., Schmidt, S., Kadgein, M., Schnackerz, K., and Ertl,
G. (1991) 31P MR spectroscopy of human blood and serum: Re-
sults from volunteers and patients with congestive heart failure
and diabetes mellitus. Proc. Annu. Meeting Soc. Magn. Reson.
Med., 1198.


	METHODS
	FIG. 1
	FIG. 2

	RESULTS
	TABLE 1

	DISCUSSION
	FIG. 3
	FIG. 4
	FIG. 5

	REFERENCES

