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Cancéropôle Lyo

Abbreviations u
angiopoietin-2; B
DCE, dynamic
matrix metallopro
of interest; TBS
growth factor; V

Copyright # 200
ABSTRACT: Assessment of angiogenesis may help to determine tumor grade and therapy follow-up. In vivo imaging

methods for non-invasively monitoring microvasculature evolution are therefore of major interest for tumor management.

MRI evaluation of blood volume fraction (BVf) and vessel size index (VSI) was applied to assess the evolution of tumor

microvasculature in two rat models of glioma (C6 and RG2). The results show that repeated MRI of BVf and VSI – which

involves repeated injection of an iron-based MR contrast agent – does not affect either the physiological status of the animals

or the accuracy of the MR estimates of the microvascular parameters. The MR measurements were found to correlate well

with those obtained from histology. They indicate that microvascular evolution differs significantly between the two glioma

models, in good agreement with expression of angiogenic factors (vascular endothelial growth factor, angiopoietin-2) and

with activities of matrix metalloproteinases, also assessed in this study. These MRI methods thus provide considerable

potential for assessing the response of gliomas to anti-angiogenic and anti-vascular agents, in preclinical studies as well as in

the clinic. Furthermore, as differences between the fate of tumor microvasculature may underlie differences in therapeutic

response, there is a need for preclinical study of several tumor models. Copyright # 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Assessing angiogenesis is important when determining
tumor grade and prognosis (1–3). In clinical practice,
angiogenesis is assessed in terms of microvessel density
as determined on surgical biopsy specimens (4). Whereas
biopsies provide information only from particular
regions within the tumor, the vasculature of high-grade
tumors is highly heterogeneous (5). Necrotic areas exhibit
sparse and degraded vessels, whereas angiogenic areas
are characterized by high vessel density (6), large vessel
diameters (7), and increased permeability. In vivo
imaging methods for monitoring microvasculature non-
invasively are therefore of major interest for tumor
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management (8). Also, as stated by Gagner et al. (9), there
is currently a strong need for imaging and pathological
surrogate markers of angiogenesis.

MRI appears to be one of the techniques best suited to
providing such markers. It is already considered the
method of choice for diagnosis of brain tumors, providing
information about tumor size and location, extent of
edema, relative blood volume fraction (BVf) and
blood–brain barrier (BBB) status. The MRI method most
widely used to characterize microvasculature is dynamic
susceptibility contrast imaging. With this method, the first
pass of an intravenously injected bolus of a gadolinium-
based contrast agent is monitored (10,11). With brain
tumors, the accuracy of parameters derived from dynamic
susceptibility contrast MRI may be reduced because of
broadening of the arterial input function and/or alteration
of BBB permeability (12–14). Steady-state methods for
characterizing the microvasculature are another alterna-
tive in MRI. They are based on measurement of transverse
relaxation times before and after injection of an
intravascular iron-based contrast agent. With both
approaches (first-pass and steady-state), it is possible to
obtain an estimate of BVf and information on the
distribution of microvessel radii (14–21). The latter
information can be expressed in terms of vessel size index
NMR Biomed. (2008)
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(VSI, in mm) (16,19,20). MRI mapping of VSI has been
validated in various animal models (16,19,22). In humans,
VSI and BVf have been mapped using gadolinium
chelates rather than iron-based contrast agents (14,15,
20,23).

As there is no need for high temporal resolution with
steady-state MRI methods, BVf and VSI maps can be
obtained with high spatial resolution. This renders these
methods particularly useful for characterizing micro-
vasculature during tumor growth and assessing the
efficiency of anti-angiogenic and/or anti-vascular
therapies.

The response to a particular treatment varies between
animal models (24). Histological findings suggests that
structural and functional specificities of microvasculature
may underlie these different therapeutic responses. To our
knowledge, there have been no in vivo studies on
microvasculature evolution in two different orthotopi-
cally implanted intracerebral glioma models as assessed
by longitudinal follow-up of the same animals.

In designing this study, we had several objectives. The
first was to verify the feasibility of repeated MRI mapping
of BVf (BVfMRI) and VSI (VSIMRI) on the same animal.
The second was to compare in vivo BVfMRI and VSIMRI

results with the corresponding ex vivo histochemistry
measurements of the vascular bed (BVfhisto and VSIhisto).
The third objective was to characterize microvasculature
evolution during the development of C6 and RG2
gliomas. The two models exhibit different degrees of
aggressiveness, and we expected therefore that they
would show specific types of microvascular evolution.
Our final objective was to determine whether these
differences – if any – would be reflected in the expression
of vascular endothelial growth factor (VEGF) and
angiopoietin-2 (Ang-2), and in the activity of matrix
metalloproteinase (MMP)-2 and MMP-9.
METHODS

Animal manipulation

The study design was approved by the local committee for
animal care and use (approval 081). Experiments were
performed under permits nos 380508, A3851610004 and
B3851610003 from the French Ministry of Agriculture.
All experiments were performed under anesthesia: 5%
isoflurane for induction, 2% for maintenance in 70% air/
30% oxygen. Rectal temperature was maintained at
37.0� 0.58C throughout the experiments.
Implantation of tumor cells

Male Wistar (175–200 g, n¼ 27) and Fischer 344
(150–175 g, n¼ 26) rats were used for the high-grade
glioma models C6 and RG2, respectively. Cell suspen-
Copyright # 2008 John Wiley & Sons, Ltd.
sions [1� 105 C6 cells (ATCC, CCL-107); 5� 103 RG2
cells (ATCC, CRL-223)] were injected into the right
striatum as described (25). The C6 cell line was produced
by repeated administration of N-methylnitrosourea to
outbred Wistar rats (26). The C6 model is most commonly
used in studies characterizing brain tumor biology,
including angiogenesis [for a review, see Refs (24) and
(27)]. The mean survival time after intracerebral
implantation of 105 cells is 28� 5 days. The tumor
histopathology of the C6 rat glioma has been classified as
astrocytoma (24).

The RG2 cell line was obtained from a tumor
developed in the progeny of female Fischer 344 rats,
which were injected with N-ethyl-N-nitrosourea during
gestation (28). The mean survival time after intracerebral
implantation of 5� 103 cells is 22� 3 days. In displaying
an invasive growth pattern, in being refractory to all
therapeutic modalities, and in being non-immunogenic in
a syngeneic host, the RG2 glioma in rat appears to be a
good model for human glioblastoma (24).

For each model, a group of eight animals, called the
‘longitudinal observation group’, was submitted to the
MRI protocol four times: 11, 15, 20, and 25 days after
tumor implantation for the C6 model, and 6, 10, 14, and
18 days for the RG2 model. The last time point
corresponds to about 3 days before death after the mean
survival time (unpublished data). After the last MRI
measurement, animals were killed for subsequent ex vivo
experiments. At each time point, and in addition to the
eight animals already mentioned, four animals were
submitted to MRI and then killed for ex vivo experiments.
This group of 16 animals (four time points, four animals/
time point) forms the ‘single-time observation group’.

Separate experiments were performed on the remain-
ing three C6-bearing and two RG2-bearing animals to
evaluate the amount of contrast agent that extravasates
during MRI data acquisition.
In vivo MRI experiments

Experiments were performed on a horizontal 2.35 T
(40 cm-diameter) magnet equipped with actively shielded
gradient coils (Magnex Scientific Ltd, Oxford, UK) and
interfaced to a SMIS console (SMIS Ltd, Guildford, UK).

After anesthesia, a catheter was inserted into the tail
vein, and 200mL plasma was sampled (plasma ‘before
injection’).

T1-weighted anatomical images were acquired using a
3D-MDEFT sequence (29): voxel size¼ 333� 333�
333mm3, inversion time¼ 605 ms, alpha¼ 228, TR/
TE¼ 15/5 ms. To enable mapping of the apparent
diffusion coefficient (ADC) of water, three spin-echo
images diffusion-weighted in the three principal direc-
tions of the gradient system, with b¼ 900 s/mm2 and a
reference image (b � 0 s/mm2), were acquired (voxel
size¼ 234� 454� 1000mm3). A multi gradient-echo
NMR Biomed. (2008)

DOI: 10.1002/nbm



MRI FOLLOW-UP OF MICROVASCULAR CHANGES DURING GLIOMA GROWTH
and spin-echo MRI sequence (TR¼ 6 s; seven evenly
spaced gradient echoes¼ 6–42 ms; one spin echo¼
102 ms; voxel size¼ 234� 454� 1000mm3) was
acquired just before and 4 min after administration of
Sinerem1 via the tail vein in about 20 s (200mmol iron/
kg body weight) (Sinerem1, Guerbet SA, Roissy, France
Combidex1, Advanced Magnetics, Inc, Cambridge, MA,
USA). Sinerem1 is a dextran-coated iron-based contrast
agent �20 nm in size with a 4.5 h plasma half-life (19).
The longitudinal and transversal relaxivities of Sinerem1

at 378C and 2.35 T are R1¼ 8 mM�1.s�1 and
R2¼ 79 mM�1.s�1, respectively (data not shown). The
saturation magnetization of iron is 0.396mT/mmol iron
(16). Total MRI examination time per animal was 1 h
20 min.

At the end of the MRI experiments, 200mL plasma
‘after injection’ was sampled. To estimate the amount of
contrast agent that extravasates into the tumor during
measurements of BVf and VSI, dynamic contrast-
enhanced MRI (DCE-MRI) (30) was performed on the
separate set of animals, 18 days and 14 days after C6 and
RG2 cell implantation, respectively. A T1 map was
acquired using inversion recovery, spiral imaging (TR/
TE¼ 4400/1.6 ms, five interleaves, 11 inversion times,
voxel size¼ 468� 468� 2000mm3). T1-weighted spiral
imaging was repeated for 20 min (TR/TE¼ 600/1.6 ms,
16 interleaves, voxel size¼ 234� 234� 2000mm3, 20 s/
image). After acquisition of five baseline images (i.e.
1 min 40 s after the start of imaging), Sinerem1 was
administered as described above.
Determination of plasma iron concentration

The plasma samples ‘before injection’ and ‘after
injection’ were diluted 8 and 20 times, respectively, with
saline. T2 measurements were performed on these diluted
plasma samples and on calibration samples (known
concentrations of Sinerem1), using a Carr–Purcell–
Meiboom–Gill sequence (400 echoes; echo spacing¼
0.9 ms and 8 ms for plasma samples collected after and
before injection, respectively) (31). A mono-exponential
decay was fitted to the data to determine T2. Linear fitting
of the T2 measurements led to the following calibration
equation ([Fe] in mmol iron/mL, T2 in s):

½Fe� ¼ 0:01056 � ð1=T2Þ � 0:00024 (1)

Iron concentrations in plasma were eventually obtained
from the T2 values measured in plasma, using the
calibration equation.
Ex vivo experiments

At the end of the MRI experiments, rats were decapitated.
Brain, spleen, and liver were quickly removed, frozen in
Copyright # 2008 John Wiley & Sons, Ltd.
�408C isopentane, and stored at �808C. Brains were
sliced (coronal 20mm-thick sections) at �208C until
about half of the tumor volume had been sliced. The
remainder of the brain was kept for protein analysis.

Vascular structures in brains were detected by
immunohistochemistry. Sections corresponding to the
largest tumor area were rehydrated in phosphate-buffered
saline (PBS, 0.01 M), fixed in 4% paraformaldehyde.
After saturation in PBS/0.01% Tween/3% BSA for 1 h at
room temperature, a goat antibody directed against
collagen IV (Southern Biotech, Birmingham, AL, USA)
was incubated overnight at 48C in PBS/0.01% Tween/1%
BSA, and visualization was performed using an Alexa
546-linked donkey anti-goat IgG (Invitrogen; Fischer
Scientific Bioblock, Illkirch, France). Adjacent sections
were stained with hematoxylin/eosin (HE).

Iron deposits were detected using Prussian Blue
staining on adjacent brain sections as well as on sections
from liver and spleen. Slices were incubated with 2%
potassium ferrocyanide (Perl’s reagent; Sigma, Lille-
Lezennes, France) in 2% HCl for 20 min, washed and
counterstained with erythrosin.

Protein preparation. The second part of the brain was
split into the contralateral hemisphere (c) and the
ipsilateral hemisphere (i). Brain samples were homogen-
ized in a 2:1 (v/w) ratio of lysis buffer containing Tris
(50 mM), NaCl (150 mM), and 0.5% Triton X-100 (Sigma
Aldrich) (32). Protein concentrations of the extracts were
determined using a BCA protein assay kit (Pierce, Perbio
Science France SAS, Berbière, France).

Western-blot analysis. After separation of proteins
by SDS/PAGE, proteins were transferred to poly(viny-
lidene difluoride) membranes (GE Healthcare Bio-
Sciences, Uppsala, Sweden). After saturation for 1 h in
5% (w/v) non-fat milk in Tris-buffered saline (TBS)
containing 0.05% Tween 20 (T-TBS), antibodies were
incubated overnight at 48C [VEGF and Ang-2 antibodies
(Upstate/Chemicon, Saint-Quentin-en-Yvelines, France);
b-actin antibody (Sigma)]. After being washed in T-TBS,
membranes were incubated for 1 h at room temperature
with peroxidase-linked secondary antibodies, and the
immunoreactive bands were visualized by enhanced
chemiluminescence (GE Healthcare Bio-Sciences). The
blots were then incubated in stripping buffer (62 mM Tris/
HCl, pH 6.8; 2% SDS; and 100 mM b-mercaptoethanol)
for 30 min at 508C and reprobed with actin antibody.
Gelatin-based zymography

After electrophoresis, gels were washed twice with 2.5%
Triton X-100. After overnight incubation at 378C in TBS
containing 5 mM CaCl2, gels were stained with 0.5%
Coomassie Brilliant Blue R-250 and destained with a
40% methanol/10% acetic acid solution.
NMR Biomed. (2008)
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Data processing

Determination of tumor volume. Tumor volume
was determined by manually delineating the tumor on the
set of T1-weighted MR images from adjacent slices
containing the lesion, by counting the voxels within the
tumor boundaries, and by scaling with voxel volume.

MRI maps. All maps were computed using a program
developed in-house within Matlab (The MathWorks, Inc.,
Natick, MA, USA). ADC was computed as the mean of
the ADCs observed in the three principal directions of the
gradient system. Changes in transverse relaxation rates
due to Sinerem1 (DR2

� and DR2) were obtained from
gradient-echo and spin-echo signals acquired before and
after injection of Sinerem1 (19). The increase in the
difference Dx between blood and tissue susceptibilities
was derived animal per animal from the difference in
plasma iron concentrations measured before and after
injection of Sinerem1, using the saturation magnetization
of Sinerem1 and the static magnetic field values (19).
BVfMRI maps were computed using eqn (13) from
Ref. (16):

BVfMRI ¼
3

4p

DR�
2

gDxB0

(2)

where B0 and g represent the static magnetic field and the
gyromagnetic ratio of the protons. VSIMRI maps were
computed using eqn (14) from Ref. (16):

VSIMRI ¼ 0:424
ADC

gDxB0

� �1=2
DR�

2

DR2

� �3=2

(3)

Region of interest (ROI). Four ROIs (contralateral
striatum, contralateral neocortex, tumor periphery, and
tumor center) were delineated on the slice (ADC map for
MRI and HE section for histology) containing the largest
tumor area. The ROI ‘center’ corresponded to the region
of increased ADC for the C6 model and to the region of
apparently reduced ADC for the RG2 model. For the ROI
‘periphery’, a one voxel wide region (�250mm) was
drawn manually around the ROI ‘center’ (33). Voxels
corresponding to cerebrospinal fluid or corpus callosum
were excluded.

For histological data, the ROI ‘center’ corresponded to
the region of high cell density, and the ROI ‘periphery’
was defined as a region of�300mm width around the ROI
‘center’ (33).

Measurement of ADC, BVfMRI, and VSIMRI. Each
ROI delineated on the ADC map was transferred on to the
BVfMRI and VSIMRI maps. Within each ROI and each
map, voxels were then identified for which no analysis
could be performed [e.g. non-converging fit, values
outside the range of validity of the method (ADC>
3500mm2/s; BVfMRI> 17%; VSIMRI> 50mm)], and they
Copyright # 2008 John Wiley & Sons, Ltd.
were excluded from the analysis. For BVfMRI and
VSIMRI, the conditions of validity applied are those
defined in Ref. (16) – our data were collected under
experimental conditions identical with those in Ref. (16).
For ADC, we used the ADC of pure water as the
threshold. The total number of voxels, the number of
excluded voxels, and the mean and standard deviations
were computed for each ROI and each parameter.
Rejected voxels represented 2.5% and 1.9% of the total
number of voxels for the C6 and RG2 models,
respectively.

DCE-MRI analysis. T1-weighted images were con-
verted into T1 maps using the following relation in each
voxel:

T1 ¼ �TR= lnð1 � S=S0Þ (4)

where S represents the signal intensity in the voxel and S0

the fully relaxed MR signal in that voxel. S0 was
computed from the baseline signal intensity (five first-
time points) and from the T1 value (T10) computed from
the inversion recovery data acquired before Sinerem1

injection.
To analyze the decrease in voxel T1, one first assumes

that the decrease in the T2
� signal can be neglected at the

short TE used. Then, to estimate the upper limit of the
extravascular iron concentration, one considers that all
the Sinerem1 has leaked into the extravascular compart-
ment. Thus, the upper limit of the extravascular iron
concentration can be estimated using:

Fe½ � ¼ 1

r1

1

T1

� 1

T10

� �
(5)

where r1 is the relaxivity of Sinerem1.

Quantitative histology. Sections (up to three micro-
scopic fields per ROI and per slice, three slices/animal)
were digitized using a CCD camera (Olympus, Rungis,
France). Collagen IV images were binarized (threshold
manually defined), and vascular parameters [mean vessel
density, fractional vascular surface (VSurf), mean vessel
radius (r), and mean vessel length (h)] were obtained
using ImageJ software (Rasband, W.S., ImageJ). To allow
comparison between MR and histological data, VSIhisto

was derived from two-dimensional slices as described
in Ref. (19), and BVfhisto was computed as described in
Ref. (17):

BVfhisto ¼
rh

rhþ r þ hð Þt

� �
�2 ln 1 � VSurfð Þ½ �

� 100 (6)

where t is the section thickness.

Expression of the angiogenic factors. Gels were
scanned and a densitometric analysis of the expression of
the angiogenic factors was performed with ImageJ. For
NMR Biomed. (2008)
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MRI FOLLOW-UP OF MICROVASCULAR CHANGES DURING GLIOMA GROWTH
the Western-blot assay, expression was normalized to that
of the b-actin protein and to the expression detected for
each protein in the contralateral region at the first time
point.
Statistical analysis

Two-way analysis of variance followed by a t test post hoc
with a Bonferroni correction were used for statistical
analysis. Student t tests were used for neocortex/striatum
comparisons. Parametric Pearson tests were used for the
correlation analysis. All statistical analyses were per-
formed with StatView SE (SAS Institute Inc, Cary, NC,
USA).
RESULTS

Accuracy of the BVfMRI and VSIMRI

measurements

Accurate BVf and VSI MRI measurements require that
the iron-based contrast agent remains intravascular.
DCE-MRI data indicate that the iron concentration
increased slightly with time in the tumor tissue, while
contralaterally it remained below the detection sensitivity
of our DCE-MRI approach (�1mM). Sixteen minutes
after Sinerem1 injection (corresponding to the end of MR
data acquisition in the BVfMRI/VSIMRI experiment), the
upper limits of extravascular iron concentration found in
the tumor were 4mM and 70mM for the C6 and RG2
models, respectively, i.e. at most, 2% of the plasma iron
concentration (3420� 970mM, mean value for all
animals across time). This mean plasma iron concen-
tration corresponds to a mean increase, Dx, in plasma
magnetic susceptibility of 5.6� 10�7 cgs.
Feasibility of the longitudinal MRI follow-up

In a longitudinal study, repeated anesthesia and injections
of contrast agent performed on the same animal might
affect its physiological status, tumor growth, and the
accuracy of the MRI measurements. No significant
differences in body weight and tumor growth were
observed between the ‘longitudinal observation’ and
‘single-time observation’ groups (data not shown).

In the ‘longitudinal observation’ group of both models,
the iron concentration in the plasma, sampled before
injection of Sinerem1, showed a slight increase
(þ4.5� 0.3mM) between the first and second MRI
sessions (Fig. 1A). Plasma iron concentration remained
stable during the ensuing sessions (Fig. 1A). In brain
parenchyma, T2

� measurements before Sinerem1 injec-
tion remained stable between MRI sessions for each ROI
and model (Fig. 1B). With regard to histology, Prussian
Copyright # 2008 John Wiley & Sons, Ltd.
Blue staining showed no iron deposit in either brain tissue
or tumors, at any time point for both models (Fig. 1C,a–c).
In contrast, spleen sections exhibited strong iron deposits
(Fig. 1C,e–f) compared with control rats, which were not
injected with Sinerem1 (Fig. 1C,d).
MRI data

For both models, ADC, BVfMRI, and VSIMRI values were
not significantly different between the ‘single-time
observation’ and ‘longitudinal observation’ groups, at
any time point. Consequently, values for the two groups
were pooled.
Contralateral data

For both models, contralateral ADC, BVfMRI, and VSIMRI

did not vary significantly over time (Figs. 2 and 3). Values
averaged over time in contralateral neocortex and
striatum are summarized in Table 1. Contralateral
ADC, BVfMRI, and VSIMRI were not significantly
different between the two strains, for both ROIs. ADC
and BVfMRI differ significantly between neocortex and
striatum in the Wistar rat. VSIMRI is significantly larger in
the striatum than in the neocortex for both rat strains.

Overall variability (including individual, time, and
method-related variability) was �6% for ADC, 23% for
BVfMRI, and 20% for VSIMRI.
Tumor data

T2-weighted images and ADC maps from the same slices
(Fig. 2A,B) show that the two models evolve differently.
The C6 tumor appears hyperintense on the T2-weighted
images and on the ADC maps. ADC had increased
significantly in the tumor center as early as day 11 (C6
contralateral striatum, 720� 50mm2/s; C6 center,
974� 102mm2/s; Fig. 2A). It remained elevated in the
tumor center until the end of the experiment. At the
periphery of the C6 tumor, ADC did not differ from
the contralateral value at any observation time. Unlike in
the C6 model, ADC in the RG2 center did not vary
significantly with time, remaining similar to contralateral
values (Fig. 2B). At the periphery, the T2-weighted signal
and ADC values increased with time (Fig. 2B).

Tumor BVfMRI and VSIMRI also evolved differently in
the two models. For the C6 model, BVfMRI in the tumor
center and periphery remained similar over time to that of
the contralateral striatum (Fig. 3A), with the single
exception of the periphery ROI at the last time point, day
25 (C6 contralateral striatum, 2.4� 0.4%; C6 periphery,
4.0� 1.4%). For the RG2 model, BVfMRI had increased
slightly as soon as day 10 in the center and at the
periphery of the tumor (Fig. 3B). At the tumor periphery,
NMR Biomed. (2008)
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Figure 1. Sinerem1 does not accumulate in plasma, brain, or glioma. (A) Iron
concentration determined at each time point on plasma samples withdrawn before
injection of Sinerem1. �, $, P<0.05 versus the first time of analysis for the C6model (�)
and the RG2 model ($) (mean� SD). (B) T2

� measured in the contralateral striatum
(contra) and tumor center (center) before injections of Sinerem1 (mean� SD).
(C) Prussian Blue detection of iron in brain tumors (C6: a, b; RG2: c) and in spleen
(d–f). (a, d) Wistar rat bearing a C6 glioma that did not receive any Sinerem1. (b, e)
Wistar rat bearing a C6 glioma and (c, f) Fischer rat bearing a RG2 glioma after the
fourthMRI session (‘longitudinal observation’ group). The sections were counterstained
with erythrosin. Scale bar¼ 100mm. This figure is available in colour online at
www.interscience.wiley.com/journal/nbm

Copyright # 2008 John Wiley & Sons, Ltd. NMR Biomed. (2008)
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Figure 2. Evolution of tumor morphology and ADC. (A, B) T2-weighted images and related ADC maps
from a representative animal of the C6 and RG2models. Bottom row: Corresponding evolution of ADC in
the contralateral striatum, tumor periphery and tumor center. Mean� SD. P< 0.05: �, tumor center
versus contralateral striatum; #, tumor periphery versus contralateral striatum; $, tumor center versus
tumor periphery. (C, D) HE sections for the C6 model at D20 (C,a) and for the RG2 model at D14 (D,a;
arrow points to the hypostained ring corresponding to the hyperintense ring detected on the ADCmap).
Higher magnifications of the contralateral striatum (C,b and D,b) and tumor center (C,c and D,c). Scale
bar¼ 100mm. This figure is available in colour online at www.interscience.wiley.com/journal/nbm

MRI FOLLOW-UP OF MICROVASCULAR CHANGES DURING GLIOMA GROWTH
BVfMRI had further increased at day 14 to become
significantly different from contralateral BVfMRI (RG2
contralateral striatum, 2.5� 0.6%; RG2 periphery,
3.4� 0.6%) and remained stable thereafter (Fig. 3B).
In the tumor center, BVfMRI increased continuously until
the end of the experiments (RG2 tumor center at D6,
2.5� 0.6%, and at D18, 5.2� 1.6%; Fig. 3B).

In the C6 model, VSIMRI in the tumor was significantly
higher than in the contralateral striatum as early as day 11
(C6 contralateral striatum, 5.3� 1.3mm; C6 center,
8.8� 3.4mm). It kept increasing until day 25 (C6 center,
19.5� 4.8mm; Fig. 3A). The increase in VSIMRI was less
steep at the periphery than in the center (C6 periphery at
D25, 11.3� 3.4mm; Fig. 3A). In the RG2 model, VSIMRI

in the tumor center increased more slowly than in the C6
model, but it was significantly higher than contralaterally
(RG2 contralateral striatum at D18, 4.6� 1.4mm; RG2
center at D18, 11.0� 2.0mm). At the RG2 periphery,
VSIMRI increased until day 14 and remained stable
thereafter (Fig. 3B).

Histology

HE-stained brain sections (Fig. 2C,D) showed that, in
both models, cellular density at the center of the tumor
Copyright # 2008 John Wiley & Sons, Ltd.
exceeded that in the contralateral striatum (Fig. 2C,b–c
and 2D,b–c). No macroscopic necrotic regions were
observed for the RG2 model and only at the last time point
(D25) for the C6 model (results not shown). The RG2
model was also characterized by a region of low HE
staining at the tumor periphery (arrow, Fig. 2D,a),
corresponding to the hyperintense ring observed on the
ADC maps (Fig. 2B). Finally, no hemorrhage was
observed in the tumor at any time point for either model.
Immunohistology

The C6 model was characterized by a large decrease in
vessel density at the tumor center (C6 contralateral
striatum at D11 and D25, 297� 38 vessels/mm2 and
321� 15 vessels/mm2; C6 tumor center at D11 and D25,
99� 32 vessels/mm2 and 70� 32 vessels/mm2; Fig. 4A).
In the RG2 model, vessel density was less reduced than in
the C6 model (RG2 contralateral striatum at D6 and D18,
302� 15 vessels/mm2 and 354� 40 vessels/mm2; RG2
tumor center at D6 and D18, 254� 38 vessels/mm2 and
195� 6 vessels/mm2; Fig. 4B).

As to BVfhisto, no significant reduction was found
between the tumor center and the contralateral striatum in
NMR Biomed. (2008)
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Figure 3. Evolution of BVfMRI and VSIMRI. (A, B) BVfMRI maps and VSIMRI maps from a representative
animal of the C6 and RG2 models with corresponding evolutions of BVfMRI and VSIMRI in the
contralateral striatum (contra), tumor periphery (periphery) and tumor center (center). Mean� SD.
P<0.05: �, tumor center versus contralateral striatum; #, tumor periphery versus contralateral striatum;
$, tumor center versus tumor periphery.
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the C6 model (Fig. 4A). In the RG2 model, BVfhisto

increased significantly with time in the tumor center (RG2
contralateral striatum at D18, 1.3� 0.5%; RG2 tumor
center at D18, 2.9� 0.6%; Fig. 4B). After pooling of all
animals and ROIs for the two models, a significant
correlation between BVfMRI and histological data
(BVfhisto) was obtained (r2¼ 0.32; P< 0.005; Fig. 4C).
BVfhisto is about three times smaller than BVfMRI,
however.
Table 1. Values of ADC, BVfMRI, and VSIMRI in the
neocortex and striatum of Wistar and Fischer rats

Wistar rats
(C6 model)

Fischer rats
(RG2 model)

Neocortex Striatum Neocortex Striatum

ADC (mm2/s) 724� 56 742� 69� 686� 27 688� 33
BVfMRI (%) 3.1� 0.7 2.8� 0.7� 2.5� 0.6 2.5� 0.6
VSIMRI (mm) 4.7� 1.2 5.7� 1.6� 3.7� 0.7 4.4� 0.9�

Mean ‘longitudinal observation’ and ‘single-time observation’
groups.
�P< 0.05, significant difference between striatum and neocortex
values.

Copyright # 2008 John Wiley & Sons, Ltd.
VSIhisto increased continuously with time in the C6
tumor center (C6 contralateral striatum at D25, 3.7�
0.3mm; C6 tumor center at D25, 9.9� 2.1mm; Fig. 4A).
VSIhisto increased less steeply with time in the RG2 tumor
center than in the C6 model (RG2 contralateral striatum
at D18, 3.9� 0.4mm; RG2 tumor center at D18,
7.4� 1.3mm; Fig. 4B). A very strong correlation between
VSIMRI and VSIhisto was found (for both models and for
the three ROIs, r2¼ 0.85, P< 0.0001; Fig. 4D). VSIhisto is
about three times smaller than VSIMRI, however.
Expression of angiogenic factors

For the C6 model, expression of VEGF in the ipsilateral
hemisphere (Fig. 5A) correlated well with tumor volume
(r2¼ 0.8401). For the RG2 model, ipsilateral expression
of VEGF was detected on days 14 and 18 (Fig. 5C,D). For
both models, significant expression of VEGF in the
contralateral hemisphere was detected only at the last
time point. Ang-2 overexpression in the ipsilateral
hemisphere was observed as early as day 11 for the C6
model (Fig. 5A,B), and it remained stable thereafter. For
NMR Biomed. (2008)
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Figure 4. Evolution of vessel density, BVfhisto, and VSIhisto. (A, B) Collagen IV staining for the C6 and RG2models with the
corresponding quantitative determination of the vessel density, BVfhisto, and VSIhisto for the C6 and RG2 models in the
contralateral striatum (contra), tumor periphery (periphery) and tumor center (center).Mean� SD. P< 0.05: �, tumor center
versus contralateral striatum; #, tumor periphery versus contralateral striatum; $, tumor center versus tumor periphery.
(C) BVfhisto as a function of BVfMRI for the different ROIs and for both models. (D) VSIhisto as a function of VSIMRI for the
different ROIs and for both models. This figure is available in colour online at www.interscience.wiley.com/journal/nbm
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Figure 5. Evolution of the expression/activity of VEGF164, Ang-2, MMP-2, and MMP-9. (A,C) Wester-
n-blot analysis of VEGF164 and Ang-2 expression and zymographic analysis of MMP-2 and MMP-9
activities for the C6 and RG2 models. (B,D) Densitometric analysis of the expression/activity of
VEGF164, Ang-2, MMP-2 andMMP-9. Labels c and i stand for contralateral and ipsilateral hemispheres,
respectively. Mean� SD. �, P<0.05 versus contralateral values fromD11 for the C6model or D6 for the
RG2 model.
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the RG2 model, ipsilateral overexpression of Ang-2 was
observed on day 18 (Fig. 5C,D). MMP-2 activity
appeared on day 15 for the C6 model and remained
stable thereafter (Fig. 5A,B). For the RG2 model, it
appeared on day 14 and increased thereafter (Fig. 5C,D).
For this model, MMP-2 activity correlated with tumor
volume (r2¼ 0.8438). Finally, MMP-9 activity was below
the detection threshold in the RG2 model (Fig. 5D) at all
time points, but it was detected at days 20 and 25 in the C6
model (Fig. 5A,B).
DISCUSSION

In this study, two rat glioma models were studied
longitudinally. The RG2 model is more aggressive than
the C6 model as judged from tumor volume doubling time
of 50.7� 7.9 h and 87.1� 26.9 h, respectively. In vivo as
well as ex vivo data indicate different microvasculature
evolution in these two glioma models.

A primary aim of this study was to determine whether
BVf and VSI MRI could be repeated over time during
tumor development without affecting the physiological
status of the animal and while keeping the MRI
Copyright # 2008 John Wiley & Sons, Ltd.
measurements stable. We therefore compared ‘single-
time’ and ‘longitudinal observation’ groups in both
models. Our results indicate that repeated anesthesia and
injection of contrast agent had no effect on body weight,
tumor volume, and MR-determined parameters. The
DCE-MRI experiment, performed at days 14 and 18 for
the RG2 and C6 model, respectively, showed that the
extravascular concentration of Sinerem1 in the tumor is,
at most, 2% of the circulating concentration 20 min after
injection. Furthermore, T1-weighted images acquired at
the end of the MRI protocol (i.e. 20 min after a Sinerem1

injection) on two C6-bearing rats (D25) and on two
RG2-bearing rats (D18) did not display signal enhance-
ment in the tumor. Note that these data do not entirely rule
out leakage of Sinerem1 at some point of tumor
development in certain animals from the main MRI
study. However, given the measured plasma concentration
of iron, the estimated upper limit of iron concentration in
the extravascular space, and, most importantly, the
excellent correlation between MRI and histological
estimates of microvascular parameters, we are confident
that, within the time frame of the MRI experiment and for
the glioma models used in this study, Sinerem1 can safely
be considered as an intravascular contrast agent. These
NMR Biomed. (2008)
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results are in line with previously published data (21)
indicating that, in the presence of a brain tumor,
Sinerem1-like particles remain intravascular for at least
90 min. In plasma, a slight increase in iron concentration
(�4.5mM) was observed between the first and second
MRI sessions. This increase is negligible in relation to the
increase in plasma iron concentration following
Sinerem1 injection (�3420mM). A massive accumu-
lation of iron is observed in the spleen and liver of the
animals, in agreement with the reported uptake of
Sinerem1 by Kuppfer cells (34). Within the sensitivity
limits of T2

� measurements (20% variability in our
experimental conditions) and Prussian Blue staining, no
iron accumulation was observed in brain parenchyma and
the glioma 4 days after each Sinerem1 injection. In the
literature, iron accumulation has been reported 24 h after
intravenous administration of Sinerem1-like particles in
9L gliosarcoma (35). Our observations, made early
(20 min) and late (4 days) after Sinerem1 injection, are
complementary to these literature data. Taken together,
our results indicate that BVf and VSI imaging repeated
every 4 days over 14 days is feasible without affecting the
physiological status of the rats, tumor growth, and
accuracy of the MR measurements.

A second aim was to compare estimates of BVf and
VSI obtained by MRI and by histology. Although the
results from the two approaches show significant
correlation (P< 0.005 and P< 0.0001, respectively),
MRI provides estimates that are larger by a factor of
�2. Such a discrepancy has already been mentioned in
Ref. (19) with regard to VSI. There are numerous sources
of bias in the histological and MRI findings. First,
histological estimates take into account all vessels,
whereas MRI estimates rely on functional vessels only
(i.e. those that are perfused by the contrast agent).
Whereas freezing may induce tissue expansion, cryo-
sectioning may induce tissue compression (36). Measur-
ing the external diameter of objects stained with a
panendothelial marker (i.e. collagen IV in the present
study) yields an overestimation of the vessel diameters.
The use of large dextran molecules (60–2000 kDa) or
lectins coupled to a fluorescent probe to visualize ex vivo
the perfused vessels would provide data closer to the MRI
estimates (37,38). The stereological extrapolation of
surface to volume parameters has limited accuracy
because of the underlying assumption that vessels are
perfect cylinders. Also, a 20mm-thick histological
slice does not accurately represent a 1 mm-thick MRI
slice across a heterogeneous tumor. MRI estimates may
be biased by the difference between the spatial con-
figuration of real vessels (especially in a tumor) and the
idealized configuration (perfect cylinders) used in
modeling (39) or by macroscopic magnetic field inho-
mogeneities. Furthermore, as previously discussed,
extravasation of Sinerem1 may also yield erroneous
estimates of BVf and VSI. It is hard to conclude from our
results whether the ‘true’ values of the microvascular
Copyright # 2008 John Wiley & Sons, Ltd.
parameters are nearer to one or the other experimental
values. The excellent correlation between parameters
determined by MRI and by histology provides a strong
indication that they reflect similar microvascular charac-
teristics. Further studies are needed to gain further
insights.

Additional studies should ideally include an estimate of
tumor vessel permeability to gadolinium chelates, such as
expressed by Ktrans (30). Although during development
and/or treatment of the tumor, Ktrans may in certain cases
correlate with BVf and VSI, there is convincing evidence
that this is not generally true. For example, Leenders et al.
(40) and Sakariassen et al. (41) have described tumor
growth by vessel co-option (i.e. vascular dilation,
increases in endothelial markers but without BBB
alteration). Under such conditions, monitoring BVf and
VSI rather than vascular permeability appears to be
perfectly adequate for evaluating therapy. An approach in
which BVf, VSI, and vascular permeability are all
measured together appears to be the most satisfactory for
describing a broad range of tumor types.

A third aim was to determine whether microvasculature
evolves differently in two glioma models. In contralateral
striatum and cortex, neither ADC, BVf, nor VSI varied
with time. Contralateral values were similar in the two rat
strains. The ADC values agree with previously published
data (42,43). The contralateral BVf and VSI values are in
agreement with those obtained by the same method in the
healthy rat brain (19,44) as well as in the contralateral
cortex and striatum of the C6 model (19,45).

The ADC values were found to differ greatly between
the two glioma models. ADC in the tumor center was
higher than contralaterally at all time points for the C6
model, whereas, for the RG2 model, it remained similar to
the contralateral value. ADC may be affected by changes
in cell density (or cellularity) (46,47) and by the
occurrence of vasogenic edema (48). HE staining shows
that cell density was increased in the tumor center of both
models. The BBB permeability is known to differ
between the two models (49). Therefore, development
of vasogenic edema may be among the factors con-
tributing to the differences in ADC behavior.

Regarding microvasculature, BVf increased with time
in the RG2 model – in agreement with previous
histological observations (50–52) – whereas it remained
stable in the C6 model – in good agreement with MRI
results from Tropres et al. (19,45) and Farrell et al. (53).
The use of average BVf values masks the heterogeneity of
the BVf, at least in the C6 model, for which, on day 25,
BVf increased at the periphery of the tumor and not at the
tumor center. For both models, VSI increased in the center
and, to a lesser extent, at the periphery of the tumor.
Previous histological studies have shown similar evol-
ution of the mean vessel diameter in the RG2 model
(51,52). Terminal VSI values in the C6 center were 1.5 to
2 times those found at the RG2 center. VSI values
determined by MRI for the C6 model on day 25 are
NMR Biomed. (2008)

DOI: 10.1002/nbm



S. VALABLE ET AL.
identical with previously published data obtained with the
same model after a similar post-implantation delay (19).
The difference between healthy and tumoral tissue in
VSIhisto values reported here (3.7� 0.3 vs 9.9� 2.1mm,
respectively) is in line with the increase in vessel diameter
reported by Farrell et al. (53) and measured in C6
spheroids (from 3.84� 0.14 to 7.79� 0.51mm, respect-
ively). The stable BVf together with the VSI increase
observed in the C6 model is due to a reduction in vessel
density, as shown by immunohistology. Our observations
are consistent with data reported by Holash et al. (54),
indicating that initial C6 tumor growth relies on co-option
of host vessels. Eventually, tumor cell proliferation
decreases host vessel density and induces angiogenesis at
the periphery of the tumor. The RG2 model, in contrast, is
characterized by increased BVf, a smaller relative
increase in VSI, and a slight reduction in vessel density.

The final question addressed was whether any
differences detected between the two glioma models in
the development of microvasculature can be related to the
expression of the main angiogenic factors. Although
expression of VEGF appears to correlate with tumoral
volume, the main differences between the two models
relate to Ang-2 and MMP-9. As Ang-2 is known to
destabilize the microvasculature (55), its differential
expression may be at the origin of the differences in VSI
between the two models. Overexpression of Ang-2 was
detected as early as day 11 for the C6 model. For this model,
MMP-2 was also overexpressed, which may underlie the
large increase in VSI detected between days 11 and 5 (56).
Moreover, MMP-9 was detected ipsilaterally in the C6
model only. The early and concomitant expression of
Ang-2, MMP-2 and MMP-9 could destabilize vessel walls
(57) and explain the massive reduction in vessel density
observed in this model.

In conclusion, this study shows that BVMRI and VSIMRI

can be measured repeatedly over time during tumor
development. MR estimates of BVf and VSI correlate
well with corresponding histological estimates. Taken
together, the evolution of BVfMRI, VSIMRI, and ADC
show marked differences in the two glioma models, C6
and RG2, especially in terms of microvascular evolution.
These differences, in line with the expression of angiogenic
factors, suggest that these models may respond differently
to particular therapies. This emphasizes the need to study
several experimental tumor models in preclinical trials.
Finally, BVf and VSI – as determined by MRI – appear to
be potential markers for assessing non-invasively the
response of gliomas to anti-angiogenic and anti-vascular
agents, at the preclinical and clinical levels.
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