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ABSTRACT

We have investigated the effects of thymidine kinase-mediated gene
therapy in a malignant rat BT4C glioma by using 'H nuclear magnetic

resonance spectroscopy in vivo. Ganciclovir has been successfully used in
thymidine kinase gene therapy as treatment for various experimental
malignancies. The cell damaging effect seems to be mediated by apoptosis,
optimally leading to eradication of tumor tissue. In this study, we show
that ganciclovir treatment of tumors transfected with the herpes simplex
thymidine kinase gene causes profound changes in water, metabolites, and
macromolecules observable by diffusion spectroscopy. During treatment,
a 50% reduction from 0.14 Â±0.01 x 10 '' nr/s in the apparent diffusion

coefficient of choline-containing compounds can be observed, concomitant

with a 219% increase in the apparent diffusion coefficient of the rapidly
diffusing water component. These changes are associated with an increase
in the relative fraction of this water component from 87 to 94%. The
apparent diffusion coefficients of the slowly diffusing water component
and macromolecules remain unaltered. The results imply a reduction in
cell size and number, a significant increase in intracellular viscosity, and
a possible reduction in the hydrodynamic radii of macromolecular com
ponents, which are ascribed as biophysical signatures for apoptotic cell
death.

INTRODUCTION

Biochemical processes such as the metabolism of membrane Cho4

(1-3) and glucose metabolism (4) can be monitored by NMR spec

troscopy in tumors in vivo. These studies have brought forth interest
ing information on the processes involved in tumor cell proliferation
and degeneration. However, biophysical phenomena such as molec
ular diffusion can also be of importance in assessment of cell viability
and integrity (5, 6). Consequently, this information can be exploited in
cell biology in vivo.

Experimental gliomas show abnormally low ADC for water (7, 8).
We have monitored BT4C gliomas transfected with HSV-tk gene

during cytotoxic treatment with NMR spectroscopy in vivo to assess
the cellular biophysics in the early phases of cell damage. Our earlier
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MRI data have demonstrated an increase in water ADC preceding T-,
changes or volume changes during treatment of tumors (8). The
histology and immunocytochemistry of treated tumors show little
signs of inflammation or necrosis but indicate apoptotic cell death (8,
9) as in analogous tumor gene therapy models (10, 11). Apoptosis,
unlike necrosis, is a process of programmed cell death (for review, see
Ref. 12). The biochemical, not to mention the biophysical, manifes
tations of this process remain elusive, however. Cells undergoing
apoptosis are histologically characterized by the appearance of inclu
sion bodies and nuclear pyknosis associated with DNA fragmentation.
Physically, cells experience a marked reduction in volume, which can
be as much as 60% (13). In this study, we have quantified the apparent
diffusion constants of water, metabolites, and cytoplasmic macromol-
ecule resonances by 'H NMR spectroscopy to probe alterations in the

cellular environment associated with this phenomenon.
Theoretical Considerations. Diffusion is a manifestation of mo

lecular Brownian motion, which is influenced by physical factors such
as temperature, charge, molecular weight, and medium viscosity. In
tissue, physical boundaries of cell membranes, as well as cellular and
subcellular structures such as fibers, also restrict diffusion. Diffusion
can be quantified in vivo by applying pulsed field gradients around
refocusing radio frequency pulses in a spin or stimulated echo NMR
experiment (14). In such experiments, the NMR signal intensity of
molecule is determined by:

ln(5/5â€ž)= -bD = -y2C2S2(A - S/3)D (A)

where S and 50 are the echo amplitudes in the presence and absence
of a given pulsed gradient strength, h is the diffusion weighting factor,
â€¢¿�yis the gyromagnetic ratio of a given nucleus, G is the strength of the

gradient applied, 8 is the duration of the gradient pulse. A is the delay
between the diffusion gradients and D is the effective diffusion
constant in the orientation of the gradient pulses. It should be noted
that this equation has been derived for isotropie diffusion but can be
used for calculating apparent diffusion constants in vivo. The diffusion
displacement (A) during the given /difr (i.e., A â€”¿�8/3) can be calculated

by the Einstein equation:

A2 = 2 D tm (B)

Thus, the greater the /diff becomes, the more restricted diffusion will
be monitored in vivo, as A becomes greater than the average cell size
or the restriction path determined by intracellular, fibrous structures.

Translational diffusion is strongly influenced by molecular mass
and particle size. This relationship is provided by the Stokes-Einstein

equation:

D = kT/6-iTTiRu (C)

where k is the Boltzmann constant, T is the absolute temperature,
T)is the solvent viscosity, and RH is the hydrodynamic radius of the
molecule. Small particles, including most cytoplasmic proteins.
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DIFFUSION NMR SPECTROSCOPY OF RAT BRAIN GLIOMA

diffuse freely exhibiting unrestricted translational Brownian mo
tion, whereas dextran or Ficoll particles in size group of 140-227

A in diameter are practically nondiffusible in the cytosol (15). Cell
organdÃes, endosomes and large multienzyme complexes would
also fall into the latter category.

Water is the most commonly used probe for molecular diffusion
assessed by NMR. There are obvious restrictions for water in tissues
(see above), yet it is generally considered that diffusion is similar both
extra- and intracellularly and that transient diffusion through mem

branes is assumed not to cause loss of magnetization (16). The latter
assumption is acceptable based on experimental evidence from eryth-

rocytes (17). However, the effective diffusion of water follows rdiff
largely because of microenvironmental viscosity in the extracellular
and intracellular compartments, respectively. Water ADC decreases
upon ischemie energy failure, possibly as a consequence of a reduced
extracellular to intracellular volume ratio (18) and increased extracel
lular restriction (19, 20). However, Monte Carlo simulations have
shown these effects account for only ~50% of the observed effect

(19). The role of membrane permeability (i.e., exchange differences
between the intra- and extracellular space) in healthy and diseased

tissue is unclear, although simulation studies suggest this factor
should be negligible (19). Reduction in intracellular diffusion of water
because of hindered cytosolic microstreaming and breakdown of
intracellular proteins is plausible. In fact, it has recently been
demonstrated by using cesium as an intracellular marker, that the
effective diffusion constant of this ion is reduced significantly
during ischemia (21).

To understand changes in water diffusion in tumors during cell
proliferation and more importantly, upon growth arrest and degener
ation, independent endogenous diffusion indicators have to be ex
plored. These indicators would preferably be present in one compart
ment only. Small molecular weight metabolites are to a large extent
intracellular but may leak out from cells during progressive cell
damage. Unlike water, small-molecular weight metabolites possess

ionic charge. Charge imposes an additional complication that may
alter their diffusivity. Providing that the microenvironment possesses
an electrical field, this would impose an additional factor on top of its
Brownian motion. It is generally accepted, however, that low effective
diffusion constants of metabolites in vivo (18) can be reconciled by
the cytoplasmic viscosity alone (2-6-fold hindrance relative to aque

ous solutions; Ref. 17), even for small particles of 3Ã‚or so (15). Thus,
charge becomes insignificant and has been ignored in our treatment of
metabolite diffusion. Translational diffusion of macromolecules such
as protein or lipids is only partially characterized in vivo (22,23). This
is partly due to difficulties in detecting these signals by NMR.
together with the necessity of high diffusion gradient strengths. This
is particularly true for cytoplasmic proteins, which can be detected
only at short TEs (24-26). In normal brain tissue, the peaks at 0.8-2.0
ppm arise from cytoplasmic proteins exhibiting short T, of 300-500
ms (27,28) and T2 of 50-60 ms (26,27), which values seem to be

independent of field strength. However, an NMR study on hemoglo
bin in erythrocytes and hemolysates has shown that intracellular
protein diffusion seems unrestricted (22). A recent study on Co-

glioma tissue i/i vivo has indicated that lipids, possibly inside storage
vesicles, give rise to intense peaks in the aliphatic region of the 'H

NMR spectrum (23) and that these vesicles would form an effective
diffusion barrier for these compounds.

MATERIALS AND METHODS

Tumor Model, Treatment, and Histology. BT4C Â«liornastransfected
with the viral HSV-tk gene were induced intracranially in 10 female BDIX rats

as described previously (8). One group of rats was treated with i.p. injections

of ganciclovir for 14 days (25 mg/kg. twice daily, n = 5). Untreated controls
(n = 5) were also studied in addition to non-tumor-bearing normal rats (n = 4).
'H NMR spectroscopy was performed every 48 h from the start of treatment:

untreated controls were studied on days 5 and 10. Another butch of animals
(n = 17) was used for additional 'H NMR analyses; an ex vivo study performed

before treatment (n = 4). and PCA extracts from untreated tumors (n = 6) and
after 21 days of treatment (n = 3). Two-dimensional 'H NMR COSY was also

performed on untreated tumors (n = 2). PCA extracts (n = 8) and COSY
(n = 2) were analyzed for normal brain also. In addition, Sudan IV and Oil Red
O lipid stainings (n = 2) and TEM (n = 2) were performed on untreated BT4C

gliomas.
'H NMR Experiments in Vivo. MRI and MRS were performed using a

9.4T s.m.i.s micro-imaging system (SMIS. Guildford. Surrey. United King

dom) equipped with an actively shielded gradient set capable of 30 G/cm
(Magnex, Abdington. United Kingdom), a birdcage transmitter, and a surface
coil receiver (Doty Inc.). The animals were fixed to a head holder and kept
under anesthesia (N^Oj^alothane. 69:30:1) for the duration of the study.
Body temperature was maintained at 36.5 Â±().5Â°Cby blowing warm air

through the magnet bore. Double averaged T,-weighted spin echo images with
a 40-mm field of view (256 X 128 pixels; TE, 60 ms; TR. 2000 ms) were
acquired periodically after cell implantation to determine tumor growth. 'H

NMR studies were commenced when tumor volume allowed for unambiguous
placement of a 3.5 X 3.5 X 3.5 mm' voxel inside the tumor. This was possible

3 weeks after tumor cell implantation. Gradient system performance was
assessed by diffusion measurements on phantoms containing a 0.9% (w/v)
NaCl solution of NAA, creatine, and choline (20 mM) and an 8% (w/v) gelatin
at 22.0 Â±0.5Â°C.Relative metabolic changes and ADCs were measured every

2 days by using a localized stimulated echo sequence. STEAM (Ret. 29: TE,
24 ms; mixing time. 100 ms; repetition time, 2500 ms; 128 scans: spectral
width. 5 kH/; and 4096 data points). A pair of diffusion gradients were placed
along X-axis using six serial b values ranging from 0 to 23300 s/mm2 (8 = 7 ms.

A = 112 ms). STEAM was chosen to achieve large b values and at the same time,

by using short TEs, to assure high signal:noise ratios. Thus, according to equation
B, even at a long rd,n of 110 ms at the water time scale, "unrestricted" diffusion of

metabolites and macromolecules could be monitored.
Peak areas were analyzed in time domain using variable projection method

(30) and the MRUI interface.5 Water peak areas were calculated from the

frequency domain integrals. Assuming a T, of ~400 ms for macromolecule

resonances (27. 28), the signal reduction caused by T,-relaxation during a
mixing time of 100 ms in comparison with 20 ms would be ~ 189!-.This was

experimentally verified to be 16-19% (n = 2) for the peak at 0.9 ppm in

untreated tumors.
'H NMR Analysis of Tissue Extracts in Vitro and Tissue ex Vivo. For

these studies, animals were killed by cervical dislocation under halothane
anesthesia, and brains were excised. The PCA extracts from untreated and
treated tumors as well as from normal brain were acquired from a separate
batch of animals, according to a protocol described previously (3). PCA extract
spectra were obtained using 90Â°pulses repeated every 3 s, (spectral width, 5

kHz; 16,384 points). Chemical shifts and concentrations were assigned ac
cording to the reference signal of 0.25 /^mol of (3-trimethylsilyl[2.2,3.3-
2H4]propionate at 0.0 ppm. Peak areas were calculated using a peak analysis

program. Perch (31). The ratios were corrected for the number of protons
contributing to the signal, and concentrations (per wet weight) were calculated
accordingly. Standard magnitude mode two-dimensional COSY spectra were

obtained from excised brain tumor slices in a 0.9% NaCl D,O solution ex vivo
at 22 Â±0.5Â°Cusing a sequence described by Aue el al. (32). Typical shim line

widths were 14 Hz. The Fl and F2 dimension were 256 and 1024 points,
respectively, with sweep widths of 4 kH/ in both directions. Moderate sine-bell
weighting for enhanced resolution was used in both dimensions. After zero-

filling and Fourier transformation, final matrices of 512 X 512 points were

obtained. All of the measurements were performed on a 9.4 T Bruker AM3000
system (Bruker AG. Erlangen. Germany).

For ex vivo spectroscopy. rats were killed by cervical dislocation. After
decapitation, the brains were removed, and 0.35-mm thick slices were prepared
from the excised tumor tissue for Krebs-Henseleit buffer superfusion accord

ing to a protocol as described previously (28). To increase the amount of tissue.

5 A. van den Boogaart. Magnetic Resonance User Interface (MRUI). v. 96.3 edition.

http://mrui-weh.uah.es/mrui/mruiHoniePage.html.
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DIFFUSION NMR SPECTROSCOPY OF RAT BRAIN GLIOMA

slices from four separate tumors were pooled together for experiments. A
binomial spin echo sequence 133Ã•-2662 with maximal excitation at 1.33 ppm
and TEs of 10-80 ms was used to assess phase modulation properties of tumor

resonances.
Tumor Histology. Animals bearing wild-type BT4C tumors were anesthe

tized with an overdose of pentobarbital (60 mg/kg) and perfused first with a
solution of 0.9% NaCI (0.1 M) and perfusion-fixed with 4% paraformaldehyde

for 10 min. Brains were dissected, divided in two coronal sections, and rinsed
in phosphate buffer overnight. Standard paraffin sections, stained with H&E,
were then prepared. For cryosectioning, O.C.T. (Miles Inc., Elkhart) com
pound blocks were made and Sudan IV (33) and Oil Red O (34) stainings used
to reveal neutral lipids in tumor tissue.

Electron Microscopy of Tumors. TEM was performed on both tumor
tissue and normal-appearing cortical tissue from the contralateral side. A BT4C
tumor. ~300 mm3 in size, was cut into cubes of ~1 mm' from the extreme

perimetry as well as the necrotic-appearing, vacuolar MRI hyperintense core

after paraformaldehyde fixation in situ. Samples were immersed overnight at
4Â°Cin a 2.5% glutaraldehyde cacodylate buffer [0. l M (pH 7.4)] and postfixed

with 1% OsO4 in cacodylate buffer [0.1 M (pH 7.4)]. Samples were then
dehydrated with ethanol and infiltrated with propylenoxide and LX-112 resin.
Finally, samples were embedded in LX-112 resin and left to polymerize for 4

days. Ultrathin sections (50 nm) were prepared and analyzed with a JEOL
JEM-1200 transmission electron microscope (Jeol Inc.. Japan).

Lipid Analysis of Tumors. Two wild-type BT4C tumors, one in a late
stage with a necrotic core (volume. ~400 mm3) and a small one (volume, ~50
mm3) were dissected free from surrounding tissues, weighted, minced, and

extracted using 6 ml of chloroform-methanol in the ratio of 1:1. After centrif-

ugation, the supernatant was diluted with 3 ml chloroform and extracted as
described previously (35). One-half of the chloroform phase was esterified,

and the fatty acid methyl esters were purified with TLC and analyzed for the
fatty acids composition. After TLC, the fraction corresponding to esterified
cholesterol was saponified with KOH. The liberated free cholesterol was
recovered by extraction, and. after acidification of the mixture with HC1. the
liberated cholesterol ester fatty acids were collected by extraction with petro
leum ether (36). This fraction together with triglycÃ©rides,phospholipids. and
free fatty acids was ira;i.v-esterified with HC1. Methyl esters of the fatty acids
were analy/ed in a Hewlett-Packard 5890 gas Chromatograph (Hewlett-
Packard Co., Palo Alto, CA) and an NB-351 capillary column (HNU-Nordion
Ltd., Helsinki. Finland) equipped with an on-column injector. The temperature
was programmed from 50-230Â°C, and the peaks that were generated by a

flame ionization detector were quantified by a Hewlett-Packard 3396A inte
grator and analyzed with the ChemStation program. Before the fraH.v-esterifi-

cation of the fractions, 50 /Â¿Iof pentadecanoate were added to the samples as
a standard. The results were obtained as absolute amounts or as percentages of
the total areas of fatty acid peaks identified with authentic fatty acid standards
(Cayman Chemical Co., Ann Arbor. MI: Refs. 36 and 37).

RESULTS

'H NMR of Phantoms in Vitro. Monoexponentially decaying

signal intensity plots were fitted with equation A to obtain ADC
values in the phantom. The values were 2.1 Â±0.1, 0.69 Â±0.03,
0.72 Â±0.11, and 0.52 Â±0.02 X 10~9 nr/s for water, choline,

creatine, and NAA, respectively (;i = 3). The values coincide well

with literature values ( 18, 38). The ADC of the methyl resonance at
0.9 ppm in gelatin was 0.02 Â±0.00 X 10~9 nr/s. All of the values

were obtained at room temperature (22.0 Â±0.5Â°C).
'H NMR of Tumors and Normal Brain in Vivo. In normal brain,

prominent peaks from common metabolites assigned as Cho, Cre,
glutamate and glutamine, and NAA were seen in addition to macro-

molecule resonances in the aliphatic region. The most prominent
resonances in the aliphatic region in untreated tumors were at 0.9,
1.25, 2.0, and 3.2 ppm (Fig. 1). Typical series of diffusion-weighted

spectra from normal brain and untreated tumor in vivo are shown in
Fig. 1. The signaltnoise ratio for Cho before treatment was 15 Â±3 and
8 Â± 1 at day 10 (n = 5). The line widths of choline and the
macromolecule peak at 0.9 ppm in normal brain were typically 18-23

b=23300

3.0 2.0 1.0 ppm 3.0 2.0 1.0

1000 2000

Fig. I. Typical spectra from normal brain M) and an untreated tumor (BY. b values
shown as s/mirr. To demonstrate hardware performance, the same in \'i\:ti diffusion
STEAM sequence (TE = 24 ms. A = 112 ms, 0 = 1 ms) was used for gelatin to obtain
a signal intensity plot of the peak at 0.9 ppm (C). and for metabolites in n'IrÂ»(8 = 2 ms).

with Cho (â€¢)and waler (O) shown (O). Plots are mean Â±SE (n = 3).

Hz, and 44-58 Hz, respectively, with SEs of 1-4 Hz (n = 6) per
diffusion series. In tumors, the corresponding line widths were 22-31
Hz and 44-63 Hz, respectively, with SEs of 2-4 Hz per series. The

line widths were not systematically influenced by diffusion
weighting. Plots of signal intensities of water in vitro and the
methyl peak at 0.9 ppm in an acquired gelatin phantom (shown as
an insert of Fig. 1) demonstrate no leveling off of signal attenua
tion at high b values. Both line widths and signal intensity behavior
at high b values demonstrate good hardware performance for
diffusion spectroscopy.

Monoexponential signal decays as functions of diffusion weighting
were observed for common metabolites and macromolecules (Fig. 2).
The average ADCs in parietal brain were 0.16 Â±0.01, 0.15 Â±0.02.
and 0.16 Â±0.03 X I0~9 nr/s for NAA, Cho, and Cre (n = 4),

respectively, which are well in line with literature values (38, 39). The
ADC determined for the macromolecule peak at 0.9 ppm in normal
brain was 0.09 Â±0.01 x 10'" nr/s (n = 3).

In untreated tumors, the ADC of Cho was similar to that determined
in normal brain, 0.14 Â±0.01 X 10~9 nr/s (n = 5). However, during

ganciclovir treatment a decreasing trend became evident and was
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Fig. 2. Semi logarithmic signal intensity plots from a typical 'H NMR diffusion
experiment; 9. Cho; . Cr; â€¢¿�the peak at O.Mppm in normal brain (A)', %, Cho: and the

peaks at 0.9 ppm (â€¢}and 1.2 ppm (Gt in an untreated tumor in). Corresponding
regression coefficient values {K) are shown adjacent to plots.

significant from day 8 onwards (Fig. 3). The ADC was finally reduced
to 0.07 Â±O.Ol x I0~9 nr/s by day 10.

Biexponential decay was observed for water ADC. The water data
were fitted according to a superposition of two exponential decays:

c/r â€”¿�t ,,-bD1 i f --bD2 /i-,*j/j<) j \e ~j2e \L^f

The use of six data points for water was chosen for consistency
with metabolite NMR data after showing it to yield similar ADC as
fits with ten b values. In normal rat brain, the residual differences
in water ADCs were 0.05 Â± 0.03 X 10~9 m2/s for /, and
0.03 Â±0.02 X 10~9 nr/s for/,. The error for the/, fraction of total

tissue water was 0.06 Â±0.04 (n = 3). Thus, six b values can be

used to yield a relatively good estimate for the ADCs and fraction
of the large water component and, with some precaution, also for
the fraction of the small water component.

In normal brain the ADCs were 0.70 Â±0.01 and 0.08 Â±0.02 X 10~9

nr/s for the fast and slow decay fractions, respectively. The/, component
accounted for 0.86 Â±0.03 of the signal. In treated tumors, a significant
increase in the fast decaying water ADC could be observed from day 6
of treatment onwards from initial 0.48 Â±0.03 to 1.05 Â±0.12 X 10~9

nr/s consistent with our previous MRI study (8). This was also associated
with a fractional increase of/, from 0.87 Â±0.02 to 0.94 Â±0.06
(n = 4-5), which was significant from day 6 onwards. The ADC of the

/2 component (~0.06-0.09 X 10 9 m2/s) remained constant, with little

deviation during treatment (see Fig. 3).
There were no significant changes in the ADC properties of water

or choline in the untreated tumors, but ADC of macromolecular peaks
at 1.25 and 0.9 ppm increased to 0.11 Â±0.01 and 0.09 Â±0.00 X 10~9

ITT/S,respectively (Fig. 3). This change was significant for the peak at
1.25 ppm by day 10. During treatment, however, the ADC values of
the peaks at 0.9 and 1.25 ppm (~0.06-0.08 X 10~9 nr/s) showed no

definite trend (Fig. 3). On the basis of equation C, the volume-

averaged intracellular viscosity in normal brain, calculated from the
ADC of choline in vivo and in aqueous solution in vitro, was 4.5 Â±1.1
cP. For untreated BT4C tumors, the volume-averaged viscosity was

5.2 Â±0.6 cP and increased to 10.4 Â±1.9 cP on ganciclovir treatment,
as computed from the ADC of choline at day 10. The initial viscosity
of 4-5 cP matches with earlier reports (17, 40, 41 ).

Assuming that macromolecules experience similar intracellular viscos
ity as metabolites, such as Cho, their hydrodynamic radii can be calcu
lated on the basis of equation C. This results in /?,, of 7 Â±I Ã€(n = 4)
and 10 Â±1 A (n = 5) for the macromolecules in normal brain and tumor
tissue, respectively. According to the Stokes-Einstein relationship, the

rotational correlation time of a molecule, TC,can be expressed as

Tc = (E)

yielding a TL.of 2.5 ns for macromolecules in normal brain and 3
ns for macromolecules in tumor. The rotational correlation time for

treated untreated

80
0 2 4 6 8 10

time (days)
0.2 n

0 2 4 6 8 10
time (days)

0 2 4 6 8 10
time (days)

0 2 4 6 8 10
time (days)

Fig. 3. Time courses of biophysical NMR markers in treated and untreated tumors. Fast
water fraction (A), the ADCs of both fast and slow water components (/Ã•).and the ADCs
of Cho (C) are shown. The ADCs of macromolecule signals at 1.25 ppm (â€”) and at 0.9
ppm ( ) are shown in (D). Data are mean Â±SE: n = 3-5; Â»*,P < O.Ol;*./>< 0.05;
Student's unpaired / test compared with day 0.
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1200 -

O 2 4 6 8 10

time (days)

Fig. 4. 'H NMR peak intensity trends from STEAM spectra. Data are mean Â±SE.
normalized to 'H NMR water signal, with Cho (â€¢)and the peaks at 0.9 ppm (D) and
1.25 ppm (â€¢)shown. *. P < 0.05; **. P < O.OI: Student's paired / test (n = 3-5).

water molecules is in the order of ~ 1 ps. These results imply that

macromolecule resonances observed in the BT4C glioma using
typical STEAM spectroscopy must originate from relatively small
mobile molecules (see below).

Relative to nonsuppressed water, changes in the metabolite or
macromolecule signal intensities could not be observed in the un
treated tumors (data not shown), whereas in treated tumors, significant
changes were observed (Fig. 4). The relative intensity of Cho de
creased gradually by ~56% until day 10. For the macromolecule

signals at 0.9 and 1.25 ppm, however, an increase at day 4 could be
observed: this was significant for the peak at 0.9 ppm only. Thereafter,
signal loss was observed.

'H NMR, HistolÃ³gica! and Biochemical Assessment of Lipids in

Tumors. Macromolecular peaks in the CH2/CH3-chemical shift re

gion can arise from proteins (25, 42) or from lipids (43, 44). The
predominant contribution from lipids in malignant brain tumors has
been ascribed to membrane breakdown (45), but a recent study has
indicated that malignant brain tumors contain large quantities of
unusual lipids (46). In this study, we have carried out histological,
biochemical, and NMR analyses to assess the occurrence of lipids in
BT4C gliomas.

Two-dimensional COSY NMR of untreated tumors revealed cor

relation peaks mostly attributable to protein residues, of which those
of proline, arginine, and lysine were not present in the normal brain.
However, correlation patterns for fatty acid chains such as those
reported in the C6 rat glioma (44) could not be detected (Fig. 5). PCA
extracts showed significantly lower levels of free choline, phospho-

choline, and glycophosphocholine at day 21 in treated rats as com
pared with untreated or normal controls (Table 1).

STEAM spectroscopy is inherently sensitive to J-coupling patterns,

and we, therefore, used a binomial spin echo sequence to eliminate
these effects ex vivo (28). The peaks at 0.9 and 1.25 ppm undergo
phase modulation; therefore, they were nulled at a TE of 80 ms (not
shown). This result is different from normal brain ex vivo (25, 28) and
indicated that the coupling constant on 0.9 and 1.25 ppm peaks is
around 6-8 Hz. Thus, the signals are unique and possibly originate

from an overlapping combination of lipid chains (48) and protein
residues (26).

Histology studies of wild-type BT4C tumors revealed necrotic foci

scattered within the tumor and more densely packed in the core area.
In H&E sections, foamy macrophages could be seen around these
regions (Fig. 6/4). These patches are also positive for neutral lipids as
demonstrated by Sudan IV (not shown) and Oil Red O stains (Fig. 6ÃŸ)
covering ~10% of section areas.

Typical electron microscopy sections from a tumor are shown in
Fig. 7. The tumor perimetry is characterized by relatively few lipid
droplets (Fig. IB). However, deep within the tumor (Fig. 1C), necrotic
foci show cell debris and intracellular lipid droplets along with some
myeloid bodies (47). The sizes of the lipid droplets ranged from
0.2-2.0 /urn and were similar to droplets reported by Remy and

coworkers (23).
Two major lipid components, triglycÃ©ridesand cholesterol esters,

were shown to be present in the large untreated BT4C glioma. In the
smaller tumor, triglycÃ©rideswere not detected. The concentration of
cholesterol esters was 2.1-2.3 jumol/g wet weight. The concentrations

did not correlate with tumor size, and concentrations in the perimeter
were essentially the same as in the core. The concentration of trig
lycÃ©ridesin tumor tissue were calculated from the total concentration
of fatty acids residues, yielding 0.4 Â¿Â¿rnol/gwet weight. These con
centrations are much lower than those of metabolites except for
choline, and the NMR visible proportion may be far less. It is
interesting to note that cholesterol esters have been recently detected
in human gliomas and surrounding tissue at 100-fold concentrations

relative to normal brain (46).

DISCUSSION

The present study describes changes in biophysical tissue 'H NMR

markers associated with apoptotic cell damage during ganciclovir
treatment of a malignant BT4C glioma, most notably the aberrant
diffusional behavior of water, metabolites, and macromolecules. Dif
fusion-weighted MRI has recently shown changes in tissue water

ADC preceding changes in T2 starting from day 4 of treatment (8). In
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Fig. 5. Ex vivo two-dimensional COSY spectra. Normal brain (A) and BT4C glioma
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A I

Fig. 6. Histology sections from a BT4C tumor.
Within the gliosarcomatou.s tissue, there are foci
with necrotic debris and foamy macrophages as
shown hy H&E (A). Corresponding areas are pos
itive by Oil Red O stain for neutral lipids (ÃŸ).
X167. B

'

the present experimental setup, however, the tumor water pool could
be fitted with two exponentials, and the large increase in tissue water
ADC is attributed to /, only. The ADC of /2, however, does not
change, although there is a significant population shift from the slow
pool to the fast one. It is evident that these ADC components of water
cannot be attributed to actual physiological compartments, but
changes in the fast and slow compartments have been recently shown
to correlate with changes in the proportion and motility of extracel
lular and intracellular water, respectively (49). The water fractions are
in fact quite similar except for the lower ADC of water fraction/2 in
our study (0.08 versus 0.15; Ref. 49). Thus, we attribute the increase
in the ADC of the fast water to an increase in the interstitial compo
nent due to cell shrinkage. However, the intracellular residence half-

life of a water molecule has been determined to be 25 ms in normal
brain (50). As a result, at a rdiff of 110 ms, this exchange rate is
practically within the fast exchange range, and the extra- and intra

cellular compartments become partly indistinguishable. It is interest

ing to note that the ADC of/2 does not change during treatment and
that the ADC of this pool of water is also peculiarly low, within the
same range as for the macromolecules reported in this study (0.06-
0.09 X 10~9 m2/s). Because/2 must be extremely restricted with

respect to translational motion, it is tempting to associate it with
protein- and membrane-bound water. The water associated with mac
romolecules is known to have a rotational correlation time of 3-4

magnitudes higher than that of bulk water. This is actually observed
inasmuch as the TCfor/2 is 2 ns. In fact, a bound pool of water with
an ADC of ~0.03 X 10~g m2/s has been detected in rat brain ex vivo,

using double quantum filtered 2H MRS (51 ) at 25Â°C.In physiological

solutions, proteins such as BSA have been shown to render up to ~4

g of water/g dry mass osmotically unresponsive (52). Assuming an
intracellular protein concentration of 5 gl 100 g tissue, this might result
in up to 20% of total tissue water being bound. This is very similar to
what we have observed (6-14%). However, because of the exchange

between bound and free water, this fraction does not represent true
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Table 1 Metabolite concentrations in PCA extracts of normal anil tumor tissue in vitro"

Normal brain (n â€”¿�8)

BT4C glioma
nontreated (n = 3)
treated (n = 6)2.0

ppm*7.34

Â±0.330.65

Â±O.ÃŒ&1
0.56 Â±0.10JCre9.43

Â±0.413.45

Â±1.20
2.02 Â±0.10''Total

Cho1.62

Â±0.162.36

Â±1.36'
0.79Â±O.IO''/Free

choline0.27

Â±0.040.16

Â±0.090.10
Â±O.O/PCC0.47

Â±0.060.61

Â±0.35''

0.28 Â±O.O/GPC'0.87

Â±0.061.59

Â±0.91''
0.41 Â±0.05'-*

" Metabolites were quantified by H NMR spectroscopy as described in "Materials and Methods." Values are (Â¿mol/g
'' Denotes mostly NAA Â¡nnormal brain.
' PC. pnosphocholine; GPC. glycerophosphocholine.

f< 0.01 Student's unpaired l test, relative to control.
' P < 0.05, relative to control.
f P < 0.01 Student's unpaired / test, relative to nontreated.

* P < 0.05. relative to nontreated.

t weight (mean Â±SE).

physiological compartmentation. Despite this, the similarities between
the ADCs and treatment response of both/, and macromolecules are
striking.

Another interesting issue is the reduction in the ADC of Cho, which
we interpret as an indicator of increased cytoplasmic viscosity. Cho
can leak into the extracellular space during severe cell damage, which
leads to increased diffusivity in this space. However, in apoptosis, cell
membranes are characteristically maintained. A similar ADC reduc
tion has been shown in the early phases of brain ischemia in vivo (38,
39), although the type of cell damage sustained in hypoxia is mech
anistically very different with cell swelling and protein degradation
affecting the intracellular milieu. However, the ultimate effect on
metabolites seems similar, although water ADCs yield contradictory
results. Furthermore, it is important to point out that 'H NMR spec-

troscopy inherently provides volume-averaged data, and partial vol-

uming effects from different pools of tissue consisting of viable and
dead cell populations as well as possible debris in the extracellular
space will be present. The reduction in the proportion of/2 implies
reduction in the volume of origin for this signal, yet the constant low
ADC indicates continuous association with large molecules and mem
branes, i.e., intact cells. Also, the absolute reduction (50-70%) of
choline and macromolecules observed by 'H NMR in vitro (see Table

1) and in vivo (see Fig. 7) correlates well with the reduction in the
bound water fraction (60%). This data supports our notion that the
changes seen in this model originate from intact cells undergoing
apoptosis. There is rather limited knowledge, however, on the extent
and duration of apoptosis in tissue in situ. The process itself can last
from 3-24 h (53, 54). We have observed by immunohistochemistry of

BT4C gliomas that, at given moments during ganciclovir treatment,
â€”¿�5%of cells stain positively for apoptosis.6 This is in accord with the

proliferative indices of malignant gliomas. In asynchronous in vitro
cultures, the doubling time of BT4C cells is 18-20 h (55). This
process is slower in vivo, with a doubling time of 48-60 h as indicated

by tumor volume (8). The diffusion alterations observed in our study
appear at 4-6 days of treatment. In similar HSV-tk-mediated tumor

treatment schemes in vivo, apoptotic cell shrinkage and nuclear con
densation can be observed by TEM 3-5 days of ganciclovir treatment

(10, 11). These data imply that a considerable portion of BT4C cells
have become apoptotic within the time course of our study, and that
the observed biophysical changes are indeed attributable to progres
sive apoptosis.

In the C6 rat glioma, the peaks detected at 0.9 and 1.25 ppm have
been assigned to mobile lipids (44), but these lipids were neither
characterized nor quantified. In the BT4C glioma, these peaks seem to
have a rather different origin. According to our results, there is an
excess of neutral lipids compared with normal tissue within these
tumors. In this sense, our findings agree with a recent report (46),

6 A-M. Puumalainen, M. Turunen. S. Loimas. P. Vainio, K. TyynelÃ¤.R. Vanninen. M.

Vapalahti, R. Bjerkvig. J. Janne. and S. Yla-Herttuala. Herpes simplex virus thymidine
kinase gene therapy in experimental rat BT4C glioma model, submitted for publication.

A

TÃÂ».-

Fig. 7. Transmission electron micrographs. Normal brain iAi showing myeloid sheaths,
mitochondria, and the endoplasmic reticulum. In BT4C perimetry (B). cells are well
delimited with normal-appearing ultrastructural features. Within the tumor core (C), large
lipid droplets can be observed (arrows).
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showing 100-fold concentration of cholesterol esters in human glio-
mas (1-10 JAM).Compared with metabolites, however, these triglyc

Ã©rideand cholesterol ester concentration levels are rather low al
though significant enough to contribute to the spectra. Also, electron
microscopy demonstrates that lipid droplets are small in volume and
not abundantly distributed as shown by lipid histology. Strikingly
there were no characteristic cross-correlations for fatty acid chains or
cholesterol in two-dimensional COSY except at 0.9-1.25 ppm, but on
the other hand cross-correlations attributable to protein residues could

be found. The interpretation of COSY data are not straightforward,
however, because J-modulation may cancel out signals. We feel our

data supports the notion that, in the BT4C glioma, these low field
resonances are most likely to arise from both protein residues and
fatty acids.

Despite the apparent 2-fold increase in intracellular viscosity during

treatment as implied by Cho, the ADCs of macromolecular signals
stay the same throughout treatment. This would require a 2-fold

reduction in /?,,, implying molecular breakdown. On the other hand, as
cells shrink, the viscosity experienced by macromolecules may be
corroborated through protein-protein interactions at increased concen

trations (56). which lead to restricted mobility. This may partly
explain the slight difference in the ADCs of these compounds as
compared with normal (0.09 versux 0.06 X 10~9 nr/s). It must be

stressed, however that the contribution from rapidly rotating (rr = 1
ns) long-chain methyl groups will further complicate this subject. At

the same time, the ADC differences of macromolecule resonances
between normal brain and tumor tissue seem negligible despite the
apparent lipid contribution to these signals in the present study.

The signal intensities of Cho and the macromolecular peaks relative
to water do not experience change during the control period of 10
days, which shows that, as detected by 'H NMR. the tumors are

biochemically stable. The intensity of the peak at 2.0 ppm has been
attributed as an indicator of necrosis in ex vivo studies of human
astrocytomas (45). In our study, however, this resonance is not well
resolved (see Fig. 1). During treatment, a maximum for the peaks at
0.9 and 1.25 ppm is observed by day 4. This finding may correlate
with protein breakdown or increased lipid turnover leading to a
concentration increase, although relaxation effects could not be ruled
out. Biophysically. the situation seems to be an exact opposite, how
ever, as the ADCs of macromolecular compounds tend to increase
with time in untreated tumors. In treated tumors, the ADCs remain
constant. It may be appropriate to point out here, that we cannot repeat
the in vitro findings of Blankenberg and coworkers (57). who have
recently shown an increase in the ratio of the 1.3-ppm mÃ©thylÃ¨neto
0.9-ppm methyl peak as an indicator of the number of apoptotic cells

(see Fig. 7). This may be explained by the inherent difference in
experimental settings, the actual origin of these peaks, or a combina
tion of both.

To summarize, our data characterize two very different tissue
responses, one of which is associated with apoptosis (with cell shrink
age, increased molecular crowding, possible breakdown of compo
nents, and gradual loss of signal and tumor consituents) and one of
which is associated with progression of tumor growth (inclusion of
necrotic processes, increase in macromolecular signals with little
change in ADCs, and signal intensities). We have also shown reduced
metabolite ADC in the presence of increased water ADC. This is in
contrast to stroke studies (38, 39), in which the ADCs of metabolites
change in concert with water. The results contribute to the under
standing of MRI and NMR spectroscopy changes during tumor treat
ment and suggest that studies of water diffusion alone, such as by
diffusion-weighted MRI, may provide incomplete information as to
actual changes in the intracellular milieu. 'H NMR spectroscopy is

shown to be a versatile tool for studying changes in tumor metabolism

in vivo, and diffusion spectroscopy can be used to monitor biophysical
changes associated with apoptosis as induced by thymidine kinase-

mediated gene therapy.
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