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1. Introduction
In the field of glioma research, in vitro models are widely used to investigate tumor biology
as well as tumor response to chemotherapy and radiation. There is an increasing need to
improve these in vitro models in order to meet the new challenges arising in drug discovery.
It is thus important that development of new drugs is based on the latest knowledge about
glioma biology such as for example the recent discovery of tumor stem cells (Reya et al.,
2001). When investigating glioblastomas in vitro – and especially the supposed tumor stem
cells – three dimensional multicellular spheroid models have recently come into focus.
The aim of this chapter is to review the development as well as the most recent aspects of
the three-dimensional glioma in vitro models focusing on glioma spheroids. The
implementation of these models in current and in future in vitro glioma research will be
discussed putting emphasis on the themes described below.
Cell lines cultured as monolayers have been the in vitro model of choice for many years
(Ponten & Macintyre, 1968). However, the three-dimensional aspect came into focus in the
1970’s, where scientists started to grow tumor cells from cell lines as multicellular spheroids
(Yuhas et al., 1977). Over the years the spheroid model has been improved by deriving
spheroids from cells obtained from dissociated primary glioblastoma tissue (Mackillop et al.,
1985) as well as by using organotypic primary spheroids derived from small tumor
fragments (Bjerkvig et al., 1990).
In general, most in vitro studies are performed with cells cultured in conventional serumcontaining medium. Recently – as the tumor stem cell theory has evolved – the culturing
medium has come into focus. It has thus been demonstrated that the use of serum-free
medium for culturing of cell line-derived spheroids preserved the in vivo-like features as
well as the tumor stem cell-like phenotype suggesting crucial importance of the use of
serum-free medium in tumor stem cell research (Lee et al., 2006).
Identification of the glioma stem cells is still a matter of discussion. The most used marker in
the field has been the cell surface marker CD133. Expression of this putative tumor stem cell
marker in gliomas has been studied in several papers demonstrating clusters or niches of
CD133 positive tumor cells as well as CD133 positive single cells dispersed in the tumor
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(Christensen et al., 2008; Hermansen et al., 2011). These important tumor stem cell niches are
preserved in primary glioma spheroids in contrast to cell line spheroids (Christensen et al.,
2010).
Another important aspect in culturing of glioma stem cells is hypoxia, since several studies
have shown that hypoxia influences radiation resistance. This may be explained by effects of
hypoxia in vitro on proliferation of the tumor cells, spheroid formation and expression of
stem cell markers, suggesting that also this aspect should be taken into consideration
(Heddleston et al., 2009; Kolenda et al., 2010; McCord et al., 2009; Soeda et al., 2009).
Several studies have used the different types of spheroids mentioned above for investigating
the effects of chemotherapy and radiation on the tumor cells and in particular on the tumor
stem-like cells (Bao et al., 2006; Bauman et al., 1999; Fehlauer et al., 2005; Fehlauer et al.,
2006; Fehlauer et al., 2007; Genc et al., 2004; Gliemroth et al., 2003; Haas-Kogan et al., 1996;
Johannessen et al., 2009; Kaaijk et al., 1997; Khaitan et al., 2009; Sunayama et al., 2010; Terzis
et al., 1997; Terzis et al., 1998; Wakimoto et al., 2009; Wang et al., 2010). After such
treatments cell viability and cell proliferation assays as well as secondary spheroid
formation assays have been used to evaluate induced effects. Moreover, expression of
apoptosis and proliferation markers and for example stem cell markers have been
investigated immunohistochemically in paraffin embedded spheroids (Christensen et al.,
2010). The advantages using this panel of methods will be an important part of this chapter.
High grade gliomas are known to be highly invasive and new knowledge concerning tumor
cell invasion also incorporating the tumor stem cell aspect is urgently needed. In our
laboratory we have worked to improve in vitro models when investigating the invasive
features of gliomas. This led to establishment of an in vivo-like model of invasion, where
spheroids are implanted into organotypic brain slice cultures.
Taken together the three-dimensional multicellular spheroid model is the three dimensional
model of choice for in vivo-like glioma in vitro studies. However, at the same time this
model is under ongoing development to become an even more in vivo-like model in order
to meet the new challenges of glioma research and drug development. The use of spheroids
in especially tumor stem cell research has been fast increasing in recent years making
spheroids an important tool also in future glioma research.

2. Establishment and development of the spheroid model
In the field of cancer research it is important to continuously develop in vitro models
mimicking in vivo conditions as much as possible. By isolating cells from tumor tissue,
tumor cell lines can be established from almost any kind of tumor including brain tumors
such as glioblastomas. Glioblastoma cell lines are traditionally cultured as adherent
monolayers but can also be cultured as single cell suspensions or spheroids. One of the most
used cell lines in glioblastoma research is the cell line U87MG established by Pontén and
Macintyre in 1968 (Ponten & Macintyre, 1968). This cell line was established from an
astrocytic tumor with necrosis, which corresponds to this tumor being a glioblastoma
multiforme according to WHO (World Health Organization) guidelines 2007 (Louis et al.
2007). U87MG was originally established in a traditional serum containing medium and the
cells were described as large, extremely bizarre and very slowly growing. Today U87MG
can be described as having only limited pleomorphism as well as being fast growing, clearly
indicating that such cell lines change over time. U87MG has been used in a variety of glioma
studies and is still used. Since the cell line has been cultured in different laboratories for
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over 40 years new genomic mutations have arisen capable of giving rise to different
phenotypic subpopulations in different laboratories. It is also well known that the
phenotypic characteristics and genetic aberrations found within in vitro cells passaged
repeatedly for about 10 times in serum containing medium often show only little
resemblance with the original primary tumor (Lee et al., 2006). It is therefore not surprising
that the U87MG cell line is known to have a highly aberrant genomic structure as visualized
by karyotyping (Galli et al., 2004). Galli et al. (Galli et al., 2004) demonstrated loss of
chromosome 1, 9, 10, 11, 12, 13, 14, 16, 19, 20, 22 and X. Furthermore, 11 unidentified
abnormal chromosomes were found, whereas no gains of chromosomes were seen. In
addition to this, Clark et al (Clark et al., 2010) have sequenced the genome of U87MG in
order to further characterize it. They identified 35 interchromosomal translocation events,
1,315 structural variations (>100 bp), 191,743 small (< 21 bp) insertions and deletions as well
as 2,384,470 single nucleotide variations. Protein coding sequences were disrupted
predominantly by small insertions and deletions as well as larger deletions and
translocations and 512 genes were homozygously mutated. Surprisingly, the study by Clark
et al. also indicated that although this U87MG cell line has been cultured for more than 40
years, the cell line has now been relatively stable for years and is not rapidly changing
anymore. This relative stability could be an advantage when using the U87MG cell line. In
addition, the use of this cell line for four decades has resulted in a very well characterized
cell line.
In general, there are many advantages when using cell lines. When first established, they are
easy to handle in the laboratory and a large number of cells can be obtained in a short
period of time, making it feasible to conduct large scale studies. In addition, cell lines are
relatively easy to manipulate genetically by transfection and knock-down etc. establishing
subpopulations with specific gene expression. These cell lines are important tools in the field
of basic research investigating cellular pathways involved in tumor biology and response to
different drugs. In addition to the obvious advantages, there will always be challenges when
working with cell lines. As mentioned above, tumor cell lines are very likely to acquire new
mutations and chromosome damage when undergoing cell division, because of the unstable
genome in the tumor cells. The longer cultures are maintained and passaged the more
changes accumulate (Lee et al., 2006) leading to changes in tumor cell behaviour. This is one
of the main problems by culturing cell lines for many years. There will always be a
possibility that the cells further mutate and several subpopulations will arise. This is
important to keep in mind, when comparing results obtained with the same commercial cell
line but in different laboratories at different time points.
Another obstacle to overcome when using cell lines is the heterogeneity seen in tumors like
glioblastomas. It is not possible to maintain the high degree of heterogeneity in long term
cell cultures. In order to improve models using cell lines, short term cultures prepared from
fresh tumor biopsies can be an alternative (Kolenda et al., 2010; Potter et al., 2009). The use
of short term cultures may reduce differences between the tumor of origin and the cultured
cells. In a study by Potter et al. (Potter et al., 2009) short term cultures from 6 pediatric
pilocytic astrocytomas and 3 adult glioblastomas were established and cultured in
conventional medium containing fetal calf serum. Gene expression profiles of the derived
short term cell cultures harvested below passage 8 and their respective original biopsies
were performed. They demonstrated that although short term cultures more resemble in
situ gliomas than homogenous long term cultures, significant changes in gene expression
were found between the biopsies and the derived short term cultures. The most significant
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functions differing for the glioblastomas were associated with cell structure, shape, motility,
proliferation, cellular development, cell death, cellular assembly and organization, cell-tocell signaling and interaction, as well as cell cycle.
As our knowledge of tumor cells expands, there is a need to establish more advanced
models to mimic the tumor in situ. One of the main problems is the fact, that the cells are
removed from their natural environment, dissociated and cultured as single cells. It may
therefore be important to prevent this in order to be able to mimic the natural environment
as much as possible. Moreover in the recent years, the use of serum containing cell culturing
medium has come into focus. The composition of serum has not been fully understood for
many years, but it is known that it supplies the cells with nutrients, vitamins, hormones,
and growth-, differentiation-, and attachment-factors. These factors may affect the cells in
ways we are not fully aware of. It is also well known that there are differences between
batches of serum (Fisher & Wieser, 1983). Another important issue is the fact that only a
small fraction of cells in the organism is in direct contact with serum. This may be a problem
in glioma research, since the brain and brain tumor tissues are not among these cells. In this
context, it is also worth highlighting that neural stem cells should be cultured under serumfree conditions similar to what has been found for the so called glioblastoma tumor stem
cells.
The three-dimensional glioma spheroid model came into focus in the 1970’s, where scientists
started to grow tumor cells as multicellular spheroids using tumor cells from conventional
monolayer cultures (Yuhas et al., 1977). Such spheroids are usually formed by aggregation
of cells growing into the larger three-dimensional spheroids. They are believed to be a better
model than monolayer cultures due to a three-dimensional structure with more in vivo-like
intercellular contacts. This model was later on further improved by deriving spheroids from
single cells obtained from dissociated primary glioblastoma tissue (Mackillop et al., 1985). In
order to obtain an even more in vivo-like model the primary organotypic spheroids were
introduced (Bjerkvig et al., 1990). Organotypic means that the properties characteristic of the
tissue of origin is maintained. These spheroids are derived from freshly removed glioma
tissue and have been shown to be a valid tumor model providing a biological system that
mimics the original glioma in vivo.
When deriving primary spheroids from glioma biopsies, it is important to process the tumor
tissue as soon as it is removed. As we have published earlier (Christensen et al., 2010) the
glioma tissue should be collected directly in the operation theatre, where the tissue is placed
in a tube with Hanks’ Balanced Salt Solution supplemented with 0.9 % glucose and
transported to the laboratory. The tumor tissue can then be processed according to the study
by Bjerkvig et al. (Bjerkvig et al., 1990), where small tumor fragments of approximately 200400 µm in diameter are obtained after sectioning the tumor tissue manually using scalpels.
These fragments are then transferred to 0.75% agar-coated culture flasks of 75 cm2 with prewarmed medium. The cultures should be kept in a standard tissue culture incubator (95%
humidity, 95% air, and 5% CO2) and the following day the culturing medium should be
changed in order to remove dead blood cells and cellular debris. The tumor fragments
should then be examined under a light microscope every day, until they round up to form
spheroids within 5-15 days.
The main advantages by primary organotypic spheroids are the preservation of the original
intercellular contacts and the tumor heterogeneity. However, because of this heterogeneity it
is important to include a larger number of spheroids in in vitro studies using primary
spheroids in order to obtain reproducible results. In a study by Bjerkvig et al., (Bjerkvig et
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al., 1990) it was shown that when culturing small tumor fragments from astrocytic brain
tumors of increasing grade, small primary spheroids were formed for the majority of the
tumors within 3-5 days. The spheroids were analyzed by light microscopy as well as
transmission- and scanning electron microscopy (TEM and SEM, respectively) after 3 and 10
weeks of culture, showing the unique preservation of cell- to cell interaction, blood vessels,
extracellular matrix, and macrophages. It was moreover demonstrated that the primary
spheroids could be cultured for 70 days with preservation of the histology of the spheroids.
In a similar study in our laboratory, glioma tissue was collected from 11 patients. The tissue
pieces from 7 of these patients formed vital spheroids within a week. Thereafter, the
spheroids were fixed, paraffin embedded and investigated immunohistochemically as
described later in this chapter. Areas of necrosis were seen in some of the spheroids,
whereas blood vessels were present in the majority of the glioma-derived spheroids.

Fig. 1. Adherent monolayer cells and free floating spheroids. U87MG grows as an adherent
monolayer when the cells are cultured in serum containing medium (A). However, in
serum-free medium U87MG grows as spheroids (B). Tissue derived from freshly removed
glioblastoma (C) and cells from a glioblastoma short term culture (D) also grow as spheroids
when cultured in a serum-free medium. The organotypic spheroids (C) can be grown in
serum containing medium as well and preserves in both media some of the characteristics
found in the primary tumor such as tumor necrosis and blood vessels, whereas the short
term culture spheroid in (D) has lost these characteristics.
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Collect tissue and transport the freshly removed tumor tissue in Hanks’ Balanced Salt
Solution supplemented with 0.9% glucose
Place the tissue in a sterile petri dish
Section the tumor tissue manually using two scalpels until tumor fragments
of 50-400 µm in diameter are obtained
Culture fragments in 0.75% agar coated culture flasks containing 20 ml medium
Incubate the cultures in 36°C humidified air containing 5% CO2 and 95% atmospheric
air
Change the medium the next day
Change the medium twice a week in 10-15 days until the fragments round up and
form spheroids

Box 1. Preparation of organotypic primary spheroids

3. The tumor stem cell paradigm and the spheroid model
The tumor stem cell paradigm proposes that only a small subset of cells – the so-called
tumor stem cells - within the tumor cell population is able to initiate and sustain tumor
growth (Ward & Dirks, 2007). These tumor stem cells have been found in a variety of
different cancers such as leukaemia (Bonnet & Dick, 1997), colon cancer (Daidone et al.,
2004), breast cancer (Al-Hajj et al., 2003) and brain cancer (Singh et al., 2004). With the
discovery of the neural stem cells (Reynolds & Weiss, 1992) it also became plausible that
brain tumors could be derived from the transformation of neural stem cells or progenitor
cells (Singh et al., 2004). The neural stem cells were first isolated by Reynolds and Weiss in
1992 (Reynolds & Weiss, 1992). They found a small population of cells isolated from the
adult striatum in mouse brain that were able to proliferate and differentiate. They cultured
these cells in a serum-free environment supplemented with the growth factors EGF
(epidermal growth factor) and bFGF (basic fibroblast growth factor), and the cells grew as
neurospheres. When dissociating the neurospheres and re-plating them as single cells new
neurospheres developed. Under these serum-free conditions most differentiating and
differentiated cells died, whereas the neural stem cells responded to the growth factors and
proliferated to form neurospheres (Vescovi et al., 2006). By applying the same conditions to
human glioblastoma cells, it was possible to isolate a population of cells that formed
tumorspheres. These cells were capable of differentiation and self-renewal (Galli et al., 2004;
Ignatova et al., 2002; Lee et al., 2006; Singh et al., 2003). Furthermore, the cells from the
tumorspheres gave rise to tumors resembling the primary tumor when injected into the
brains of immunodeficient mice, suggesting that a population of the cells isolated were brain
tumor-initiating stem-like cells.
When culturing putative tumor stem cells, spheroid models are often used. Especially the
clonogenic neurosphere assay is used for preserving tumor stem-like cells in serum-free
medium (Lee et al., 2006). In this assay, primary human brain tumor tissue form spheroids
after repeated dissociation into single cells. However, cell-to-cell interactions are interrupted
and this might affect experimental results obtained with the tumor stem cell line-derived
spheroids. This could be particularly important in tumor stem cell research, since the
suggested close relationship between brain tumor stem cells and adjacent endothelial cells
(Bao et al., 2006; Calabrese et al., 2007) is lost in these spheroids. In addition, the culturing
medium has come into focus when performing studies focusing on tumor stem cells. As
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mentioned earlier, normal neural stem cells are cultured under serum-free conditions, since
it is well known that serum causes irreversible differentiation of neural stem cells (Gage et
al., 1995). Lee et al. (Lee et al., 2006) cultured glioblastoma short term cultures in a serumfree medium similar to the medium used for culturing neural stem cells in order to preserve
and select for tumor stem-like cells. This serum-free medium consisted of neurobasal
medium supplemented with EGF and bFGF, because EGF and bFGF earlier seemed to select
for tumor stem-like cells by inducing proliferation of multipotent, self-renewing, and
expandable tumor stem cells (Galli et al., 2004; Ignatova et al., 2002; Lee et al., 2006). In the
study by Lee et al., (Lee et al., 2006) dissociated glioblastoma cells, cultured as short term
cultures, formed spheroids expressing putative tumor stem cell markers but when culturing
the selected cells in serum containing medium, they irreversibly differentiated into neural
and glial cell lineages. Interestingly, this is in line with the irreversible differentiation of
neural stem cells under the same conditions (Gage et al., 1995).
In the search for improvement of in vitro models we performed a study in our laboratory
(Christensen et al., 2010), where organotypic primary spheroids were cultured in serum-free
medium. In terms of the tumor stem cell concept, culturing of these organotypic primary
spheroids in serum-free conditions may be closer to the in vivo situation than using tumor
stem cell line-derived spheroids, especially regarding studies of radiation and chemosensitivity. We investigated the influence of serum-containing medium and serum-free
medium on the phenotype of primary glioma spheroids. The aim was to elucidate whether
serum-free medium also favors the presence of tumor cells expressing stem cell markers in
these spheroids, when investigated immunohistochemically. The results based on seven
malignant astrocytomas WHO Grade III–IV, supported the hypothesis that putative brain
tumor stem cells are better preserved in serum-free culture medium with EGF and bFGF.
When comparing spheroids from both media, we found increased CD133 expression when
culturing primary glioma spheroids in serum-free medium compared to serum-containing
medium, which is in line with the study by Lee et al. (Lee et al., 2006) using short term
cultures. In contrast to Lee, who found a drastic decrease in Sox2, Bmi-1, and Nestin when
culturing short term cultures in serum, we only found a slightly decreased expression of
Sox2, whereas Bmi-1 and Nestin were equally expressed in both media. This better
preservation of stem cell marker expression in serum-containing medium in primary glioma
spheroids (Christensen et al., 2010) may be explained by primary spheroids preserving an
intact microenvironment, whereas Lee et al. (Lee et al., 2006) repeatedly dissociated the
spheroids. Another interesting observation was that primary glioma spheroids cultured in
serum-free medium contained more blood vessels than in serum-containing medium, and
furthermore, many blood vessels were hyperplastic. The immunohistochemical comparison
showed more CD34 and VWF, but less CD31 in serum-free medium compared to serumcontaining medium. This increase was accompanied with more CD133 positive cells, thus
suggesting that the close relationship between blood vessels and tumor stem-like cells may
be better preserved in serum-free medium.
As it is clear from the tumor stem cell research field, markers specific for tumor stem cells
are of crucial importance. This has resulted in the development of a great number of
antibodies against tumor stem cell-related proteins. Some of the most important markers in
the field of brain tumors have been (table 1) CD133 (Bandopadhyay et al. 2010; Bidlingmaier
et al., 2008; Christensen et al., 2008; Dell'albani, 2008; Fargeas et al., 2007; Griguer et al., 2008;
Jaszai et al., 2007; Mizrak et al., 2008; Pfenninger et al., 2007; Wang et al., 2008; Zeppernick et
al., 2008), A2B5 (Balik et al., 2009; Merzak et al., 1994; Ogden et al., 2008; Piepmeier et al.,
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1993; Tchoghandjian et al., 2009), Podoplanin (Goodman et al. 2009; Grau et al., 2008;
Mishima et al., 2006; Nakamura et al., 2006; Ogasawara et al., 2008; Ordonez, 2006;
Shibahara et al., 2006), Nestin (Dahlstrand et al., 1992a; Dahlstrand et al., 1992b; Dell'albani,
2008; Ehrmann et al., 2005; Ma et al., 2008; Maderna et al., 2007; Strojnik et al., 2007; Wan et
al., 2011), Mushashi-1 (Kanemura et al., 2001; Ma et al., 2008; Okano et al., 2005; Sakakibara
& Okano, 1997; Thon et al., 2010; Toda et al., 2001), Bmi-1 (Bruggeman et al., 2007; Hayry et
al., 2008; Park et al., 2004; Zencak et al., 2005) and Sox2 (Gangemi et al., 2009; Ma et al., 2008;
Phi et al., 2008) and new upcoming markers such as ID1 (Kamalian et al., 2008; Maw et al.,
2009; Nam & Benezra, 2009; Schindl et al., 2001; Schindl et al., 2003; Schoppmann et al., 2003;
Tang et al., 2009), NG2 (Brekke et al., 2006; Chekenya et al., 1999; Chekenya et al., 2002a;
Chekenya et al., 2002b; Chekenya et al., 2008; Chekenya & Immervoll, 2007; Chekenya &
Pilkington, 2002; Joo et al., 2008; Petrovici et al., 2010; Stallcup & Huang, 2008) and CD15
(Capela & Temple, 2002; Capela & Temple, 2006; Read et al., 2009; Ward et al., 2009). Until
now, the most widely used marker in brain tumors has been CD133 (Bidlingmaier et al.,
2008; Christensen et al., 2008; Dell'albani, 2008; Fargeas et al., 2007; Griguer et al., 2008;
Jaszai et al., 2007; Mizrak et al., 2008; Pfenninger et al., 2007; Wang et al., 2008; Zeppernick et
al., 2008).
Markers

Short introduction

References

CD133

CD133 is a cell membrane glycoprotein with
five transmembrane domains. CD133 has been
found in a variety of non-pathogen human
tissues including the brain. However, the
function remains unknown. It was identified
as a marker of hematopoietic stem cells in 1997
and later as a marker of human neural stem
cells. Since 2004, CD133 has been widely used
for identifying tumor stem cells in brain
tumors. However, some results suggest that
CD133 is not specific for tumor stem cells.
Downregulation of CD133 in glioma cell lines
has been suggested to influence migration,
spheroid formation and resistance to
chemotherapeutics.

Bandopadhyay et al. 2010;
Bidlingmaier et al., 2008;
Christensen et al., 2008;
Dell'albani, 2008; Fargeas et
al., 2007; Griguer et al., 2008;
Jaszai et al., 2007; Mizrak et
al., 2008; Pfenninger et al.,
2007; Wang et al., 2008;
Zeppernick et al., 2008

A2B5

A2B5 is a cell surface ganglioside found on
white
matter
progenitors
of
the
oligodendrocyte lineage. A2B5 has been found
in gliomas in a population of cells, which are
distinct from the CD133+ population but have
the capacity to initiate tumors. A2B5 might be
involved in glioma cell invasion in vitro,
probably because of adhesion of the molecule
to basement membrane components.

Balik et al., 2009; Merzak et
al., 1994; Ogden et al., 2008;
Piepmeier et al., 1993;
Tchoghandjian et al., 2009

Podoplanin Podoplanin is a mucin-type transmembrane Goodman et al. 2009; Grau et
glycoprotein found in several normal tissues al., 2008; Mishima et al.,
but not in mature astrocytes, oligodendrocytes 2006; Nakamura et al., 2006;
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or neurons. A high expression of Podoplanin Ogasawara et al., 2008;
has been found in high grade astrocytomas. Ordonez, 2006; Shibahara et
However, no protein has been detected in al., 2006
diffuse astrocytomas or in normal brain tissue.
Podoplanin has been suggested to be
expressed in human glioma stem cells. This
podoplanin positive cell population formed
neurospheres in vitro and tumors in vivo.
Moreover, these cells showed increased
resistance to radiation.
Nestin

Nestin is a protein belonging to the class VI of
intermediate filaments and it appears after
neurulation in the CNS stem cells. In the
normal adult brain, nestin is only expressed in
the neural stem cells lining the ventricular wall
and the central canal. It is believed to be a
marker of proliferating and migrating cells.
Nestin has been found in several tumor types
including gliomas. The expression of nestin
may be related to a dedifferentiated tumor
stem cell status, enhanced cell motility,
invasive potential and increased malignancy.

Dahlstrand et al., 1992a;
Dahlstrand et al., 1992b;
Dell'albani, 2008; Ehrmann et
al., 2005; Ma et al., 2008;
Maderna et al., 2007; Strojnik
et al., 2007; Wan et al., 2011

Musashi-1

Musashi-1 belongs to a family of evolutionary
well conserved neural RNA-binding proteins.
Musashi-1 is found in neural stem cells and
progenitor cells in the adult human brain and
plays important roles in cell fate decision,
including the maintenance of the stem cell
state, differentiation, and tumorigenesis.
Musashi-1 has been found in a variety of
tumors including gliomas.

Kanemura et al., 2001; Ma et
al., 2008; Okano et al., 2005;
Sakakibara & Okano, 1997;
Thon et al., 2010; Toda et al.,
2001

Bmi-1

Bmi-1 (B lymphoma Mo-MLV insertion region) Bruggeman et al., 2007;
is a Polycomb group transcription repressor, Hayry et al., 2008; Park et al.,
thought to be essential for self-renewal of 2004; Zencak et al., 2005
neural stem cells and maintenance of the stem
cell population by preventing premature
senescence. Bmi-1 is found mainly around the
ventricles in the subventricular zone and in
vitro in cortical neural stem cells as well as in
progenitor cells. Bmi-1 has been found to be
highly expressed in human brain tumors
including glioblastomas.

Sox2

Sox2 (SRY (sex determining region Y)-box 2) is Gangemi et al., 2009;
a transcription factor that plays a role in Ma et al., 2008;
sustaining self-renewal and maintaining Phi et al., 2008
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neuronal stem cell fate. It is found in the
ventricular and sub-ventricular zone in fetal
brains, but only in the ependymal cells in the
human adult brain. It has been found to be
highly expressed in glioblastoma cells
compared to normal human brain and is
believed to be involved in proliferation and
tumorigenesis.
ID1

ID1 (inhibitor of DNA binding 1) belongs to a
class of transcription factors known as helixloop-helix (HLH) proteins. The Id gene family
is involved in regulation of cell-cycle status
and differentiation during embryogenesis and
has been found in a rare type of neural stem
cells, the B1 type, where it is necessary for selfrenewal. Expression of Id proteins has been
demonstrated in a variety of human tumors
including gliomas and has been investigated as
a potential proto-oncogene. Overexpression of
Id1 in human tumor cells induces cell
proliferation and invasion, and also protects
cells against drug-induced apoptosis.

Kamalian et al., 2008; Maw et
al., 2009; Nam & Benezra,
2009; Schindl et al., 2001;
Schindl
et
al.,
2003;
Schoppmann et al., 2003;
Tang et al., 2009

NG2

NG2 is a transmembrane proteoglycan that
interacts with the ECM to mediate cell
adhesion and proliferation. It is expressed on
oligodendrocyte precursor cells in the adult
CNS. It has been found in human acute
myeloid leukemia and in gliomas, where it in
the latter seems to increase tumor cell
proliferation
in
vitro
and
promote
angiogenesis in vivo.

Brekke et al., 2006; Chekenya
et al., 1999; Chekenya et al.,
2002a; Chekenya et al.,
2002b; Chekenya et al., 2008;
Chekenya & Immervoll,
2007;
Chekenya
&
Pilkington, 2002; Joo et al.,
2008; Petrovici et al., 2010;
Stallcup & Huang, 2008

CD15

CD15 (leukocyte cluster of differentiation 15) Capela & Temple, 2002;
also known as LeX or stage-specific embryonic Capela & Temple, 2006; Read
antigen 1, SSEA-1, is an extracellular matrix- et al., 2009; Ward et al., 2009
associated carbohydrate. CD15 is secreted by
neural progenitor cells including stem cells
into the stem cell niche, where it binds factors
such as WNT-1 that are important for
progenitor proliferation and self-renewal. It is
highly expressed on pluripotent stem cells and
has been found in CNS germinal zones. It has
been found in various normal tissues but also
in different cancers including gliomas.

Table 1. Some of the most used stem cell markers in the field of brain tumors.
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Fig. 2. Spheroids derived from a glioblastoma short term culture were stained
immunohistochemically with a panel of stem cell markers. After culturing, the spheroids
were formalin fixed, paraffin embedded and sectioned in 3 µm thin sections followed by
immunohistochemical staining. The section in (A) was stained with hematoxylin and eosin
(HE) which is widely used in histology to identify cell nucleus and cytoplasm. Moreover,
sections were immunohistochemically stained with the stem or tumor stem cell markers
CD133 (B), Podoplanin (C), Nestin (D), Bmi-1 (E) and Sox2 (F).

www.intechopen.com

384

Glioma – Exploring Its Biology and Practical Relevance

CD133 was initially identified as a marker of hematopoietic stem cells in 1997 (Miraglia et
al., 1997; Yin et al., 1997) and later as a marker of human neural stem cells (Uchida et al.,
2000). In 2003 a CD133+ subpopulation of cells with stem cell properties were isolated from
medulloblastomas and pilocytic astrocytomas by flow cytometry (Singh et al., 2003). The
isolated CD133+ cells formed primary neurospheres in vitro, whereas the CD133- cells did
not. As previously mentioned, the sphere forming capability is believed to be a stem cell
hallmark. In 2004 the same group isolated CD133+ subpopulations from medulloblastomas
and glioblastomas and showed that they also exhibited stem cell properties in vivo. The
CD133+ population could initiate phenotypically similar tumors, when injected
intracranially into NOD/SCID mice in numbers as few as 100 CD133+ cells. This was not the
case for CD133- cells, where up to 100,000 cells could not initiate new tumor formation
(Singh et al., 2004). Although these results had a great impact on the field of glioma
research, it should be mentioned that today controversies exist in this area. An important
paper contributing to this controversy was a paper showing that also CD133- cells were
tumorigenic and could give rise to CD133+ cells (Wang et al., 2008).
In accordance with the general idea of neural stem cells residing in discrete stem cell niches
in the adult subventricular zone (Riquelme et al., 2008; Zhu et al., 2005), we have found
CD133+ cells in this particular zone (Hermansen et al., 2011). In line with this,
immunohistochemical studies performed by different groups (Calabrese et al., 2007; Thon et
al., 2010; Zeppernick et al., 2008) including our group (Christensen et al., 2008; Hermansen
et al., 2011) have shown that CD133 is located in clusters or niches in brain tumors, some of
which are perivascular. The size of the niches varies from large positive areas to small
perivascular niches comprising only a few cells. Several studies, including studies from our
group (Christensen et al., 2008; Hermansen et al., 2011; Immervoll et al., 2008) have,
however, also reported a widespread CD133 expression pattern in areas of various normal
tissues, which is not normally associated with stem cells. This suggests that CD133 is not
specific for stem cells and should be used in combination with other stem or progenitor cell
markers to isolate tumor stem cells.

4. Hypoxia and tumor stem cells
Several studies associate tumor hypoxia with poor patient outcome and resistance to
therapies (Bar, 2011; Li et al., 2009; Mashiko et al., 2011). In line with this, one of the
hallmarks of glioblastomas is the presence of necrosis, occurring as a consequence of poor
oxygenation and nutrition because of rapid tumor growth and formation of vessel
thrombosis (Hulleman & Helin, 2005; Louis et al., 2007; Preusser et al., 2006). The hypoxiainducible factors (HIFs) are transcription factors upregulated at low oxygen levels. These
factors mediate the cellular hypoxia response influencing angiogenesis, cell survival,
chemotherapy and radiation resistance, invasion and metastasis (Bar, 2011).
Usually culturing of cells is performed at 21 % O2, but with the knowledge that the
physiological oxygen concentration in the healthy brain ranges between 2.5 % and 12.5 % O2
and in glioblastomas is even lower (Bar, 2011), it is worth considering culturing cells at
lower oxygen concentrations. Spheroids of large sizes become hypoxic even if cultured in
normoxia because of a diffusion gradient. However, a study by Glicklis et al. (Glicklis et al.,
2004) has described that hepatocyte spheroids with diameters up to 100 μm have a good
oxygenation status. Other studies by Fehlauer et al. (Fehlauer et al., 2005; Fehlauer et al.,
2006; Fehlauer et al., 2007) have reported that by using glioma spheroids with diameters of
200-250 μm, there are only few hypoxic cells and no central necrosis present.
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Low oxygen levels in different tumor types are believed to increase the population of tumor
stem cells and to promote a stem-like state (Bar et al., 2010; Heddleston et al., 2009; Saigusa
et al., 2011; Soeda et al., 2009; Wang et al., 2011; Xing et al., 2011; Yeung et al., 2011). This is
similar to results obtained for embryonic stem cells showing that low oxygen levels promote
maintenance of pluripotent potential, and maintenance of the cells in an undifferentiated
stem cell state (Ezashi et al., 2005; Heddleston et al., 2009). The existence of tumor stem cells
has been suggested to be restricted to perivascular niches and hypoxic areas within the
tumor (Heddleston et al., 2009) explaining the poor outcome and therapeutic resistance seen
in these hypoxic tumors. In addition to obtaining a more in vivo like metabolic milieu when
culturing cells in hypoxic conditions, hypoxia also seems to promote the existence and
propagation of tumor stem cells (Heddleston et al., 2009; McCord et al., 2009; Seno et al.,
2009; Soeda et al., 2009). Several studies thus reported an increase in spheroid diameter, cell
proliferation and number of spheroids (Heddleston et al., 2009; McCord et al., 2009; Soeda et
al., 2009) when culturing spheroids in hypoxic compared to normoxic conditions. In a study
from our group (Kolenda et al., 2010), spheroids obtained from a glioblastoma short term
culture and the commercial glioblastoma cell line U87MG were cultured in both normoxia
and hypoxia. Interestingly, a significant increase in the expression of the proposed stem cell
markers CD133, Podoplanin and Bmi-1 was found in both types of spheroids when cultured
in hypoxia. Furthermore, a study by Heddelston et al. (Heddleston et al., 2009) proposed
that a phenotypic shift from non-stem to stem-like cells was obtained when culturing tumor
cells in hypoxia. On the more mechanistic level, the spheroid formation in hypoxia has been
shown to be affected by the hypoxia inducible factors as shown in studies by Li et al. (Li et
al., 2009) and Méndez et al. (Mendez et al., 2010). Knockdown of HIF altered spheroid
formation in glioma spheroids, resulting in smaller and fewer spheroids. Overall these
findings suggest that culturing of cells in hypoxia as spheroids provides important in vivolike conditions that are optimal when studying the stem cell biology of brain tumors.

5. Primary spheroids and radiotherapy
In the last three decades radiotherapy has been the standard treatment or part of the
standard treatment for newly diagnosed glioblastoma patients (Stupp et al., 2009) providing
a significant survival benefit (Laperriere et al., 2002). However, due to resistance to the
current treatment of a subset of cells, it remains palliative. Primary spheroids obtained from
glioma tissue have for years been reported to be a useful model for investigating in vitro
radiobiology due to the preserved cellular organization. Features existing in these spheroids
such as cell-cell contact, variation in the cell cycle distribution, diffusion effects, altered
metabolism and hypoxia may influence the outcome of treatment, contributing to a better
resemblance of the in vivo situation than obtained with a monolayer model (Olive &
Durand, 1994; Sutherland & Durand, 1972). One feature of particular importance in these
spheroids is possibly the low oxygen status being partly responsible for the increased
radioresistance of the spheroid tumor cells (Blazek et al., 2007; Hsieh et al., 2010; Sutherland,
1998). Ionising radiation causes the formation of reactive oxygen species (ROS) (Brahme &
Lind, 2010; 2008) and oxygen has therefore long been known to be a potent radiosensitizer
(Vlashi et al., 2009). ROS causes damage to cellular components including DNA damage
(Nishikawa, 2008) and are critical for irradiation-induced killing of tumor cells (Diehn et al.,
2009). However, there have also been reports of no evident correlation between hypoxia and
radioresistance (Buffa et al., 2001; Gorlach & Acker, 1994; Sminia et al., 2003) A study by
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Sminia et al. (Sminia et al., 2003) found that both hypoxic and well-oxygenated organotypic
multicellular spheroids derived from glioblastoma specimens showed high resistance to
irradiation.
A study by Kaaijk et al. (Kaaijk et al., 1997) described the observation of only minor
histological changes including a few shrunken nuclei, but no major histological damage in
normoxic organotypic multicellular glioblastoma spheroids after a single dose of 50 Gy. This
is in line with a study by Bauman et al. (Bauman et al., 1999), where C6 astrocytoma
spheroids were implanted into a collagen type I gel. Following irradiation with 12 and 25
Gy, neither the hypoxic core nor the rim of the spheroids experienced a significant increase
in the fraction of apoptotic cells. Similar to this, U87MG monolayer cultures irradiated with
8 and 20 Gy showed no considerable apoptosis five days after treatment and remained
viable ten weeks after a 40 Gy dose was administered. However, in fact Kaaijk et al.
reported that proliferation in three investigated organotypic multicellular spheroids was
decreased 7-20 fold relative to untreated controls one week after hypofractionated radiation
with a total of 40 Gy. Moreover, Fehlauer et al. (Fehlauer et al., 2005; Fehlauer et al., 2006)
described in two studies a decrease in the percentage of MIB-1 positive proliferative cells in
organotypic multicellular spheroids following irradiation with 20 Gy.
It has also been suggested that tumor stem cells might show increased radioresistance
compared to more differentiated cells (Bao et al., 2006; Phillips et al., 2006; Rich, 2007). Bao et
al. (Bao et al., 2006) thus showed that CD133+ cells survived ionizing radiation better than
CD133- cells and that the fraction of CD133+ cells was enriched in gliomas after radiotherapy, suggesting that the CD133+ cellular population of gliomas is contributing to glioma
radioresistance and could be the source of tumor repopulation after radiation. Liu et al. (Liu
et al., 2006) investigated mRNA levels of various markers including BCRP1 (breast cancer
resistance protein), MGMT (O-6-methylguanine-DNA methyltransferase), anti-apoptosis
proteins and inhibitors of apoptosis protein families in CD133+ cells isolated by FACS.
These markers are involved in treatment resistance and elevated mRNA levels were shown
in CD133+ cells compared to CD133- cells. A significant degree of resistance towards
chemotherapeutics such as temozolomide, carboplatin, paclitaxel and etoposide were
demonstrated in the CD133+ cells (Liu et al., 2006). In line with these results Liu et al.
showed enrichment of CD133+ cells in five recurrent gliomas when compared to the
respective newly diagnosed tumors. Furthermore, results obtained in our laboratory have
shown a much more pronounced reduction in the secondary spheroid formation capacity of
irradiated spheroids derived from recently established glioma spheroids with stem cell
characteristics compared to U87MG derived spheroids without these characteristics
(Jakobsen et al. 2011).

6. Spheroids and chemotherapy
Besides irradiation and surgery, the treatment of glioblastomas consists of chemotherapy.
Although the introduction of temozolomide as standard chemotherapeutic in 2005 (Stupp et
al., 2005) has increased the overall patient survival, new and more efficient
chemotherapeutics or targeted therapies are urgently needed. Here spheroids also have an
important role to play.
Investigations of the specific effects of chemotherapeutics and other drugs on glioma
spheroids are often done by investigating the size and number of spheroids as well as the
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viability and the proliferation of cells in the spheroids, including the ability of the cells to
form secondary spheroid.
Frequently used assays for measuring the viability of the cells after treatment is tetrazoliumbased cell proliferation assays. Several variations of this assay exists (XTT, MTT, MTS or
WST-1) (Berridge et al., 2005), but all utilize the conversion of tetrazolium salts by active
mitochondria into dark red formazan that can be monitored by absorbance measurements
(Berridge et al., 2005). Usually these assays are used on adherent monolayer cultures, which
consist of uniform cell populations. However, these assays have also been used on spheroids
consisting of more heterogenous cell populations. In one study (Johannessen et al., 2009) the
doxorubicin sensitivity was determined in high and low passage spheroids by a MTS-assay.
This was done by placing one spheroid per well in a 96 well plate, measuring viability
relative to size after incubation with doxorubicin for 96 hours. After the viability
measurements, the spheroids were allowed to adhere to the bottom of the plastic plates
resulting in cell migration from the spheroids. Immunostaining of the migratory cells were
performed using the neural stem cell markers Nestin, Vimentin and Musashi-1.
Another widely used assay is the lactate dehydrogenase assay (LDH-assay), measuring cell
death. The LDH-assay indirectly measures plasma membrane damage, which is related to
cell death. Due to membrane damage, LDH leaks to the culture medium, where it
participates in the conversion of tetrazolium salts to formazan. The amount of formazan
produced is directly proportional to the amount of LDH in the culture medium, which in
turn is directly proportional to the number of dead or damaged cells (Korzeniewski &
Callewaert, 1983).
The size of spheroids after drug treatment has also been used as a measure of cell viability
(Fehlauer et al., 2007; Johannessen et al., 2009; Khaitan et al., 2009; Yamaguchi et al., 2010).
Khaitan et al. (Khaitan et al., 2009) investigated the effect of the glycolytic inhibitor 2-deoxyD-glucose on spheroids derived from a human glioma cell line by measuring the size of the
spheroids after drug exposure. In a stem cell context, number and size of primary and
secondary spheroids have also been widely used as measures of the self-renewal potential,
which is one of the hallmarks of stem cells. Especially the traits that are attributable to tumor
stem cells are of interest, as the tumor stem cell hypothesis states that the tumor stem cells
need to be targeted specifically in order to improve cancer treatment. In the so called
spheroid formation assays or clonogenic assays, the ability of the cells to form spheroids is
investigated. In many studies (Sunayama et al., 2010; Wakimoto et al., 2009; Wang et al.,
2010; Zhu et al., 2010) this is primarily done after treatment of the cells, thereby
investigating the effect of a given drug on the ability of the cells to self-renew. Different
experimental setups have been employed using different cell densities, probably resulting in
two different assays - one assay with high cell densities for evaluation of proliferation and
another assay with small so-called clonal cell densities for evaluation of self-renewal or
clonogenic capabilities of the cells. High cell densities often result in cell and spheroid fusion
due to a high motility of the spheroids (Singec et al., 2006) and it is therefore not possible to
investigate the self-renewal mechanism in this assay. A plating density of 20 cells/µl has
been considered as clonal conditions in terms of neurosphere formation (Singec et al., 2006).
In glioma studies cell densities ranging between 0.15 cells/µl to 300 cells/µl have been used
(Kolenda et al., 2010; Sunayama et al., 2010; Wakimoto et al., 2009; Wang et al., 2010; Zhu et
al., 2010) when studying spheroid formation.
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7. An in vivo-like in vitro model of glioma invasion
Gliomas are known to be highly invasive and new knowledge concerning tumor cell invasion
also incorporating the tumor stem cell aspect is urgently needed. In our laboratory we have
worked to improve in vitro models when investigating the invasive features of glioblastoma
cells. This led to establishment of an in vivo-like model of invasion, where spheroids are
implanted into organotypic brain slice cultures.
The organotypic brain slice cultures became very popular research tools especially with the
development of the roller-tube technique by Gähwiler in 1981 (Gahwiler, 1981) and the
inter-face culturing method developed by Stoppini in 1991 (Stoppini et al., 1991). These
cultures preserve many of the basic structural and connective tissue structures present in the
tissue, when it is localized in the brain (Gahwiler, 1988). By implanting the organotypic
spheroids into the organotypic brain slice cultures, it is possible to establish an organotypic
spheroid-based slice-culture invasion assay, suitable for following tumor cell invasion into
the brain tissue in vitro.
The investigation of glioma invasion has been performed since the 1980’s but the models
used have improved during the years. Different assays have been used to address the
invasive capacities of the tumor cells. A frequently used migration assay allows spheroids to
adhere to the bottom of coated plastic plates, and after a period of time the distance of
migrating cells from the spheroid can be measured (Gliemroth et al., 2003; Narla et al., 1998;
Terzis et al., 1997; Terzis et al., 1998). Another extensively used invasion assay is the Boyden
or Boyden-like chamber-based assays. The Boyden chamber was first introduced by Boyden
in order to investigate the chemotactic effect of mixtures of antibody and antigen on
leukocytes (Boyden, 1962). The principle in the Boyden chambers is cell migration into a
microporous membrane, often made of matrigel (Deryugina et al., 1997; Paulus & Tonn,
1994; Schichor et al., 2005). The membrane is placed in between two medium-filled
compartments; the upper compartment containing cells whereas the lower compartment
may contain a chemotactic agent. After an incubation period, the cells migrating through the
microporous membrane can be stained and counted (Chen, 2005). In a variation of the
Boyden Chamber assay, slices of porcine white and gray matter were placed on top of a
filter between the two compartments facilitating the cells to migrate through the porcine
brain slice, making this assay a combination of the Boyden Chamber and the organotypic coculture system (Schichor et al., 2005).
In the first real invasion studies, tissue aggregates from rat brain or chick heart were (LundJohansen et al., 1990) placed next to the tumor tissue, but first with the development of the
organotypic brain slice culture, it was possible to preserve the brain architecture and
organization in an optimal way, thereby creating the conditions necessary for a more in
vivo-like model of glioma invasion. Several groups have been using this model to
investigate the invasion of glioma cell into organotypic brain slice cultures (Aaberg-Jessen et
al. 2011; Caspani et al., 2006; De et al., 2002; Eyupoglu et al., 2005; Guillamo et al., 2009;
Jensen et al. 2010; Matsumura et al., 2000; Ohnishi et al., 1998; Palfi et al., 2004; Stoppini et
al., 1991). In one study using this model, invasion was shown to be associated with the
histological type and grade of the tumor (Palfi et al., 2004) and in another study invasion
and tumor-induced neurotoxicity was shown to be associated (Eyupoglu et al., 2005). Most
interestingly, quantitative analysis of invasion has also been performed (De et al., 2002)
using confocal laser scanning microscopy and a three-dimensional visualization after having
followed invasion over several weeks (Matsumura et al., 2000).
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Besides investigating tumor invasion into the brain tissue, the model offers several other
applications. Guillamo et al. (Guillamo et al., 2009) investigated the invasion, proliferation
and angiogenesis of six human malignant glioma spheroids implanted into organotypic
brain slice cultures, when these co-cultures were treated with gefinitib. Some of the tumors
implanted had EGFR amplifications resulting in more pronounced invasion than tumors
without EGFR amplification. Upon treatment with gefinitib only tumor cell invasion from
tumors with EGFR amplification was inhibited, whereas vascular density was decreased in
all tumors. In another study, Caspani et al. (Caspani et al., 2006) used the co-culture model
to investigate the re-organization of the cytoskeleton in migrating glioblastoma cells. Cells
transfected with green fluorescent protein were introduced into collagen gels, brain slice
cultures and in vivo into mice brains and the re-organization and motility of the
glioblastoma cells in the different models were monitored by confocal microscopy.
Organotypic brain slice cultures from rodents have been used in a variety of different
studies using tissue obtained from different areas in the brain. The organotypic brain slice
cultures used in the invasion studies varied from explants from spinal cord (Caspani et al.,
2006), brain slices cut in the sagittal plane (Caspani et al., 2006) and the coronal plane (De et
al., 2002; Guillamo et al., 2009; Matsumura et al., 2000; Ohnishi et al., 1998; Palfi et al., 2004)
as well as entorhinohippocampal slice cultures (Eyupoglu et al., 2005). Since glioblastomas
are often located in the subcortical white matter of the cerebral hemisphere and tumor
infiltration often extends into the adjacent cortex and through corpus callosum (Louis et al.,
2007) we have used organotypic corticostriatal brain slice cultures with cortex, striatum and
corpus callosum for our studies of the invasive features of the glioblastoma cells. Such
corticostriatal slice cultures should be cultured by the interface method placing the brain
slices at the interface between air and culturing medium on a porous, transparent and lowprotein binding membrane. This allows the cultures to be oxygenated on one site, while
receiving nutrients from the other site. In the following text our approach is described in
details.
The corticostriatal slice cultures are prepared from newborn Wistar rat pups by a method
slightly modified from Kristensen et al. (Kristensen et al., 1999). The brain is aseptically
removed from the pup and placed in a petri dish under a stereomicroscope, where the
meninges are carefully removed. Hereafter the brain is sectioned coronally in 400 μm slices
on a McIIwain tissue Chopper and the slices are transferred to a petri dish containing
Hanks’ Balanced Salt Solution supplemented with 0.9% glucose. The brain slices are
separated from each other and the sections containing cortex and striatum are divided into
the two hemispheric parts resulting in the final brain slices. These slices are randomly
moved to the insert membranes with four cultures on each membrane. Finally, the
membrane inserts are placed in a 6-well plate in 1 ml preheated medium, and incubated in
36°C humidified air containing 5% CO2 and 95% atmospheric air.
Cell line spheroids or organotypic primary spheroids are implanted into organotypic
brain slice cultures in the corpus callosum area between cortex and striatum, whereby a
co-culture is established. In order to identify and follow tumor cells when they invade the
slice, the spheroids can be labeled with the fluorescent dye, DiI (1,1′-Dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine perchlorate) for 24 h before implantation, enabling confocal
microscopy. The labeled spheroids are prepared by adding a DiI solution to the medium
with spheroids, achieving a concentration of 25 μg/ml. Before implantation the spheroids
are washed in medium to avoid bringing excess dye onto the brain slice cultures.
Spheroids around 200-400 μm in diameter are captured using a denudation pipette and

www.intechopen.com

390

Glioma – Exploring Its Biology and Practical Relevance

thereafter carefully placed next to corpus callosum between cortex and striatum in the
brain slice cultures. The culturing plates are placed in the incubator in 36°C humidified air
containing 5% CO2 and 95% atmospheric air, whereafter the medium is changed twice a
week. By monitoring the co-culture with confocal time-lapse microscopy, tumor cell
invasion into the surrounding rat brain tissue can be visualized. Using a confocal
microscope, a z-stack can be made consisting of thin sections at different levels of the
culture. This makes it possible to follow invasion from all parts of the spheroid in
different layers of the brain slice culture, whereby a three-dimentional movie and image
can be constructed or alternatively an accumulated two-dimensional image based on
overlay of all the images from one z-stack.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Decapitate a newborn rat pup
Aseptically remove the brain
Remove the meninges
Section the brain coronally in 400 µm slices on a McIIwain tissue Chopper
Separate the brain slices and choose the slices containing cortex and striatum
Divide these slices into the two identical halves for obtaining the final brain slice
cultures
Move slices randomly to a transparent insert membrane
Place the insert membranes in a 6-well culturing plate with 1 ml preheated medium
Incubate the cultures in 36°C humidified air containing 5% CO2 and 95% atmospheric
air
Change the medium twice a week
Label organotypic spheroids or spheroids derived from short term cultures with
25µg/ml DiI for 24 h before implantation
Wash the spheroids 3 times with medium before implantation
Use spheroids in the size range from 200-400 µm
Place the spheroids in the area between cortex and striatum next to corpus callosum
by a denudation pipette
Incubate the co-cultures in 36°C humidified air containing 5% CO2 and 95%
atmospheric air
Monitor the DiI-labeled spheroids using confocal microscopy

Box 2. Preparation of organotypic corticostriatal brain slice cultures and implantation of
spheroids.

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

391

Fig. 3. Schematic overview of the implantation of glioma spheroids into organotypic rat
corticostriatal brain slice cultures. Glioma tissue is obtained from patients and collected in
the operation theatre. Thereafter, it is processed and cultured in the laboratory until
spheroids are formed. Alternatively, spheroids from established short term cultures or cell
lines can be used. Simultaneously, brain slice cultures from newborn rats are prepared and
cultured by the interface method. The spheroids are labeled with the fluorescent dye DiI and
implanted into the brain slice cultures in the corpus callosum area between cortex and
striatum, here illustrated by a phase contrast image of a spheroid immediately after
implantation and after 14 days of culturing. Note the less marked edge of the spheroid as
the cells migrate into the surrounding brain tissue (Cx- cortex and Str-striatum).
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Fig. 4. Confocal images of an invasive DiI-labeled glioma spheroid implanted into an
organotypic rat brain slice culture. The spheroid is followed by confocal timelapse
microscopy for a period of 72 hours. The images are accumulated images based on overlay
of all the images from one z-stack. A z-stack consists of several images obtained at different
levels of the co-culture.

8. Conclusion
We conclude that the three-dimensional spheroid models offers advantages in glioma
research taking tumor biology and microenvironment into account. Especially, when using
the organotypic models, where the structure and organization of the tissue is preserved,
features close to the in vivo situation are supposed to be obtained. In tumor stem cell
research, the spheroids are a necessary tool as this culture method seems to promote the
existence of these cells. This is especially the case when culturing the spheroids in a hypoxic
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environment. As discussed in the chapter, spheroids have been used in a wide range of
experiments investigating radiation responses, effects of chemotherapy and effects of
different types of experimental drugs as well as in migration and invasion studies. The
experimental setups may be somewhat more difficult than by using monolayer cultures, but
since the spheroid models are supposed to be closer to the in vivo situation, the results and
answers obtained are also supposed to be closer to what it true for the corresponding
tumors in the human brain. However, efforts should be made to develop these threedimensional models to become even more in vivo-like, in order to meet new challenges in
glioma research and drug development. The use of spheroids in especially tumor stem cell
research has been fast increasing in recent years making spheroids an important tool also in
future glioma research.

9. References
Aaberg-Jessen, C., Nørregaard, A., Christensen, K. G., Jensen, S. S., Andersen, C., & Kristensen,
B. W. (2011). Invasion of primary glioma- and cell line-derived spheroids implanted
into corticostriatal slice cultures, Proceedings of American Association of Cancer Research
102nd annual meeting, Orlando, Florida, USA, April 2011
Al-Hajj, M., Wicha, M. S., ito-Hernandez, A., Morrison, S. J., & Clarke, M. F. (2003).
Prospective identification of tumorigenic breast cancer cells. Proc. Natl.Acad. Sci.
U.S.A. Vol. 100, No. 7, pp. 3983-3988
Balik, V., Mirossay, P., Bohus, P., Sulla, I., Mirossay, L., & Sarissky, M. (2009). Flow
cytometry analysis of neural differentiation markers expression in human
glioblastomas may predict their response to chemotherapy. Cell Mol. Neurobiol. Vol.
29, No. 6-7, pp. 845-858
Bandopadhyay, G., Grabowska, A., Coyle, B., & Watson, S. (2010). Functional roles of CD133
in glioblastoma multiforme, Proceedings of 22nd EORTC-NCI-AACR symposium on
"Molecular targets and Cancer Therapeutics", Berlin, Germany, November 2010
Bao, S., Wu, Q., McLendon, R. E., Hao, Y., Shi, Q., Hjelmeland, A. B., Dewhirst, M. W.,
Bigner, D. D., & Rich, J. N. (2006). Glioma stem cells promote radioresistance by
preferential activation of the DNA damage response. Nature. Vol. 444, No. 7120, pp.
756-760
Bao, S., Wu, Q., Sathornsumetee, S., Hao, Y., Li, Z., Hjelmeland, A. B., Shi, Q., McLendon, R.
E., Bigner, D. D., & Rich, J. N. (2006). Stem cell-like glioma cells promote tumor
angiogenesis through vascular endothelial growth factor. Cancer Res. Vol. 66, No.
16, pp. 7843-7848
Bar, E. E. (2011). Glioblastoma, cancer stem cells and hypoxia. Brain Pathol. Vol. 21, No. 2,
pp. 119-129
Bar, E. E., Lin, A., Mahairaki, V., Matsui, W., & Eberhart, C. G. (2010). Hypoxia increases the
expression of stem-cell markers and promotes clonogenicity in glioblastoma
neurospheres. Am.J.Pathol. Vol. 177, No. 3, pp. 1491-1502
Bauman, G. S., Fisher, B. J., McDonald, W., Amberger, V. R., Moore, E., & Del Maestro, R. F.
(1999). Effects of radiation on a three-dimensional model of malignant glioma
invasion. Int.J.Dev.Neurosci. Vol. 17, No. 5-6, pp. 643-651
Berridge, M. V., Herst, P. M., & Tan, A. S. (2005). Tetrazolium dyes as tools in cell biology: new
insights into their cellular reduction. Biotechnol. Annu. Rev. Vol. 11, No. 127-152

www.intechopen.com

394

Glioma – Exploring Its Biology and Practical Relevance

Bidlingmaier, S., Zhu, X., & Liu, B. (2008). The utility and limitations of glycosylated human
CD133 epitopes in defining cancer stem cells. J.Mol.Med. Vol. 86, No. 9, pp. 1025-1032
Bjerkvig, R., Tonnesen, A., Laerum, O. D., & Backlund, E. O. (1990). Multicellular tumor
spheroids from human gliomas maintained in organ culture. J.Neurosurg. Vol. 72,
No. 3, pp. 463-475
Blazek, E. R., Foutch, J. L., & Maki, G. (2007). Daoy medulloblastoma cells that express CD133
are radioresistant relative to C. Int.J.Radiat.Oncol.Biol.Phys. Vol. 67, No. 1, pp. 1-5
Bonnet, D. & Dick, J. E. (1997). Human acute myeloid leukemia is organized as a hierarchy that
originates from a primitive hematopoietic cell. Nat.Med. Vol. 3, No. 7, pp. 730-737
Boyden, S. (1962). The chemotactic effect of mixtures of antibody and antigen on
polymorphonuclear leucocytes. J.Exp.Med. Vol. 115, No. 453-466
Brahme, A. & Lind, B. K. (2010). A systems biology approach to radiation therapy
optimization. Radiat.Environ.Biophys. Vol. 49, No. 2, pp. 111-124
Brekke, C., Lundervold, A., Enger, P. O., Brekken, C., Stalsett, E., Pedersen, T. B.,
Haraldseth, O., Kruger, P. G., Bjerkvig, R., & Chekenya, M. (2006). NG2 expression
regulates vascular morphology and function in human brain tumours. Neuroimage.
Vol. 29, No. 3, pp. 965-976
Bruggeman, S. W., Hulsman, D., Tanger, E., Buckle, T., Blom, M., Zevenhoven, J., van, T. O., &
van, L. M. (2007). Bmi1 controls tumor development in an Ink4a/Arf-independent
manner in a mouse model for glioma. Cancer Cell. Vol. 12, No. 4, pp. 328-341
Buffa, F. M., West, C., Byrne, K., Moore, J. V., & Nahum, A. E. (2001). Radiation response
and cure rate of human colon adenocarcinoma spheroids of different size: the
significance of hypoxia on tumor control modelling. Int.J.Radiat.Oncol.Biol.Phys.
Vol. 49, No. 4, pp. 1109-1118
Calabrese, C., Poppleton, H., Kocak, M., Hogg, T. L., Fuller, C., Hamner, B., Oh, E. Y., Gaber,
M. W., Finklestein, D., Allen, M., Frank, A., Bayazitov, I. T., Zakharenko, S. S.,
Gajjar, A., Davidoff, A., & Gilbertson, R. J. (2007). A perivascular niche for brain
tumor stem cells. Cancer Cell. Vol. 11, No. 1, pp. 69-82
Capela, A. & Temple, S. (2002). LeX/ssea-1 is expressed by adult mouse CNS stem cells,
identifying them as nonependymal. Neuron. Vol. 35, No. 5, pp. 865-875
Capela, A. & Temple, S. (2006). LeX is expressed by principle progenitor cells in the
embryonic nervous system, is secreted into their environment and binds Wnt-1.
Dev.Biol. Vol. 291, No. 2, pp. 300-313
Caspani, E. M., Echevarria, D., Rottner, K., & Small, J. V. (2006). Live imaging of
glioblastoma cells in brain tissue shows requirement of actin bundles for migration.
Neuron Glia Biol. Vol. 2, No. 2, pp. 105-114
Chekenya, M., Enger, P. O., Thorsen, F., Tysnes, B. B., Al-Sarraj, S., Read, T. A., Furmanek,
T., Mahesparan, R., Levine, J. M., Butt, A. M., Pilkington, G. J., & Bjerkvig, R.
(2002a). The glial precursor proteoglycan, NG2, is expressed on tumour
neovasculature by vascular pericytes in human malignant brain tumours.
Neuropathol.Appl.Neurobiol. Vol. 28, No. 5, pp. 367-380
Chekenya, M., Hjelstuen, M., Enger, P. O., Thorsen, F., Jacob, A. L., Probst, B., Haraldseth,
O., Pilkington, G., Butt, A., Levine, J. M., & Bjerkvig, R. (2002b). NG2 proteoglycan
promotes angiogenesis-dependent tumor growth in CNS by sequestering
angiostatin. FASEB J. Vol. 16, No. 6, pp. 586-588

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

395

Chekenya, M. & Immervoll, H. (2007). NG2/HMP proteoglycan as a cancer therapeutic
target. Methods Mol.Biol. Vol. 361, No. 93-117
Chekenya, M., Krakstad, C., Svendsen, A., Netland, I. A., Staalesen, V., Tysnes, B. B.,
Selheim, F., Wang, J., Sakariassen, P. O., Sandal, T., Lonning, P. E., Flatmark, T.,
Enger, P. O., Bjerkvig, R., Sioud, M., & Stallcup, W. B. (2008). The progenitor cell
marker NG2/MPG promotes chemoresistance by activation of integrin-dependent
PI3K/Akt signaling. Oncogene. Vol. 27, No. 39, pp. 5182-5194
Chekenya, M. & Pilkington, G. J. (2002). NG2 precursor cells in neoplasia: functional,
histogenesis and therapeutic implications for malignant brain tumours.
J.Neurocytol. Vol. 31, No. 6-7, pp. 507-521
Chekenya, M., Rooprai, H. K., Davies, D., Levine, J. M., Butt, A. M., & Pilkington, G. J.
(1999). The NG2 chondroitin sulfate proteoglycan: role in malignant progression of
human brain tumours. Int.J.Dev.Neurosci. Vol. 17, No. 5-6, pp. 421-435
Chen, H. C. (2005). Boyden chamber assay. Methods Mol.Biol. Vol. 294, No. 15-22
Christensen, K., Aaberg-Jessen, C., Andersen, C., Goplen, D., Bjerkvig, R., & Kristensen, B.
W. (2010). Immunohistochemical expression of stem cell, endothelial cell, and
chemosensitivity markers in primary glioma spheroids cultured in serumcontaining and serum-free medium. Neurosurgery. Vol. 66, No. 5, pp. 933-947
Christensen, K., Schrøder, H. D., & Kristensen, B. W. (2008). CD133 identifies perivascular
niches in grade II-IV astrocytomas. J.Neurooncol. Vol. 90, No. 2, pp.157-70
Clark, M. J., Homer, N., O'Connor, B. D., Chen, Z., Eskin, A., Lee, H., Merriman, B., &
Nelson, S. F. (2010). U87MG decoded: the genomic sequence of a cytogenetically
aberrant human cancer cell line. PLoS.Genet. Vol. 6, No. 1, pp. e1000832
Dahlstrand, J., Collins, V. P., & Lendahl, U. (1992a). Expression of the class VI intermediate
filament nestin in human central nervous system tumors. Cancer Res. Vol. 52, No.
19, pp. 5334-5341
Dahlstrand, J., Zimmerman, L. B., McKay, R. D., & Lendahl, U. (1992b). Characterization of
the human nestin gene reveals a close evolutionary relationship to neurofilaments.
J.Cell Sci. Vol. 103 ( Pt 2), No. 589-597
Daidone, M. G., Costa, A., Frattini, M., Balestra, D., Bertario, L., & Pierotti, M. A. (2004).
Correspondence re: T. Zhang et al., Evidence that APC regulates survivin
expression: a possible mechanism contributing to the stem cell origin of colon
cancer. Cancer Res., 61: 8664-8667, 2001. Cancer Res. Vol. 64, No. 2, pp. 776-777
De, B. S., Christov, C., Guillamo, J. S., Kassar-Duchossoy, L., Palfi, S., Leguerinel, C., Masset,
M., Cohen-Hagenauer, O., Peschanski, M., & Lefrancois, T. (2002). Invasion of
human glioma biopsy specimens in cultures of rodent brain slices: a quantitative
analysis. J.Neurosurg. Vol. 97, No. 1, pp. 169-176
Dell'albani, P. (2008). Stem Cell Markers in Gliomas. Neurochem.Res. Vol. 33, No.12, pp. 24072415
Deryugina, E. I., Luo, G. X., Reisfeld, R. A., Bourdon, M. A., & Strongin, A. (1997). Tumor
cell invasion through matrigel is regulated by activated matrix metalloproteinase-2.
Anticancer Res. Vol. 17, No. 5A, pp. 3201-3210
Diehn, M., Cho, R. W., Lobo, N. A., Kalisky, T., Dorie, M. J., Kulp, A. N., Qian, D., Lam, J. S.,
Ailles, L. E., Wong, M., Joshua, B., Kaplan, M. J., Wapnir, I., Dirbas, F. M., Somlo, G.,
Garberoglio, C., Paz, B., Shen, J., Lau, S. K., Quake, S. R., Brown, J. M., Weissman, I. L., &

www.intechopen.com

396

Glioma – Exploring Its Biology and Practical Relevance

Clarke, M. F. (2009). Association of reactive oxygen species levels and radioresistance in
cancer stem cells. Nature. Vol. 458, No. 7239, pp. 780-783
Ehrmann, J., Kolar, Z., & Mokry, J. (2005). Nestin as a diagnostic and prognostic marker:
immunohistochemical analysis of its expression in different tumours. J.Clin.Pathol.
Vol. 58, No. 2, pp. 222-223
Eyupoglu, I. Y., Hahnen, E., Heckel, A., Siebzehnrubl, F. A., Buslei, R., Fahlbusch, R., &
Blumcke, I. (2005). Malignant glioma-induced neuronal cell death in an organotypic
glioma invasion model. Technical note. J.Neurosurg. Vol. 102, No. 4, pp. 738-744
Ezashi, T., Das, P., & Roberts, R. M. (2005). Low O2 tensions and the prevention of
differentiation of hES cells. Proc.Natl.Acad.Sci.U.S.A. Vol. 102, No. 13, pp. 4783-4788
Fargeas, C. A., Huttner, W. B., & Corbeil, D. (2007). Nomenclature of prominin-1 (CD133)
splice variants - an update. Tissue Antigens. Vol. 69, No. 6, pp. 602-606
Fehlauer, F., Muench, M., Rades, D., Stalpers, L. J., Leenstra, S., van, d., V, Slotman, B., Smid,
E. J., & Sminia, P. (2005). Effects of irradiation and cisplatin on human glioma
spheroids: inhibition of cell proliferation and cell migration. J.Cancer Res.Clin.Oncol.
Vol. 131, No. 11, pp. 723-732
Fehlauer, F., Muench, M., Richter, E., & Rades, D. (2007). The inhibition of proliferation and
migration of glioma spheroids exposed to temozolomide is less than additive if
combined with irradiation. Oncol.Rep. Vol. 17, No. 4, pp. 941-945
Fehlauer, F., Muench, M., Smid, E. J., Slotman, B., Richter, E., van, d., V, & Sminia, P. (2006).
Combined modality therapy of gemcitabine and irradiation on human glioma
spheroids derived from cell lines and biopsy tissue. Oncol.Rep. Vol. 15, No. 1, pp. 97-105
Fisher, G. , Wieser, R. J.1983). Hormonally Defined Media. A Tool in Cell Biology, SpringerVerlag, 3-540-12668-6, Berlin Heidelberg, Germany
Gage, F. H., Ray, J., & Fisher, L. J. (1995). Isolation, characterization, and use of stem cells
from the CNS. Annu.Rev.Neurosci. Vol. 18, No. 159-192
Gahwiler, B. H. (1981). Organotypic monolayer cultures of nervous tissue. J
Neurosci.Methods. Vol. 4, No. 4, pp. 329-342
Gahwiler, B. H. (1988). Organotypic cultures of neural tissue. Trends Neurosci. Vol. 11, No.
11, pp. 484-489
Galli, R., Binda, E., Orfanelli, U., Cipelletti, B., Gritti, A., De, V. S., Fiocco, R., Foroni, C.,
Dimeco, F., & Vescovi, A. (2004). Isolation and characterization of tumorigenic,
stem-like neural precursors from human glioblastoma. Cancer Res. Vol. 64, No. 19,
pp. 7011-7021
Gangemi, R. M., Griffero, F., Marubbi, D., Perera, M., Capra, M. C., Malatesta, P., Ravetti, G.
L., Zona, G. L., Daga, A., & Corte, G. (2009). SOX2 silencing in glioblastoma tumorinitiating cells causes stop of proliferation and loss of tumorigenicity. Stem Cells.
Vol. 27, No. 1, pp. 40-48
Genc, M., Castro, K. N., Barten-van, R. A., Stalpers, L. J., & Haveman, J. (2004). Enhancement
of effects of irradiation by gemcitabine in a glioblastoma cell line and cell line
spheroids. J.Cancer Res.Clin.Oncol. Vol. 130, No. 1, pp. 45-51
Glicklis, R., Merchuk, J. C., & Cohen, S. (2004). Modeling mass transfer in hepatocyte
spheroids via cell viability, spheroid size, and hepatocellular functions.
Biotechnol.Bioeng. Vol. 86, No. 6, pp. 672-680

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

397

Gliemroth, J., Zulewski, H., Arnold, H., & Terzis, A. J. (2003). Migration, proliferation, and
invasion of human glioma cells following treatment with simvastatin.
Neurosurg.Rev. Vol. 26, No. 2, pp. 117-124
Goodman, L. D., Le, T. T., Love, P., Gumin, J., Lang, F. F., Colman, H., Aldape, K., & Sulman, E.
P. (2009). Glioma cancer stem cells expressing podoplanin exhibit a unique gene
expression signature, even in the absence of CD133, Proceedings of American association of
Cancer research 100th annual meeting, Denver, Colorado, USA, April 2009
Gorlach, A. & Acker, H. (1994). pO2- and pH-gradients in multicellular spheroids and their
relationship to cellular metabolism and radiation sensitivity of malignant human
tumor cells. Biochim.Biophys.Acta. Vol. 1227, No. 3, pp. 105-112
Grau, S. J., Trillsch, F., von, L., I, Nelson, P. J., Herms, J., Tonn, J. C., & Goldbrunner, R. H.
(2008). Lymphatic phenotype of tumour vessels in malignant gliomas.
Neuropathol.Appl.Neurobiol. Vol. 34, No. 6, pp. 675-679
Griguer, C. E., Oliva, C. R., Gobin, E., Marcorelles, P., Benos, D. J., Lancaster, J. R., Jr., &
Gillespie, G. Y. (2008). CD133 is a marker of bioenergetic stress in human glioma.
PLoS.One. Vol. 3, No. 11, pp. e3655
Guillamo, J. S., De, B. S., Valable, S., Marteau, L., Leuraud, P., Marie, Y., Poupon, M. F., Parienti, J.
J., Raymond, E., & Peschanski, M. (2009). Molecular mechanisms underlying effects of
epidermal growth factor receptor inhibition on invasion, proliferation, and angiogenesis
in experimental glioma. Clin.Cancer Res. Vol. 15, No. 11, pp. 3697-3704
Haas-Kogan, D. A., Dazin, P., Hu, L., Deen, D. F., & Israel, A. (1996). P53-independent
apoptosis: a mechanism of radiation-induced cell death of glioblastoma cells.
Cancer J.Sci.Am. Vol. 2, No. 2, pp. 114-121
Hayry, V., Tynninen, O., Haapasalo, H. K., Wolfer, J., Paulus, W., Hasselblatt, M., Sariola,
H., Paetau, A., Sarna, S., Niemela, M., Wartiovaara, K., & Nupponen, N. N. (2008).
Stem cell protein BMI-1 is an independent marker for poor prognosis in
oligodendroglial tumours. Neuropathol.Appl.Neurobiol. Vol. 34, No. 5, pp. 555-63
Heddleston, J. M., Li, Z., McLendon, R. E., Hjelmeland, A. B., & Rich, J. N. (2009). The
hypoxic microenvironment maintains glioblastoma stem cells and promotes
reprogramming towards a cancer stem cell phenotype. Cell Cycle. Vol. 8, No. 20, pp.
Hermansen, S. K., Christensen, K. G., Jensen, S. S., & Kristensen, B. W. (2011). Inconsistent
immunohistochemical expression patterns of four different CD133 antibody clones
in glioblastoma. J.Histochem.Cytochem. Vol. 59, No. 4, pp. 391-407
Hsieh, C. H., Lee, C. H., Liang, J. A., Yu, C. Y., & Shyu, W. C. (2010). Cycling hypoxia
increases U87 glioma cell radioresistance via ROS induced higher and long-term
HIF-1 signal transduction activity. Oncol.Rep. Vol. 24, No. 6, pp. 1629-1636
Hulleman, E. & Helin, K. (2005). Molecular mechanisms in gliomagenesis. Adv.Cancer Res.
Vol. 94, No. 1-27
Ignatova, T. N., Kukekov, V. G., Laywell, E. D., Suslov, O. N., Vrionis, F. D., & Steindler, D.
A. (2002). Human cortical glial tumors contain neural stem-like cells expressing
astroglial and neuronal markers in vitro. Glia. Vol. 39, No. 3, pp. 193-206
Immervoll, H., Hoem, D., Sakariassen, P. O., Steffensen, O. J., & Molven, A. (2008).
Expression of the "stem cell marker" CD133 in pancreas and pancreatic ductal
adenocarcinomas. BMC.Cancer. Vol. 8, No.48
Jakobsen, I. P., Aaberg-Jessen, C., Jensen, S. S., Nielsen, M., Halle, D., & Kristensen, B. W.
(2011). Effects of irradiation on glioblastoma spheroids cultured in stem cell

www.intechopen.com

398

Glioma – Exploring Its Biology and Practical Relevance

medium, Proceedings of American Association of Cancer Research 102nd annual meeting,
Orlando, Florida, USA, April 2011
Jaszai, J., Fargeas, C. A., Florek, M., Huttner, W. B., & Corbeil, D. (2007). Focus on molecules:
prominin-1 (CD133). Exp.Eye Res. Vol. 85, No. 5, pp. 585-586
Jensen, S. S., Aaberg-Jessen, C., Nørregaard, A., & Kristensen, B. W. (2011). An in vivo-like
tumor stem cell-related glioblastoma in vitro model for drug discovery, Proceedings
of American Association of Cancer Research 102nd annual meeting, Orlando, Florida,
USA, April 2011
Johannessen, T. C., Wang, J., Skaftnesmo, K. O., Sakariassen, P. O., Enger, P. O., Petersen, K.,
Oyan, A. M., Kalland, K. H., Bjerkvig, R., & Tysnes, B. B. (2009). Highly infiltrative
brain tumours show reduced chemosensitivity associated with a stem cell-like
phenotype. Neuropathol.Appl.Neurobiol. Vol. 35, No. 4, pp. 380-393
Joo, N. E., Watanabe, T., Chen, C., Chekenya, M., Stallcup, W. B., & Kapila, Y. L. (2008).
NG2, a novel proapoptotic receptor, opposes integrin alpha4 to mediate anoikis
through PKCalpha-dependent suppression of FAK phosphorylation. Cell
Death.Differ. Vol. 15, No. 5, pp. 899-907
Kaaijk, P., Troost, D., Sminia, P., Hulshof, M. C., van der Kracht, A. H., Leenstra, S., & Bosch,
D. A. (1997). Hypofractionated radiation induces a decrease in cell proliferation but
no histological damage to organotypic multicellular spheroids of human
glioblastomas. Eur.J.Cancer. Vol. 33, No. 4, pp. 645-651
Kamalian, L., Gosney, J. R., Forootan, S. S., Foster, C. S., Bao, Z. Z., Beesley, C., & Ke, Y.
(2008). Increased expression of Id family proteins in small cell lung cancer and its
prognostic significance. Clin.Cancer Res. Vol. 14, No. 8, pp. 2318-2325
Kanemura, Y., Mori, K., Sakakibara, S., Fujikawa, H., Hayashi, H., Nakano, A., Matsumoto, T.,
Tamura, K., Imai, T., Ohnishi, T., Fushiki, S., Nakamura, Y., Yamasaki, M., Okano, H., &
Arita, N. (2001). Musashi1, an evolutionarily conserved neural RNA-binding protein, is
a versatile marker of human glioma cells in determining their cellular origin,
malignancy, and proliferative activity. Differentiation. Vol. 68, No. 2-3, pp. 141-152
Khaitan, D., Chandna, S., & Dwarakanath, S. B. (2009). Short-term exposure of multicellular
tumor spheroids of a human glioma cell line to the glycolytic inhibitor 2-deoxy-Dglucose is more toxic than continuous exposure. J.Cancer Res.Ther. Vol. 5 Suppl 1,
No. S67-S73
Kolenda, J., Jensen, S. S., Aaberg-Jessen, C., Christensen, K., Andersen, C., Brunner, N., &
Kristensen, B. W. (2010). Effects of hypoxia on expression of a panel of stem cell and
chemoresistance markers in glioblastoma-derived spheroids. J.Neurooncol. Vol. 103,
No. 1, pp. 43-58
Korzeniewski, C. & Callewaert, D. M. (1983). An enzyme-release assay for natural
cytotoxicity. J.Immunol.Methods. Vol. 64, No. 3, pp. 313-320
Kristensen, B. W., Noraberg, J., Jakobsen, B., Gramsbergen, J. B., Ebert, B., & Zimmer, J.
(1999). Excitotoxic effects of non-NMDA receptor agonists in organotypic
corticostriatal slice cultures. Brain Res. Vol. 841, No. 1-2, pp. 143-159
Laperriere, N., Zuraw, L., & Cairncross, G. (2002). Radiotherapy for newly diagnosed malignant
glioma in adults: a systematic review. Radiother.Oncol. Vol. 64, No. 3, pp. 259-273
Lee, J., Kotliarova, S., Kotliarov, Y., Li, A., Su, Q., Donin, N. M., Pastorino, S., Purow, B. W.,
Christopher, N., Zhang, W., Park, J. K., & Fine, H. A. (2006). Tumor stem cells
derived from glioblastomas cultured in bFGF and EGF more closely mirror the

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

399

phenotype and genotype of primary tumors than do serum-cultured cell lines.
Cancer Cell. Vol. 9, No. 5, pp. 391-403
Li, Z., Bao, S., Wu, Q., Wang, H., Eyler, C., Sathornsumetee, S., Shi, Q., Cao, Y., Lathia, J.,
McLendon, R. E., Hjelmeland, A. B., & Rich, J. N. (2009). Hypoxia-inducible factors
regulate tumorigenic capacity of glioma stem cells. Cancer Cell. Vol. 15, No. 6, pp.
501-513
Liu, G., Yuan, X., Zeng, Z., Tunici, P., Ng, H., Abdulkadir, I. R., Lu, L., Irvin, D., Black, K. L.,
& Yu, J. S. (2006). Analysis of gene expression and chemoresistance of CD133+
cancer stem cells in glioblastoma. Mol.Cancer. Vol. 5, No. 67Louis, D. N., Ohgaki, H., Wiestler, O. D., & Cavenee, W. K. (2007). WHO Classification of
Tumours of the Central Nervous System, IARC Press, 978-92-832-2430-2, Lyon, France
Lund-Johansen, M., Engebraaten, O., Bjerkvig, R., & Laerum, O. D. (1990). Invasive glioma
cells in tissue culture. Anticancer Res. Vol. 10, No. 5A, pp. 1135-1151
Ma, Y. H., Mentlein, R., Knerlich, F., Kruse, M. L., Mehdorn, H. M., & Held-Feindt, J. (2008).
Expression of stem cell markers in human astrocytomas of different WHO grades.
J.Neurooncol. Vol. 86, No. 1, pp. 31-45
Mackillop, W. J., Blundell, J., & Steele, P. (1985). Short-term culture of pediatric brain
tumors. Childs Nerv.Syst. Vol. 1, No. 3, pp. 163-168
Maderna, E., Salmaggi, A., Calatozzolo, C., Limido, L., & Pollo, B. (2007). Nestin,
PDGFRbeta, CXCL12 and VEGF in glioma patients: different profiles of (proangiogenic) molecule expression are related with tumor grade and may provide
prognostic information. Cancer Biol.Ther. Vol. 6, No. 7, pp. 1018-1024
Mashiko, R., Takano, S., Ishikawa, E., Yamamoto, T., Nakai, K., & Matsumura, A. (2011).
Hypoxia-inducible factor 1alpha expression is a prognostic biomarker in patients
with astrocytic tumors associated with necrosis on MR image. J.Neurooncol. Vol.
102, No. 1, pp. 43-50
Matsumura, H., Ohnishi, T., Kanemura, Y., Maruno, M., & Yoshimine, T. (2000). Quantitative
analysis of glioma cell invasion by confocal laser scanning microscopy in a novel
brain slice model. Biochem.Biophys.Res.Commun. Vol. 269, No. 2, pp. 513-520
Maw, M. K., Fujimoto, J., & Tamaya, T. (2009). Overexpression of inhibitor of DNA-binding
(ID)-1 protein related to angiogenesis in tumor advancement of ovarian cancers.
BMC.Cancer. Vol. 9, No. 430McCord, A. M., Jamal, M., Shankavaram, U. T., Lang, F. F., Camphausen, K., & Tofilon, P. J.
(2009). Physiologic oxygen concentration enhances the stem-like properties of
CD133+ human glioblastoma cells in vitro. Mol.Cancer Res. Vol. 7, No. 4, pp. 489-497
Mendez, O., Zavadil, J., Esencay, M., Lukyanov, Y., Santovasi, D., Wang, S. C., Newcomb, E.
W., & Zagzag, D. (2010). Knock down of HIF-1alpha in glioma cells reduces
migration in vitro and invasion in vivo and impairs their ability to form tumor
spheres. Mol.Cancer. Vol. 9, No. 133Merzak, A., Koochekpour, S., & Pilkington, G. J. (1994). Cell surface gangliosides are
involved in the control of human glioma cell invasion in vitro. Neurosci.Lett. Vol.
177, No. 1-2, pp. 44-46
Mettler, F. A. & Upton, A. C. (2008). Medical effects of ionizing radiation, Saunders/Elsevier,
978-0-7216-0200-4, Philadelphia, Pa
Miraglia, S., Godfrey, W., Yin, A. H., Atkins, K., Warnke, R., Holden, J. T., Bray, R. A.,
Waller, E. K., & Buck, D. W. (1997). A novel five-transmembrane hematopoietic

www.intechopen.com

400

Glioma – Exploring Its Biology and Practical Relevance

stem cell antigen: isolation, characterization, and molecular cloning. Blood. Vol. 90,
No. 12, pp. 5013-5021
Mishima, K., Kato, Y., Kaneko, M. K., Nishikawa, R., Hirose, T., & Matsutani, M. (2006).
Increased expression of podoplanin in malignant astrocytic tumors as a novel molecular
marker of malignant progression. Acta Neuropathol. Vol. 111, No. 5, pp. 483-488
Mizrak, D., Brittan, M., & Alison, M. R. (2008). CD133: molecule of the moment. J.Pathol. Vol.
214, No. 1, pp. 3-9
Nakamura, Y., Kanemura, Y., Yamada, T., Sugita, Y., Higaki, K., Yamamoto, M., Takahashi,
M., & Yamasaki, M. (2006). D2-40 antibody immunoreactivity in developing human
brain, brain tumors and cultured neural cells. Mod.Pathol. Vol. 19, No. 7, pp. 974-985
Nam, H. S. & Benezra, R. (2009). High levels of Id1 expression define B1 type adult neural
stem cells. Cell Stem Cell. Vol. 5, No. 5, pp. 515-526
Narla, R. K., Liu, X. P., Klis, D., & Uckun, F. M. (1998). Inhibition of human glioblastoma cell
adhesion and invasion by 4-(4'-hydroxylphenyl)-amino-6,7-dimethoxyquinazoline
(WHI-P131) and 4-(3'-bromo-4'-hydroxylphenyl)-amino-6,7-dimethoxyquinazoline
(WHI-P154). Clin.Cancer Res. Vol. 4, No. 10, pp. 2463-2471
Nishikawa, M. (2008). Reactive oxygen species in tumor metastasis. Cancer Lett. Vol. 266, No.
1, pp. 53-59
Ogasawara, S., Kaneko, M. K., Price, J. E., & Kato, Y. (2008). Characterization of antipodoplanin monoclonal antibodies: critical epitopes for neutralizing the interaction
between podoplanin and CLEC-2. Hybridoma (Larchmt.). Vol. 27, No. 4, pp. 259-267
Ogden, A. T., Waziri, A. E., Lochhead, R. A., Fusco, D., Lopez, K., Ellis, J. A., Kang, J.,
Assanah, M., McKhann, G. M., Sisti, M. B., McCormick, P. C., Canoll, P., & Bruce, J.
N. (2008). Identification of A2B5+CD133- tumorinitiating cells in adult human
gliomas. Neurosurgery. Vol. 62, No. 2, pp. 505-514
Ohnishi, T., Matsumura, H., Izumoto, S., Hiraga, S., & Hayakawa, T. (1998). A novel model
of glioma cell invasion using organotypic brain slice culture. Cancer Res. Vol. 58,
No. 14, pp. 2935-2940
Okano, H., Kawahara, H., Toriya, M., Nakao, K., Shibata, S., & Imai, T. (2005). Function of RNAbinding protein Musashi-1 in stem cells. Exp.Cell Res. Vol. 306, No. 2, pp. 349-356
Olive, P. L. & Durand, R. E. (1994). Drug and radiation resistance in spheroids: cell contact
and kinetics. Cancer Metastasis Rev. Vol. 13, No. 2, pp. 121-138
Ordonez, N. G. (2006). Podoplanin: a novel diagnostic immunohistochemical marker.
Adv.Anat.Pathol. Vol. 13, No. 2, pp. 83-88
Palfi, S., Swanson, K. R., De, B. S., Chretien, F., Oliveira, R., Gherardi, R. K., Kros, J. M.,
Peschanski, M., & Christov, C. (2004). Correlation of in vitro infiltration with glioma
histological type in organotypic brain slices. Br.J.Cancer. Vol. 91, No. 4, pp. 745-752
Park, I. K., Morrison, S. J., & Clarke, M. F. (2004). Bmi1, stem cells, and senescence
regulation. J.Clin.Invest. Vol. 113, No. 2, pp. 175-179
Paulus, W. & Tonn, J. C. (1994). Basement membrane invasion of glioma cells mediated by
integrin receptors. J.Neurosurg. Vol. 80, No. 3, pp. 515-519
Petrovici, K., Graf, M., Hecht, K., Reif, S., Pfister, K., & Schmetzer, H. (2010). Use of NG2
(7.1) in AML as a tumor marker and its association with a poor prognosis. Cancer
Genomics Proteomics. Vol. 7, No. 4, pp. 173-180
Pfenninger, C. V., Roschupkina, T., Hertwig, F., Kottwitz, D., Englund, E., Bengzon, J.,
Jacobsen, S. E., & Nuber, U. A. (2007). CD133 is not present on neurogenic

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

401

astrocytes in the adult subventricular zone, but on embryonic neural stem cells,
ependymal cells, and glioblastoma cells. Cancer Res. Vol. 67, No. 12, pp. 5727-5736
Phi, J. H., Park, S. H., Kim, S. K., Paek, S. H., Kim, J. H., Lee, Y. J., Cho, B. K., Park, C. K., Lee,
D. H., & Wang, K. C. (2008). Sox2 expression in brain tumors: a reflection of the
neuroglial differentiation pathway. Am.J.Surg.Pathol. Vol. 32, No. 1, pp. 103-112
Phillips, T. M., McBride, W. H., & Pajonk, F. (2006). The response of CD24(-/low)/CD44+ breast
cancer-initiating cells to radiation. J.Natl.Cancer Inst. Vol. 98, No. 24, pp. 1777-1785
Piepmeier, J. M., Fried, I., & Makuch, R. (1993). Low-grade astrocytomas may arise from
different astrocyte lineages. Neurosurgery. Vol. 33, No. 4, pp. 627-632
Ponten, J. & Macintyre, E. H. (1968). Long term culture of normal and neoplastic human glia.
Acta Pathol.Microbiol.Scand. Vol. 74, No. 4, pp. 465-486
Potter, N. E., Phipps, K., Harkness, W., Hayward, R., Thompson, D., Jacques, T. S., Harding,
B., Thomas, D. G., Rees, J., Darling, J. L., & Warr, T. J. (2009). Astrocytoma derived
short-term cell cultures retain molecular signatures characteristic of the tumour in
situ. Exp.Cell Res. Vol. 315, No. 16, pp. 2835-2846
Preusser, M., Haberler, C., & Hainfellner, J. A. (2006). Malignant glioma: neuropathology
and neurobiology. Wien.Med.Wochenschr. Vol. 156, No. 11-12, pp. 332-337
Read, T. A., Fogarty, M. P., Markant, S. L., McLendon, R. E., Wei, Z., Ellison, D. W., Febbo, P. G.,
& Wechsler-Reya, R. J. (2009). Identification of CD15 as a marker for tumor-propagating
cells in a mouse model of medulloblastoma. Cancer Cell. Vol. 15, No. 2, pp. 135-147
Reya, T., Morrison, S. J., Clarke, M. F., & Weissman, I. L. (2001). Stem cells, cancer, and
cancer stem cells. Nature. Vol. 414, No. 6859, pp. 105-111
Reynolds, B. A. & Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells
of the adult mammalian central nervous system. Science. Vol. 255, No. 5052, pp.
1707-1710
Rich, J. N. (2007). Cancer stem cells in radiation resistance. Cancer Res. Vol. 67, No. 19, pp.
8980-8984
Riquelme, P. A., Drapeau, E., & Doetsch, F. (2008). Brain micro-ecologies: neural stem cell
niches in the adult mammalian brain. Philos.Trans.R.Soc.Lond B Biol.Sci. Vol. 363,
No. 1489, pp. 123-137
Saigusa, S., Tanaka, K., Toiyama, Y., Yokoe, T., Okugawa, Y., Koike, Y., Fujikawa, H., Inoue,
Y., Miki, C., & Kusunoki, M. (2011). Clinical Significance of CD133 and Hypoxia
Inducible Factor-1alpha Gene Expression in Rectal Cancer after Preoperative
Chemoradiotherapy. Clin.Oncol.(R.Coll.Radiol.). Vol. 23, No. 5, pp. 323-332
Sakakibara, S. & Okano, H. (1997). Expression of neural RNA-binding proteins in the
postnatal CNS: implications of their roles in neuronal and glial cell development.
J.Neurosci. Vol. 17, No. 21, pp. 8300-8312
Schichor, C., Kerkau, S., Visted, T., Martini, R., Bjerkvig, R., Tonn, J. C., & Goldbrunner, R.
(2005). The brain slice chamber, a novel variation of the Boyden Chamber Assay,
allows time-dependent quantification of glioma invasion into mammalian brain in
vitro. J Neurooncol. Vol. 73, No. 1, pp. 9-18
Schindl, M., Oberhuber, G., Obermair, A., Schoppmann, S. F., Karner, B., & Birner, P. (2001).
Overexpression of Id-1 protein is a marker for unfavorable prognosis in early-stage
cervical cancer. Cancer Res. Vol. 61, No. 15, pp. 5703-5706
Schindl, M., Schoppmann, S. F., Strobel, T., Heinzl, H., Leisser, C., Horvat, R., & Birner, P.
(2003). Level of Id-1 protein expression correlates with poor differentiation,

www.intechopen.com

402

Glioma – Exploring Its Biology and Practical Relevance

enhanced malignant potential, and more aggressive clinical behavior of epithelial
ovarian tumors. Clin.Cancer Res. Vol. 9, No. 2, pp. 779-785
Schoppmann, S. F., Schindl, M., Bayer, G., Aumayr, K., Dienes, J., Horvat, R., Rudas, M., Gnant,
M., Jakesz, R., & Birner, P. (2003). Overexpression of Id-1 is associated with poor clinical
outcome in node negative breast cancer. Int.J.Cancer. Vol. 104, No. 6, pp. 677-682
Seno, T., Harada, H., Kohno, S., Teraoka, M., Inoue, A., & Ohnishi, T. (2009).
Downregulation of SPARC expression inhibits cell migration and invasion in
malignant gliomas. Int.J.Oncol. Vol. 34, No. 3, pp. 707-715
Shibahara, J., Kashima, T., Kikuchi, Y., Kunita, A., & Fukayama, M. (2006). Podoplanin is
expressed in subsets of tumors of the central nervous system. Virchows Arch. Vol.
448, No. 4, pp. 493-499
Singec, I., Knoth, R., Meyer, R. P., Maciaczyk, J., Volk, B., Nikkhah, G., Frotscher, M., &
Snyder, E. Y. (2006). Defining the actual sensitivity and specificity of the
neurosphere assay in stem cell biology. Nat.Methods. Vol. 3, No. 10, pp. 801-806
Singh, S. K., Clarke, I. D., Hide, T., & Dirks, P. B. (2004). Cancer stem cells in nervous system
tumors. Oncogene. Vol. 23, No. 43, pp. 7267-7273
Singh, S. K., Clarke, I. D., Terasaki, M., Bonn, V. E., Hawkins, C., Squire, J., & Dirks, P. B.
(2003). Identification of a cancer stem cell in human brain tumors. Cancer Res. Vol.
63, No. 18, pp. 5821-5828
Singh, S. K., Hawkins, C., Clarke, I. D., Squire, J. A., Bayani, J., Hide, T., Henkelman, R. M.,
Cusimano, M. D., & Dirks, P. B. (2004). Identification of human brain tumour
initiating cells. Nature. Vol. 432, No. 7015, pp. 396-401
Sminia, P., Acker, H., Eikesdal, H. P., Kaaijk, P., Enger, P., Slotman, B., & Bjerkvig, R. (2003).
Oxygenation and response to irradiation of organotypic multicellular spheroids of
human glioma. Anticancer Res. Vol. 23, No. 2B, pp. 1461-1466
Soeda, A., Park, M., Lee, D., Mintz, A., Androutsellis-Theotokis, A., McKay, R. D., Engh, J.,
Iwama, T., Kunisada, T., Kassam, A. B., Pollack, I. F., & Park, D. M. (2009). Hypoxia
promotes expansion of the CD133-positive glioma stem cells through activation of
HIF-1alpha. Oncogene. Vol. 28, No. 45, pp. 3949-59
Stallcup, W. B. & Huang, F. J. (2008). A role for the NG2 proteoglycan in glioma progression.
Cell Adh.Migr. Vol. 2, No. 3, pp. 192-201
Stoppini, L., Buchs, P. A., & Muller, D. (1991). A simple method for organotypic cultures of
nervous tissue. J.Neurosci.Methods. Vol. 37, No. 2, pp. 173-182
Strojnik, T., Rosland, G. V., Sakariassen, P. O., Kavalar, R., & Lah, T. (2007). Neural stem cell
markers, nestin and musashi proteins, in the progression of human glioma: correlation
of nestin with prognosis of patient survival. Surg.Neurol. Vol. 68, No. 2, pp. 133-143
Stupp, R., Hegi, M. E., Mason, W. P., van den Bent, M. J., Taphoorn, M. J., Janzer, R. C., Ludwin,
S. K., Allgeier, A., Fisher, B., Belanger, K., Hau, P., Brandes, A. A., Gijtenbeek, J., Marosi,
C., Vecht, C. J., Mokhtari, K., Wesseling, P., Villa, S., Eisenhauer, E., Gorlia, T., Weller,
M., Lacombe, D., Cairncross, J. G., & Mirimanoff, R. O. (2009). Effects of radiotherapy
with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial.
Lancet Oncol. Vol. 10, No. 5, pp. 459-466
Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J.,
Belanger, K., Brandes, A. A., Marosi, C., Bogdahn, U., Curschmann, J., Janzer, R. C.,
Ludwin, S. K., Gorlia, T., Allgeier, A., Lacombe, D., Cairncross, J. G., Eisenhauer, E.,

www.intechopen.com

Three-Dimensional In Vitro Models in Glioma Research – Focus on Spheroids

403

& Mirimanoff, R. O. (2005). Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N.Engl.J.Med. Vol. 352, No. 10, pp. 987-996
Sunayama, J., Sato, A., Matsuda, K., Tachibana, K., Suzuki, K., Narita, Y., Shibui, S.,
Sakurada, K., Kayama, T., Tomiyama, A., & Kitanaka, C. (2010). Dual blocking of
mTor and PI3K elicits a prodifferentiation effect on glioblastoma stem-like cells.
Neuro.Oncol. Vol. 12, No. 12, pp. 1205-1219
Sutherland, R. M. (1998). Tumor hypoxia and gene expression--implications for malignant
progression and therapy. Acta Oncol. Vol. 37, No. 6, pp. 567-574
Sutherland, R. M. & Durand, R. E. (1972). Cell contact as a possible contribution to radiation
resistance of some tumours. Br.J.Radiol. Vol. 45, No. 538, pp. 788-789
Tang, R., Hirsch, P., Fava, F., Lapusan, S., Marzac, C., Teyssandier, I., Pardo, J., Marie, J. P.,
& Legrand, O. (2009). High Id1 expression is associated with poor prognosis in 237
patients with acute myeloid leukemia. Blood. Vol. 114, No. 14, pp. 2993-3000
Tchoghandjian, A., Baeza, N., Colin, C., Cayre, M., Metellus, P., Beclin, C., Ouafik, L., &
Figarella-Branger, D. (2009). A2B5 Cells from Human Glioblastoma have Cancer
Stem Cell Properties. Brain Pathol. Vol. 20, No. 1, pp. 211-21
Terzis, A. J., Pedersen, P. H., Feuerstein, B. G., Arnold, H., Bjerkvig, R., & Deen, D. F. (1998).
Effects of DFMO on glioma cell proliferation, migration and invasion in vitro.
J.Neurooncol. Vol. 36, No. 2, pp. 113-121
Terzis, A. J., Thorsen, F., Heese, O., Visted, T., Bjerkvig, R., Dahl, O., Arnold, H., &
Gundersen, G. (1997). Proliferation, migration and invasion of human glioma cells
exposed to paclitaxel (Taxol) in vitro. Br.J.Cancer. Vol. 75, No. 12, pp. 1744-1752
Thon, N., Damianoff, K., Hegermann, J., Grau, S., Krebs, B., Schnell, O., Tonn, J. C., &
Goldbrunner, R. (2010). Presence of pluripotent CD133+ cells correlates with
malignancy of gliomas. Mol.Cell Neurosci. Vol. 43, No. 1, pp. 51-59
Toda, M., Iizuka, Y., Yu, W., Imai, T., Ikeda, E., Yoshida, K., Kawase, T., Kawakami, Y.,
Okano, H., & Uyemura, K. (2001). Expression of the neural RNA-binding protein
Musashi1 in human gliomas. Glia. Vol. 34, No. 1, pp. 1-7
Uchida, N., Buck, D. W., He, D., Reitsma, M. J., Masek, M., Phan, T. V., Tsukamoto, A. S.,
Gage, F. H., & Weissman, I. L. (2000). Direct isolation of human central nervous
system stem cells. Proc.Natl.Acad.Sci.U.S.A. Vol. 97, No. 26, pp. 14720-14725
Vescovi, A. L., Galli, R., & Reynolds, B. A. (2006). Brain tumour stem cells. Nat.Rev.Cancer.
Vol. 6, No. 6, pp. 425-436
Vlashi, E., McBride, W. H., & Pajonk, F. (2009). Radiation responses of cancer stem cells.
J.Cell Biochem. Vol. 108, No. 2, pp. 339-342
Wakimoto, H., Kesari, S., Farrell, C. J., Curry, W. T., Jr., Zaupa, C., Aghi, M., Kuroda, T.,
Stemmer-Rachamimov, A., Shah, K., Liu, T. C., Jeyaretna, D. S., Debasitis, J.,
Pruszak, J., Martuza, R. L., & Rabkin, S. D. (2009). Human glioblastoma-derived
cancer stem cells: establishment of invasive glioma models and treatment with
oncolytic herpes simplex virus vectors. Cancer Res. Vol. 69, No. 8, pp. 3472-3481
Wan, F., Herold-Mende, C., Campos, B., Centner, F. S., Dictus, C., Becker, N., Devens, F.,
Mogler, C., Felsberg, J., Grabe, N., Reifenberger, G., Lichter, P., Unterberg, A.,
Bermejo, J. L., & Ahmadi, R. (2011). Association of stem cell-related markers and
survival in astrocytic gliomas. Biomarkers. Vol. 16, No. 2, pp. 136-143
Wang, J., Sakariassen, P. O., Tsinkalovsky, O., Immervoll, H., Boe, S. O., Svendsen, A.,
Prestegarden, L., Rosland, G., Thorsen, F., Stuhr, L., Molven, A., Bjerkvig, R., &

www.intechopen.com

404

Glioma – Exploring Its Biology and Practical Relevance

Enger, P. O. (2008). CD133 negative glioma cells form tumors in nude rats and give
rise to CD133 positive cells. Int.J.Cancer. Vol. 122, No. 4, pp. 761-768
Wang, J., Wakeman, T. P., Lathia, J. D., Hjelmeland, A. B., Wang, X. F., White, R. R., Rich, J.
N., & Sullenger, B. A. (2010). Notch promotes radioresistance of glioma stem cells.
Stem Cells. Vol. 28, No. 1, pp. 17-28
Wang, Y., Liu, Y., Malek, S. N., Zheng, P., & Liu, Y. (2011). Targeting HIF1alpha Eliminates
Cancer Stem Cells in Hematological Malignancies. Cell Stem Cell. Vol. 8, No. 4, pp.
399-411
Ward, R. J. & Dirks, P. B. (2007). Cancer stem cells: at the headwaters of tumor development.
Annu.Rev.Pathol. Vol. 2, No. 175-189
Ward, R. J., Lee, L., Graham, K., Satkunendran, T., Yoshikawa, K., Ling, E., Harper, L.,
Austin, R., Nieuwenhuis, E., Clarke, I. D., Hui, C. C., & Dirks, P. B. (2009).
Multipotent CD15+ cancer stem cells in patched-1-deficient mouse
medulloblastoma. Cancer Res. Vol. 69, No. 11, pp. 4682-4690
Xing, F., Okuda, H., Watabe, M., Kobayashi, A., Pai, S. K., Liu, W., Pandey, P. R., Fukuda,
K., Hirota, S., Sugai, T., Wakabayshi, G., Koeda, K., Kashiwaba, M., Suzuki, K.,
Chiba, T., Endo, M., Mo, Y. Y., & Watabe, K. (2011). Hypoxia-induced Jagged2
promotes breast cancer metastasis and self-renewal of cancer stem-like cells.
Oncogene. April 18, Epub ahead of print.
Yamaguchi, S., Kobayashi, H., Narita, T., Kanehira, K., Sonezaki, S., Kubota, Y., Terasaka, S.,
& Iwasaki, Y. (2010). Novel photodynamic therapy using water-dispersed TiO2polyethylene glycol compound: evaluation of antitumor effect on glioma cells and
spheroids in vitro. Photochem.Photobiol. Vol. 86, No. 4, pp. 964-971
Yeung, T. M., Gandhi, S. C., & Bodmer, W. F. (2011). Hypoxia and lineage specification of
cell line-derived colorectal cancer stem cells. Proc.Natl.Acad.Sci.U.S.A. Vol. 108, No.
11, pp. 4382-4387
Yin, A. H., Miraglia, S., Zanjani, E. D., Almeida-Porada, G., Ogawa, M., Leary, A. G.,
Olweus, J., Kearney, J., & Buck, D. W. (1997). AC133, a novel marker for human
hematopoietic stem and progenitor cells. Blood. Vol. 90, No. 12, pp. 5002-5012
Yuhas, J. M., Li, A. P., Martinez, A. O., & Ladman, A. J. (1977). A simplified method for
production and growth of multicellular tumor spheroids. Cancer Res. Vol. 37, No.
10, pp. 3639-3643
Zencak, D., Lingbeek, M., Kostic, C., Tekaya, M., Tanger, E., Hornfeld, D., Jaquet, M.,
Munier, F. L., Schorderet, D. F., van, L. M., & Arsenijevic, Y. (2005). Bmi1 loss
produces an increase in astroglial cells and a decrease in neural stem cell
population and proliferation. J.Neurosci. Vol. 25, No. 24, pp. 5774-5783
Zeppernick, F., Ahmadi, R., Campos, B., Dictus, C., Helmke, B. M., Becker, N., Lichter, P.,
Unterberg, A., Radlwimmer, B., & Herold-Mende, C. C. (2008). Stem cell marker CD133
affects clinical outcome in glioma patients. Clin.Cancer Res. Vol. 14, No. 1, pp. 123-129
Zhu, X., Bidlingmaier, S., Hashizume, R., James, C. D., Berger, M. S., & Liu, B. (2010).
Identification of internalizing human single-chain antibodies targeting brain tumor
sphere cells. Mol.Cancer Ther. Vol. 9, No. 7, pp. 2131-2141
Zhu, Y., Guignard, F., Zhao, D., Liu, L., Burns, D. K., Mason, R. P., Messing, A., & Parada, L.
F. (2005). Early inactivation of p53 tumor suppressor gene cooperating with NF1
loss induces malignant astrocytoma. Cancer Cell. Vol. 8, No. 2, pp. 119-130

www.intechopen.com

Glioma - Exploring Its Biology and Practical Relevance
Edited by Dr. Anirban Ghosh

ISBN 978-953-307-379-8
Hard cover, 486 pages
Publisher InTech
Published online 02, November, 2011
Published in print edition November, 2011
The tittle 'Glioma - Exploring Its Biology and Practical Relevance' is indicative of its content. This volume
contains 21 chapters basically intended to explore glioma biology and discussing the experimental model
systems for the purpose. It is hoped that the present volume will provide supportive and relevant awareness
and understanding on the fundamental advances of the subject to the professionals from any sphere
interested about glioma.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Stine Skov Jensen, Charlotte Aaberg-Jessen, Ida Pind Jakobsen, Simon Kjær Hermansen, Søren Kabell
Nissen and Bjarne Winther Kristensen (2011). Three-Dimensional In Vitro Models in Glioma Research - Focus
on Spheroids, Glioma - Exploring Its Biology and Practical Relevance, Dr. Anirban Ghosh (Ed.), ISBN: 978953-307-379-8, InTech, Available from: http://www.intechopen.com/books/glioma-exploring-its-biology-andpractical-relevance/three-dimensional-in-vitro-models-in-glioma-research-focus-on-spheroids

InTech Europe

InTech China

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

