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Abstract Glioblastoma multiforme (GBM) is a rapidly

progressive disease of morbidity and mortality and is the

most common form of primary brain cancer in adults. Lack

of appropriate in vivo models has been a major roadblock to

developing effective therapies for GBM. A new highly

invasive in vivo GBM model is described that was derived

from a spontaneous brain tumor (VM-M3) in the VMmouse

strain. Highly invasive tumor cells could be identified his-

tologically on the hemisphere contralateral to the hemi-

sphere implanted with tumor cells or tissue. Tumor cells

were highly expressive for the chemokine receptor CXCR4

and the proliferation marker Ki-67 and could be identified

invading through the pia mater, the vascular system, the

ventricular system, around neurons, and over white matter

tracts including the corpus callosum. In addition, the brain

tumor cells were labeled with the firefly luciferase gene,

allowing for non-invasive detection and quantitation through

bioluminescent imaging. The VM-M3 tumor has a short

incubation time with mortality occurring in 100% of the

animals within approximately 15 days. The VM-M3 brain

tumor model therefore can be used in a pre-clinical setting

for the rapid evaluation of novel anti-invasive therapies.
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Abbreviations

CT-2A Mouse astrocytoma

CXCR4 Chemokine receptor

GBM Glioblastoma multiforme

IGFBP-2 Insulin-like growth factor binding

protein 2

Ki-67 Proliferation marker

VM-M3 Invasive mouse malignant glioma

VM-M3/Fluc VM-M3 tumor cells labeled with firefly

luciferase

VM-NM1 Mouse malignant glioma

Introduction

Glioblastoma multiforme (GBM) is the most common form

of primary brain cancer in adults [1]. GBM has a poor

outcome due to its invasive and aggressive nature. Treat-

ments have been largely ineffective and consist of surgical

resection followed by radiation and/or chemotherapy [1, 2].

Due to the invasive nature of GBM, complete surgical

removal is not possible. Many GBM’s are multicentric,

having secondary lesions at sites distant to the primary

tumor [3–5]. In addition, chemotherapy and radiation are

toxic, often resulting in further brain damage [6]. Reliable

models are required that focus on the invasive nature of

GBM for pre-clinical studies and for drug development.

Although a number of brain tumor models exist, none

recapitulate all of the characteristics of a human GBM,

such as the typical growth patterns and infiltrative behavior

[7]. While xenograph models are attractive, the mouse

hosts are immune compromised and lack an immune-

mediated response as well as a syngeneic host microenvi-

ronment [8–10]. Additionally, human tumors grown as

xenographs tend to lose their invasive properties when

grown in vivo following in vitro culturing [11]. Tumor cell
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growth patterns in xenografts also do not replicate the

tumor cell growth patterns seen in humans with GBM [8, 9,

11]. New animal models for GBM are therefore needed that

better reflect the properties seen in the natural host.

Chemically induced models are grown in immune

competent hosts and, to date, are some of the most com-

monly used mouse syngeneic brain tumor models [12–15].

However, these brain tumors lack typical GBM growth

patterns and extensive invasion [7, 13]. Rat brain tumor

models are also available but are highly immunogenic thus

complicating results of potential therapies [16]. There is

also evidence of spontaneous tumor regression in some rat

models of brain cancer [17]. The rat CNS-1 glioma model

is useful for assessing immuno-based therapies because it is

weakly immunogenic and has greater invasive properties

than those seen in the more common rat glioma models to

include periventricular and perivascular spread [18]. The

leptomeningeal spread, however, could also be a result of

the inoculation method [18]. In general, the invasive

properties of most rodent models are limited to the area of

the main tumor mass [9, 19]. Hence, most of the currently

available rodent brain tumor models do not reflect the full

spectrum of the growth and invasive characteristics of

human GBM.

Due to the limitations of current brain tumor models,

transgenic models have been developed based on gain of

function or targeted deletions in glioma-associated genes

[20]. Complicated breeding and genotyping procedures,

however, are required to generate these transgenic models

[20–22]. Though these transgenic models often replicate

high-grade gliomas, a model with a mutation in a single

pathway is not a realistic representation of the human

disease because human gliomas contain a number of dis-

tinct genetic abnormalities [8, 23, 24]. Also, the tumors that

develop are not always identical in morph or grade [8]. As

an alternative, MMLV (moloney murine leukemia virus)-

based somatic gene-transfer glioma models rely on retro-

viral infection of glial cells [22, 25]. This method allows

for the delivery of multiple genes thus bypassing the pro-

duction of additional transgenic lines [8]. However, retro-

viral infection is often non-specific, targeting numerous

cells and resulting in heterogeneous tumors of unknown

cellular origin [21, 22].

In addition to the available rodent models, a number of

dog breeds are predisposed to spontaneous brain tumors to

include boxers and golden retrievers [26, 27]. Some of

these brain tumors are highly invasive and closely resemble

the histological and growth characteristics of human GBM

[9, 28]. However, dog models are not readily available and

researchers would need to rely on the recruitment of

recently diagnosed dogs for studies [9]. The specific grade

and type of dog glioma also varies and only about 5% of all

dog brain tumors are GBM [28, 29].

The inbred VM mouse strain is unique in expressing a

relatively high incidence (1.5%) of spontaneous brain

tumors, most of which were characterized histologically as

malignant astrocytomas [30, 31]. The VM-M3 brain tumor

arose spontaneously in the forebrain of a VM mouse and

expresses properties of microglia/macrophages similar to

that seen in several types of invasive cancers of neural

origin [32–35]. The VM-M3 tumor cells are negative for

the astrocyte and neuronal markers GFAP and NF200,

respectively [33]. However, the VM-M3 tumor cells

express high levels of the chemokine receptor gene,

CXCR4, which has been linked to the invasive and

malignant properties of human gliomas [19, 33, 36–38].

High CXCR4 levels are more often associated with the

higher-grade gliomas, including GBM and are indicative of

poor postoperative prognosis [37]. Similar to high-grade

human gliomas, the VM-M3 tumor cells are highly inva-

sive when implanted orthotopically and invading tumor

cells can be found deep within the brain parenchyma [33,

39]. The VM-M3 tumor cells are weakly immunogenic and

can be grown in the syngeneic VM mouse host with pre-

dictable and reproducible growth rates [33, 40]. Moreover,

the invasive VM-M3 brain tumor expresses systemic

metastasis when grown outside the brain [33]. While

extracranial metastasis is not commonly seen in most

patients with glioblastoma, it is well documented that

systemic metastasis is more common for glioblastoma than

for any other human brain tumor type [41–45]. Hence, the

VM-M3 mouse brain tumor expresses several characteris-

tics observed in human GBM.

In addition, the VM-M3 tumors are labeled with the

firefly luciferase gene allowing for non-invasive detection

of tumor growth via bioluminescent imaging [33]. Biolu-

minescent imaging has been developed for a number of

glioma tumor model systems and is established as an

accurate measurement of tumor growth over time [13, 46,

47]. Hence, the VM-M3 tumor cells manifest several

characteristics seen in aggressive human malignant glio-

mas to include GBM. Here we describe for the first time

the invasive characteristics of the VM-M3 brain tumor in

the CNS using a novel bioluminescent-based invasion

assay.

Methods

Mice

Mice of the VM/Dk (VM) strain were obtained as a gift

from H. Fraser (University of Edinburgh, Scotland). The

C57BL/6 J mice were obtained originally from the Jackson

Laboratory, Bar Harbor, ME. All mice used in this study

were housed and bred in the Boston College Animal Care
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Facility using husbandry conditions as previously descri-

bed [48]. All animal procedures were in strict accordance

with the NIH Guide for the Care and Use of Laboratory

Animals and were approved by the Institutional Animal

Care Committee.

Tumor formation

The VM-M3 and VM-NM1 tumors used in this study arose

spontaneously in the cerebrum of adult VM mice. These

tumors were detected during routine examination of the

VM mouse colony over a period of several years (1993–

2000). Each tumor-bearing mouse expressed cranial

swelling and appeared lethargic with the males also

expressing priapism as we previously described [33]. These

symptoms appeared for only about 1–3 days before mor-

bidity. The tumors were grossly identified in the cerebrum

as poorly defined masses (about 3 9 1 9 1 mm) similar to

those described previously for other independently arising

spontaneous tumors in the VM mouse brain [31, 39]. In

order to preserve in vivo viability, each tumor was

immediately resected and implanted intracerebrally (i.c.)

into host VM mice as described below. As soon as cranial

domes appeared, the tumors were passaged again into

several host VM mice. After a total of three i.c. passages,

the tumors were grown subcutaneously (s.c.) and cell lines

were prepared from each tumor as described below. The

CT-2A tumor was originally produced through implanta-

tion of 20-Methylcholanthrene into the cerebral ventricle of

a B6 mouse and was broadly classified as a poorly differ-

entiated highly malignant anaplastic astrocytoma [49].

Tumor cell preparation

Tumor cell lines were prepared as described previously

[33]. Briefly, tumor tissue was removed from the mice and

was transferred to a Petri dish containing Dulbecco’s

Modified Eagle medium (DMEM, Sigma, St. Louis, MO)

with high glucose (25 mM) supplemented with 10% fetal

bovine serum (FBS, Sigma) and 50 lg/ml penicillin–

streptomycin (Sigma). The tumor tissue was minced thor-

oughly to obtain a cell suspension. 1 ml of the cell sus-

pension was then seeded into a tissue culture flask

containing DMEM (25 mM glucose, 10% FBS). The VM

tumor cells were evaluated after a minimum of eight pas-

sages to insure that the cells lines were uniformly

homogeneous.

Transduction of cell lines

The VM-M3 cell line was transduced with a lentivirus

vector containing the firefly luciferase gene under control

of the cytomegalovirus promoter (VM-M3/Fluc) as we

previously described (gift from Miguel Sena-Esteves) [33].

Tumor implantation

Tumor implantation was performed as previously described

[48]. Briefly mice are anaesthetized with Avertin (0.1 ml/

10 g). The tops of the heads are disinfected with ethanol

and a small incision is made in the scalp of the mouse over

the midline. A 3 mm3 burr hole is made in the skull over

the right parietal region behind the coronal suture and

lateral to the sagittal suture. Using a trocar, a small

(1 mm3) tumor fragment is implanted into the hole made in

the skull. The flaps of skin are then immediately closed

with collodion. Additionally, some implants were per-

formed using approximately 10,000–20,000 cells in 5 ll

PBS. The cells were injected into the right cerebral hemi-

sphere using a Hamilton syringe. All tumor-implanted mice

reached morbidity at approximately 12–15 days regardless

of implant method. Both methods result in the implantation

of tumor fragments or tumor cells approximately 1.5–

2 mm deep into the cortical region as previously described

[50]. Tumor cells are also highly invasive regardless of

implant method. The mice were placed in a warm room

(37�C) until they were fully recovered.

Imaging

The Xenogen IVIS system (Xenogen, Hopkington, MA) is

used to record the bioluminescent signal from the labeled

tumors as we recently described [33]. Briefly, for in vivo

imaging, mice recieved an intraperitoneal injection of d-

Lucifierin (50 mg/kg, Promega) in PBS and Avertin

(0.1 ml/10 g). Imaging times ranged from 3 to 10 min,

depending on the time point. For ex vivo imaging, brains

were removed and sectioned down the midline. Individual

hemispheres were imaged separately in 300 lg/ml d-

Luciferin in PBS, and imaged from 3 to 10 min. After each

hemisphere was imaged, the cerebellum, brain stem, cortex

and hippocampus were removed and imaged separately in

an additional 300 lg/ml d-Luciferin in PBS. The IVIS

Lumina cooled CCD camera system was used for light

acquisition. Data acquisition and analysis was performed

with Living Image� software (Caliper LS).

RT-PCR

All cell lines were grown under identical conditions as

described previously [51]. VM brain and VM-M3 tumor

samples were frozen at -80�C until time of analysis.

Single strand cDNA was synthesized from total RNA and

used for PCR amplification as we previously described
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Fig. 1 Comparative analysis of the growth behavior of mouse brain

tumors, VM-M3 and the CT-2A malignant astrocytoma. Small tissue

fragments from the CT-2A and VM-M3 tumors were implanted into

the right cerebral hemisphere (i.c.) of their syngeneic host C57BL/6J

and VM strains, respectively. Brains were removed approximately

11–15 days post implantation and were stained with haematoxylin

and eosin (H&E) as described in ‘‘Methods’’ section. The CT-2A

tumor shows a distinct tumor border with little local invasion and no

distant invasion. The VM-M3 tumor is highly invasive both locally

and distally with numerous secondary tumor lesions (arrows). Images

are shown at 97.5
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Fig. 2 Growth of the VM-M3/

Fluc tumor with

bioluminescence imaging.

a VM-M3/Fluc tumor fragments

were implanted as described in

Fig. 1. Cranial images were

taken over 15 days

(representative mouse shown).

b Bioluminescence from the

whole mouse was quantified and

plotted on a linear scale. All

values are expressed as the

mean of 6 independent

samples ± SEM

Fig. 3 Detection of VM-M3/Fluc tumor cell invasion into the

contralateral hemisphere with bioluminescent imaging and histology.

a VM-M3/Fluc tumor fragments were implanted as described in

Fig. 1. Removed brains were dissected into ipsilateral and contralat-

eral hemispheres. Each hemisphere was imaged for bioluminescence

ex vivo as described in ‘‘Methods’’ section. Bioluminescence from

each brain half was quantified and plotted on a log scale. Biolumi-

nescence in the contralateral hemisphere is indicative of distal tumor

spread. The values are expressed as means ± SEM of six independent

tumor-bearing mice. b Histological analysis (H&E) was used to

validate the presence of tumor cells in the contralateral hemisphere as

described in ‘‘Methods’’ section. Tumor cells are shown in the

contralateral hemisphere invading the neural parenchyma from the

sub pial membrane (arrows). Images are shown at 9200
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[52]. Primer sequences used for PCR were for b-actin,

forward 50-TGTGATGGTGGGAATGGGTCAG-30 and

reverse 50-TTTGATGTCACGCACGATTTCC-30; for IG-

FBP-2, forward 50-GGGTACCTGTGAAAAGAGACG-30

and reverse 50-TGCAGGGAGTAGAGATGTTCC-30; for

CXCR4, forward 50-CTACAGCAGCGTTCTCATCC-30

and reverse 50-GGATGACTGTCGTCTTGAGG-30. Prim-

ers were optimized for annealing temperatures and cycle

numbers as previously described [52]. RT-PCR products

were separated on a 1–1.6% agarose gel containing ethi-

dium bromide and visualized by UV light. RT-PCR was

performed on the total RNA of each sample in the absence

of reverse transcriptase to control for possible DNA

contamination.

Confocal microscopy

Cells in culture were maintained as previously described

[51]. Cells were seeded in glass-chambered slides in com-

plete DMEM (Sigma) media. After 24 h cells were stimu-

lated with 100 ng/ml of CXCL-12 (SDF-1) in serum free

media for 30 min. Cells were washed and fixed with 4%

formaldehyde for 20 min at 37�C. After blocking with 10%

goat serum in 0.1% BSA, cells were incubated with CXCR4

primary antibody (1:100) for 1 h followed by secondary

antibody (1:100) incubation for 1 h at room temperature.

Cells were washed and stained with Hoechst for 10 min and

mounted. Corresponding wells without primary antibody

served as negative controls.
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Fig. 4 Bioluminescent and histological analysis of distal tumor

spread to the cortex and hippocampus. VM-M3/Fluc tumor fragments

or cells were implanted as described in Fig. 1. Removed brains were

sectioned through the midline and were further dissected into the

cortex and hippocampus. a Bioluminescence was quantified and

plotted on a log scale. All values are expressed as the mean ± SEM

of 10 independent samples. b Histological analysis (H&E) was used

to validate the presence of tumor cells as described in ‘‘Methods’’

section. Top panel images are shown from left to right at 9100, 950,

950, and 9100. The black boxes from the top panel images are

shown in higher power in the bottom panel. Bottom panel images are

shown from left to right at 9400, 9200, 9200, and 9400. Arrows

indicate invasive tumor cells. I, ipsilateral; C, contralateral
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For the immunohistochemical studies, the tissue sections

from untreated tumor bearing mice were deparaffinized,

rehydrated and washed. The tissue sections were then heat

treated (95�C) in antigen unmasking solution (Vector

Laboratories, Burlingame, CA) for 30 min. Tissue sections

were blocked in goat serum (1:10 in PBS) for 1 h at room

temperature, treated with CXCR4 primary antibody (rabbit

polyclonal, 1:200 SantaCruz) in blocking buffer for 1 h at

room temperature, followed by alexafluor 585 conjugated

anti-rabbit secondary (Invitrogen) at 1:200 dilution for

45 min. Sections were incubated with Hoechst (10 lg/ml)

for 10 min and mounted. Corresponding tissue sections

without primary antibody served as negative controls. For

confocal microscopy, digital images were obtained on a

Leica DMI6000 inverted scope equipped with the Leica

TCSSP5 confocal system, using HCX PL APO 409/1.25

NA oil and HCX PL APO 639/1.4 NA oil objective lenses.

Leica confocal software was used to acquire images.

For Ki-67 staining, tissue slides were processed similarly

as for CXCR4 and then treated with Ki-67 primary antibody

(rat monoclonal, Dako, 1:100) overnight at 4�C followed by

a biotinylated anti-rat secondary antibody at 1:100 dilution

(Vector laboratories, Inc). The sections were then treated

with avidin biotin complex followed by 3,30-diaminobenzi-

dine as substrate for staining according to themanufacturer’s

protocol (Vectastain Elite ABC kit, Vector laboratories,

Inc.). The sections were counter stained with haematoxylin

andmounted. Corresponding tissue sectionswithout primary

antibody served as negative controls. Bright field images

were captured by a Zeiss Axioplan 2 light microscope.

Histology

Brain tumor samples were fixed in 10% neutral buffered

formalin (Sigma) and embedded in paraffin. The brain-

tumor samples were sectioned at 5 lm, were stained with

Fig. 5 Bioluminescent and

histological analysis of distal

tumor spread to the brain stem

and cerebellum. VM-M3/Fluc

tumor fragments or cells were

implanted as described in Fig, 1.

Removed brains were sectioned

down the midline and were

further dissected into

cerebellum and brain stem.

a Bioluminescence was

quantified and plotted on a log

scale. All values are expressed

as the mean ± SEM of 10

independent samples.

b Histological analysis (H&E)

was used to validate the

presence of tumor cells as

described in ‘‘Methods’’ section.

Top panel images are shown at

950. The scale bar represents

250 lm. The black boxes from

the top panel images are shown

in higher power in the bottom

panel. Bottom panel images are

shown at 9200. Arrows identify

subpial tumor cell spread in the

cerebellum and tumor cell

invasion in the brain stem. The

dashed line demarcates the

ipsilateral from the contralateral

side of brain stem
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haematoxylin and eosin (H&E) at the Harvard University

Rodent Histopathology Core Facility (Boston, MA), and

were examined by light microscopy using either a Zeiss

Axioplan 2 or Nikon SMZ1500 light microscope as we

previously described [14]. Images were acquired using

SPOT Imaging Solutions (Diagnostic Instruments, Inc)

cameras and software. All histological sections were

evaluated by a veterinary neuropathologist, (Roderick

Bronson) at the Harvard University Rodent Histopathology

Core Facility.

Results

The objective of this study was to evaluate the potential

usefulness of the VM-M3 murine brain tumor as a model

for human GBM based on growth and infiltrative patterns

in the CNS.

Comparison of invasive versus non-invasive brain

tumors

Figure 1 shows the gross histological phenotype of the

non-invasive C57BL/6 CT-2A astrocytoma model and the

VM-M3 brain tumor model. The CT-2A tumor showed a

sharp border with minimal local invasion and no distant

invasion consistent with its previously reported behavior

[12]. In contrast, the VM-M3 tumor showed a diffuse

border with several secondary focal lesions within the brain

parenchyma as well as in the contralateral hemisphere.

Quantitative assessment of tumor growth

We used the luciferase labeled VM-M3 tumor and moni-

tored tumor growth non-invasively over time (Fig. 2). The

bioluminescent signal could be evaluated both qualitatively

(Fig. 2a), and quantitatively (Fig. 2b) during tumor pro-

gression. Bioluminescence, above the lower limit of the

imaging system (*1 9 103 photons/s), could be detected

as early as day 6.

Detection and quantitation of VM-M3 invading tumor

cells

In order to quantitate the level of tumor invasion, the brains

were removed at the end of the study and imaged ex vivo

as described in ‘‘Methods’’ section. The brains were sec-

tioned down the midline and each half was imaged sepa-

rately. As shown in Fig. 3a, bioluminescence was detected

in both the ipsilateral and the contralateral hemispheres.

The level of invasion into the contralateral hemisphere was

also measured. In addition, histology was used to confirm

the presence of invading tumor cells in both the ipsilateral

and contralateral hemispheres (Fig. 3b).

Fig. 6 Migratory routes of the

VM-M3/Fluc brain tumor cells.

VM-M3/Fluc tumor fragments

or cells were implanted as

described in Fig. 1. Histological

analysis (H&E) was used to

validate the presence of tumor

cells as described in ‘‘Methods’’

section. The VM-M3/Fluc

tumor cells are shown invading

along the pial surface (arrow,

a), within the corpus callosum

(CC, arrow, b), along

myelinated axons crossing

through the striatum (arrow, c),

through the ventricular system

(arrows, d), around the blood

vessels (arrow, e), and around

neurons (arrow, f). Images are

shown at 9100 (a), 950 (b),

9400X (c), 9200 (d), and 9400

(e, f). Arrows identify regions

containing tumor cells
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Quantitation of distal tumor spread

In order to further evaluate the invasion of the VM-M3

tumor cells, the removed brains were dissected into the

cortex, hippocampus (Fig. 4a), brain stem, and cerebellum

(Fig. 5a). Using the Xenogen Imaging System, biolumi-

nescence was detected and quantitated in all of the brain

regions. Histology was used to confirm the presence of

invading tumor cells in the corresponding regions

(Figs. 4b, 5b).

Migratory routes of invading tumor cells

We next identified the routes of VM-M3 tumor cell inva-

sion (Fig. 6). We identified surface or sub-pial spread as

the major route of invasion (Fig. 6a). However, we also

identified tumor cells invading along and within white

matter tracts, such as the corpus callosum and along

myelinated axons crossing through the striatum (Fig. 6b,

c), through the ventricular space (Fig. 6d), along blood

vessels (Fig. 6e) and along neurons (Fig. 6f).

Expression of CXCR4 and IGFBP-2 in brain, tumor

tissue, and cultured tumor cells

As shown in Fig. 7a, the VM-M3 tumor cells both in vivo

and in vitro expressed high levels of CXCR4, a chemokine

receptor highly expressed in human GBM. In addition, the

less invasive VM-NM1 tumor from the same VM mouse

host had very low CXCR4 gene expression. Also, we

showed that insulin-like growth factor binding protein 2

(IGFBP-2) was not highly expressed in the invasive VM-

M3 cells whereas the less invasive VM-NM1 tumor cells

had high expression of IGFBP-2. We also found that

CXCR4 was localized to the perimeter of the VM-M3

tumor cells that were grown either in vivo or in vitro

(Fig. 7b). Additionally, CXCR4 expression was found in

the cells that had invaded throughout the brain via the sub-

pial space, white matter tracts, and blood vessels (Fig. 8).

IGFBP-2

A

CXCR4

β-Actin

B

VM-M3

Tumor

50 µm

VM-M3

in vitro

MergeCXCR4

50 µm

Hoechst

Fig. 7 Expression of CXCR4

and IGFBP-2 in brain, tumor

tissue, and in cultured tumor

cells. a CXCR4 and IGFBP-2

gene expression was determined

by semi-quantitative RT-PCR as

described in ‘‘Methods’’ section.

b CXCR4 protein localization

was determined in vitro

following SDF-1 stimulation

and in vivo as described in

‘‘Methods’’ section. Images are

shown at 9400 and 9630

(insert). Scale bars in the insert

represent 10 lm
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Ki-67 expression in VM-M3 tumors

As shown in Fig. 9, the VM-M3 tumors stain positive for

the proliferation marker Ki-67, indicating a high prolifer-

ation rate of these cells in vivo. High Ki-67 expression was

seen in tumor cells in the tumor core, as well as in invasive

tumor cells found within the brain parenchyma. Invasive

cells staining positive for Ki-67 include those cells

migrating through the pial membrane (Fig. 9b), along

blood vessels (Fig. 9b, arrow), through white matter tracts

such as the corpus callosum (CC) (Fig. 9c, arrow) and into

the brain parenchyma (Fig. 9d, arrow).

Discussion

Here we present a novel in vivo mouse model for brain

tumor growth and invasion. Most available brain tumor

models fall short of fully recapitulating all major charac-

teristics of human GBM. An accurate in vivo model is

necessary for the development of therapies that can target

both local and distant tumor cell invasion. To date, no

xenograft model or chemically induced rodent model dis-

plays the invasive characteristics of the VM-M3 model, to

include sub-pial and ventricular spread, perivascular,

perineuronal, peri- and intra-fascicular growth, and inter-

hemispheric invasion. These routes of invasion have been

referred to as the Secondary Structures of Scherer [4, 53].

These structures were identified in highly invasive human

brain tumors to include GBM, astrocytoma, and oligo-

dendroglioma [5, 53]. The secondary structures describe

the growth of invasive tumor cells along the pre-existing

structures of the nervous system and are independent of

histological grade or cellular classification [5, 53]. This is

important, as histological classification of brain tumor

invasiveness can be ambiguous [54].

Although the murine GL261 glioma model also displays

several invasive qualities of the VM-M3 brain tumor model,

it does not express ventricular and inter-hemispheric spread

and the invasive phenotype is limited to the invading edge

of the tumor [19]. Additional advantages of the VM-M3

model include rapid and consistent growth patterns both in

vivo and in vitro, a syngeneic host, and low immunoge-

nicity as illustrated by robust growth at subcutaneous

implantation sites [33, 40]. In vitro, the cells express two

primary morphologies, which are cell cycle dependent.

During division, the cells are small and round, but become

flat and pancake shaped during the resting state as we pre-

viously described [33]. Though the VM-M3 cells predom-

inately display the small and round morphology in vivo,

additional pleomorphic cells are found throughout the

tumor consistent with the cellular morphologies seen

Fig. 8 Expression of CXCR4

in invasive VM-M3 tumor cells

in vivo. CXCR4 protein

localization was determined as

described in ‘‘Methods’’ section.

Images are shown at 9630. The

scale bar is representative of all

images shown. Arrows indicate

regions of positive CXCR4

expression. The arrow in the top

panel illustrates tumor cells

invading into the brain

parenchyma from the tumor

mass (T) under the pial

membrane. (BV blood vessel, P

normal brain parenchyma, T

tumor, WM white matter)

J Neurooncol (2010) 99:165–176 173

123



human GBM [4]. VM-M3 cell growth and morphology is

also consistent over multiple passages both in vivo and in

vitro. The VM-M3 model is therefore unique in its ability to

fully replicate the growth and invasive patterns of human

GBM.

In addition to the similarities in growth, cell morphol-

ogy, and invasion, the VM-M3 tumor also had genetic

similarities with human GBM. Along with CXCR4 and Ki-

67, a number of genetic markers have been linked to the

invasive and aggressive phenotype of human GBM [55,

56]. Interestingly, insulin-like growth factor binding pro-

tein 2 (IGFBP-2) is known to be upregulated in human

GBM [57, 58]. However, a more specific analysis revealed

that IGFPB-2 is highly expressed in the cells of the tumor

core, but is significantly down regulated in the cells along

the invasive edge, suggesting that there is a distinct

molecular signature in the invasive versus non-invasive

cells within the same tumor [55]. We showed that the

IGFBP-2 gene was highly expressed in the cells of the VM-

NM1 tumor, which grows more rapidly but is less invasive

than the VM-M3 tumor [33]. Our findings are consistent

with those of a previous study showing IGFBP-2 expres-

sion in the core tumor cells of a GBM [55]. However,

expression of IGFBP-2 was low in the VM-M3 invasive

tumor cells, consistent with the expression profile of the

invasive rim of human GBM [55].

The VM-M3 tumor is labeled with the firefly luciferase

gene allowing for non-invasive detection of tumor growth

and invasion via bioluminescent imaging. Bioluminescent

imaging has been established as an accurate tool for

measuring tumor growth over time [13, 46, 47]. As the

VM-M3 tumor cells are invasive to all brain regions, we

developed a novel bioluminescent-based quantitative

assay for evaluating the extent of tumor invasion into the

cortex, hippocampus, brain stem, and cerebellum. We

showed that bioluminescence could be correlated with

histological data on tumor growth and invasion. In con-

trast to histology, bioluminescent imaging is a more

accurate measure of distal tumor cell invasion to multiple

brain regions. This feature will allow for the quantitative

assessment of potential therapies that target brain tumor

invasion.

Fig. 9 Ki-67 expression in

VM-M3 tumor. a Ki-67

expression in normal brain and

in the tumor core was

determined as described in

‘‘Methods’’ section. The black

boxes from the top panel images

are shown under higher digital

zoom in the bottom panel. Ki-67

expression in the invasive tumor

cells found migrating through

the plal membrane (b), around

blood vessels (b, arrow), within

white matter (c), and invading

into the brain parenchyma (d).

Images are shown at 9400.

Scale bars are representative of

all images of that panel. Arrows

indicate tumor cells staining

positive for Ki-67 (brown). (CC

corpus callosum)
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In conclusion we describe a novel model for malignant

brain tumor growth and invasion. This model displays both

genetic and behavioral characteristics of highly invasive

human GBM. In addition, the tumor cells are labeled with

the firefly luciferase gene allowing for non-invasive

detection and quantitation of tumor growth. This model

should be useful in assessing potential anti-invasive brain

tumor therapies.
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