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Abstract
Although rodent glioblastoma (GBM) models have been used for over 30 years, the extent to which
they recapitulate the characteristics encountered in human GBMs remains controversial. We studied
the histopathological features of dog GBM and human xenograft GBM models in immune-deficient
mice (U251 and U87 GBM in nude Balb/c), and syngeneic GBMs in immune-competent rodents
(GL26 cells in C57BL/6 mice, CNS-1 cells in Lewis rats). All GBMs studied exhibited
neovascularization, pleomorphism, vimentin immunoreactivity, and infiltration of T-cells and
macrophages. All the tumors showed necrosis and hemorrhages, except the U87 human xenograft,
in which the most salient feature was its profuse neovascularization. The tumors differed in the
expression of astrocytic intermediate filaments: human and dog GBMs, as well as U251 xenografts
expressed glial fibrillary acidic protein (GFAP) and vimentin, while the U87 xenograft and the
syngeneic rodent GBMs were GFAP− and vimentin+. Also, only dog GBMs exhibited endothelial
proliferation, a key feature that was absent in the murine models. In all spontaneous and implanted
GBMs we found histopathological features compatible with tumor invasion into the non-neoplastic
brain parenchyma. Our data indicate that murine models of GBM appear to recapitulate several of
the human GBM histopathological features and, considering their reproducibility and availability,
they constitute a valuable in vivo system for preclinical studies. Importantly, our results indicate that
dog GBM emerges as an attractive animal model for testing novel therapies in a spontaneous tumor
in the context of a larger brain.

Correspondence to: Maria G. Castro.

NIH Public Access
Author Manuscript
J Neurooncol. Author manuscript; available in PMC 2008 May 14.

Published in final edited form as:
J Neurooncol. 2007 November ; 85(2): 133–148.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Glioma; Dog; U251; U87; CNS-1; GL26

Introduction
Glioblastoma (GBM), the most common type of primary brain tumor in adults, is a very
aggressive and locally invasive tumor. Survival of patients affected by GBM has remained
virtually unchanged during the last decades (i.e., 6–12 months post-diagnosis) despite advances
in surgery, radiation, and chemotherapy [1-6]. The study of tumorigenesis and the evaluation
of new therapies for GBM require accurate and reproducible brain tumor animal models, which
ideally should recapitulate key features of the human disease, be reproducible, and resemble
progression kinetics and anti-tumor immune responses of spontaneous GBM [7,8]. Although
rodent glioma models have been used in preclinical glioma research for over 30 years, their
use remains controversial and these models have been criticized for not recapitulating main
pathological features of human GBM [9].

In vivo tumor models developed by intracranial or subcutaneous implantation of glioma cell
lines in rodents are widely used to test novel therapies that target different features of GBM,
i.e., angiogenesis, invasion, located within an immune privilege site (brain), secretion of
immune suppressive molecules, i.e., TGFβ, amongst many others [2,3,10-12]. The advantages
of these glioma models are their highly efficient gliomagenesis, reproducible growth rates, and
an accurate knowledge of the location of the tumor [5]. Implantation of CNS-1 glioma cells
has proved an excellent intracranial, syngeneic brain tumor model due to its high
reproducibility, fast in vivo growth rates, and the absence of immunogenicity when implanted
into syngeneic Lewis rats [13-15]. Human glioma xenografts implanted in
immunocompromised mice are also extensively used. However, their xenogeneic nature
impairs the study of immune-mediated anti-tumor strategies. Syngeneic murine models, such
as GL26 mouse glioma cells in C57BL6 mice [16,17], and CNS1 rat glioma cells in Lewis rats
[13-15,18] are non-immunogenic. Thus, syngeneic glioma models are excellent for studying
the response of brain tumors to immunotherapy [13,14,17,19].

The lack of a large animal model of GBM had made it difficult to predict the outcome of novel
therapies that have been proven successful in small rodent GBM models, when they are
translated to human patients. Since dogs have larger brains than rodents, they constitute an
attractive model to test novel therapeutics and optimize treatment protocols. Furthermore,
brachycephalic breeds such as Boston terriers and Boxers [20-22] are predisposed to develop
spontaneous GBMs that resemble the human disease [23,24]. Clinical signs and prognosis of
human and canine GBMs are similar and there is a high correlation of neuroimaging features
seen with MRI in canine and human GBM, which is used as a diagnostic tool for dog GBM
[25,26]. Thus, dogs bearing spontaneous GBMs could constitute an attractive large animal
model for GBM.

Considering the critical value of animal models in preclinical and translational cancer research,
in the present work we analyzed the histological features of experimental animal models of
glioma, including intracranial U251 and U87 human glioma xenografts in nude Balb/c mice,
GL26 glioma cells in syngeneic C57/BL6 mice, CNS-1 glioma cells in syngeneic Lewis rats,
and spontaneous GBMs in dogs, with those of the human GBM. Amongst the preclinical GBM
models available we have studied the ones that are widely used by brain cancer researches, in
order to better ponder the significance of our preclinical findings. The transplantation of human
tumors in immune-deficient nu/nu mice gives the opportunity to assess the efficacy of
therapeutic approaches in human tissues. Human xenografts have been extensively used to test
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therapies that target human GBM cells, such as the fusion protein composed of IL-13 and a
mutated form of Pseudomonas exotoxin (IL-13-PE). Since U251 and U87 tumors express,
respectively, high and low levels of IL-13α2R (the receptor targeted by IL-13-PE), these
models are very useful to test therapeutic approaches using this toxin. These models also have
been used to test targeting of conditionally replicative oncolytic viruses to human GBM cells
in vivo [4,27-30]. Also, the U87 model has been widely applied and proved useful when
assessing GBM angiogenesis and anti-angiogenic therapeutic approaches [31-33]. However,
the impairment of immune-mediated events that occur during tumorigenesis and anti-cancer
therapies limits the usefulness of xenograft models. Thus, we chose a syngeneic mouse model,
GL26 mouse glioma [16,34], which is non-immunogenic when injected in the brain syngeneic
C57BL6 mice. This model has proven very useful for testing immunotherapeutic approaches
[19]. Similarly, the CNS-1 brain tumor model was chosen because it grows well in the brain
of syngeneic inbred Lewis rats [13,14]. Considering that in the rat, most glioma tumor models
were derived from outbred animals, the results obtained in these models using any given
immunotherapeutic strategies would be difficult to interpret. Our results indicate that murine
models reproduce the histopathological features of human GBM to a greater degree than
hitherto recognized, constituting valuable experimental preclinical models. Spontaneous
GBMs in dogs reproduce most of the typical human GBM characteristics constitute an excellent
large animal model, with therapeutic outcomes which could more closely predict their efficacy
in human trials.

Materials and methods
Rodent tumor models

U251 human GBM xenografts model—U251 cells (1.5 × 106 cells in a volume of 5 μl)
were implanted intracranially in the striatum of athymic Balb/c mice (NxGen BioSciences, San
Diego, CA). Tumor bearing animals (n = 10) survived for 17–26 days (median survival 22
days).

U87 human GBM xenografts model—U87 cells (1 × 106 cells in a volume of 5 μl) were
implanted intracranially in the striatum of athymic Balb/c mice (NxGen BioSciences). Tumor
bearing animals (n = 6) had a survival of 28–29 days (median survival:28.5 days).

GL26 mouse GBM syngeneic model—About 20,000 mouse GL26 cells (0.5 μl) were
implanted intracranially in the striatum of syngeneic immune-competent C57BL/6 mice
(Jackson Laboratories, Bar Harbor, ME, USA). Tumor bearing mice (n = 8) had a survival of
26–32 days after cell implantation (median survival: 31 days).

CNS-1 rat GBM syngeneic model—About 5,000 rat CNS-1 cells (3 μl) were implanted
intracranially in the striatum of syngeneic Lewis rats (220–250 g, Harlan, Indianapolis, IN,
USA). Tumor bearing rats (n = 13) had a survival of 15–22 days (median survival:17 days).

Rodents were housed in specific pathogen free environment, and were closely monitored.
Animals were housed in a humidity and temperature controlled vivarium on a 12:12 hours
light/dark cycle (lights on 07:00) with free access to food and water. All experimental
procedures were carried out in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. After anesthesia, animals were placed in a stereotactic apparatus and
injected unilaterally into the right striatum. Mice were injected using 10 μl Hamilton syringe
with a 33 gauge needle (coordinates: 0.5 mm forward from bregma, 2.1 mm lateral, and 3.0
mm ventral from the dura). Rats were injected using a 10 μl Hamilton syringe (coordinates: 1
mm forward from bregma, 3 mm lateral, and ventral 5 mm from the dura). Animals were
allowed to recover and their health status was closely monitored. Animals were euthanized
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when moribund according to the guidelines of the Institutional Animal Care and Use
Committee at Cedars-Sinai Medical Center, by terminal perfusion with Tyrodes solution (132
mM NaCl, 1.8 mM CaCl2, 0.32 mM NaH2PO4, 5.56 mM glucose, 11.6 mM NaHCO3, and
2.68 mM KCl) followed by perfusion with 4% paraformaldehyde under deep anesthesia. Brains
were removed, further fixed in 4% parformaldehyde and embedded in paraffin.

Human and dog spontaneous GBM
Dog GBM samples (n = 10) were retrieved from the archives of the School of Veterinary
Sciences, University of Minnesota and human GBM samples (n = 5) were obtained from the
archives of the Pathology Department at Cedars-Sinai Medical Center. The specimens were
fixed in 10% formaldehyde and embedded in paraffin.

Histology and immunocytochemistry
Fixed tissues were dehydrated and embedded in paraffin. Tissue paraffin blocks were sectioned
using a microtome. Sections of 5 μm were mounted onto slides and deparaffinized using xylene
and hydrated with decreasing concentrations of ethanol. General histopathological appearance
was studied in sections stained with hematoxylin and eosin (H–E). For immunocytochemical
detection of astrocytic, endothelial or inflammatory markers, tissues were subjected to different
protocols for antigen retrieval as described below. For all antigens, sections were incubated in
the presence of 60°C preheated citrate buffer (pH 6.0) for 20 min. For F4/80, CD18, and CD3
retrieval, sections were additionally incubated with 0.05% trypsin-0.53 mM EDTA tetrasodium
for 20 min at 37°C. CD68 ED1 retrieval was performed by incubating the sections with
proteinase K (20 μg/ml) in TE buffer (50 mM Tris base, 1 mM EDTA tetrasodium, and pH
8.0) for 20 min at 37°C. After antigen retrieval, endogenous peroxidase was blocked with 0.3%
hydrogen peroxide in PBS. Sections were then incubated with PBS containing 0.02% Triton,
0.01% Azide, and 10% fetal bovine serum to block non-specific antibody binding. Sections
were incubated in the presence of primary antibodies against astrocytic intermediate filaments,
including glial fibrillar astrocytic protein [anti-human glial fibrillary acidic protein (GFAP)
1:500, Chemicon, Temecula, CA] and vimentin (1:1000, Sigma, or 1:50, Abcam), and the
blood vessel endothelial cell marker, Von Willebrand factor (anti-human VWF 1:50, Dako).
Macrophages were identified using anti-mouse F4/80 (1:50 Serotec, Raleigh, NC) [13,35,36],
anti-rat CD68 ED1 (1:1000, Serotec), anti-human CD68 (1:50, Dako), and anti-dog CD18
(1:10 developed at the Department of Veterinary, Pathology, Microbiology, and Immunology,
School of Veterinary Medicine, University of California, Davis, CA) [37]. T-cells were
detected using species-specific CD3 antibodies: anti-human and mouse CD3 (1:500, Dako),
anti-rat CD3 (1:10, Serotec), and anti-dog CD3 (1:10 developed at the Department of
Veterinary, Pathology, Microbiology, and Immunology, School of Veterinary Medicine,
University of California, Davis, CA) [37]. After overnight incubation with the primary
antibodies, sections were labeled with biotinylated secondary antibodies (1:1,000; Jackson
Laboratory), which were detected using the Vectastain Elite ABC horseradish peroxidase
method (Vector Laboratories, Burlingame, CA). After developing with diaminobenzidine
(Sigma, St.Louis, MO), sections were dehydrated through graded ethanol solutions and
mounted with DPX mounting media (Fluka, Sigma-Aldrich, Seelze, Germany). Tissues were
analyzed and photographed using a Zeiss Axioplan microscope.

Flow cytometry
Flow cytometry was carried out as described previously [38]. Briefly, splenocytes were
harvested and red blood cells were removed by incubation with ACK solution (150 mM
NH4Cl, 10 mM KHCO3). Splenocytes were stained with CD3-PE (BD Pharmingen). Samples
were analyzed using a FACScan flow cytometer (Beckton Dickenson, Franklin Lakes, NJ),
and Summit Version 4.1 software (DAKO) was used for data analysis.
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Results
In this study, we aimed to evaluate and compare the histopathological characteristics and tumor
progression within the animal models commonly used for developing novel therapies for GBM.
We characterized the histopathological features of transplantable, xenograft and syngeneic
murine GBMs and spontaneous canine GBM, and compared them with those of GBM from
human patients. To establish reproducible xenograft and syngeneic murine GBM models we
injected different amounts of U251 or U87 human GBM cells in the brain of nude Balb/c mice;
GL26 mouse GBM cells in the brain of syngeneic C57/B6 mice or CNS-1 rat cells in the brain
of syngeneic Lewis rats. The survival of the animals was monitored for up to 2 months. The
gross morphological appearance of these tumors is shown in low-magnification
microphotographs in Fig. 2a. Survival curves were very reproducible in all tumor models (Fig.
2c). We found that U87 and U251 human tumors only grow to kill the host when 1,000,000 or
1,500,000 cells, respectively, are injected in the striatum of nude mice; while injecting less
amount of cells does not lead to tumor grow and death of the host. Nude mice bearing U251
human tumors succumb after 17–26 days and bearing U87 human tumors after 28–29 days,
with median survival of 22 and 28.6 days, respectively. In Fig. 2, we show that 20,000 GL26
cells injected in the striatum of C57/B6 mice elicit a median survival of 31 days. Injecting less
amount of GL26 cells, i.e., 5,000 or 2,000, does not lead to reliable morbidity and tumor growth,
with 30–70% of C57/B6 mice surviving over 60 days. Implantation of 5,000 CNS-1 cells in
the striatum of Lewis rats elicits a median survival of 17 days, whilst when implanting 1,200–
2,500 CNS-1 cells, the tumors do not do not grow nor induce death of the host. The main
histological features of each GBM model are summarized in Table 1.

Necrosis
In Figs. 1a and 2a, low-magnification microphotographs show the gross morphological
appearance of spontaneous GBMs, respectively. A characteristic feature of human GBM, i.e.,
presence of multiple areas of necrosis, was found in all canine GBMs. As described in the
human disease [39-43], canine GBM exhibits prominent serpentine, pseudopalisading
necrosis, with thrombosed tumor vessels, extensive hemorrhage, endothelial/microvascular
proliferation, and high cellularity (Fig. 1a). In dog GBMs as in the human counterpart, the
necrotic foci are typically surrounded by radially orientated, fusiform glioma cells in a
pseudopalisading pattern (Fig. 1b).

Multiples areas of necrosis were found in all rodent GBMs, with the exception of U87 human
xenografts, in which only small foci of necrosis were occasionally detected (not shown). In the
syngeneic rat CNS-1 and the U251 human xenografts (Fig. 2b) necrotic foci were surrounded
by radially orientated, fusiform glioma cells in a pseudopalisading pattern, although to a lesser
extent than in human or dog GBM. Necrotic foci in mouse syngeneic GL26 model are
surrounded by a rim of tumoral cells, which do not display the characteristic pseudopalisades
(Fig. 2b). Hemorrhages, as often encountered in human GBMs [44,45], were detected in all
the tumors models studied, except the U87 human xenografts. The U87 tumors were
characterized by their profuse neovascularization.

Microvascular proliferation
In addition to necrosis, the presence of microvascular/endothelial proliferation (i.e.,
multilayered, mitotically active hyperplasic endothelial cells, smooth muscle cells, and
pericytes) is a histopathological hallmark of human GBM [42-44,46,47]. Endothelial
proliferation usually close to necrotic areas, with profuse vascularization was observed in dog
GBMs (Fig. 1c). We did not find tumoral blood vessels exhibiting endothelial/microvascular
proliferation in any of the implanted rodent GBM models.
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Invasion
Tumoral cells infiltrating the normal/non-neoplastic brain parenchyma were detected in all the
animal models (Figs. 3, 4). Invasion in dog GBM was characterized by widespread tumoral
cells within the non-neoplastic brain parenchyma. As in the human GBM specimens (Fig. 3b),
we found abundant cells migrating into the white matter and surrounding neurons and blood
vessels (Fig. 3a). Since it is difficult to determine whether the cells that infiltrate the non-
neoplastic brain parenchyma are tumoral or inflammatory cells, we stained dog and human
GBM sections with GFAP antibodies and counterstained them with eosin. We found small
rounded cells with abnormal cytoplasmic and nuclear morphology infiltrating the non-
neoplastic brain parenchyma expressing GFAP, which is suggestive of their glial origin (Fig.
3).

In the murine GBM models tumor cells infiltrating the non-neoplastic brain parenchyma were
identified by their strongly acidophilic cytoplasm, their high nucleus to cytoplasm ratio, nuclear
and cytoplasmic abnormal morphology, and their pleomorphism (Fig. 4). Peritumoral
infiltration of the brain parenchyma was detected around the tumor, although the tumor borders
in the rodent models are not as diffuse as those of the spontaneous GBM in dog and human.
Scattered tumor cells and aggregates were also detected within the white matter tracts, as
reported in human GBM, and abnormal blood vessels were encountered in the rodent brain
(Fig. 4). We measured the distance between the tumor borders and the tumor cells or aggregates
that infiltrate the normal brain parenchyma. The median and maximum distances between the
tumor border and the cells infiltrating the normal parenchyma were as follow: U251 tumors:
median 580 μ, maximum 850 μ; U87 tumors: median 180 μ, maximum 250 μ; GL26 tumors:
median 250 μ, maximum 660 μ; CNS-1 tumors: median 470 μ, maximum 640 μ.

Cellular composition of GBMs
All GBMs exhibited hypercellularity, nuclear atypia, and pleomorphism, including
multinucleated giant cells (Fig. 5a). Aberrant mitotic figures were readily observed. Canine
GBMs were usually composed of small anaplastic cells. Although poorly differentiated cells
were found in all GBMs, they expressed astrocytic intermediate filaments. Considering that
there is no specific marker for GBM cells, we assessed the expression of proteins that are
expressed in reactive astrocytes. In the adult brain, astrocytes contain two types of intermediate
filaments: vimentin positive filaments and GFAP positive filaments. Although vimentin is
expressed also in blood vessels and ependymal cells, in the brain parenchyma vimentin is not
expressed in neurons or any other subclass of glial cell other than reactive astrocytes [48].
Thus, although vimentin expression is not exclusive to astrocytes, its expression, together with
GFAP in these tumors is suggestive of their glial origin. The expression of GFAP is variable
in human GBM [49] and depends on the degree of anaplasia. While usually only cells with
astrocytic morphology are positive for GFAP, vimentin staining is more widespread throughout
the tumors [50]. In dog GBMs, the GFAP staining pattern was similar to that of the human
tumors, exhibiting positive stained cells with astrocytic shape and small rounded GFAP
negative cells (Fig. 5c). GFAP staining was also detected in U251 human xenografts, while
the U87 human xenograft and the syngeneic murine GBMs were negative for GFAP. However,
homogeneous vimentin staining was observed in all the GBMs studied, i.e., rodent models,
spontaneous dog GBMs (Fig. 5b). Similarly to human GBMs [43-45,51], spontaneous and
implanted GBM models were highly vascularized, as shown by Von Willebrand factor staining
of endothelial cells (Fig. 5d). The U87 human xenografts were the implanted GBM model that
showed the most profuse vascularization.

Inflammatory cells’ infiltration
Macrophage and T-cell infiltration has been reported in human GBMs [52]. As shown in Fig.
6 abundant infiltration of these inflammatory/immune cells was also observed in the canine
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GBM and all the murine tumor models. Surprisingly, we detected not only heavy macrophage
infiltration, but also CD3+ lymphocytes infiltrating U251 and U87 human GBM xenografts in
nude mice, although to a lesser extent than in the immuno-competent syngeneic murine models.
We used flow cytometry to confirm the existence of CD3+ lymphocytes in the spleens of the
nude mice and wild type mice. In agreement with our immunohistochemical analysis of tumors,
we identified CD3+ cells in the spleens of nude mice, albeit at a much lower total number
compared with wild type mice (nu/nu Balb/c: 9% ± 2.1 CD3+ splenocytes; wild type C57/B6:
22% ± 3.6 CD3+ splenocytes).

Discussion
Rodent models of GBM have been used for more than 30 years, in spite of this; their histological
features have been poorly characterized in relation to spontaneous GBMs. Moreover, the
translational potential of rodent GBM models to develop novel therapeutic approaches for
human GBM is still a matter of debate [9]. Ideally, brain tumor models should be of glial origin,
grow in vitro and in vivo with predictable and reproducible growth patterns, have close
resemblance in vivo to the histopathology of human gliomas, be weakly or non-immunogenic,
and ultimately, their progression in vivo should be highly reproducible. Unfortunately, the ideal
GBM animal model that comprises all of the above features does not exist. Thus, it is essential
to identify the strengths and weaknesses of different available tumor models in order to select
the most appropriate GBM model depending upon the nature of the study to be conducted. In
this paper, we report histopathological results after a comprehensive characterization of
commonly used xenografts and syngeneic murine intracranial GBM models and spontaneous
canine GBM. The main histological and biological features of each GBM model are
summarized in Tables 1 and 2, respectively.

The availability of a number of genetically engineered immuno-supressed rodents has allowed
the development of human GBM tumors as intracranial or subcutaneous xenograft in vivo
models [53,54]. Although these models have been criticized for not reproducing the tumor-
host immune system interactions and for not accurateely representing the cellular composition
of the original tumors [9], they have also proved very useful in preclinical research. These
models have been also criticized by their low and variable tumor formation rate [9]. In the
present work, we injected 1–1.5 × 106 cells to reproducibly induce tumor growth in the
xenograph models in nude mice, while syngeneic rodent models only require 5,000–20,000
cells to grow in the brain. This difference in the amount of cells required to develop intracranial
tumors suggests that human glioma cells have lower ability to grow in the mouse brain than
rodent glioma cells, or, alternatively, that the immune response to xenotransplants is not
completely abolished in nude mice. To evaluate this possibility, we characterized immune cells
infiltrating the U251 and U87 human GBM xenografts in the brains of the athymic nu/nu Balb/
c mice. In accordance with previous reports [55-57], we also found CD3+ lymphocytes in the
spleens of nude mice. In fact, mature CD3+ T-cells capable of activation have been reported
in the skin [58,59], blood and lymph nodes [60], gut [61], and spleen [62] of athymic mice,
the extrathymic site for T-cells maturation remains under investigation. These models allow
studying the response of human GBM tissue in the context of normal brain tissue. Also the
U251 xenograft GBM tumor exhibits histological features that are similar to those of the human
GBM, including the presence of necrosis, angiogenesis, and tumoral cell infiltration as well as
the astrocytic phenotype (Table 1). Although U87 GBM tumors fail to resemble the necrotic
foci of the human tumors and their invasion pattern is less aggressive than the U251 tumor,
they exhibit profuse angiogenesis, which allows testing therapeutic approaches that target
neovascularization [31,63]. The U87 human xenograft model was the most profusely
vascularized tumor amongst the rodent models, followed by the U251 human xenograft, both
of which express VEGF [64]. However, neovascularization observed in the rodent GBM
models was phenotypically distinct from the human GBM. Although it has been shown that
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U87 cells can induce endothelial cell proliferation in vitro [63], the absence of endothelial
proliferation in U87 tumors in vivo could be due to the fast kinetics of tumor development in
rodent models compared to spontaneous GBM in dogs or humans. This could also be a result
of the lack of extracellular matrix components involved in endothelial cell migration and
proliferation in the murine host [65-67]. Nevertheless, these models has been widely applied
and proved useful when assessing GBM angiogenesis and anti-angiogenic therapeutic
approaches [31-33]. Moreover, recent evidence shows that human xenografts retain GBM gene
amplifications detected in the in situ tumors [68,69]. Intracranial human GBM xenograft
models have also proved very useful in the evaluation of new diagnostic imaging techniques
[70], as well as in the preclinical research of novel anti-tumoral approaches involving
chemotherapy [71], radiotherapy [72], targeted toxins [73], cytotoxic [74] or conditionally
replicative oncolytic viruses [27-30,75].

The syngeneic experimental models of glioma which we studied in this paper all share some
of the characteristic neuropathological features with human GBM. Although the anatomical
invasion pattern of the syngeneic murine models differs from that of the human GBM, tumoral
cells were readily encountered infiltrating non-neoplastic tissue surrounding the tumors. In
addition, the syngeneic rodent GBM models are technically easy to develop and very
reproducible [13-15,18,19,76]. The accessibility of wild type mice and rats also make them a
useful first screening model for novel therapies in vivo. Since these animals have an intact
immune system, they are suitable to test therapies that enhance the host immune response
against the tumor [13,14].

We previously used the CNS-1 syngeneic tumor model to test the efficacy of a gene therapy
approach that combines the cytotoxic properties of HSV1-TK [77,78] with the
immunostimulatory effects of Flt3L [13,14,38], which is also successful when tested in the
GL26 intracranial tumor model [17]. In another study, GL26 intracranial tumors were treated
with an immunotherapeutic approach that elicits glioma tumor-specific cytotoxic T
lymphocytes induced by vaccination using dendritic cells engineered to express IL-12 [19].
Thus, these syngeneic GBM models in rodents constitute excellent in vivo systems for the
preclinical testing of novel immune-therapeutic strategies.

We found that the rodent models of GBM exhibit histopathological features compatible with
tumor invasion into the non-neoplastic brain parenchyma. However, the level of invasion in
the rodent models is both qualitatively and quantitatively different than in humans, with
invasion in the rodent models limited to less than 1mm from the tumor mass. The clinical
relevance of these feature relies in the fact that post-resection recurrences of GBM occur most
often in the immediate vicinity of the resected tumor mass [79,80]. On the other hand, a novel
model recently described closely resembles the invasive pattern of the human GBM [81]. In
this model, overexpression of PDGF in the adult rat white matter led to invasive tumors that
grew to kill the hosts in 2–3 weeks.

Dogs bearing induced or spontaneous tumors, including breast [82], prostate [83], lung [84],
and lymphohematopoietic [85] neoplasms have already being proposed as excellent animal
models [86]. The presence of pseudopalisading necrosis and endothelial proliferation that
closely resemble those found in human GBMs suggest the presence of a hypoxic environment
in dog GBM, as described in humans [39-41]. Among the tumor models studied in this paper,
the spontaneous dog GBM is the only one that exhibits endothelial proliferation. Importantly,
we show that canine GBM is highly invasive, exhibiting the classical patterns of human GBM
invasion, which is characterized by the diffuse spread of tumoral cells within the non-neoplastic
brain parenchyma [7,43-45,51]. This feature of dog GBM makes it the only large animal model
available, to accurately reproduce the invasive behavior of human GBM. The latter is very
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important when testing not only the efficacy of novel therapies, but also their toxicity to the
normal brain.

The large size of the dog brain, compared to the rodent one, would be more useful for preclinical
assessment of doses and volumes needed to implement novel therapies. Also, the detection of
therapy-induced toxicity and side effects, as well as behavioral abnormalities is very developed
in dogs, since they are routinely assessed clinically by veterinarians. Moreover, the individual
variability of outbreed dogs will help to better predict the clinical outcomes in human patients.
However, the spontaneous GBM in dog is not a tumor model as easily available as the rodent
GBM models. Nevertheless, the feasibility of using this spontaneous GBM model is facilitated
by the possibility of recruiting GBM bearing dogs from Veterinary Hospitals. GBM is the most
common primary brain tumor in dogs, and brachycephalic breeds such as Boston terriers and
Boxers, are genetically predisposed to develop these tumors [20-22]. A detailed retrospective
search for canine brain tumor cases seen at the University of Minnesota showed that from
January 1, 2003 to December 31, 2005 there were 110 canine cases of brain tumors, which
definitive diagnoses or tentative diagnoses based on CT imaging were as follows: glioma—
48; pituitary—20 (suspected to be macro-adenoma); meningioma—20; lymphoma—3; spindle
cell sarcoma—1; open diagnosis—18. These numbers of cases were found without any specific
case solicitation and only taking into account cases that had CT imaging of the brain. Thus,
based on this retrospective clinical search, the Veterinary. School at The University of
Minnesota routinely admits at least four dogs per month with a newly diagnosed brain tumor
without any specific announcements for clinical trial recruitment; ~40–45% are diagnosed as
glioma based on imaging studies. This suggests that an average of 18–20 dogs per year could
be recruited for an efficacy clinical trial of novel therapies against GBM.

In summary, our report indicates that xenograft and syngenic mouse and rat models share
histopathological characteristics with human GBM to a greater degree than hitherto recognized.
Therefore, considering their reproducibility, inexpensiveness and availability, they constitute
good preclinical models to test the efficacy and putative side effects of novel therapies.
Spontaneous GBMs in dogs reproduce most typical human GBM characteristics and constitute
an excellent large animal model for GBM, which could better predict the effectiveness of novel
therapeutic approaches in human trials.
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Fig. 1.
Histopathological comparisons between dog (top panels) and human (bottom panels)
spontaneous GBM. Paraffin sections (5 μm) of spontaneous human and canine GBM were
stained with hematoxylin and eosin (H–E) to determine their histopathologic features. a Low-
magnification microphotographs show multiple areas of necrosis and profuse hemorrhages in
both tumors. There are prominent necroses, serpentine pseudopalisading, thrombosed tumor
vessels, and microvascular/endothelial proliferation in human and dog GBMs. H hemorrhage,
N necrosis. Arrows indicate blood vessels. b High-magnification microphotographs show
necrotic foci surrounded by pseudopalisading in human and dog GBMs. N necrosis. c High-
magnification microphotographs demonstrate microvascular/endothelial proliferation in
human and dog GBM. Arrows show tumoral blood vessels exhibiting endothelial proliferation
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Fig. 2.
Histopathological comparisons amongst syngeneic rodent GBM models (CNS-1 in Lewis rat
and GL26 in C57/B6 mouse) and human GBM xenografts in nude mice (U251 and U87).
Paraffin sections (5 μm) of rat CNS-1 and mouse GL26 syngeneic gliomas, and U251 and U87
human xenografts in nude mice were stained with hematoxylin and eosin (H–E) to determine
their histopathological features. a Low-magnification microphotographs show multiple areas
of necrosis and profuse hemorrhages in all the tumors, with the exception of U87 xenografts.
Scale bar 1 mm. H hemorrhage, N necrosis. b High-magnification microphotographs represent
necrotic foci seen in GBM from all species. The pseudopalisading surrounding necrotic foci
as in human GBM is found in CNS-1 GBMs and human U251 tumors, while GL26 GBM in
mice exhibit necrotic foci surrounded by a rim of tumoral cells. U87 xenografts do not exhibit
necrosis as a typical feature, but they show profuse neovascularizarion (arrows). Scale bar 100
μm. N necrosis. c Typical survival curves of the rodent GBM models (CNS-1 in Lewis rat: n
= 13; GL26 in C57/B6 mouse: n = 8; U251 human GBM xenografts in nude mice: n = 10; U87
human GBM xenografts in nude mice: n = 6)
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Fig. 3.
Neoplastic cellular infiltration into surrounding non-neoplastic brain tissue in spontaneous
canine (a) and human GBMs (b). Paraffin sections (5 μm) from dog and human GBMs were
stained with with GFAP antibodies. The microphotographs show that several of the small
rounded cells infiltrating the non-neoplastic brain parenchyma express GFAP
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Fig. 4.
Neoplastic cellular infiltration into surrounding non-neoplastic brain tissue in syngeneic rat
(CNS-1) and mouse (GL26) GBM models and human glioma xenografts in nude mice (U251
and U87). Paraffin sections (5 μm) from GBM were stained with hematoxylin and eosin for
evaluating neoplastic invasion. The numbers in low-magnification microphotographs depict
areas magnified in the microphotographs on the right. Arrows indicate malignant cells, clusters
of GBM cells, and tumoral blood vessels infiltrating surrounding brain parenchyma. The
indistinct tumor borders and the malignant cells clearly entering the non-neoplastic brain tissue
suggest an invasive phenotype
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Fig. 5.
Cellular composition of human and dog spontaneous GBM, syngeneic rat (CNS-1) and mouse
(GL26) GBM models and human glioma xenografts in nude mice (U251 and U87). Paraffin
sections (5 μm) were obtained from spontaneous human and canine GBM as well as rat CNS-1
and mouse GL26 syngeneic gliomas and U251 and U87 human xenografts in nude mice. a
GBM sections were stained with hematoxylin and eosin (H–E). High-magnification
microphotographs show nuclear atypia and cell pleomorphism in human, dog, and murine
GBM. Scale bar 25 μm. Arrows indicate aberrant mitotic figures. b–c Expression of astrocytic
intermediate filaments, vimentin, and glial fibrillary astrocytic protein (GFAP), were detected
in GBM sections by immunocytochemistry. T tumor. Scale bar 100 μm. d The expression of
the endothelial marker Von Willebrand Factor (VWF) was detected in the blood vessels of
human, dog and murine GBM sections by immunocytochemistry. Arrows indicate some of the
blood vessels expressing VWF. Scale bar 250 μm
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Fig. 6.
Immune/inflammatory infiltration in human glioblastoma, spontaneous GBM in dogs,
syngeneic rat (CNS-1) and mouse (GL26) models and human glioma xenografts in nude mice
(U251 and U87). a Inflammatory cells’ infiltration was analyzed using paraffin sections (5
μm) from spontaneous human and canine GBM as well as rat CNS-1 and mouse GL26
syngeneic gliomas and U251 and U87 human xenografts in nude mice. a Human, dog, rat, and
mouse macrophages were identified using antibodies against CD68, CD18, CD68 ED1, and
F4/80, respectively. Insets show high-magnification microphotographs of positive cells.
CD3ε cells were detected using specie-specific antibodies against CD3. Insets show high-
magnification microphotographs of macrophages and CD3-positive cells
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Table 2
Biological features of intracranial xenograft and syngeneic rodent GBM models and spontaneous GBM in dogs

Tumor biology Dog Rat Mouse Human in mouse

Tumor stablishment Spontaneous Syngenic Syngeneic Xenograft
Survival rates when non treated 1–2 months after

diagnosis
~15 days after
implantation

~30 days after
implantation

~3–4 weeks after
implantation

Allows study of anti-tumoral
immune responses

+ + + −

Allows study of human-targeted
therapies

− − − +

Allows In vivo imaging + + + +
Reproducible tumor growth rates − + + +/−
Similar time to death of animals − + + +
Availability +/− + + +
Cost High Low Low Low
Allows to evaluate large number of
animals

+/− + + +
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