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Abstract

Objective  We sought to evaluate the effects of acute
hyperglycemia induced by intraperitoneal injection of
glucose (2.7 g/kg) on vascular delivery to GL261 mouse
gliomas kept at moderate hypothermia (~ 30 °C).
Materials and methods Seven GL261 glioma-bearing
mice were studied by T1-weighted DCE MRI before and
after an injection of glucose (n = 4) or saline (n = 3).
Maximum relative contrast enhancement (RCE) and initial
area under the enhancement curve (IAUC) were deter-
mined in each pixel.

Results The mean tumor parameter values showed no
significant changes after injecting either saline (RCE —
5.9 £ 5.0 %; IAUC —3.7 £ 3.6 %) or glucose (RCE —
1.6 £ 9.0 %; IAUC +40.6 + 6.4 %). Pixel-by-pixel
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analysis revealed small post-injection changes in RCE and
TIAUC between the glucose and saline groups, all within
13 % range of their baseline values.

Conclusion Perturbing the metabolism of GL261 tumors
kept at moderate hypothermia with hyperglycemia did not
induce significant changes in the permeability/perfusion of
these tumors. This is relevant for future studies with this
model since regional differences in glucose accumulation
could thus reflect basal heterogeneities in vasculature and/
or metabolism of GL261 tumors.
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Abbreviations
DCE Dynamic contrast enhancement

TAUC Initial area under the curve

MRSI  Magnetic resonance spectroscopic imaging
RCE Relative contrast enhancement

TBF Tumor blood flow

Introduction

Mouse models of high grade glioma are important tools
to study aggressive human brain tumors and have been
extensively evaluated by magnetic resonance imaging
(MRI) [1]. Glucose metabolism is markedly enhanced in
gliomas compared to normal brain parenchyma, and
recent in vivo magnetic resonance spectroscopic imaging
(MRSI) studies show its heterogeneity in different
regions of the tumor. Thus, C6 rat gliomas have regional
differences in the distributions of lactate and extracellu-
lar acidity, both before and during the glucose infusion
[2]. Glycolysis has also been found to be consistently
more prominent in hypoxic areas of human gliomas in
mice than in regions of diffuse infiltrative growth [3].
Taking into account these differences, a new method has
been proposed to improve tumor grading in vivo—per-
turbing the basal MRSI metabolic pattern of mouse gli-
omas with acute hyperglycemia [4]. This method showed
(1) higher glucose uptake and (2) regional differences in
glucose accumulation in GL261 gliomas than in normal
brain parenchyma, after intraperitoneal injection of glu-
cose in mice under moderate brain hypothermia
(~30°C) [5, 6].

Intraperitoneal administration of hyperosmolar solu-
tions, such as glucose and mannitol, significantly decreases
tumor blood flow (TBF) [7]. In subcutaneous rat tumors,
TBF was shown to decrease by 80 % in radiation-induced
fibrosarcoma 1 (RIF-1) [8], by up to 100 % in Yoshida
sarcoma [9], and by about 60 % in Walker 256 carcinoma
[10]. As shown in Yoshida sarcomas, the decrease in the
TBF leads to the reduction in glycolysis and respiration,
which may explain the temperature decrease seen in
Walker 256 carcinomas, from 37 to 30.5 °C [11]. Alto-
gether, these studies indicate that systemic delivery to
subcutaneous tumors became impaired during intraperito-
neally induced hyperglycemia.

It remains unclear whether the regional differences in
glucose accumulation seen in GL261 tumors [6] are due to
basal heterogeneities in vasculature and/or metabolism of
each tumor [12], or to the effects of acute hyperglycemia on
local blood supply to the tumor. To ascertain this, in this
study we used Tl-weighted dynamic contrast-enhanced
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(DCE) MRI to investigate the effect of acute hyperglycemia
on vascular supply and permeability of GL261 mouse glio-
mas, during moderate brain hypothermia.

Materials and methods
Mice and brain tumors

Seven C57BL/6 female mice, weighing 20-22 g, were used
in this study. Mice were obtained from Charles River
Laboratories (L.’ Arbresle Cedex, France) and housed at the
animal facility of the Universitat Autonoma de Barcelona,
Spain. All animal studies were approved by the local ethics
committee in accordance with the regional and state leg-
islation (DARP-4600/CEEAH-530). GL261 mouse glioma
cells were obtained from the Tumor Bank Repository at the
National Cancer Institute (Frederick, MD, USA) and grown
in vitro. Tumors were initiated by intracranial stereotactic
injection of 10° tumor cells in the caudate nucleus of each
mouse, as previously described [6]. Tumors were allowed
to grow for 2-3 weeks, until they reached 25-60 mm?
volume, and were then imaged with MRI.

Animal preparation

For the imaging studies, mice were anesthetized with iso-
flurane (1-2 % in air). An i.p. cannula was placed for the
injection of glucose or saline (sham injection) [10]. For
contrast agent administration, the tail vein was cannulated
with a 30G syringe needle attached to Teflon tubing, filled
with 35 pL of heparinized saline solution (40 U/mL). This
tubing was connected to a home-built two-way polyethylene
tubing system filled with heparinized saline, and either
contrast agent (gadopentetate dimeglumine, Magnevist,
Bayer Schering Pharma AG, Berlin, Germany; 50 mM in
saline) or saline solution (0.9 % NaCl). Throughout the
imaging experiments, respiration and body temperature were
constantly monitored (SA Instruments, Inc., New York,
USA), and maintained at a normal rate of 60—80 breaths/min
and 28.5-29.5 °C, respectively. The body temperature was
controlled with a recirculating water blanket.

MRI

MRI studies were performed at the joint NMR facility of the
Universitat Autonoma de Barcelona and CIBER-BBN
(Cerdanyola del Valles, Spain), using a 7 T horizontal sys-
tem, BioSpec 70/30 (Bruker BioSpin, Ettlingen, Germany)
running Bruker ParaVision 4.0 software and equipped with
B-GA20S gradients and a quadrature receive surface coil
actively decoupled from a linear mini-imaging resonator
with 72 mm inner diameter. Mice were positioned inside the
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magnet, and the locations of the brain tumors were first
detected using fast T2-weighted images (Rapid Acquisition
with Relaxation Enhancement sequence, RARE). The DCE
MRI examination was then conducted as previously descri-
bed [13]. Three pre-contrast images were acquired, after
which a bolus of contrast agent was manually injected
(0.2 mmol/kg, 4 mL/kg, 10-15 s duration). A series of 41
dynamic images was acquired with the multi-slice multi-
echo (MSME) sequence, with the following parameters: TR/
TE, 200/9 ms; number of averages, 2; field of view,
17.6 x 17.6 mmz; slice thickness, 1 mm; in-plane resolu-
tion, 138 x 138 um/pixel; interslice distance, 1.1 mm;
number of slices, 3; temporal resolution, 51.2 s per frame; 41
frames; total acquisition time, 35 min. After the completion
of the DCE MRI study, animals were kept inside the magnet
for about 4 h, until visual examination of the T1-weighted
images confirmed that the contrast agent had washed out
from the brain. During that period, animals received a small
iv. bolus (30-40 pL) of heparinized saline every
45-60 min, to prevent blood from clotting in the cannula.
When contrast enhancement was no longer seen in the brain,
four randomly chosen mice were given a 10 mL/kg bolus
injection of p-glucose (1.4 M in saline) and three control
mice received sham saline solution (10 mL/kg). At 88 min
after the injection of either glucose or saline, the DCE
examination was repeated with the same parameters as the
first DCE acquisition. The time-point for DCE-MRI was
chosen based on our previous results with the same experi-
mental model [6], i.e., when blood glucose was ~23 mM

(compared to basal levels of ~5 mM) and its levels had
increased up to sixfold in the tumor. The total duration of the
protocol for each animal was about 7 h. After the second
DCE MRI study, mice were sacrificed with an intraperitoneal
injection of pentobarbital (200 mg/kg, 60 mg/mL).

Data analysis

T2-weighted images were used to calculate the tumor volume
for each mouse, as described before [14]: the tumor regions
were individually selected in each slice using manually defined
regions of interest (ROI); the given areas for each ROI were
then added and multiplied by the inter-slice distance.

DCE MRI data were processed using an in-house devel-
oped software [15]. For each animal, regions of interest
(ROIs) were manually drawn around the tumor on every slice.
All dynamic data sets were downsampled in-plane from
128 x 128t0 64 x 64 pixels, by averaging2 x 2 pixels into
one final pixel, in order to improve the signal-to-noise ratio.
Signal enhancement was calculated in each tumor pixel as the
ratio of the pixel signal intensity to the mean pre-contrast
signal. Relative contrast enhancement (RCE) maps were
constructed by finding the maximum enhancement in each
pixel. Pixels with noisy enhancement curves were excluded
by applying an empirical threshold: the square root of the sum
of squares of residuals above 3.5 % of the RCE. Maps of the
initial area under the curve (IAUC) were generated by inte-
grating the enhancement curves during the first 154 s after the
contrast agent administration [16, 17].

Table 1 Average pixel-by-
pixel RCE and IAUC values for

Tumors (T#)

each tumor studied (1-7), Saline T1 T2 T3 Average
including mean £ SD values N
per group, and respec[ive post/ Volume (mm~) 54.0 41.2 28.1 41.1 £ 13.0
pre-injection percent changes. RCE (%)
Analyses of the mean parameter  p 1833 & 12.9 154.0 & 14.4 209.3 £ 23.4 1822 & 27.6
values per tumor showed no
signiﬁcant differences between Post 1814 + 134 145.1 £ 14.0 185.5 + 20.5 170.7 £ 22.2
pre- and post-injection cases, for Change (%) —1.0 =43 =57 %45 —-11.0 £ 7.1 -59+5.0
either saline or glucose, IAUC (A.U)
according to both the Wilcoxon
test and the paired f test. The Pre 3.7£02 34403 39 £0.6 3.7+03
Mann—Whitney U test also did Post 3.7+02 32+03 3.7+£0.5 35+03
not reveal differences in post/ Change (%) 04 +4.0 —-53+47 —6.1+938 -3.7+3.6
pre-injection changes between
saline and glucose groups, for Glucose T4 T5 T6 T7 Average
each of the three parameters Volume (mm®)  61.1 56.3 25.8 32,9 440 + 173
analyzed and for tumor volumes
RCE (%)
Pre 177.8 + 13.6 162.8 + 12.0 167.4 £ 159 198.3 £ 17.2 176.5 £ 15.8
Post 193.0 £ 17.3 163.2 + 10.7 162.4 + 17.2 172.6 &+ 19.0 172.8 + 14.2
Change (%) 87+171 05 %55 —2.8 £ 8.0 —13.0£52 -1.6 £9.0
IAUC (A.U.)
Pre 3.6 £0.2 3.6 £0.3 3.6 £03 38+£04 37+0.1
Post 39+03 3.6 +0.2 35+£03 35+ 04 36+02
Change (%) 6.6 £ 69 3.6 £58 0.4 £ 8.6 —8.1£59 0.6 + 6.4
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T1-w T1-w RCE IAUC
pre-GdDTPA post-GdDTPA (%) (A.U.)

Pre-Sal

Post-Sal

Pre-Glc

Post-Glc

Fig. 1 T1-weighted (T1-w) images and parametric maps for two
mice, displayed with original resolution of 128 x 128 pixels. Top
row: tumor (T2, 41.2 mm3) studied before and after a sham saline
injection (Sal). Bottom row: tumor (T5, 56.3 mm?) studied after an
injection of glucose (Glc). A single slice is displayed for each animal.

Regression plots, histograms and box-plots were gen-
erated in Matlab R2009b (MathWorks, Natick MA, USA).

Statistical analysis

Statistical analyses were carried outin SPSS 75.0 (SPSS Inc.,
Chicago IL, USA). The changes in tumor parameters after
the injection of glucose or saline were calculated pixel-by-
pixel and expressed as percentages of the pre-injection
parameter values. Average tumor MRI parameters before
(pre) and MRI parameters after (post) injection were com-
pared within the saline and glucose groups, using both the
Wilcoxon test and the paired ¢ test. The Mann—Whitney
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141 162 184 205 226 2.08 3.34 3.BE 442 49

From left to right: pre-contrast T1-w images, T1-w images at 51.2 s
after injection of contrast agent, RCE maps (%) and IAUC maps
(arbitrary units, A.U.). The color bar scales for each parameter are the
same for both mice

U test was used to evaluate the significance of percent
parameter changes and tumor sizes between glucose and
saline groups. Parameter correlations before and after
injection were evaluated with Spearman’s correlation coef-
ficient p. The significance level for all tests was p < 0.05.

Results

A total of seven tumors were studied, three with saline
challenge and four with glucose challenge. Tumor volumes
ranged from 26 to 61 mm?>, as detailed in Table 1, and no
significant differences in volume were detected between
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RCE IAUC
(% change)

(% change)

Sal

Glc

Fig. 2 Maps of relative pixel changes (%) for RCE and IAUC after
glucose injection. Resolution downsized compared to the respective
parametric maps shown in Fig. 1. Pixels in black were discarded from
analysis, as explained in “Methods” section

saline and glucose groups. The enhancement parameters
varied in the following ranges in all seven tumors: RCE,
120250 %; TIAUC, 2.7-5.0 A.U. None of the tumors
showed signs of bulk necrosis, which in GL261 typically
develops around the third and fourth week after implanta-
tion [18]. The mean parameter values did not correlate with
tumor size. At baseline, smaller tumors appeared to be
more heterogeneous (Table 1), as indicated by the corre-
lations between the parameter standard deviations and
tumor volumes: RCE, p = —0.79 (p = 0.048); IAUC,
p = —0.86 (p = 0.024).

Examples of RCE and IAUC maps are shown in Fig. 1,
before and after saline and glucose injections. The spread
of pixel intensities in the pre-injection maps illustrates the
vascular heterogeneity within each tumor and also between
the two tumors shown. However, the magnitude and the
spatial distributions of RCE and IAUC remained essen-
tially unchanged after the injection of either saline or
glucose. The maps of parameter changes, shown in Fig. 2,
indicate that post-injection changes are within ~10 %
range for RCE and IAUC.

The correlation plots between pre-injection and post-
injection parameter values and the histograms of IAUC are
shown in Fig. 3 for all tumors investigated. The mean
parameters for each tumor and within groups are summa-
rized in Table 1. The correlation plots show that RCE and
IAUC changed concordantly after injection (p > 0.5). The
correlation plots indicate that the saline and glucose chal-
lenges did not cause well-pronounced changes within each
group. In the saline group, one tumor (T1) showed virtually
no changes, and two tumors showed a slight decrease in
post-injection parameters (T2 and T3). In the glucose
group, two tumors showed minimal changes (T5 and T6,
less than 5 % changes in RCE and TAUC); one tumor

showed a slight increase (T4: RCE, 8.7 %; IAUC, 6.6 %)
and another one a decrease in enhancement parameters
(T7). Interestingly, the larger decreases in tumor parame-
ters (up to —13 %) were observed in heterogeneous tumors
T3 and T7, both with higher RCE and IAUC values in the
center and lower ones in the periphery. The remaining
tumors, including tumor T4, in which the parameter values
increased after glucose challenge, exhibited relatively
homogeneous spatial parameter distributions.

The box-plots show small and comparable post-injection
changes in RCE and IAUC. The average RCE and TAUC
parameter changes detected in saline and glucose groups
were within 13 % range of the initial values and there were
no significant differences between the two groups accord-
ing to the Mann—Whitney U test (Fig. 4).

Discussion

In this work, we have studied GL261 brain tumors with
DCE MRI, before and after intraperitoneal injections of
saline and glucose. Similarly to the observations of Cha
et al. [18], in our study GL261 gliomas showed avid
enhancement on T1-weighted post-contrast images since
week one after implantation, even though these tumors do
not develop angiogenesis until week three. The T1 contrast
enhancement indicates that the blood-brain barrier in these
tumors is disrupted even at the earliest stages of tumor
growth. As a result, the contrast enhancement of these
tumors likely reflects a combination of perfusion and per-
meability. Specifically, the upslopes of the DCE-MRI
curves are typically highly dependent on perfusion [19].

The two parameters used here to characterize tumor
vascular delivery and permeability, RCE and IAUC, pro-
vided related information. The RCE values characterize the
overall amplitude of enhancement without distinguishing
the time point when the maximum occurs [20]. Thus, RCE
does not distinguish pixels with a washout enhancement
type, in which the maximum is reached within the first
2-3 min after injection (well perfused regions), from pixels
with persistent enhancement, in which the maximum
occurs towards the end of experiment (poorly perfused
regions). On the other hand, IAUC characterizes only the
early part of the enhancement and contains information
mainly about perfusion and vascular volume in addition to
contributions from permeability and leakage volume.

The post-injection changes in RCE and IAUC parame-
ters were small in all tumors studied. Tumors with the
highest and most heterogeneous baseline perfusion/per-
meability parameters (T3 in saline group; and T7 in glu-
cose group) showed the largest decrease in RCE and IAUC
after injection (up to 13 %). Thus, the injection of saline or
glucose appeared to induce only small variations of
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Fig. 4 Box plots of RCE and
IAUC pixel changes during
saline and glucose injections,
for both individual tumors (1-7)
and for pooled data within each
group. Lower and upper
quartiles represent the 25 and
75th percentiles, respectively,
and whiskers indicate 0.35 %
(bottom) and 99.65 % (top) of
the distribution

100} .
Saline

50

Percent change relative to baseline
o

BiL. %é% &

100} ]
Glucose

:%%%% 2T 'H

50

Percent change relative to baseline
o

T T2 T3
RCE

perfusion/permeability that seemed to be more closely
associated with the enhancement pattern of an individual
tumor rather than the challenge. Averaged within each
group, these RCE and IAUC parameters also showed small
changes. It is difficult to ascertain whether RCE and IAUC
are mostly measuring permeability or perfusion, or a
combination of the two depending on the individual pixel
investigated. Still, these surrogate parameters for perme-
ability/perfusion do not significantly change with hyper-
glycemia under slight hypothermia in the investigated
system.

Our results indicate that the protocol described in Ref.
[6] for inducing hyperglycemia in GL261-bearing mice
during moderate brain hypothermia by intraperitoneal
injection of glucose does not lead to large changes in the
vascular supply and permeability of these tumors. This is
not surprising for several reasons. A relatively low dose
of intraperitoneally injected glucose was used in those
experiments (2.7 g/lkg) [5, 6] compared to previous
studies on rats (6-7.2 g/kg) [8—10]. Although a similar
dose (2.5 g/kg) caused a 42 % decrease in blood flow of
mouse fibrosarcomas [7], other studies of C6 rat gliomas
showed that the post-glucose TBF decreases are consid-
erably smaller in intracerebral tumors (20 %) than in
subcutaneous tumors (80 %) [21]. Moreover, while hal-
othane anesthesia, which was used in most previously
published reports [8—10], decreases TBF; isoflurane (used
in Refs. [5, 6]) has been shown to have no effect on this
parameter [22]. Finally, no changes in intratumoral
temperature were detected after administration of glucose
[6], which suggests that the potential changes in tumor
energy metabolism were small.

Moderate brain hypothermia (~ 30 °C) itself has been
shown to decrease cerebral blood flow in different animals
with selective regional patterns [23], perhaps through
similar effects as those proposed for hyperglycemia [24].
Since the animals were exposed to moderate brain hypo-
thermia for more than 4 h, the perfusion/permeability may
have decreased mainly due to hypothermia, even before the

T T2 T3
IAUC Pooled data RCE IAUC

-100

RCE IAUC TATST6T?7 T4T5T6T7 RCE IAUC

Pooled data

glucose challenge. The effects of moderate hypothermia in
the physiology of the GL261 tumors therefore remain
unclear and should merit further attention.

Conclusion

Acute hyperglycemia induced by an intraperitoneal injec-
tion of glucose caused only small changes in vascular
delivery to GL261 tumors kept at moderate hypothermia.
In mice injected with either glucose or saline, the changes
in the mean tumor values of RCE and IAUC parameters
were small and did not exceed 13 %. These changes were
non-significant within either the glucose or saline injection
group, and may have been due to prolonged hypothermia
rather than glycemic challenge.
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