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.uP.NMR spectra of liver in vivo, subcellular tractions and model systems were ~:cquired in order to characlcrisc fllrther lhc 
hepatic phosph~diester peak seen at low magnetic field strengths previously shown to he predominantly due to phospholipid 
bilayers. The dala obtained in this study in vitro suggested th.'|t the phospholipid membranes of the endoplasmic reliculum 
provide the dominant contribution to this phosphodiester peak. Support for this hypothesis was provided by experiments on rats. 
Phcnobarbitone, which is known to induce proliferation of the endoplasmic reticulum produced a considerable increase in 
intensity of the phosphodieslcr peak in liver spectra in vivo. 

Introduction 

31P-NMR spectra of brain [1] kidney [2] and liver 
[3,4] have a large contribution in the phosphodiester 
(PDE) region from a broad peak which is more promi- 
nent at magnetic fields below 2.5 T than above. Spectra 
of perchloric acid extracts of brain and liver have 
shown that the signal from low-molecular-weight com- 
pounds, such as glycerophosphorylcholine and glyc- 
erophosphorylethanolamine contribute less than 25% 
of the PDE signal observed in vivo at low field-strengths 

[51. 
In a previous study, we showed that this field-de- 

pendent PDE signal in vivo, accounting for as much as 
45% of the total observed signal, is due primarily to 
phospht~lipid bilayers [4]. Observation of hepatic ~'P 
signals ia vivo at i.9 T whilst proton decoupling, thereby 
removing the effects of strong proton-phosphorus dipo- 
lar coupling, changed the shape of the broad PDE 
peak to that typical of a bilayer spectrum. At higher 
fields dipolar coupling constants, which are field inde- 
pendent, become insignificant ard chemical shift 
anisotropy (CSA) effects dominate the lineshape. This 
leads to a very broad signal and the dramatic reduction 
of the PDE peak in vivo seen at higher magnetic fields 
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[4]. Low-field .~l p spectra obtained in vivo with a selec- 
tive off-resonance saturation pulse revealed that in 
addition to the signal due to phospholipid bilayer there 
was also a small contribution to the PDE signal from a 
saturable, motionally averaged macromolecule. Several 
possibilities were proposed as the source of tiffs signal 
[4]. 

In this study, we provide further evidence that phos- 
pholipid bilayers are the primary source of the field- 
dependent PDE resonance. Wc present studies of sub- 
cellular structures in vitro that suggest that the mem- 
branes forming the endoplasmic reticulum (ER) are 
responsible for the bilayer signal in liver spec'ra in 
vivo. In addition, we show that treating rats with phe- 
nobarbitone in their drinking water leads :o a dramatic 
increase in the PDE peak compared to control rats. As 
phenobarbitone is known to cause a iarg~ increase in 
the amount of smooth ER in hepatocytes [6], these 
results suggest that the membranes in the ER are the 
cellular structures primarily responsible for the field- 
dependent PDE peak in rat liver in vivo. 

Materials and Methods 

Model solutions 
All reagents (analytical grade) atld enzymes used 

were supplied by Sigma (St. Louis, MO). Several forms 
of nucleic acid were studied: RNA (type IV from calf 
liver) as a 1 mg/ml  solution, single-stranded DNA 



52 

(from herring sperm, degraded free acid) in a 1.7 
mg/ml solution and double-stranded DNA (type i; 
sodium salt, highly polymerised from calf thymus) in a 
I mg/ml  solution. Three phospholipid systems were 
investigated. MultilameUar bUayers were prepared from 
a i.-a-phosphatidylcholine (from egg yolk, approx. 60%) 
dispersion (approx. 40 mg/mi)  in a 50 mM Hepes, 15 
mM EDTA solution. The solution was mixed by gentle 
inversion and allowed to settle at room temperature 
before use. Phospholipid vesicles were prepared by 
sonicating the above multilamellar bilayers for a mini- 
mum of 30 rain in a sonicating water bath. Lastly, 
human low density li.noprotein (LDL) (22% protein 
and 78% lipid) was investigated in a 0.15 M NaCI, 
0.01% EDTA buffer solution. 

ttomogenate preparation 
Livers from male Wistar rats (200-°250 g) were ho- 

mogenised in 5 volumes of a buffer solution of I).25 M 
sucrose, 50 mM Tris, 25 mM KCI and 5 mM MgCI 2 . 
6H,O. The mixture was dialysed at 4°C in 3 x 5 vol- 
umes of buffer solution to remove small low- 
molecular-weight phosphorus compounds, such as inor- 
ganic phosphate (P~) that might contribute to the NMR 
spectrum. The dialysed homogenate was studied before 
and ! h after treatment with phospholipase C (type XI 
from Bacillus cereus, suspended in 3.2 M (NH4),SO 4 
solution at pH 6). Phospholipase C was added to 
hydrolyse phospholipid into phosphomonocsters (PME) 
and diacylglycerol. 

Ceihdar l'ractions 
Differential centrifugation, producing enriched 

rather than pure fractions, was used for the separation 
of mitochondria, lysosomes and microsomes. Livers 
from four ether.anaesthetised male Wistar rats (21H)- 
275 g) were removed, chopped with scissors and washed 
in a medium containing 0,25 M sucrose, 0,01 M Tris- 
HCI, 0,05 mM EDTA and 5 mM MgCI, (pH 7.2). The 
liwr was resuspendod in 9 volomes of medium and 
homogcnised in a Potter-EIvehjem homogeniser. The 
homogenate was fractionated by differential centrif- 
ugation using a modification of the procedures of 
Wil~,z~ms and Wilson [7] and Chambers and Rickwood 
[8]. Smoodl mierosomes, rough microsomes and free 
ribosomes were further i~)lated using sucrose gradi- 
ents. Rough microsomes were stripped of ribosomes 
with puromyein according to the method of Adelman 
and colleagues [9]. The purity of the fractions was 
assessed by determining enzyme activities for the fol- 
lowing marker enzymes: lactate dehydrogenase (cyto- 
sol), citrate synthase (mitochondria), acid phosphatase 
(lysosomes) and glucose-6-phosphatase (microsomes). 
The enzyme assays indicated that enriched fractions 
were obtained though there was cross contamination 
between the lysosomal and microsomal fractions. This 

resulted in a very significant microsomal content in the 
lysosomal fraction. Microsomal subfractions were ex- 
amined by eleciron microscopy (courtesy of Dr. D. 
Ferguson, John Radcliffe Hospital, Oxford) which 
showed no visible cross-contamination between the 
three fractions. 

Phenobarbitone treaonent 
Two groups of male Wistar rats (n = 5) weighing 

250 g were used for these experiments. The test group 
were allowed a phenobarbitone/water solution (350 
rag/I) as their sole source of drinking water for seven 
days prior to the NMR experiment, The contrd group 
had no phenobarbitone added to their drinking water. 
After the NMR experiments were completed, liver 
samples were taken and processed for electron mi- 
croscopy. The animals on phenobarbitone solution 
showed evidence of large-scale proliferation of ER, 
whilst the normal animals exhibited normal hepato- 
cellular architecture. 

NMR spectroscopy 
h~ vitro. "~P spectra were obtained at 121.5 MHz in 

a 7.(1 T Oxford instruments magnet interfaced to a 
Bruker AM 300 spectrometer using a 60 ° pulse, 8K 
data points, an interpulse delay of 2.4 s and a spectral 
width of 6 kHz. "~' P-NMR spectroscopy was also per- 
formed at 32.5 MHz in a 1.9 1" Oxford Instruments 
magnet interfaced to a Bruker Biospec I spectrometer 
using a 50 ° pulse, 2K data points, an interpulse delay of 
2.26 s and a spectral width of 4 kHz. All spectra were 
obtained at 37 ° C and a methylenediphosphonic acid 
(MDP) capillary was used as a chemical shift reference 
set to correspond to glyeerophosphorylcholine at 2.85 
pore. IH decoupling was achieved using WALTZ-16 
composite pulse broadband decoupling [10] during ac- 
quisition. Presaturatio,, used in experiments at 1.9 T, 
was achieved using a selective, low-power 2 s "~j P pulse 
at a frequency 900 Hz (28 ppm) downfield from the 
PDE peak for all samples, including stripped rough 
ER, with the exception of the microsomal subfractions, 
which were irradiated at 15.5 pore. There were no 
differences in the effects of irradiation at this range of 
frequency offsets. Spectra of these subfractions were 
obtained with the presaturatie, n pulse 500 Hz (15.5 
ppm) downfield from the PDE resonance. Control 
irradiation wa,,', performed at an offset of 10000 Hz. 

In t'h,o. Animal.~ were anaesthetized with halo- 
thane/oxygen and the liver surgically ,~v.nased A 
three-turn 1.5-cm diameter radiofrequency coil was 
placed over the exposed liver ~eparated from it by a 
thin sheet of polyethene. The coil was then tuned to 
the 31p frequency (40.5 MHz). Tuning to the ~H fre- 
quency (100.1 MHz) was acheived by transmission-line 
tuning [11]. ECG, respiratory rate and core tempera- 
ture were monitored throughout the experiments and 



the core temperature was kept close to 370(2 by warm 
air. 3 tp  spectra were obtained in a 2.35 T Oxford 
Instruments magnet interfaced to a Bruker AM 100 
spectrometer. The field homogeneity was adjusted us- 
ing the proton signal from water within the liver. 
Typical water linewidths of 40-60 Hz were obtained. 
Pulses of approx. 45 ° at the centre of the coil were 
applied every 0.6 s and 200 scan spectra were acquired. 
The spectra were processed by convolution d~fference 
to remove the broad underlying hump using line broad- 
enings of i5 Hz and 500 Hz. Saturation factors were 
determined by comparing the PDE icsonance intensi- 
ties at 0.6 s and 16.1 s repetition times. 

Results 

The chemical shifts and linewidths of 3 t p  peaks of 
model solutions at !.9 T and 7.0 T are summarised in 
Table I together with data fl'om our previous study in 
vivo [4]. Also reported is whether or not a selective off 
resonance pre.,,aturation pulse produces a dramatic re- 
duction in signal intensity as has been shown tbr the 
PDE peak in vivo [4]. These data indicate that of the 
macromolecular systems studied only double-stranded 
DNA and phospholipid bilayers have NMR character- 
istics similar to those seen in the PDE peak in vivo. 
The signals from both are dramatically affected by 
selective presaturation and both experience extreme 
broadening and a significant decrease in intensity at 
higher fields, as can be seen in Fig. 1. RNA, single- 
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TABLE i 

Chamc'terestk's of the PDE peak in model ('tm~potmd~ and in rwo 

ds, double-stranded; ss, single-stranded: linewidth, full width at half 
maximum height, o- values and presaluration effects were deter- 
mined al i. t} T. 

,r " (ppm) Linewidth ( l l z )  Presaturation 
7.0 T 1.9 T effects 

RNA 2.0 110 30 no 
DNA (ss) i, 1.8 45 19 no 
DNA (ds) I. I - 1.9 500 80 yes 
LDL h 2.0-2.7 63 32 no 
Bilayer 2.3 70IX)" 210 yes 
Vesicles 2.2 60 40 no 
In vivo ~' 2.3 320 yes 

'° Because of Iho asymelrical lineshape of the hilayer spectrum at 7.0 
T, this value ropresems the CSA chetnical shift difference. A,r, 
rather than time actnal linewidlh. 

~' The chemical shift r:|ngos topoi'ted :ire duo to sepatate r~,',:c::;'4]ccs 
visihlc with resolution ellhllneel|lCnl, 
i )a la Iron1 Murp l ly  el al. 141. 

stranded DNA, phospholipid vescicles and LDLs all 
exhibited a slight increase in linewidth at higher field, 
but none were affected by selective presaturation. 

in order to assess the effects of dipolar relaxation 
on the low-field 3~p spectrum, these interactions were 
removed using proton decoupiing (Fig. l). The effect 
on the spectrum of DNA is a narrowing of the signal. 
The effect on the bilaycr is much more dramatic and 
involves a reduction in signal in the PDE region and a 

32.SMHz 
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B 
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Fig. 1. " P - N M R  spectra of doabl¢-slranded DNA at different field strengths: (A) at 1.0 T (32.5 MHz; 81()2 ~ a n s  processed with 15 i |~  
exTxviential line broadening); proton decoupled at 1.9 T (32.5 Mliz)  (B) at 7.0 T (121.5 M|~z): (C) .~ip-NMR spectra of phospholipid bilayes at 
different field strengths: (D) spectrum of phospholipid bilaycr at 1.9 T (32.5 MHz; 2560 sean~, processed with 15 I tz exponential line broadening); 

proton docoupled at at l.g T (32.5 MHz) (E), at 7.0 T (~21.5 Mltz) IF). 
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complete rearrangement of the broad component to a 
characteristic bilayer lineshape with a sharp upfield 
peak and a sloping downfield shoulder extending 
through 40 ppm: as is seen for a significant portion of 
the PDE peak in vivo. It should also be noted that this 
spectrum is similar to that obtained at 7,0 T, where 
dipolar interactions have an insignificant contribution 
to the lineshape. 

Dialyzed liver homogenate produced .Up spectra 
with a very pronounced PDE peak that was affected by 
selective presaturation (Fig. 2A), Addition of phospho- 
lipase C resulted in a virtual disappearance of the PDE 
peak; a corresponding peak appeared in the phospho- 
monoestcr regiun of the spectrum consistent with tile 
enzymatic hydrolysis of phospholipid to phosphomo- 
noester and diaeylglyccrol (Fig. 2B). There was also an 
increase in the P~ peak probably dcrived from nu- 
cleotide phosphates and hydrolysis of compot, nds re- 
leased by phospholipase C from PDE. As with the 
homogenate, all subcellular fractions examined pro- 

A~ 

tf'b~ PD~ 

B) 

PRE - S~,1 URATION j ~  
I 

f'I / PI)t 

Fig. 3, u P-NMR .,,pcclra ill 1,9 T 132.5 MI Izl of rill liver nficrt~somcs 
will) (continuous line will) ,',uperimpt}~ed dots) or wilhoul ((.x,wt'h'r~ 
ous line} selective presaluration al 15.5 ppm. Speclra n.,prvscnl 512 
scans processed with :5 IIz exponential lincbroadcning. (A) Frcc 

ril)t~.,,umes, (B) smooth micront~nius atld ((') r~ugh inigroson1¢s. 

i l', 

i! i, 

J~ 

! ; 

2, ,' ' 1.~ 10 ~ 0 L, 
{~F,K, 

Fig. 2. ~P-NMR spectra at 1.9 T (32.5 Mli/} ,ff dialyzed ral livvr 
homt~enat¢, Spectra represen! 1024 stall,,, prt~essed with 15 IIz 
¢Xl~menlial linebrtaidening, (A) Conlrol spectrum (s~did), ,'lnd con- 
troi spectrum with presaluralion tit arrow (presaluraled speelrurc, i~; 
sh~n a~ a oLmtinous line with superimposed dots). (B| Speelrum I h 
)tier addition of phospholipa~ C, Note the disappearance of the 
i DE peak. The increa~ in Pi is due to general breakdown of 
p ,~ha tes  as the spectrum was obtained I h after phospholipase 

t r e a t m e n t .  

duced spectra with a PDE peak that was present at 
lower magnetic fields and disappeared or broadened at 
higher magnetic fields. Howcvcr, the PDE peak from 
these subcellular fractions was more pronounced and 
more significantly affected by selective prcsaturatkm in 
the lysosomal and mierosonml fractions. The spectrum 
from frec ribosomes {Fig. 3A), consisting of signal 
principally from nucleic acid, showed no effect with 
presaturation. Spectra from microsomes further frac- 
tionated into smooth and rough microsomes showed an 
approx. 35 and 51)~ reduction in :dgnal in the two 
subfractions, respectively (Fig. 3B and 3C). 

In order to assess the contribution of ribososmcs It) 
the spectra more acccurately, Spectra of rough ER 
wq, re ~.,btained betorc and after being stripped of ri- 
bt)sosmes, Spectra of rough ER showcd reduction in 
signal after presaturation both before and after re- 
moval of ribosomes (Fig. 4). Ribososmes and smooth 
ER obtained from the same livers were also studied 
and the effects of presaturation on the spectra were 
similar to those shown in Fig. 3. 

Fig. 5 shows summed liver spectra obtained in vivo 
from control rats and from phenobarbitone-treated 
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Fi~. 4. ;~ P-NMI{ spectra of it)u~;h ER h,:l'~.c ,,ad ,fft,'r icmuval of ribosomes at 1.9 T. Liuc broadcmi.+g of 25 I lz. (A) H)cctrum from rough El}, 
before ,,:trippi,g of ril~ososn+es without presaturation, (B) spectrum of same sample with presturalion. (C) spectrum of rough ER after remov;|l of 

rihosomes, without presatur.'ttion, (D) spectrum of rough ER after rcmowd of ribosomes with presaluration. 

animals. All the spectra wcrc normaliscd to the same 
intensity of the g-ATP peak before summation. Most 
apparent is the htrgc increase in the intensity of the 
resonance in the PDE region in the phenobarbitonc- 

treated animals. Electron micrographs of the livers of 
control and phenobarbitonc-trcatcd animals arc shown 
in Fig. 6. These demonstrate increased amounts of 
bilayers from ER in the livers of phenobarhitone 

~ PDIE ATP 

', 
\ / l  .,..o,,.,.,,,,o,,. 

I, /AI 
/ ~ / ~ Normal liver 

ff• Difference 

I + I + I 

IS S -5  - I S  -2$ 
P P M  

Fig. 5. In vivo liver spectra of normal and phenobarbitone-lrealed rats: summed spectra from+ five normal and five phenobarbiloltc.trc;itcd 
animals and difference spectrum to show the change in the diester peak. The spectra have been norr, alised to the height of the ~-ATP 

resonance 
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treated animals. The intracellular pH and the A'I'P/P~ 
ratios were not significantly different. Previous data 
from different ~uts of ani,nals indicated that the ATP 
concentration determined from freeze clamped per- 
chloric acid extracts was not significantly different be- 
tween control 11.92_+0.17 mmol/kg wet wt, n =3 ,  
Williams, S.R., unpublished results) and phcnobarbi- 
tone-treated attimals (2.(19 + I).33 mmol/kg wet wt, n 
= 5 [12]) .  

At the repetition rate used, the PDE peak in tile 
control animals was saturated to about 649;, + 6e/, of 
its fully relaxed intensity. The PDE peak in the pheno- 
barb)tone-treated animals was saturated to t~l% ± 4'7,4, 
of its fully relaxed intensity. 

Discussion 

These studies indicate that a major p~l'titm of the 
PI)E peak in ~qP liver spectra at low magnetic fields is 
derived from the endol~l:lsmic reficultJiI1. This has con- 
tributions from Ihe lipid bilaycl (which is saturable 
with of Uresonancc irradiation) and probably fronl ribo- 
somal RNA (which is non-saturable). The PDE peak 
increases tinder conditions in which the ER content of 
hepatocytes is increased. 

These results c:dcnd the observations reported in an 
earlier papcr [4] that the PDE peak at 1.9 T contained 
significant contributions from phospholipid bilayers, in 
that paper [4], we showed that selective off-resonance 
prcsaturation ahnost completely eliminates the broad 
component and most of the PDE signal in the 31p 

spectra leaving P, and a small residual PDE peak. 
Computer integration showed that this broad saturable 
PDE signal constituted 45% of the control spectrum. 
The shape of this signal was also modified by proton 
dccoupling which caused an upfield shift of thesignal. 
Thus, the PDE peak is clearly shown to have a large 
component of phospholipid bilayer. ()tiler components 
thai could I~roducc I~l'oad peaks in this region include 
nucleic acid, small vesicles, or phospholipids in the 
hexagonal type II phase [4]. As shown here, none o1' 
these co1111'loncnls would produce Ihe spectral changes 
observed in vivo with proton decoupling. Further, spec- 
Ira of nucleic acids in vitro show no changes with 
prcsaturatituL 

Results from the fractamation experiments indicate 
that the majority of the broad PI)E signal arises fronl 
ihe microsomal fraction. The lysc~somal fraction also 
produced spectra with a pronounced PI)E peak hut, 
recalling the mierosomal contamination of this frae- 

Fig. 6. Electron micrograpas of rat livers: (A) control. (B) phenobarbitonc-treatcd. Bar represenls 0.1 ram. The original magnification was 
!201~ ×. Note the increase in mcmhranes in the micmgraph from the phenobarbitone-trcatcd rat. 
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Fig. 6 (continued). 

tion, that peak also can bc attributed to microsomes. 
Since ER constitutes over 511% of the membrane in the 
cell [13], it is not surprising that the majority of the 
saturable-field-dependent PDE signal arises from the 
microsomal fraction. Nevertheless, limitations to these 
results should be kept in mind. The lamcllar aild 
cisternal structures of the smooth and rough ER are 
damaged in the homoge++isation process. Therefore, 
the microsolnes which are tormed after homogenisa- 
tion t~:iy bear limited resemblance to the structure of 
the intact ER. Tlaus, in vivo, the larger membranes 
present might produce extremely broad asymmetric 
lineshapes, while after homogenisation, the size of 
some of the microsomal vesicles formed may welI be 
small enough for their NMR signal to be narrow. 

Though the prestripped rough ER, stripped rough 
ER and smooth ER showed reduction in signal inten- 
sity with presaturation, free ribosomes did not. This 
,;upports our hypothesis that though both bilayers and 
nucleic acids can produce a broad component in the 
PDE region only the signal from bilayers is affected by 
presaturation. Since, in our previous paper [4], we 
showed that the majority of the PDE peak is saturable, 
the contribution of nucleic acid in quantitative terms is 
likely to be small. It is also important to note that the 

signal from ER in vitro does not disappear entirely 
with presaturation. Thus, the minimum contribution of 
ER to the spectra is at least 45% of the total signal in 
vivo. 

A relationship between the microsomal fraction and 
the ER in vivo was established by the experiments in 
phenobarbitone treated rats. A wide range of drugs are 
known to induce enzymes in the liver and EM studies 
have shown an increase in ce!!ular content of ER. 
Barbiturates in particular have been shown to induce a 
proliferation of smooth ER and a shortening and vesic- 
ulation of rough ER cisternae in hepatocytes [6,14]. 
The large increase in the PDE peak seen in the spectra 
from phenobarbitone-treated rals can be attributed to 
a large increase in the phospholipid bilayers of the 
smooth ER. Phenobarbitone may have many effects on 
cellular metabolism and is known to induce liver en- 
zymes. However, of macromolecular components that 
could contribute to the PDE region, only the ER has 
been shown to increase significantly in ~.hc rat after 
phcnobarbitone treatment. Obstructive jaundice is also 
known to increase the ER content of hepatocytes and 
liver spectra of patients with cholestatic jaundice due 
to primary biliary cirrhosis show an increase in the 
intensity of the PDE peak [15]. 
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in conclusion, the saturable-field-sensitive PDE peak 
present in the 3rap spectrum t~btaincd from liver in vivo 
at low field strengths has been demonstrated to contain 
substantial contributions from phospholipid bilayers of 
the endoplasmic reticulum. In this study, we have shown 
that it is possible to alter the PDE peak by altering the 
ER content of liver by drug administration. Previous 
studies of liver metabolism in patients with established 
disea~ states have used the PDE peak as an index of 
membrane breakdown, as intracellular phosphodi- 
esters, such as glycerophosphorylcholine and glyc- 
erophophorylethanolamine are on the pathway of 
membrane breakdown, Clearly, the finding that mem- 
brane synthesis can also change the PDE peak in the 
liver spectrum obtained at low field strengths has ma- 
jor implications for clinical liver spectrocopy. ~ P-NMR 
will offer the possibility to study directly the effects of 
drugs which are known to influence ER formation, 
while at the same time effects on ER must he borne in 
mind in the interpretation of liver spectra obtained 
from 0atients undergoing drug therapy. 
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