
4. S. Gattoni-Celli, W. W. Hsiao, I. B. Weinstein, soma1 breakpoint occurring outside the 
c-mos-containing sequences encom- 
passed by the 5'-side Bam HI site (5.0 
kb upstream of the c-mos coding se- 
quence) and the 3' Bgl I1 site (5.2 kb 
downstream of the c-mos coding se- 
quence). 

Our results indicate that the c-mos 
gene remains on the 8q- chromosome 
after the t(8;21) in AML. Analysis of 
complex translocations involving three 
chromosomes (8,21, and a third chromo- 
some) has demonstrated that the junc- 
tion on the 8q- created by the move- 
ment of material from chromosome 21 is 
conserved, whereas the chromosome 
that donates material to 21 is variable 
(16, 17). The observation that there is a 
conserved junction in the three-way 
translocation variants in the t(8;21) of 
AML, in the t(15;17) in acute promyelo- 
cytic leukemia, and in the t(9;22) in 
chronic myeloid leukemia suggests that 
the genes or DNA sequences that are 
relevant to the development of these 
neoplasias are located in such conserved 
junctions (17). In each of the t(9;22) 
complex variants that have been ana- 
lyzed, the c-abl gene is translocated to 
the conserved junction on the 22q- 
chromosome (18). The function of the c- 
abl gene is clearly altered in CML, re- 
sulting in transcripts of an abnormal size 
(19) and in protein products of abnormal 
size and function (20). ~. 

The association of the c-mos gene with 
the conserved junction of the t(8;21) may 
be fortuitous, but it is compatible with 
the hypothesis that this gene is involved 
in the oncogenic process for this type of 
leukemia. The finding that no rearrange- 
ment of c-mos was found in the Southern 
blot analysis does not exclude this hy- 
pothesis, because in other transloca- 
t i o n ~ ,  the breakpoints may be far from 
the affected genes. For example, in the 
t(9;22), the breakpoint on chromosome 9 
is located from 14 kb to more than 100 kb 
upstream of the c-abl gene (21). More- 
over, the Daudi line of Burkitt lympho- 
ma cells, which has a t(8;14), has an 
activated c-myc gene, although no rear- 
rangement has been detected within a 25- 
kb Bam HI fragment (22). 

Note added in proof: After completion 
of this manuscript we learned that tran- 
scription of c-mos was detected in mouse 
testis, ovary, and embryos (24). 
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Noninvasive Study of High-Energy Phosphate Metabolism in 
Human Heart by Depth-Resolved 3 1 ~  NMR Spectroscopy 

Abstract. Phosphorus-31 nuclear magnetic resonance (NMR) spectra showing the 
relative concentrations of high-energy phosphate metabolites have been recorded 
noninvasively from the human heart in vivo. Spectral data were spatially localized by 
combining a pulsed magnetic Jield gradient with surface NMR excitation-detection 
coils. The location of the selected spectral region was determined by conventional 
proton NMR imaging immediately before examination by phosphorus-31 NMR 
spectroscopy. 

PAUL A. BOTTOMLEY 
General Electric Corporate Research 
and Development Center, 
Schenectady, New York 12301 

Current noninvasive clinical tech- 
niques for assessing injury in heart dis- 
ease utilize the anatomical information 
provided by x-ray computed tomogra- 
phy, ultrasound imaging, y cameras, 
emission tomography, and proton ('H) 
nuclear magnetic resonance (NMR) im- 
aging techniques. Limited information 
on relative perfusion and glucose and 
fattv acid metabolism in the heart is also 
available from y cameras and emission 
tomography by administration of isotopi- 
cally labeled pharmaceuticals (1). An ad- 
vantage of metabolic probes in general is 
that physiologic changes affecting heart 
function are virtually immediately de- 
tectable and can precede anatomic 
changes by days or more. Such probes 
are therefore better suited to monitoring 
therapeutic response. 

Recent applications of natural-abun- 
dance phosphorus-31 (3'P) NMR to the 
detection of high-energy phosphate me- 
tabolism in vivo have provided valuable 
diagnostic information about various 

muscular and cerebral disorders in adults 
and infants without the use of ionizing 
radiation (2). 31P NMR studies of isolat- 
ed perfused rodent hearts have revealed 
transient metabolic response to drug 
therapies (3, 4), cardiotoxic chemothera- 
peutic agents (3, and global and regional 
ischemia (6) in times as short as 1.5 
minutes after onset (7). In most cases, 
pathology is detected by 3 1 ~  NMR spec- 
troscopy as disturbances in the ratios of 
the high-energy metabolites phosphocre- 
atine (PCr) and adenosine triphosphate 
(ATP) as well as inorganic phosphate 
(Pi). 

The in vivo 31P heart studies have 
been extended in situ by enclosing the 
heart in an NMR coil either permanently 
implanted or in open-chest animals (8- 
10); by using catheter NMR coils insert- 
ed through a peripheral blood vessel 
(11); and by restricting the NMR spec- 
trometer sensitivity to the heart by mag- 
netic field profiling and using an external 
NMR coil with the surface musculature 
of the subject surgically removed (12). 
This work was limited to rodents and 
dogs, and the techniques were rendered 
invasive by the necessity of ensuring 
adequate spatial localization of the 31P 

23 AUGUST 1985 



NMR signal. We have developed an al- 
ternative, noninvasive technique (called 
depth-resolved surface coil spectrosco- 
py, DRESS) for recording localized 3 ' ~  

NMR spectra in vivo (13). This tech- 
nique has now permitted observation of 
3'P NMR spectra showing phosphorus 
metabolism in the human heart. 

Spectra were recorded by means of a 
small, circular, tuned, flat NMR coil 
located outside the chest and adjacent to 
the heart. The coil was used for both 
transmission and detection of the NMR 
signal from a selected slice parallel to the 
plane of the coil. Slice selection was 
accomplished with a sinc function-mod- 
dated, radio-frequency (RF) excitation 
pulse applied in the presence of a mag- 
netic field gradient directed coaxial to 
the coil. The amplitude of the RF pulse 
was adjusted to maximize the detected 

signal. First, the amplitude was calibrat- 
ed for maximum signal for a slice close to 
the surface of the subject's chest. The 
amplitude at other slice depths was then 
calculated from known curves for the 
spatial dependence of the magnetic field 
along the coil axis (14). The extent of the 
signal contributions from the selected 
slice was confined approximately to a 
disk in the plane of the slice by the 
sensitivity profile of the surface coil (13). 
The precise location of the coil and of the 
excited sensitive disk relative to the 
heart was determined by conventional 
'H NMR imaging (15). Imaging with a 
whole-body NMR coil and with a 'H 
NMR surface coil of the same size as the 
3 ' ~  NMR coil provided coarse and fine 
positioning information, respectively 
(16). The depth of the slice was adjusted 
either by moving the subject relative to 

the slice or, automatically, by offsetting 
the NMR frequency in a single side-band 
transmitter. 

Figure 1 demonstrates application of 
the technique to the liver of a normal 
volunteer using a 1.5-T, I-m bore NMR 
imaging-spectroscopy research system 
(13, 15). Unlike chest and abdominal 
wall muscle, liver contains negligible 
PCr (17). It therefore serves as a useful 
test in vivo of the ability of spatial local- 
ization techniques to discriminate be- 
tween NMR signal contributions from 
surface and deep tissue. A 6.5-cm 'H 
NMR coil was positioned above the right 
costal margin, and conventional coronal 
(depth, 5 cm) and sagittal images were 
recorded (slice thickness, 0.5 cm) at 62 
MHz, depicting the slice location in the 
liver (Fig. 1, A and B). Integration of the 
image intensity (16) in Fig. 1A indicated 

-PCr B 
1.5 cm 

C 2.7 cm 

7 - 
-10 -20 ppm 10 0 -10 -20 ppm 10 0 -10 -20 ppm 

Fig. 1 (left). Conventional coronal (A) and sagittal (B) 'H NMR images (slice thickness, 0.5 cm) of human liver recorded in vivo by means of a 6.5- 
cm surface coil for both transmission and reception. (A) The 'H NMR signal distribution in a plane at a depth of 5 cm delineated relative to the 
surface in (B) (array size, 256 by 256 points; scan time, 4 minutes). The 3'P NMR spectrum (C) was recorded from a slice (thickness, 1.2 cm) in the 
same location as that imaged in (A) with a 6.5-cm "P surface coil (1200 acquisitions; 1-second repetition period; 8-Hz exponential filter). a-, p-, 
and y-ATP are the a-, p-, and y-phosphates of ATP [y- and a-ATP resonances include contributions from other nucleoside phosphates (2-12)]; PD 
is the phospodiester resonance. Chemical shifts are relative to PCr at 0.0 ppm. Fig. 2 (right). 3 ' ~  NMR spectra recorded as a function of depth 
with the 6.5-cm surface coil over the left ventricle (A) (600 acquisitions; 1-second repetition period; 8-Hz exponential filter) and displaced 5 cm to 
the right over the right ventricle (B) (1200 acquisitions; 1-second repetition period; same filter). Spectrometer gains for each series are constant 
except for the 1.5-cm spectrum, which is halved. Depths are nominally relative to the surface with the subject prone on top of the surface soil. 
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that 50 percent of the total 'H NMR 
signal from the selected plane derived 
from a sensitive disk 7 cm in diameter. A 
'H NMR spectrum was also recorded 
from the entire coronal slice by switch- 
ing off all imaging gradients except for 
the slice selection gradient; this spec- 
trum was used to optimize the magnetic 
field homogeneity by adjusting the cur- 
rents in external magnetic field gradient 
shim coils (3, 13). The spectrum con- 
tained a single H20 resonance with a 
negligible mobile lipid (-CHT) peak, in- 
dicative of a healthy liver without fat 
deposits (18). Typical line widths of the 
H20 resonance from selected slices in 
the body were 0.1 to 0.3 part per million 
(pprn). The 'H coil was then immediately 
replaced by a 6.5-cm 3 1 ~  coil at exactly 
the same location, and a 3 ' ~  NMR spec- 
trum was recorded from the slice at 25.1 
MHz with the same gradient. For con- 
stant gradient strength and RF pulse 
duration, the slice thickness increased 
from 0.5 cm to 1.2 cm in the 3 ' ~  experi- 
ment; that is, by the ratio of the NMR 
frequencies of 'H to 3 ' ~  (13). The ab- 
sence of PCr in the spectrum (Fig. 1C) is 
consistent with its liver source. Switch- 
ing between 'H and 3'P operation re- 
quired only resetting of the NMR spec- 
trometer frequency and connecting the 
3 ' ~  coil and coil-tuning network to the 
NMR spectrometer. 

Series of spectra recorded as a func- 
tion of depth by means of the above 
procedure but with the 3'P coil posi- 
tioned on the chest over the septum and 
left ventricle and over the right ventricle 
of the subject's heart are shown in Fig. 2, 
A and B. 'H NMR images corresponding 
to Fig. 2B were obtained with a whole- 
body imaging coil and denote the loca- 
tion of the surface coil by intensity arti- 
facts in Fig. 3, which arose from the 
mutual interactions of the coils. Body 
and surface-coil images were also re- 
corded for the geometry represented by 
Fig. 2A. Spectra were recorded with a 1- 
second pulse repetition period, but the 
ratio of the PCr to ATP resonances was 
substantially unchanged at 3.5 cm depth 
when the repetition period was extended 
to 8 seconds. Thus NMR pulse-flip an- 
gles were less than d 2  at the selected 
planes, and heart spectra were undistort- 
ed by spin-lattice relaxation effects (16). 
Neither the image nor the spectral acqui- 
sition was synchronized with the cardiac 
or respiratory cycles, so that motion 
artifacts were removed by signal averag- 
ing. Thus the data predominantly corre- 
spond to the diastolic phase of the heart. 
Some variations in high-energy phos- 
phate metabolites have been observed 

within the cardiac cycle in isolated per- 
fused hearts (19), but not in situ (10). The 
decrease in coil sensitivity as a function 
of depth prohibited acquisition of satis- 
factory 20-minute spectra from depths of 
5 cm or greater. 

Two striking features of the spectra in 
Fig. 2 are the large decrease in the ratio 
of PCr to ATP between shallow and deep 
slices and the changes in peak amplitude 
in the 5 to 8 ppm region (peak a). The 
former feature was due to a transition 
from predominantly skeletal chest mus- 
cle to predominantly heart muscle. The 
ratio of PCr to p-ATP (mean + standard 
deviation) was 1.3 + 0.4 as calculated by 
integrating the area under these reso- 
nances in spectra from the septum and 
left ventricle at depths of 2.5,3,3.5, and 
4.5 cm and from the right ventricle at 
depths of 3.1 and 3.5 cm. This value is 
consistent with values obtained from the 
invasive studies of animals in situ 
[1.7 + 0.2 (8), 1.33 + 0.15 (lo), and 1.7 
estimated from Fig. 4 (ll)]. Peak a has 
been assigned to 2,3-diphosphoglycerate 
(DPG) in blood (8, 9, 11, 12) and to 
phosphomonoesters in general (10, 11). 
The former assignment could explain 
variations in the amplitude of this peak 

Fig. 3. Axial (A) and sagittal (B) 'H NMR 
images through the heart and lung fields re- 
corded with a whole-body imaging coil (array 
size, 256 by 256 points; slice thickness, 0.5 
cm; scan time, 4 minutes). The images depict 
the relative location of the surface coil used 
for acquiring spectra in Fig. 2B as intensity 
artifacts (dark structure, top center) above the 
right ventricle of the heart. Images (A) and (B) 
are oriented chest-upward; image (A) looks 
toward the head, and the abdomen is to the 
left-hand side of image (B). The subject was 
prone on top of the surface coil. The spectra 
in Fig. 2A were recorded with the surface coil 
displaced 5 cm to the right on image (A). 
Coronal images recorded from the body coil 
and from a 'H NMR surface coil at a depth of 
3.1 cm corresponding to Fig. 2B showed the 
heart muscle surrounded by pericardial fat 
and heart muscle, respectively. 

among heart spectra as a reflection of 
dgering proportions of blood in dgerent 
slices. The two DPG phosphate reso- 
nances in blood occur around 6 ppm and 
are separated by less than 1 ppm (11). 
They are unresolved here and elsewhere 
(ll), possibly because of blood flow ef- 
fects. Contributions to PCr and ATP 
peaks from blood are negligible (8, 11). 
Peaks b and c can be assigned to Pi and 
phosphodiesters. Peak d is unassigned. 

The diameter of the sensitive disk en- 
closing 50 percent of the signal was 
about 6 cm at a depth of 3 cm and about 5 
cm at a depth of 2 cm. In addition to 
blood, lung tissue and pericardial fat 
could also have contributed to the deep 
spectra. However, lung tissue has a low 
density and is therefore unlikely to con- 
tribute substantially, and the 'H NMR 
spectra used for optimizing the magnetic 
field homogeneity in slices at depths 
greater than 3 cm exhibited a mobile 
-CHT resonance about 20 times weaker 
than the H20 resonance. This suggests 
that the contribution to the spectra from 
fat was minimal; fat is low in high-energy 
metabolites anyway. We therefore con- 
clude that the PCr and ATP resonances 
in the deep spectra derived almost en- 
tirely from the heart muscle. 

Initial ex~eriments on does have indi- - 
cated that regional ischemia is detectable 
noninvasively in the heart by 3 ' ~  NMR 
with the technique described here (20). 
Also, the DRESS method can be extend- 
ed to yield multiple spectra from differ- 
ent depths in the same time as is required 
to obtain a single spectrum by succes- 
sively exciting different slices within the 
normal pulse repetition period (21). The 
ability to obtain metabolically useful in- 
formation from the heart by 3 ' ~  NMR in 
reasonable scan times renders clinical 
applications quite practical. 
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Ethanol Withdrawal in Mice Precipitated and 
Exacerbated by Hyperbaric Exposure 

Abstract. Mice were fed an ethanol-containing liquid diet for 9 days. On removal 
of the diet, exposure to 12 atmospheres absolute of a mixture of helium and oxygen 
precipitated earlier withdrawal, increased withdrawal scores for the $rst 6 hours, 
and increased the peak withdrawal intensity compared to dependent animals 
exposed to control conditions. The enhanced withdrawal did not appear to reject 
alterations in ethanol elimination, oxygen or helium partialpressures, body tempera- 
ture, or general excitability. These results extend to chronically treated animals the 
evidence that hyperbaric exposure antagonizes the membrane actions of ethanol. 
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Current molecular theories of general 
anesthesia are based on the physico- 
chemical properties of anesthetics rather 
than on specific receptor interactions (I- 
4). These theories postulate that general 
anesthetics, including ethanol, act by 
penetrating hydrophobic lipid or protein 
regions in brain cell plasma membranes. 
The resultant perturbations are thought 
to lead to conformational changes in 
membrane-bound proteins, altering their 
function and thereby causing cellular de- 
pression and anesthesia. The exact site 
of anesthetic action is unknown, but 
evidence suggests that perturbations in 
discrete microenvironments in the mem- 
brane are more likely to be the critical 
events than are changes in the bulk mem- 
brane (3, 4). Perturbation theories are 

supported, in part, by the ability of in- 
creased hydrostatic and atmospheric 
pressure to reverse or reduce the acute 
depressant effects of ethanol and other 
general anesthetics (2, 3, 5). It is hypoth- 
esized that the increased pressure blocks 
or counteracts anesthetic-induced per- 
turbations, thereby returning the mem- 
brane components to their original con- 
formational and functional states. 

Chronic exposure to ethanol can lead 
to the development of tolerance and 
physical dependence (6). These phenom- 
ena, including the hyperexcitability and 
convulsions seen after ethanol is re- 
moved from dependent animals, are 
thought to reflect compensatory changes 
that offset the acute effects of ethanol 
(7). If increased atmospheric pressure 
antagonizes the acute effects of ethanol 
by blocking or counteracting its action 
on membranes, then exposure to hyper- 
baric environments should precipitate or 
enhance withdrawal in ethanol-depen- 
dent animals. The augmented withdraw- 
al would be analogous to the effect of 
opiate antagonists on morphine-depen- 
dent animals (8). 

In previous studies we observed that 
exposure to 12 atmospheres absolute 
(ATA) of a mixture of helium and oxygen 
antagonizes the acute depressant effect 
of ethanol in mice (5, 9-12). The antago- 
nism does not reflect changes in the 
absorption, distribution, or elimination 
of ethanol; increases in the partial pres- 
sure of oxygen or helium; or alterations 
in body temperature. In the present 
study we found that exposure to 12 ATA 
of helium + oxygen precipitates and ex- 
acerbates withdrawal in ethanol-depen- 

dent mice. To our knowledge, this is the 
first evidence that hyperbaric exposure 
behaves as an ethanol antagonist in 
chronically treated animals. 

Drug-nayve adult male C57BLl6J mice 
were made physically dependent on eth- 
anol by exposure for 9 days to a liquid 
ethanol-containing diet (F711A; Bio- 
Serv, Inc.) as the sole source of water 
and nutrients (13). The animals were 
housed individually in a room kept at 
21" i 1°C with a 12-hour light-dark cycle 
(lights on at 0700 hours). Diet consump- 
tion and intoxication scores (14) were 
recorded daily before fresh diet was sup- 
plied at 0800 hours. 

The withdrawal period was initiated at 
0200 hours on day 9 by removing the 
diet. The mice were moved to new indi- 
vidual housing consisting of clear plexi- 
glass tubes (8 by 20.5 cm) and were 
randomly assigned to one of the follow- 
ing conditions: 1 ATA of air at 25°C; 1 
ATA of helium + oxygen at 30°C; or 12 
ATA of helium + oxygen at 30°C (15). 
We used a higher chamber temperature 
in the helium + oxygen conditions to 
offset the cooling effect of helium and 
thereby eliminate the potential for con- 
founded results due to differences in 
body temperature (10, 14, 16). Three 18- 
liter chambers, holding up to seven mice 
each, were used to test the three treat- 
ment conditions simultaneously (17). 
The atmospheric gas content, pressure, 
and flow rate were adjusted with com- 
pressed air or helium + oxygen. The 
procedures ensured adequate oxygen- 
ation during and after compression and 
set the final partial pressure of oxygen at 
0.2 ATA (5, 12). Withdrawal signs (14) 
were rated hourly for 14 hours by an 
observer who was unaware of the cham- 
ber conditions. The hourly score for 
each mouse was based on its behavior 
during a 2-minute observation period at 
the beginning of each hour. There were 
no statistically significant differences in 
withdrawal scores between the group 
exposed to 1 ATA of helium + oxygen 
and the group exposed to 1 ATA of air 
(Fig. 1 and Table 1). Therefore, the data 
for these two groups were pooled for 
statistical comparisons with the 12 ATA 
group. 

Hyperbaric exposure precipitated and 
intensified the signs of ethanol withdraw- 
al (Fig. 1 and Table 1). The mice in the 12 
ATA group exhibited signs of withdraw- 
al at the first rating period 1 hour after 
the ethanol diet was removed. In con- 
trast, the 1 ATA air group did not show 
any signs of withdrawal until the second 
hourly rating (Fig. 1). The mean with- 
drawal scores for the 12 ATA group were 
23 to 134 percent greater than those for 
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