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QUISTORFF, B., A. ENGKAGUL AND B. CHANCE. 31-P NMR in the study of liver metaboli.sm in vivo. PHAR- 
MACOL BIOCHEM BEHAV 18: Suppl, 241-244, 1983.--Continuous noninvasive readout of biochemical events in body 
tissues is the goal of many techniques and optical and nuclear magnetic resonance (NMR) approaches seem to be at the 
forefront of these. Here we present a review of NMR methods for studying liver metabolism in vivo with special emphasis on 
methods of localizing the response appropriate to the liver itself and to the exclusion of surrounding tissues. The simplest 
and most direct method appears with the use of an implanted coil which enables a variety of NMR magnets to be used in 
this study. 
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SINCE 3 I-P NMR is being used increasingly for study of 
ATP. PCr, Pi and other phosphorylated intermediates in vivo 
[1, 3, 6, 7, 9, 12], it seems appropriate at this meeting to 
review briefly the potential of this technique in liver re- 
search and to give some of our recent results on liver NMR 
in animal models as based on our earlier studies of the per- 
fused liver [15]. 

This account will focus on our methods of obtaining NMR 
spectra from liver in vivo and will present preliminary data 
on perfused liver as well as data on liver in vivo obtained 
with implanted transceiver coils. 

McLaughlin, et al. [15] have studied the Phosphorous 
NMR of the perfused liver and have made some observations 
useful to all of those who study this organ by NMR, some of 
which we reproduce here in Fig. 1 (Fig. 2 ofl15]). This figure 
illustrates the effect of repetition rate upon the spectrum of 
the phosphorous compounds of the perfused liver. The lower 
spectrum is accumulated over an interval of 1 hr at 1 pulse 
every 5 sec, a usual value for phosphorous NMR studies of 
body organs. It shows a very high phosphate peak and ATP 
triplet in which the ratio R (see below) is 0.6, signifying 
a large contribution to the A-peak of other components.  
If the repetition interval is decreased to 30 msec, the 
same data can be accumulated with a significantly enhanced 
signal to noise ratio in 6 rain. However, the nature of 
the peaks is significantly changed, the ATP peaks appear 
large compared to inorganic phosphate and the ratio R is 
02.1. Nevertheless, as McLaughlin, et al. [15] point out, the 
useful estimates of the time course of ATP and Pi can be 
made and the dynamics of changes can be followed even 
minute by minute, an advantage which is quite often essen- 
tial to studies of metabolic control phenomena. Calibrations 
of the metabolites in terms of the diagram of Fig. 1 will be 
necessary; e.g. values obtained by analytical biochemical 

techniques can be used for the initial values [15]. Propor- 
tionality will in all probability exist although it should be 
checked periodically by analytical biochemistry when using 
the rapid rate of accumulation. 

Salhany, et al. [17] have obtained NMR spectra of 60.7 
MHz at a repetition rate of 1 sec and their data, using 1500 
pulses, show ATP and Pi as it is expected. The series 
of peaks between Pi and ATP-G would suggest greater and 
unexplained complexities of the liver NMR. An interesting 
feature of these data is that the complexity of peaks disap- 
pears when respiration is inhibited by cyanide and fails to 
reappear when cyanide is removed by reperfusion. Thus, 
while their data suggest caution in identifying the peaks in 
the phosphate region, the failure to reproduce these in 
further manipulations of the liver questions this interpreta- 
tion. 

Finally, Gordon et al. [10] employ "field spoiling" to 
eliminate contributions from non-liver tissue to the NMR 
signal of the surface coil placed on the abdomen and reason- 
ably well reproduce the spectrum of a perfused liver as ob- 
tained by McLaughlin et al. [15] when they combine rapid 
pulsing with field spoiling. 

The expectation arising from these results is that the liver 
will contain the usual triplet of ATP signals, no PCr signal 
and a double signal in the inorganic phosphate region which 
may be due to two pools of inorganic phosphate [8], or to  
the combination of this with signals from 2,3-diphos- 
phoglycerate. 

This communication is intended to show results obtain- 
able from the animal in vivo with an implanted coil. 

METHOD 

Male Wistar rats, fasted for 24 hr, weighing 80 g were 
used. The animals were anaesthetized IP with Nembutal, 50 
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FIG. 1. 31-P NMR spectra from perfused mouse liver. (Upper) spectrum was accumu- 
lated in 6 min with a repetition rate of 30/sec. (Lower) spectrum was accumulated in I hr 
with a repetition rate of 0.2/sec. The scale at the bottom is in ppm, measured wtih respect 
to an external phosphoric acid sample. The assignments are: 18.2 ppm, B-ATP; 9.4 ppm 
A-ATP + A-ADP; 4.6 ppm, G-ATP + B-ADP; -3 .2  ppm, inorganic phosphate; -4 .8  
ppm, unassigned (see text). The spectra were run at 20°C and the line-broadening was 20 
Hz on each spectrum. (From [15] with permission.) 

mg/kg. The  imp lan t ed  t r a n s c e i v e r  coil was  a H e l m h o l t z  type  
o f  coil wi th  4 tu rns ,  15 m m  in d i a m e t e r  and  28 m m  long, made  
f rom c o p p e r  wire,  1.8 m m  in d iamete r ,  and  w r apped  in 
Paraf i lm to avo id  d i rec t  con tac t  wi th  the  t issue.  

The  coil is imp lan ted  in the  a b d o m e n  via a t r a n s v e r s e  inci- 
s ion j u s t  be low the c u r v a t u r e ,  and  fi t ted a r o u n d  the  l iver  wi th  
two  tu rns  on  each  side w i thou t  c o m p r o m i s i n g  l iver  circula-  
t ion.  The  incis ion is careful ly  su tured  and  the  leads of  the  
coil are f a s t ened  in the  skin. The  animal ,  s p o n t a n e o u s l y  
b rea th ing ,  is fu r the r  p rov ided  with an  e n d o t r a c h e a l  tube  in 
o rde r  to al low for  quick  changes  in the  inha led  gas -mix ture  
and  wi th  a s t o m a c h  tube  for  admin i s t r a t i on  o f  e thanol .  With  
the  rat  in place  in the  magne t ,  t r ans i t ions  b e t w e e n  gas mix- 
tu res  wi th  d i f ferent  02 c o n t e n t  was  poss ib le .  Af ter  each  
t rans i t ion ,  a pe r iod  of  10-15 min was  a l lowed to e s t ab l i sh  a 
s teady  s ta te  be fore  the  scans  were  col lec ted .  Fou r  
humidi f ied  gas mix tu re s  were  used:  R o o m  air, 100% 02;  10% 
02;  and  6% Oz. 

N M R  spec t r a  were  ob ta ined  at a f r equency  o f  80.98 M H z  
wi th  B r u c k e r  a WH-360  s p e c t r o m e t e r  ope ra t ed  in the  
Four ie r  t r ans form mode.  Each  spec t rum was the sum of  10,000 
free induct ion decays .  Pulse dura t ion  was 45 tzsec. The  repeti- 
t ion ra te  was  30/sec,  as p roposed  by  McL augh l i n ,  et al. [ 15] 
sweep  f r e q u e n c y  5,000 Hz,  for  a total  t ime of  333 sec. Chem-  
ical shifts are  g iven  in ppm  fol lowing the  U P A C  conven t i on .  

RESULTS 

A typical spec t rum from a normal  rat  l iver  ob ta ined  with the 
implanted coil t echnique  is g iven in Fig. 2. The  following 
peaks  may  be  ident i f ied as G,  A-,  and  B - A T P  at - 5 . 3 ,  - 10.5 
and  19.1 ppm,  respec t ive ly .  T h e  m a g n e s i u m  bound  s ta te  of  
ATP  in the  l iver  is obv i ous  f rom the  d o w n  field shift  of  the  
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FIG. 2. In vivo 31-P NMR spectrum of rat liver. Spectrum was 
recorded with a Helmholtz type of coil implanted in the abdominal 
cavity around the liver. The animal was anesthetized and 
traecheostomized breathing 20~/c oxygen spontaneously. The ppm 
scale refer to an external phosphoric acid standard at 0 ppm. A 
linebroadening of 20 Hz was applied. Spectrometer parameters were 
as described in the text. 
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FIG. 3. In vivo 31-P NMR spectrum of rat liver. The spectra were 
recorded with a Helmholtz type of coil implanted in the abdominal 
cavity around the liver. The animal was anesthetized and traecheos- 
Iomized breathing various gas mixtures spontaneously as indicated 
in the figure. The ppm scale refer to an external phosphoric acid 
standard at 0 ppm. Baseline was corrected with convolution differ- 
ence. using linebroadenings of 0 and 150 Hz. 

B-peak, which in the uncomplexed state will be about -21.5 
ppm [41. Inorganic phosphate shows up as a rather broad 
peak at 2.1 ppm, which in some spectra actually show a 
splitting by 0.5-0.8 ppm in accordance with the observation 
of Cohen et  al. [8]. The resonance at 0.5-1.0 ppm seems to 
be unaffected by hypoxia-normoxia transitions and could be 
glycerol-3-P-choline and glycerol-3-phosphoryl-ethanolamine 
[10]. The peak at 3.7-4.3 is located at the resonance for sugar 
phosphate and AMP. These peaks could not be resolved any 
further in these in vivo experiments; however, this is possi- 
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FIG. 4. Effect of ethanol on the chemical shift of B- and G-ATP 
resonance in vivo. The spectra were recorded as in Fig. 3. Ethanol, 1 
ml 30~;7c, was administered via gastrictube. 

ble following PCA extraction [16]. The very broad lines caus- 
ing elevated baselines is probably phospholipids, which be- 
cause of the membrane bound state does not move freely and 
therefore has very long relaxation times [14]. 

Spontaneous breathing, nembutol-anesthetized rats have 
been subject to a number of transitions from normoxia to 
hyperoxia and to hypoxia. Results typical of rapid repetition 
rate spectra are displayed in Fig. 3 for three values of FiO2: 
100%, 10% and 6%. It is seen that the ATP level indicated by 
the B peak is maintained to within 15% in these transitions, 
validating that the liver was adequately perfused in the inter- 
val of FiO2 from 100% to 10% to within 15%. Furthermore, 
the complex of peaks representing sugar phosphate, inor- 
ganic phosphate and phospho-diesters shows no significant 
changes. The ratio of peak heights (A-ATP---B-ATP)/B-ATP 
is termed " R"  and is observed to increase in hypoxia and to 
decrease with the opposite transition. " R "  is thus more 
likely to be related to alterations of the T1 and T2 values to 
which the amplitudes may be very sensitive at the high repe- 
tition rate, and not to be related to ATP/ADP which has 
previously been studied using traditional biochemical tech- 
niques [2, 5, 11, 13], all showing decreases of ATP/ADP ratio 
with hypoxia. In this context it should be noted however, 
that Salhany et  al.  [17], failed to observe any ADP signal in 
the perfused liver treated with KCN. 

The effect of ethanol (1 ml 30% ethanol administered via 
gastric tube) was investigated under the conditions described 
above, with similar FiO._, transitions. The observations with 
ethanol included were as described above without ethanol. 
Except for the unexpected finding of a significant upfield 
shift of the B-ATP resonance of about 0.4 ppm, as shown in 
Fig. 4. It is unlikely that this is a pH effect, siince B-ATP is 
rather insensitive to pH, and since there is no change in the 
chemical shift of P~ upon addition of ethanol. The observed 
effect of alcohol could be a decrease of the intracellular mag- 
nesium ion concentration. At present however, we do not 
have further evidence to support this suggestion. 

DISCUSSION 

Two approaches have been used here to localize the NMR 
signal from the liver in the living animal. The first proposed 
by McLaughlin [15] is to increase the repetition rate of the 
radio frequency pulse to the point where mainly the rapid 



244 Q U I S T O R F F ,  E N G K A G U L  A N D  C H A N C E  

relaxing A T P  of  the  l iver  will be obse rved .  This  has  resu l ted  
in a less than  per fec t  exc lus ion  of  o t h e r  t i ssues  nea r  the  liver.  
The  second  a p p r o a c h  is to implan t  a r o u n d  the  l iver  coils 
wh ich  are sens i t ive  main ly  to the  vo lume  b e t w e e n  r a the r  
than  the  ex te r io r ized  volume.  He re  a c o m b i n a t i o n  of  rapid 
puls ing and  the  imp lan ted  coil resu l ted  in signals which  con-  
ta in  ve ry  litt le if any  de tec t ab le  p h o s p h o c r e a t i n e  and  are 
the re fo re  main ly  re ferable  to the  l iver  in situ. Thus ,  spec t ra  

ob ta ined  with this t e chn ique  may se rve  as a re fe rence  in 
future  expe r imen t s  on  the d e v e l o p m e n t  of  surface-coi l  tech-  
n iques  wi th  high spatial  resolut ion.  

The  qual i ty  of  the  spec t ra  ob ta ined  in these  in v ivo 
s tudies  is sui table  for  a pre l iminary  s tudy,  but  is unsu i tab le  
for  an in-depth  quan t i t a t ive  analys is  of  l iver me tabo l i sm and 
fu r the r  d e v e l o p m e n t  a long these  lines is required.  
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