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ABSTRACT

Mobile lipids have been detected by proton nuclear magnetic resonance
(NMR) Inanimal and human tumors (cultured cells, biopsies, and in vivo),
but their origin and subceilular location are still unclear. They have been
associated with malignancy, metastatic abifity, drug resistance, and ne
crosis. We wanted to determine whether these lipids are located within
plasma membrane microdomains or In lipid droplets for a C6 cell-induced
rat glioma.NMR-visiblemobilelipids were found in all subcellular frac
tions Isolated from the rat tumor, except In the cytosolic supernatants.
Transmission electron microscopy showed that lipid droplets were present
in all subcellular fractions containing NMR-visible lipids and In the
necrotic and perinecrotic areas of the tumor. The mean diameter of
droplets Isolated by flotation in the subcellular fractionation protocol was
0.97 pm (n = 682; droplet profile diameter range between 0.2 and 5.0
,.tm).The apparent diffusion coefficient for these lipids (46 Â±17 pm2s')
measured in vivo by proton spectroscopy was four orders of magnitude
higher than would be expectedif mobile lipids were Insideplasma mem
braise microdomahas. The combined results demonstrated that mobile
lipids detected in vivo by proton NMR in the C6 rat glioma are located in
large lipid droplets, associated with the necrotic process.

INTRODUCTION

Since 1982, numerous studies have described the presence of a
narrow and intense resonance in the 1.3-ppm region of proton NMR@
spectra obtained from cultured cells (tumoral, embryonic, and stimu
lated cells), from experimental solid tumors (rat mammary adenocar
cinomas), and from human tumor biopsies (ovarian and colorectal;
Refs. 1â€”5).This resonance was not detected in the proton spectra of
the normal cells and tissues and was considered to be a potential
marker of malignancy (2). This resonance was assigned to the
(CH2)n protons of lipids located in the cellular plasma membranes

(1). However, the relatively long spin-spin T2relaxation time of these
lipids (value of the order of 200 ms; Ref. 2) indicated that they were
highly mobile and thus unlikely to be organized in a bilayer structure.
It was proposed, based on a variety of experimental data (reviewed in
Refs. 2 and 3), that the mobile lipid signal detected by â€˜HMRS in
tumoral and stimulated cells originates from neutral lipids (mainly
triglycerides) arranged in microdomains (25â€”28nm in diameter)
embedded within the phospholipid bilayer of the plasma membrane.
The MRS detection of these neutral lipid microdomains was found to
be correlated with cellular proliferation, cellular stimulation, acquisi
tion of resistance to anticancer drugs, and metastasis (2, 3). The
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mobile lipid resonance of metastatic malignant cells and tumor biop
sies with a high metastatic potential was found to be characterized by

the presence of a component with a very long T2 (between 500 and
1000 ms), giving rise on two-dimensional correlation spectroscopy
spectra to a specific cross-peak (1.3â€”4.0ppm; Refs. 2 and 3). This
component was assigned to fucosylated species located on the surface
of the membrane of the metastatic cells (5). However, it was not clear
whether these species were part of the neutral lipid microdomains (3).

In 1993, Callies et a! (6) showed that the presence of the mobile
lipid resonance in the proton NMR spectra of myeloma cells, grown
in the presence of oleic acid, was correlated with the formation of
cytoplasmic lipid droplets. While observing lipid droplets in their cell
preparations, Mackinnon et al. (4) and May et al. (7) interpreted their
data as showing that the mobile lipid resonance detected by â€˜HMRS
originates mainly from the plasma membrane and not from intracel
lular lipid droplets.

In previous in vivo â€˜HNMR studies, we showed that an intracere
bral C6-induced glioma presented significant spectral differences
compared to normal brain tissue (8, 9). One of the most remarkable
differences was the presence, even at long echo times (272 ms), of a
narrow and intense resonance in the 1.3-ppm region of the spectra. In
vivo and ex vivo one-dimensional editing, two-dimensional correlation
spectroscopy, and two-dimensional f-resolved experiments indicated
that this resonance was due to the overlapping of the lactate resonance
with those of the (CH2)n protons of mobile lipids (10, 11). This
mobile lipid resonance was also detected by other groups in â€˜H
spectra of human brain tumor biopsies (12â€”14)and in vivo (15â€”17).
Most of these tumors were high-grade glioma and metastasis. Kuesel
et a!. (12, 13) showed that the amount of mobile lipids detected by â€˜H
MRS correlated with the amount of necrosis in the brain tumor
biopsies. However, the subcellular location of these mobile lipids
(cytoplasmic lipid droplets or neutral lipid microdomains within the
membranes) were unknown (12, 13).

The aim of the present study was to defme the location of the
mobile lipids detected in vivo by â€˜HMRS in the C6 glioma. For this
purpose, in vitro and in vivo experiments were performed. The in vitro
experiment consisted of subcellular fractionation. The excised tumor
and subcellular fractions were analyzed by proton NMR spectroscopy
and transmission electron microscopy. The in vivo experiment con
sisted in NMR measurement of the mobile lipid diffusion character
istics (for a review of the technique, see Ref. 18). This experiment
gives insight into the physico-chemical properties of the mobile lipid
compartment, i.e., whether the NMR-visible lipids are confined in
small membrane microdomains (25â€”28am in diameter) or in droplets
or vesicles of larger size.

MATERIALS AND METHODS

Experimental Model oflntracerebral Glioma. Intracerebral tumors were
induced by C6 cells, a cell line derived from a chemically induced malignant
rat glioma (19). Ten thousand C6 cells suspended in 10 @dof a 1% agar
solution (jweparedin DMEM supplemented with 10% FCS, 4 nmi glutamine,
50 units/mi penicillin, and 50 pg/mi streptomycin) were stereotactically in
jected 3 mm under the dura in the right caudate nucleus of female Sprague
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Dawley rats (20). Survivaltime is around4 weeks. The rats were sacrificed
between 21 and 26 days after cell implantation with an overdose of anesthetic
(400 mg/kg chloral hydrate), and the brain was excised. The tumor and the left
normal hemisphere were separately dissected on ice. All operative procedures
and animal care strictly conformed to the Guidelines of the French Govern
ment (decree no. 87-848 of October 19, 1987, licenses 006722 and A3807l,
respectively).

Subcellular Fractionation Protocol. The subcellular fractionation proce
dare (Fig. 1) was a modification of protocols described for mammalian brain
(21, 22). The tissue used for fractionation was the whole brain (except
cerebellum) for control animals and the contralateral hemisphere (except
cerebellum) or the whole tumor for tumor-bearing animals. The excised tissue
was weighed and homogenized with a glasslTeflon poner (15 strokes at 2000
rpm speed) in sucrose buffer 1 [0.32 M sucrose, 1 mM EDTA, and 30 ms@
sodium phosphate buffer (pH 7.4); 10mug wet weight]. The homogenate (lIT)
was centrifuged at low speed (270 X g for 20 rain). The crude pellet (P1) was
resuspendedin a sucrosebuffer2 [2.4 Msucrose,10 mMsodiumphosphate
buffer, and 1 mr@iMgCl2 (pH 7.4); 10 mUginitial wet weight] and centrifuged
at 54,800 x g for 40 mm to obtainanenrichednuclearfraction(P2) anda clot
(SL2) floating over a clear supernatant(S2). The crudesupernatant(Si) was
centrifuged (103,800 X g for 2 h 30 rain). The pellet thus obtained (P3) would
contain mitochondria, microsomes, and plasma membranes. In the case of
tumoral tissue, a lipid film (SL3) was obtained, floating over a clear superna

tant (S3). During the course of two subcellular fractionations, a part of the

crude supernatant (51) was directly centrifuged at 103,800 X g for a longer
time (12 h) to achieve a better separation of the lipid film, which was named
SM from the pellet P4 and clear supematantS4. The entire protocol was
perfonned at 4Â°C.The volume of each fraction was measured. Aliquots of each
fraction were collected for NMR examination and electron microscopy.

Seven separate subcellular fractionation experiments were performed: six
for the tumortissue (pool of five to nine tumorsin each case; total weight,
1.0â€”2.7g between 21 and 26 days after cell implantation) and one for the
contralateral hemisphere (pool of two contralateral hemispheres; total weight,
1.4 g). Some modifiedfractionationprotocolswere appliedthree times on
normal rat brains and three times on tumor contralateral parenchyma. Mobile
lipids were never detected in the proton spectrum obtained from any of the
subcellular fractions isolated from normal or contralateral rat brain.

NMR spectroscopy was performed on the subcellular fractions obtained
from the seven standard experiments and electron microscopy analysis on
those obtained from three of them (two tumoral tissues and the contralateral
hemisphere). No other homogeneity test, apart from electron microscopy
examination,was perfonned.

Electron Microscopy. Electron microscopy was carried out for both tu
moral and contralateral tissues and for the following subcellular fractions: HT,
P1, Si, P2, SL2, P3, SL3, P4, and SM. Electronmicroscopyexaminationof
one tumor was perfonnedon three contiguouscubes, about 1 mm@,taken
serially from the superficial to the central part of the tumoral tissue. Each
sample was fixed overnight at 4Â°Cwith a 2.5% glutaraldehyde solution in
cacodylate buffer (0.1 M,pH 7.4) and postfixed with 1% osmium tetroxide in
cacodylate buffer (0.1 M, pH 7.4) for 12 h at 4Â°C.After each fixation, samples
were washedfourtimes withcacodylatebuffer(0.1 M,pH 7.4) andkeptin the
sa,ne buffer at 4Â°Cuntil further processing. To avoid loss of lipids due to
fixationproblems(23), floating lipid layers SL2, 5L3, and SM were directly
fixed with 1%osmium tetroxide in cacodylate buffer and washed four times as
above.

Fixed samples were taken to the â€œServeide Microscopia Electronicsâ€•
(UniversitatAutonÃ¶mado Barcelona)for furtherprocessing.Sampleswere
dehydrated and embedded in Spurr's resin containing uranyl acetate. Ultra-thin
sections (50-70 am) ofthe samples were stained with lead citrate. Observation
was made with an Hitachi H-7000 transmission electron microscope.

The mean lipid droplet diameter(I) was calculated for the external and
internal part of tumor and for two SL2 fractions, according to classical
stereological techniques (24, 25). For each sample, the ultra-thin section
analyzed was chosen randomly. For the 5L2 fractions, all droplet profiles of
the section were digitiZedusing a Bio-Rad GS-700 imaging densitometer
(Bio-Rad, Madrid, Spain). In the case of the excised tumor, only a small
number of droplets were digitiZed. The diameter of the droplet profiles was
measured on the digitized micrographs using the LEICA Q500MC software
(Cambridge,Ltd., Cambridge,United Kingdom),assumingthat the shape of
the dropletswas spherical.A very small proportionof dropletprofiles with
axial ratios larger than 1.5 were rejected. The mean lipid droplet diameter (J)
wascalculatedfromthemeasureddiameter@ of eachdropletprofileusingthe
formula of Fullman for ungrouped profile diameter data (25):

- IT N

whereN is the total numberof dropletprofiles measured.
In Vitro NMR Experiment. Aliquots (about 350 pA)of lIT, 51, 513, S2,

and 53 fractionswere analyzedby â€˜HMRS withoutany furtherdilution.The
SL2, P2, and P3 fractionswere resuspendedin sucrose buffer 1 and the Pt
fraction in sucrose buffer 2. In vitro NMR experiments were performed at 37Â°C

(A)
21 1 1 1

â€”+â€”+â€”+...+â€”

4,, 4@24@3 4N

Supematant Si
Fig. 1. Schema of the subcellular fractionation procedure. Sucrose

buffer 1 was a 30 mi@sodium phosphate buffer containing 0.32 M
sucrose and 1mMEDTA(pH 7.4). Sucrose buffer 2 was a 10 inst sodium
phos@ buffer containing 2.4 Msucrose and 1 ms@MgCI2 (pH 7.4).
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vwas set IL)184 @ts,which gave an excitation maximum at 1.3 ppm. The echo
time (TE) was 2 ma, and the repetition time (TR) was 1.2 s. Depending on the
dilution of the sample, 512 or 1024 scans were accumulated.Data were
acquired over a 5,000-Hz sweep width, digitized with 4,0% or 8,192 data
points and zero-filled to 16,384before Fourier transformation. For each sample
obtained from an individual subcellular fractionation protocol, the same cap
illary (1.1-mm outer diameter) of sodium 3-trimethylsilyl [2,2,3,3@2}I4]propi
onate (20 mM in D20) was used as an external standard for chemical shift and
quantitation purposes. The area of the mobile lipid resonance in each fraction
was normalized against the area of the sodium 3-trimethylsilyl [2,2,3,3-2H@,]
propionate resonance and expressed, after correction for dilution of the various
fractions, with respect to those of the initial homogenate.

In Vivo NMR Experiments and Principles. In vivo diffusion measure
mania were carried out using a 4.7 T vertical bore Imaging/Spectroscopy
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Table 1 Quantification ofthe NMR-visiblemobile lipid resonance area at 1.26ppmrecovered
in each fraction, defined as a percentage of thehomogenateÂ°P1

29.9Â±17.9 Si 52.8Â±14.3SL2
12.9Â±5.9 SL3 17.4Â±7.1S2

ND 53NDP2
19.6Â±13.5 P37.1Â±4.8a

Mma values Â±SD; n = 6 separate experiments. ND, not detectable.

OUOMALIPIDDROPLFfS:NMRANDMICROSCOPYSTUDY

system(BrokerCXP)equippedwithanunshieldedgradientsystembuiltin our
laboratory. A 15-mm diameter circular surface coil was screwed onto the skull
of the animalas describedpreviously(27). The rats(n = 6) were anesthetized
with a mixture ofhalothane and air(2% to establish the anesthesia and between
0.4 and 0.8% duringthe NMR measurements).Body temperaturewas con
trotted and maintained at 37Â°Cwith a water-based heating blanket. Spatially
localized diffusion measurements were achieved using a stimulated-echo se
quence (28, 29). The position of the volume of interestwas defined using
multislice coronal and transverse pilot scans (TRITE,2000/80 ma) either in the
tumoror in thecontralateralhemisphere.The echo timeof the stimulatedecho
sequence was TE 136 ma and the repetition time TR = 2 s. A mixing time
of 52 mawas chosen to minimizethe signal of lactate(30). Diffusion weight
ing was achievedusing gradientpulses oflength 8 = 21 mawith @t= 86 ma
between rising edges, leading to a diffusion time @dif=@@ 8/3 = 79 ma. The
diffusion-encoding gradient was parallel to the main field B0. The gradient
factor b is defined as follows (31):

b = â€˜y@G282(@â€”8/3) (C)

whereG is the gradientstrengthandâ€˜ythe protongyromagneticratio.Foreach
animal, 10 spectra were recorded with gradient factors b ranging between 400
and 10,000 @@-2

To determinethe diffusioncoefficientD, the resonanceline areaof mobile
lipids at 1.26 ppm, A(b), was fitted to Eq. D using a least-square method:

A (b) = A (0) . exp(â€”b. D)

SL2

(D)

If one can assume that diffusion is not hindered by boundaries (unrestricted
diffusion), the distance over which the molecules move during the diffusion
time l@5jfused in the experiment (79 ma) can be expressed as the root mean
square displacement, A, of the mobile lipids in the direction of the applied
gradient.This is given by:

A = @j2. D . (E)

Thus, for free diffusion, A increases with diffusion time. When restricted
diffusion occurs, A reaches a limit that depends on the compartment size, and
the diffusion coefficient calculated from Eq. D is known as the apparent
diffusion coefficient (ADC; Ref. 32). In any cases, the root mean square
displacement calculated with Eq. E, using the measured ADC, yields an
estimateof the minimumsize of the compartment.

Diffusion measurements are inherently sensitive to motion because the pair

of gradient pulses sensitizes the NMR signal for displacementsof a few
micrometers. Besides random diffusion of lipid molecules, the observed de
crease of the signal at the large b values used in this experiment could be due
either to physiological movements or to mechanical vibrations of the sample
after the application of strong gradients. To check that this was not the case,
one animal was sacrificed inside the magnet by an overdose of halothane.
Then, the lipid diffusion coefficient measurement was repeated immediately
postmortem. No appreciable difference was found with in vivo measurements,
ruling out the hypothesis ofa decrease ofthe lipid signal as a function ofb due
to physiological movements. In addition, no appreciable signal decrease was
detected when measuring diffusion a high molecular mass polymer (poly
dimethylsioxane) within the same b range. This ruled out the presence of
mechanical vibrations caused by eddy currents. Thus, we concluded that the
root mean square displacements reported in this study were not influenced
either by physiological motions or by mechanical vibrations of the gradient!
sample system.

I.I.,,-,â€”@, I

1.8 1.6 1.4 1.2 1.0
Pr,,

Fig. 2. Expanded 1.3-ppm region ofpeoton spectra ofthe subcellular fractions isolated
from rat gliomas.The spectrawere plottedat differentmagnificationfor qualitative
comparison.For quantitativeresults,see Table I. Arrow,positionof the mobilelipid
resonance. A correction for a frequency shift induced by high sucrose concentration (2.4
M) was made before plotting.

with a 9.4 T magnet Broker AM400. The pulse sequence combined water
presaturation (800 ma at 6 mW) with selective excitation using a phase

gradient free spin-echo sequence based on the use of Jump-and-Return and
binomial pulses (26):

90Â°â€”i@â€”90Â°â€”TE/2 â€”90Â°â€”2r â€”90Â°â€”TE/2 â€”acquisition

.8 :6
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Fig.3.Transmissionelectronmicrographsof glioma.a, externalpartof thetumor.Cellsarewelldelimited;mitochondria,endoplasmicreticulum,andlipiddroplets(arrows)can
beobservedin thecytoplasm.b, enlargementof thesquaredareaina. Somelipiddropletsappearto besurroundedbya membrane(arrows).câ€”c,internalpartof thetumor.In c, cells
arenotwelldelimited;cellulardebrisandlipiddroplets(arrows)canbeobserved.Ind ande, dropletsor dropletsarrangedin â€œgrapeâ€•shapeareshownat a highermagnification.Bar,
l@ni

doublet of lactate at 1.3 ppm and the mobile lipid resonance at 1.26
ppm (Fig. 2). This mobile lipid resonance was detected in all fractions
obtained from the tumoral tissue [P1, 51, P2, SL2, P3, and SL3 (Fig.
2) and P4 and SM (data not shown)] with the exception of the
supernatants 52, 53, and 54. The quantitative data (Table 1) indicate
that 83% of the mobile lipids detected in the homogenate spectrum
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RESULTS

Proton NMR Spectroscopy of Subcellular Fractions. The 1.3-
ppm region of proton spectra of the homogenate and subcellular
fractions (data not shown) isolated from contralateral hemispheres
showed no mobile lipid resonance in any of the spectra. The same
spectral region for the tumor homogenate was characterized by the
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by a membrane (Fig. 3, a and b). From the surface to the center of the
tumoral tissue, the electron microscopic observation revealed an in
creasing number of cells showing ill-defmed plasma membrane and
endoplasmic reticulum, a decreasing number of mitochondria, and an
increasing number of vacuoles. In addition, lipid droplets were found
to increase in number and in size toward the clearly necrotic core of
the tumor (Fig. 3, câ€”e).The mean lipid droplet diameter 1 was found
to be 0.40 p.m (range of measured diameters of droplet profiles, 4,

found in this area. Some of these droplets appeared to be surrounded between 0.05 @mand 1.6 p.m; n = 93) in the external part of the
411

â€¢?@@ ,,

J@.

4'

â€˜@â€¢:@@

t# ::@t@.

1.@@@@

45 5

SS'@@SS

â€˜@@ S

._@SS ; S.@

@a*.@S;J@ @..@@ ;@.S S
.d

Ftg. 4. Transmission electron micrographs of subcellular fractions isolated from rat gliomas. a, P2 fraction enriched in nuclei. b, SL2 fraction containing mainly lipid droplets and
cellular debris. c, PS fraction enriched in mitochondria, microsomes, and plasma membranes. d and e. SM and P4 fractions (obtained from Sl fraction as P3 and SL3 after a 12-h
centrifugation time). Droplets were present in all fractions examined except in the P4 fraction, in which they were rare. Arrows in a and c point to droplets. Bar, 1 ,.un.

were recovered after the first centrifugation: about 30% in the pellet
(P1) and 53% in the supernatant (Si). Only one-half of the mobile
lipids contained in the homogenate were recovered after both ultra
centrifugations: 19.6 and 7.1% in the P2 and P3 pellets and 12.9 and
17.4% in the floating layers SL2 and SL3.

Electron Microscopic Examination of Excised Tumors. The cx
temal part of the tumor showed hyperactive cells, rich in mitochondria
and well-developed endoplasmic reticulum. Few lipid droplets were
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tumor and 1.08 @m(4, range between 0.2 @mand 1.7 @tm;n = 59)
in the internal part of the tumor.

Electron Microscopy of Subcellular Fractions. No lipid bodies,
either droplets or vesicles, were detected by electron microscopy of
the fractions obtained from the contralateral hemisphere (results not
shown). The P2 fraction was enriched in nuclei, and P3 contained
mitochondria, microsomes, and myelin. Myelin and debris were the
main constituents of the SL2 fraction.

Lipid droplets were detected in Pt, 51, P2, SL2, P3, P4, and SM

fractions obtained from tumoral tissue (Fig. 4) but not in the corre
sponding fractions from coniralateral tissue. Because of fixation prob
lems, SL3 samples werelost, but SM is essentially equivalent to SL3.

The mean diameter (I) for lipid droplets present in the two SL2
fractions analyzed was 0.97 @m(n = 682), with a range of measured
profile diameters (4)) from 0.2 to 5 @m.This relatively large range is
quite probably due to the polydisperse nature of the lipid droplet
population as illustrated in the shape of the histogram of the measured
profile diameter classes (Fig. 5).

In Vivo Diffusion Experiments. Fig. 6 shows the decrease of the
lipid peak intensity as a function of the b gradient factor, observed for

one animal. For the lipid resonance, the apparent diffusion coefficient,
ADC, in the directionof the gradientwasbetween30 and74 @tm2sâ€˜,
yielding ADC 46 Â±17 @m2sâ€˜(mean Â±SD, n = 6). From these
ADC values,theroot meansquaredisplacementAof the mobile lipids
was calculated for each animal. This yields A 2.6 Â±0.5 @m
(mean Â±SD, n = 6). To control the accuracy of the measurements,
the ADC of the N-acetyl-aspartate resonance (2.0 ppm) in the con
tralateral hemisphere was measured. The value obtained 290 Â±100

@m2sâ€(̃n = 4) was in reasonable agreement with results published
previously of 270 Â±40 @m2sâ€˜(n = 6; Ref. 29), 160 Â±10 @.tm2s
(n 8; Ref. 18), and 220 Â±20 @.tm2s' (n = 8; Ref. 33).

DISCUSSION

In the present study, proton NMR analysis was performed on all
fractions obtained after subcellular fractionation, and quantitative data
were obtained. The results showed that mobile lipid resonance was

-0.1

0 -0.2

.0

C

-0.4

-0.5
0 1000 2000 3000 4000 5000 6000 7000 8000

b (s.mm2)

Fig. 6. Mobile lipid signal intensity attenuation, observed for one animal. The plot
shows the logarithm of signal attenuation as a function of gradient factor b. The ADC is
deduced from a linear least square fit. In this case, ADC was equal to 56 @m2sâ€˜,and the
regression coefficient R was 0.95.

absent from the spectra of all fractions obtained from the contralateral
hemisphere and from those of the hydrosoluble S2 and 53 fractions
obtained from tumoral tissue, hence confirming the hydrophobic
nature of the 1.26-ppm resonance. Except these two fractions, NMR
visible mobile lipids were present in all fractions (Pt , S 1, P2, SL2, P3,
SL3, P4, and SL4) obtained from the C6-induced glioma. Electron
microscopy revealed the presence of lipid droplets of varying diam
eters in all these fractions. Lipid droplets were already present in the
excised tumor tissue as demonstrated by electron microscopy analysis
(Fig. 3). These results suggest that lipid droplets contribute, at least to
some extent, to the resonance of mobile lipids detected in the proton
spectra of C6 glioma in vivo.

Quantitative analysis shows an important loss (43%) of mobile
lipids during the subcellular fractionation protocol (17% after the first
centrifugation and again 26% after the second centrifugations). It may
be explained by the presence of sticky lipid droplets. A slightly higher
proportion (with respect to the homogenate) of mobile lipids was
found in the droplet-enriched SL2 and 5L3 fractions (30.1%) than in
the nuclear-rich P2 fraction and the microsome- and mitochondria
rich P3 fractions taken together (26.7%). However, the percentage of
the resonance peak found in SL2 and especially SL3 was probably
underestimated because of the extreme difficulty in collecting these
floating films. In addition, some lipid droplets were found inside other
subcellular structures, like nuclei and endoplasmic reticulum. This
would also contribute to the incomplete recovery of mobile lipids in
the SL2 and SL3 fractions. This may be an artifact of the subcellular
fractionation protocol or may originate from a real phenomenon in
vivo. Large lipid droplets (up to 20 @min diameter) were found in
preneoplastic rat liver, sometimes migrating through the lumen of the
endoplasmic reticulum to the nucleus (34, 35). The mitochondria- and
microsome-rich P3 fraction showed, by electron microscopy, some
contaminating droplets, which might explain the 7.1% part of the
homogenate mobile lipid signal. However, the percentage of the
mobile lipid resonance was higher in SL3 (17.4%) than in P3 (7.1%),
also suggesting a correlation between lipid droplets and the mobile
lipid resonance.

In vivo diffusion measurements provide decisive evidence that the
mobile lipid resonance detected in vivo by â€˜HMRS in the C6 glioma
is due to lipid droplets. Small neutral lipid microdomains within the

plasma membrane could account for the long T2 of the 1.26-ppm
resonance if they undergo isotropic rotational motion (3). However,
the root mean square displacement (A 2.6 @.tm)of the mobile lipids,
calculated from the measured ADC, greatly exceeds the size 1 (1,
0.025â€”0.028 @m)of these microdomains (3). The small size of the
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microdomains would indeed introduce a severe restriction to the
translational displacement of the lipids inside the microdomains. The
ADC, which would be obtained underour experimental conditions for
molecules confined within such microdomains, can be estimated by
using Eq. E: ADC A2/2td,f, and replacing A by 1. The value found
was about 4.5 iO@ @im2s â€˜,which is several orders of magnitude
lower than the experimental result (46 Â±17 @m2sâ€˜).Another kind
of diffusion could be observed: the diffusion of the microdomains
themselves. However, the mass of the microdomains, as well as the
limited membrane fluidity, would not allow root mean square dis
placements as large as 2.6 @mduring a diffusion time of about 79 ms.

Thus, one can conclude that the mobile lipids observed by â€˜HMRS
are contained in large size compartments that appear to be lipid
droplets. However, the root mean square displacement, A = 2.6 @.tm,
determined from in vivo diffusion measurements, exceeds the mean
diameter of the droplet of CI)= 0.97 @.tm,which was determined from
electron microscopic examination of the SL2 fraction. The reason for
this discrepancy remains unclear, but it should be taken into account
that the NMR signal amplitude is proportional to the droplet volume,
not to the droplet diameter. Thus, the contribution of the individual
lipid droplets to the NMR spectrum is proportional to 4. This gives
a strong predominance to the larger size droplets. For example, a
single droplet of5.0-@m diameter would contribute to the NMR signal
to the same extent as 141 lipid droplets of 0.97-p@mdiameter.

The electron microscopy performed in this study on the C6-induced
glioma showed the presence of lipid droplets in the cytoplasm of
tumoral cells in the periphery of the tumor. The presence of lipid
bodies (560 nm in diameter, measured from the original figures) in the
isolated C6 glioma cell line was already described by Benda et a!.
(36). However, the present study shows that the number of lipid
droplets seemed to increase from the periphery toward the center of
the tumor. No precise quantification was, however, performed. The
larger droplets were located in damaged necrotic cells or among cell
debris (Fig. 3c). The mobile lipid resonance detected in the in vivo
proton spectra of the C6 glioma thus appeared to be, at least partly,
due to a necrotic process. These results support those obtained by
one-dimensional and two-dimensional proton spectroscopy on human
brain tumor biopsies (12â€”14).Kuesel et a!. (12) demonstrated that the
amount of mobile lipids could be correlated with the percentage of
necrosis in grade IV astrocytoma samples. Furthermore, the appear
ance oflipid droplets or NMR-visible lipids has been described in the
literature for a variety of situations involving short-term hypoxia
and/or ischemia: acute regional heart ischemia in cats (electron mi
croscopy evidence; Ref. 37), brain stroke in humans (â€˜HNMR cvi
dence; Refs. 38 and 39), hypoxic areas of tumors, hepatoma and
Ehrlich carcinoma (electron and fluorescence microscopy evidence;
Ref. 40). It has been proposed that lipid droplets might represent a
temporary (or end point, if tissue does not recover) storage compart
ment for fatty acids in the form of triglycerides. Under hypoxic or
ischemic conditions, fatty acids would not be degraded by (1-oxida
tion. Independently of the origin of such conditions, unwanted side
effects of free fatty acid build-up in the cells would be avoided by
sequestering them in the form of triglycerides in lipid droplets (for an
example, see Ref. 40). Freitas et a!. (40, 41) and Kuesel et a!. (12, 13)
also suggested that mobile lipids could accumulate in viable tumor
cells as a consequence of hypoxic conditions, and this would be
accelerated with the necrotic process. Recent evidence has shown the
important role of hypoxia in the regulation of tumor development
(42). On one hand, hypoxia would induce apoptosis in oncogenically
transformed cells and thus maintain an equilibrium between cell death
and birth in the early stages of tumor growth (42). On the other hand,
hypoxia selects for apoptosis-resistant cells, promoting clonal expan
sion of these cells, which could explain the resistance of solid tumors

to cancer therapy (42). Then, the detection of mobile lipids in tumor
by â€˜HMRS might be a parameter of interest to follow the develop
ment of a tumor (42), to grade the tumor (14), and for the therapeutic
approach to tumor treatment in humans (43).

In summary, the present study shows that, in the C6 experimental
rat brain tumor model, lipid droplets associated with necrosis pro
cesses constitute the major source of the mobile lipid resonance
detected in in vivo proton spectra. These results reinforce the sugges
tion of Kuesel et a!. (12, 13) that necrosis should be seriously
considered when trying to explain the appearance of lipid patterns in
human brain tumors in vivo.
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