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Introduction: Because of the high incidence and poor
prognosis of gliomas, the development of pre-clinically
effective diagnostic tools is of great importance. The
objective of this study is to validate the use of FDG PET
imaging system for monitoring glioma proliferation in
two rodent models.

Methods: Two kinds of glioblastoma cells (human
DBTRG-05MG and rat RG2 tumor cells) were implant-
ed intracerebrally to SCID mice and Wistar rats, respec-
tively. To characterize the optimal scanning time
required for effective detection of brain tumors, dynamic
animal PET were acquired for 1 and 2 h immediately
after intravenous injection of the FDG radiotracer to
mice and rats, respectively. Test animals were then sub-
jected to serial animal PET scans at day 7, 10, 14, and
17 after tumor cell implantation.

Results: Mouse and rat brain tumors were first detect-
ed by FDG microPET imaging at day 7 and 10 after
tumor implantation, respectively. The smallest tumor
size detectable was 2.5 mm in diameter. The peak
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tumor-to-background ratio was observed at 40 min
post-injection in the mouse model and at 90 min post-
injection in the rat study. Both the peak standard uptake
value of FDG and the tumor-to-background ratios were
found to increase as the tumors grew over time.
Conclusion: A FDG PET scan protocol was validated
for detecting and monitoring glioma tumor growth in
both mouse and rat models. Optimal FDG uptake peri-
od required and optimal scanning times for experimen-
tal tests were hence established for future systematic
studies in relevant animal models.
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Introduction

Gliomas are the most common human primary intracra-
nial neoplasms and 50% of gliomas are glioblastomas, the
most fatal primary brain neoplasm [1,2]. Glioma is one of the
most challenging conditions, both diagnostically and thera-
peutically, for the neuro-oncologist and the prognosis for
patients with malignant gliomas is often very poor [3]. In
view of the high incidence (10-15 per 100,000) of malignant

brain tumors and their poor prognoses when treated with con-
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ventional therapies, such as surgery, chemotherapy,
brachytherapy, and radiotherapy, research focusing on the
development of pre-clinically effective diagnostic tools is of
great importance for future improvement in therapy [4,5].
Although gliomas rarely metastasize outside the central ner-
vous system, they are however, capable of spreading long
distances within the brain [6]. Preventing such glioma inva-
sion therefore has the potential to convert this highly malig-
nant tumor into a focal disease, which hopefully could then
be effectively treated with focal therapies.

Positron-emission tomography (PET) can provide spe-
cific metabolic activity data related to specific areas of tis-
sue/tumor growth, and it has particular advantages for the
visualization of glioma development [7-11]. In addition, it
can evaluate treatment response and predict prognosis [7]. In
previous reports, a good correlation was established between
[*F]fluorodeoxyglucose (FDG) uptake and grade of glioma
[7-9]. FDG allows the detection of increased glucose uptake,
which is characteristic of many malignant cells; as a result
FDG PET has previously been used successfully in a variety
of oncology studies. Recent studies of other organ systems
have demonstrated a close correlation between FDG uptake
and the proliferative activity of tumors [10-12]. The objec-
tive of this study was to establish useful malignant glioma
animal models in both mice and rats by which we can devel-
op the experimental protocols and capacity to use a noninva-
sive FDG PET imaging system for characterizing and moni-
toring intracranial tumor size and behavior, especially over a

range of time and treatments.

Methods
Cell lines and culture conditions

DBTRG-05MG cells (Bioresources Collection and
Research Center; BCRC, Hsinchu, Taiwan), a human brain
glioblastoma cell line, and RG2 cells, a rat glioma cell line
(American Type Culture Collection; ATCC), were grown in
Dulbecco’s modified Eagle medium (DMEM, Life
Technologies, Gaitherburg, MD, USA) supplemented with
GlutaMAXTM and 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin
(Invitrogen, Carlsbad, CA), in a humidified 5% CO: incuba-
tor at 37°C.
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Animals

SCID mice (n = 4, 6-8 weeks old) and Wistar rats (n =
5, 12-13 weeks old) obtained from the Laboratory Animal
Center, National Taiwan University College of Medicine
(Taipei, Taiwan) were implanted with test glioma cells. All
procedures were performed in compliance with the standard
operating procedures at approved by the IACUC of the
Laboratory Animal Center, Academia Sinica, Taipei, Taiwan.

Establishment of orthotopic human brain tumor
xenograft in SCID mice

Intracerebral tumors were induced by xenografting
human DBTRG-05MG glioma cells into SCID mice.
Animals were first anesthetized with ketamine (20 mg/mL)
plus xylazine (0.75 mg/mL) in saline administered intraperi-
toneally at 0.7 mL/10 g of body weight. A midline scalp
incision (0.5-1 cm) was made, skin was reflected, and a 1-
mm burr hole was made in the skull 1.5 mm to the right of
midline and 0.5-1.0 mm anterior to the coronal suture.
Tumor cells were loaded into a 250-puL. Hamilton syringe fit-
ted with a 30-gauge 0.5-inch needle, attached to a repeating
dispenser, and mounted in a stereotactic holder. The needle
was inserted vertically through the burr hole to a depth of 2.5
mm as read from the vernier scale. After injection of 5X
10*/10 uL of cells into the right caudate nucleus, the needle
was withdrawn after 30 sec, the burr hole was plugged with
gel foam, and the skin was closed with sterile Michel 9-mm

wound clips.

Generation of othotopic brain tumor in rat
Syngeneic animals (three rats per group) were implant-
ed with 5X10%10 uL RG2 cells intracerebrally (i.c.) into the

striatum as described above.

PET imaging procedure

All rats and mice were studied using FDG microPET in
a resting state. Rats underwent serial scans on day 7, 10, 14
and 17 after tumor implantation and mice underwent serial
scans on day 7, 10, 14 post implantation. After intravenous
(i.v.) injection of FDG (18.5 and 11.1 MBq for each rat and
mouse, repectively), PET scans were acquired on a Siemens

Inveon microPET using 3D mode with an axial FOV of 12.7
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cm. These studies were performed with the animal posi-
tioned at the center of the observation field. Following scat-
ter, dead time and random corrections, and PET images were
reconstructed by 2D OSEM.

To optimize the scanning time for detecting glioma
tumor, dynamic PET scans were performed for 1 and 2 h
immediately after injection of FDG to mice and rats, respec-
tively. The time-activity curves (TACs) obtained from brain
tumor and normal brain background regions are shown in
Figures 1A and 1C, respectively. The tumor-to-background
ratios in rat and mouse studies are shown in Figures 1B and
1D, respectively. Of noted, the peak ratios reached at 90 and
40 min post-injection in rat and mouse studies, respectively.

To evaluate the FDG activity in the brain tumor, the
static PET images were extracted from the dynamic PET
study during the optimal scanning time period. In this
regards, a 3D emission data of 40-60 min and 90-120 min
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post-injection were used for mouse and rat, respectively.

Tissue sampling and histology

After the final PET measurements, animals were sacri-
ficed and intracerebral tumors were removed rapidly. After
tissue fixation (with 4% paraformaldehyde at 4°C for 24 h),
tumors were embedded in a standard tissue-freezing medium
(O.C.T. compound; Tissue-Tek, Sakura, Torrance, CA, USA)
and 20-um frozen sections were made along the transaxial
plane relative to the tumor position in the test animal.
Standard H & E staining was used for histomorphological

evaluation.

Results
Tumor growth in FDG images
Having determined that the optimal scanning time was

40 min post-injection, all static PET images were collected at
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Figure 1. Tumor and normal brain background time-activity curve (TAC) and its ratio in rat (A and B) and
mouse (C and D) studies (n = 3, mean == SD) after intravenous injection of FDG.
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that time point. Profile of the mouse tumor growth is shown
in Figure 2. Active imaging activities on tumor cells were
observed 7 days after tumor implantation, and the volume
had increased slightly on day 10 (Figure 2). On day 14, we
observed that tumor mass had reached the highest level of
FDG uptake. In the rat glioma model, tumor cells were
detected 10 days after tumor cell implantation (Figure 3).
The effect of surgical wounding was observed on day 7 and
10, after then it became diminished. The volume of tumor
cells kept expanding until day 17. Tumor masses were first
detected by animal FDG PET at day 7 and day 10 after

tumor implantation in mouse and rat, respectively.

Tumor harvesting, preparation and histopathologic
studies

As shown in Figures 2 and 3, in vivo tumor cell growth
was clearly distinguishable and their progression was effec-
tively observed via FDG scans. After sacrificing, animals
and the tumor cells were verified by H & E staining, the cor-
respondent data between in vivo images and tumor necropsy
were correlated. (Figures 2 and 3B, C, D, E).

Discussion

In this study, we have successfully demonstrated the
capability of a noninvasive FDG PET imaging system to
effectively estimate the tumor size in vivo/ in situ and study
the behavior of emerging tumors in intracranial SCID mouse
and Wistar rat glioma models. Our results show that optimal
FDG uptake period can be readily obtained experimentally
and useful scanning time periods were detected and compar-
atively evaluated on day 7, 10, 14, and 17 after tumor
implantation. The rat glioma in cell culture grew progres-
sively through three phases, namely, exponential, stationary,
and a variable phase, limited by space and medium. The cell-
cycle time of the glioma in vivo was 20 h, the growth frac-
tion was 0.35 to 0.46, the observed doubling time was 72 h,
and the cell-loss factor was 0.42. Since test mice need to be
terminated after 17 days in experiment, and these data, along
with the chronology of the cell-cycle phases, enhance the
usefulness of this system as a model for brain tumor
chemotherapy [13]. Thus, we suggest the optimal time frame
for post tumor cell inoculation chemotherapy treatment to be

set between day 4 and 10 in a regular or standard protocol.

Figure 2. FDG PET images of mice (A, arrow: brain tumor, the color scale represents the standard
uptake value of FDG). The brain tumor gross pictures (B and C) and histopathologic results (D and E) of
the brain tumor were acquired immediately after the last PET scan was taken.
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Traditional methods for preclinical evaluation of intracranial
glioma models, including postmortem tumor volumetry and
survival studies, are time-consuming and often require a
large number of experimental animals due to the intrinsic
biological variability of test tumors. In contrast, in vivo
FDG-PET scan system produces good evidence-based results
which allow estimation of the glioma size in small cohorts of
test mice and rats. We have therefore established two animal
model protocols that can be manipulated for rapid screening
and effective evaluation of potential therapeutic approaches
for malignant gliomas. Since the sensitivity of the assay pro-
cedure can be adjusted according to the number of tumor
cells inoculated, it is therefore possible to prolong the sur-
vival of test animals by inoculating lower doses of tumor
cells. As a result, this system provides an increased opportu-
nity to investigate the tumoricidal effects of multiple treat-
ments with a low dose of initial inoculating tumor cells. Of
noted, the image protocol needs further test for the first
tumor detectible time period might change accordingly. In
this study, the smallest detectable tumor size was 2.5 mm in

diameter. The peak tumor-to-background ratios reached at 40
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min after radiotracer injection in mice and 90 min post-injec-
tion in rats. Both peak standard update value of FDG and
tumor-to-background ratio were detected to increase with
tumor growth over the test time course. Therefore, these
results demonstrate the capacity of FDG-PET activities to
provide insights into early cellular and metabolic events in
regulating tumor growth.

As these studies successfully demonstrated the feasibil-
ity of FDG-PET for detection of intracranial tumor growth in
both rat and mouse glioma models, we can now effectively
plan to conduct systematic studies that will employ multiple
time points and longer observation periods to determine the
optimal imaging window for a broad range of therapeutic
agents with a variety of regulatory mechanisms. Future stud-
ies may also compare metabolic PET to the in vivo tumor
volumetric MRI studies, in order to determine whether PET
analysis can provide a temporal advantage for assessing
glioma cell proliferative activities as well as for potential
benefit in combining the respective information to be
obtained from these two different modalities. Finally, other

PET tracers, such as "F-fluorothymidine or 5-['*I]iodo-

C

Figure 3. FDG PET images of rats (A, pink arrow: brain tumor; red arrow: operation wound, the color scale
represents the standard uptake value of FDG). The brain tumor gross pictures (B and C) and histopathologic
results (D and E) of the brain tumor were acquired immediately after the last PET scan was taken.
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deoxyuridine, can now be usefully investigated for their abil-
ity to provide complementary information to FDG-PET stud-

1€8S.

Conclusions

The use of FDG PET for evaluating tumor growth in
rodent glioma models was validated, and deserves further
exploration for the integration of multimodal, noninvasive
imaging techniques into preclinical oncology studies. These
PET studies can contribute to presurgical planning and aid in
evaluating the timing for post-surgical adjuvant chemo-
radiotherapy in therapeutic strategies for glioma. In the pre-
clinical phase of drug development, these studies may pro-
vide rapid screening of drug efficacy and reduce the research
and development costs through earlier termination of ineffec-
tive agents and expedited study of promising compounds.
Future studies should be extended to the investigation of the
intra-tumoral metabolic change in long-term follow-up to

calculate and estimate survival rate of test animals.

Acknowledgement
This study was partially supported by a grant from
Chang Gung Memorial Hospital (CMRP # 340192).

References

1. Kleihues P, Soylemezoglu F, Schiuble B, Scheithauer B,
Burger PC. Histopathology, classification, and grading of
gliomas. Glia 1995;15:211-221.

2. Chamberlain MD. Treatment options for glioblastoma.
Neurosurgical Focus 2006;20:E2.

3. Wen PY, Kesari S. Malignant gliomas in adults. N Engl J
Med 2008;359:492-507.

4. Berg G, Blomquist E, Cavallin-Stahl E. A systematic
overview of radiation therapy effects in brain tumours.
Acta Oncol 2003;42:582-588.

5. Bradbury MS, Hambardzumyan D, Zanzonico PB, et al.

Ann Nucl Med Sci 2010;23:77-83

10.

I1.

12.

13.

Vol. 23 No. 2

Dynamic small-animal PET imaging of tumor prolifera-
tion with 3’-deoxy-3’-"*F-fluorothymidine in a genetical-
ly engineered mouse model of high- grade gliomas. J
Nucl Med 2008;49:422-429.

. Burger PC, Kleihues P. Cytologic composition of the

untreated glioblastoma with implications for evaluation
of needle biopsies. Cancer 1989;63:2014-2023.

. Assadian S, Aliaga A, Del Maestro RF, Evans AC Bedell

BJ. FDG-PET imaging for the evaluation of antiglioma
agents in a rat model. Neuro Oncol 2008;10:292-299.

. Delbeke D, Meyerowitz C, Lapidus RL, et al. Optimal

cutoff levels of F-18 fluorodeoxyglucose uptake in the
differentiation of low-grade from high grade brain
tumors with PET. Radiology 1995;195:47-52.

. Di Chiro G, DeLaPaz RL, Brooks RA, et al. Glucose uti-

lization of cerebral gliomas measured by ["*F]fluo-
rodeoxyglucose and positron emission tomography.
Neurology 1982;32:1323-1329.

Tateishi U, Yamaguchi U, Seki K, Terauchi T, Arai Y,
Hasegawa T. Glut-1 expression and enhanced glucose
metabolism are associated with tumour grade in bone
and soft tissue sarcomas: a prospective evaluation by
['°F] fluorodeoxyglucose positron emission tomography.
Eur J Nucl Med Mol Imaging 2006;33:683-691.

Buck A, Schirrmeister H, Kiihn T, et al. FDG uptake in
breast cancer: Correlation with biological and clinical
prognostic parameters. Eur J Nucl Med 2002;29:1317-
1323.

Vesselle H, Schmidt RA, Pugsley JM, et al. Lung cancer
proliferation correlates with [F-18] fluorodeoxyglucose
uptake by positron emission tomography. Clin Cancer
Res 2000;6:3837-3844.

Barker M, Hoshino T, Gurcay O, et al. Development of
an animal brain tumor model and its response to therapy
with 1,3-bis(2-chloroethyl)-1-nitrosourea. Cancer Res
1973;33:976-986.

June 2010



PSR E IR AR FDG microPET &5
FDG microPET imaging of glioma rodent models

ge AL 2 S s B k- S A e PO R I R R ) Bl
K BB Z W 5E

7}*;{4—123 % f??” irbj\ztﬁ 7}*?\;$2 ,,\.EX“ **pk;/?\s %%,Gé 7} %;ff 1 7}*%1’%07

'"PRBRR READFAHEARE PO
2L BERE EFER AR
GLEZREZ BEGBARR
TR IR F G BER DA
CPREEKR
‘Ho kRRESER 7}7%%"3‘ﬂ§5\1’\% At SN
TREKRE BEIREAAMRZA

ER: oA ER RN EALARAART ) ERERBABG TN LAKAA TR OEBEREL - AARAHY
BEIZIHW A ETF %ﬂ“‘@*ﬁ%%éeﬁ (PET) B4 A-18-Aft£AH #42 (FDG) 1 & BRI SR @0 42 ki) T A
MEBRETEIRERXRARESZ o

T334 ¢ 4 AIDBTRG-05SMG 1RG22 A2 49 &2 - H 7 4a g, » 4 FIAE N R K RBA RN » &% & & & SCIDS Wistar © # A JE G
89 By 4 IR ESTFDGE A 1-2/ 85 » #4788 (dynamic) FDG-PETA7 4 XA RAF 69 M3 sk HoF M B 3 L& 9 04 %
7~ 10 ~ 145217 REATIE S 148 HE o

FEER - Mg TR R B TRAEE2.5 mm o KRR M A IEBHIMFDGEF FAKEZRKOFME » [ REEYE
1540948 0 K RBE9054E o MEJE I IFDG A A2 & 4L 18 25 M 98 ik & M BF) BA 38 e o

F5ER : AT R O AR R FIFDG-PETA A BRI K ~ /) RGP & B8 A R oy Skt > WBRKA A AR E S48 H
Aot R 6 AT o

BEREEE : HIMETEMETR R > AMLEARN B > WERHB > KIIER

58855 2010;23:77-83

991 6 H 28 995224 HiE 9973 H2 H iz Hd
s - PRERARERAM PEIRR333 1k I IAME BESSE RIS T R E] 455 ¢ (03)-3281200%2625 H {5 7f : 1in4857@adm.cgmh.org.tw, kunjulin@gmail.com

% FE&SE 2010:23:77-83 20105E6 H 23824

83



