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2 Introduction

2.1 Primary Brain Tumors: Definition

Brain tumors are a heterogeneous family of intracranial neoplasms that differ in
their clinical manifestation, prognosis, treatment and biology (Deangelis, 2001). Brain
tumors can be classified into primary or metastatic, depending on the tissue where the
neoplasm originates. Primary brain tumors arise from cells of the central nervous
system (CNS), whereas metastatic brain tumors arise from tissues outside the CNS
and spread, later on, to the brain. CNS lymphomas are also considered primary brain
tumors. The metastatic type is about ten times more frequent than the primary and
represents a common complication of extracranial malignancies (Fox et al., 2011) .
Metastatic brain tumors lie outside of the scope of this work and are reviewed
elsewhere (Fox et al., 2011; Patchell, 2003).
Based on their behavior, tumors have been traditionally termed as benign or
malignant, which implies a prognostic correlate. Benign tumors are non-invasive and
once resected, do not recur. Malignant tumors, on the other hand, are tumors with fast
growth, increased infiltrative potential and often recur after resection. However, it
should be kept in mind, that due to their anatomical location, the so-called benign brain
tumors can also be lethal, moreover they tend to undergo malignant transformation
over time and infiltrate neighboring tissue (Behin et al., 2003).

2.2 Incidence and Prognosis
In Germany, 6861 new cases of primary brain tumors were diagnosed in 2008, with
a combined age standardized rate of incidence of 8.3 per 100000 persons (Ferlay et
al., 2010). The incidence is comparable with that of Western Europe, 5.1 per 100000
and higher than the global incidence of 3.5 per 100000 (Ferlay et al., 2010).
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Although the combined age incidence is low, there is a clear difference according to
age group. In Germany, from a total of 426800 newly diagnosed cancer cases in 2006,
1.7 % represented brain tumors of all types in adults, whereas for children, brain
tumors represented almost 20% (Koch-Institut and Deutschland, 2010).
Brain tumors are the most frequent solid neoplasms and the main cancer-related
mortality in the pediatric population (Pollack, 1994). Despite this fact, the two more
common types of tumors, medulloblastoma and low grade glioma (Section 2.3
Classification; page 2), have a fairly good prognosis with a mean five year survival of
~87% and 97% respectively (Packer et al., 2006; Wisoff et al., 2011).
The scenario for the adult population is less optimistic. The most frequent primary
brain tumors in adults are gliomas and primary CNS lymphoma (Behin et al., 2003).
The most common gliomas are the malignant astrocytomas: anaplastic astrocytoma
and glioblastoma (Section 2.3 Classification, page 2), with an incidence of 3 to 4 per
100000 persons (Deangelis, 2001). Unlike the case of pediatric tumors, with current
therapeutic approaches the two year survival rate for glioblastoma is only 26.5 %
(Stupp et al., 2005).
Given their high incidence, mortality and lack of effective treatment, malignant
gliomas will be at the center of this work. Other primary malignancies will be referred to
when pertinent and are reviewed in detail elsewhere: low grade gliomas (Sanai et al.,
2011), CNS lymphomas (Gerstner and Batchelor, 2010) and pediatric brain tumors
(Pollack and Jakacki, 2011).

2.3 Classification
The most widely used classification of gliomas, the “Classification of Tumours of the
Nervous System” of the World Health Organization (WHO), relies mainly on histological
criteria to group brain tumors based on their similarity to non-neoplastic cellular
components of the CNS (Louis et al., 2007b).
Accordingly, tumors can be first divided into tumors of neuroepithelial tissue,
meningeal tumors, germ cell tumors and tumors of the sellar region as well as
lymphomas and hematopoietic neoplasms. The neuroepithelial group includes the two
most frequent types of primary brain tumor in adults, the astrocytic and the
2

oligodendroglial tumors, which can be further subclassified in seven and two
subgroups, respectively (Table 1). Nevertheless, the actual origin of brain tumors
remains unclear (Section 2.4 Cellular heterogeneity:

page 4). However, the first

microscopical descriptions of brain tumors already proposed that neoplasms arise from
glial or neuronal precursors, implying the existence of a cell of origin (Bailey and
Cushing, 1926).
Table 1. Classification of astrocytic tumors and their correspondent WHO grading.
Adapted from the 2007 WHO Classification of Tumours of the Central Nervous System (Louis et
al., 2007b)

Astrocytic tumors

WHO Grade

Pilocytic astrocytoma

I

Pilomyxoid astrocytoma

II

Subependymal giant cell astrocytoma

I

Pleomorphic xanthoastrocytoma
Diffuse astrocytoma

II
II

Fibrillary astrocytoma

II

Gemistocytic astrocytoma

II

Protoplasmic astrocytoma

Anaplastic astrocytoma

II
III

Glioblastoma

IV

Giant cell Glioblastoma

IV

Gliosarcoma

IV
IV

Gliomatosis cerebri

Although this study deals mainly with astrocytic malignancies, to better illustrate the
complexity of brain tumors it is worth mentioning that seven other types of
neuroepithelial neoplasms exist, namely the oligoastrocytic mixed gliomas, ependymal,
choroid plexus, pineal region, embryonal, neuronal and mixed neuronal-glial tumors,
each with its own specific subtypes (Louis et al., 2007b).
The histopathological characteristics allow not only the classification, but can also
aid to predict a tumor’s biological behavior (Louis et al., 2007a). The WHO uses a fourtiered grading system to stratify the tumors from low (grades I-II) to high grade (grades
III–IV). The grade correlates directly with malignancy (Section 2.1 Primary Brain

3

Tumors: Definition, page 1) and is determined by the area within a tumor with the
highest grade identified.
Grade I neoplasms show restricted proliferation and low recurrence after complete
surgical resection. Grade II tumors can recur despite low proliferation and tend to
progress to higher grades. Astrocytomas can be graded as WHO II if cytological atypia
and diffuse infiltration are found. The presence of anaplasia and mitotic activity in
astrocytoma are criteria for WHO III, which in the clinical setting often translates to
treatment modalities with adjuvant radio- and/or chemotherapy. Finally, grade IV
astrocytomas, the most malignant and frequent primary brain tumors in adults (Section
2.2 Incidence, page 1), present micro vascular proliferation and/or necrosis and course
with fast disease progression and poor prognosis (Louis et al., 2007b). A tumor can
also be termed as secondary, when a high grade tumor arises from a lower grade
tumor (Louis et al., 2007b).
The other grading systems available, namely the St Anne-Mayo (Daumas-Duport et
al., 1988; Kim et al., 1991) and the Kernohan (Kernohan et al., 1949) schemes, also
rely on similar morphological premises as the WHO system.

2.4 Cellular heterogeneity: origin and progression of gliomas
Tumors in general and brain tumors in particular exhibit a marked inter- and intratumor heterogeneity in their cellular morphology, marker expression and genetic
lesions. This represents a major hurdle for the understanding of tumor biology and the
consequent rational drug development since the identity, significance and interactions
of different subpopulations are poorly understood (Visvader, 2011).
It has been argued that the identification of the cell of origin of glioma might help to
understand the importance of different cellular subpopulations by providing insight into
the complex cellular interactions in the tumor microenvironment. This question has
been addressed using animal models of induced gliomagenesis in specific cell types
(Section 2.4.2, page 6). However, the exact cytogenesis of gliomas is still a matter of
extensive debate (Huse and Holland, 2010).
Alternatively, based on the premise that distinct cellular subpopulations differ in
their ability to maintain and propagate a tumor, several studies have tried to elucidate
the contribution of individual malignant cell types to tumor progression. A widely used
4

method has consisted in the establishment of primary cell lines from tumor biopsies. By
culturing in selective media, it is possible to isolate cells with the intrinsic ability to
initiate lesions that recapitulate the hallmarks of the original tumor upon implantation in
immunodeficient mice and have therefore been called brain tumor initiating cells
(BTICs) (Singh et al., 2004) (Section 2.4.4, page 9). As with the cell of origin, the exact
lineage, source, functional properties and significance of BTICs are also controversial
(Clarke et al., 2006).
Finally, the molecular, genetic and histopathological analysis of tumor biopsies and
their prognostic correlate has constituted another approach to try to determine the
relative contribution of distinct cellular subpopulations to patient outcome (Section 2.4.3
Lineage markers in human gliomas, page 8).
Therefore, to gain a better insight into the complexity of tumor heterogeneity, in the
following sections we will analyze the controversies, experimental results and methods
regarding cell of origin and BTICs.

2.4.1 The cell of origin of gliomas
Traditionally, gliomas have been thought to originate from dedifferentiated mature
glia (Huse and Holland, 2010; Vick et al., 1977). Although widely accepted, the socalled dysembriogenetic theory fails to explain the origin of mixed gliomas and it is also
not clear why the origin of a tumor should relate to its most frequent cell type, as brain
tumors of similar histological characteristics often exhibit very different behaviors
(Sanai et al., 2005).
Mature glia seemed the most plausible target of malignant transformation since it
was the only known cycling cell population in the postnatal brain, yet other cell types
that undergo mitosis, such as glial progenitors and neural stem cells have later been
described (Dawson et al., 2003).
Besides their proliferative potential, neural stem cells (NSCs) and astrocyte- and
oligodendrocyte-progenitor cells (OPCs) share other characteristics with glioma cells
that make them an attractive tumorigenic substrate. For instance they 1) self-renew, 2)
produce heterogeneous progeny, 3) are motile; 4) associate with blood vessels and 5)
NSCs are regulated by pathways often functional in brain tumors (Sanai et al., 2005).
5

Interestingly, already in 1926, the Bailey´s and Cushing´s classification of gliomas
proposed that these tumors originate from primitive neuroectoderm. For glioblastoma
multiforme, a term also coined in that work, the postulated origin was a primitive
precursor of the stromal population or glioblasts (Bailey and Cushing, 1926).
The idea that brain tumors could arise from immature cells was again brought
forward by Globus and Kuhlenbeck in the 1940´s, when they stated that the
“subependymal plate” was a site where “immature embryonal residue” could serve as
the substrate for the formation of neuroectodermal neoplasms (Globus and
Kuhlenbeck, 1942, 1944).
The first empirical support for this hypothesis came from experiments where
chemically induced gliomas in rats showed increased susceptibility to arise from the
subventricular zone (SVZ) (Hopewell, 1975; Lantos and Cox, 1976). A similar
predisposition was found in zones sheltering proliferative populations in models of
virally induced gliomagenesis in dogs (Vick et al., 1977).
Since then, the better understanding of the mechanisms of normal neurogenesis
and the identification of more defined pools of progenitor cells and their respective
markers led to the development of more sophisticated models. Transgenic mice and
gene transfer technologies have been implemented to specifically target oncogenic
mutations to restricted cellular subpopulations in the brain. These tools have proven
valuable to gain insight into the initial events of gliomagenesis.

2.4.2 Animal models of glioma: A look into early tumorigenic events
To faithfully model early gliomagenesis, the ideal transgene strategy should match
the relevant cellular subpopulation with its appropriate oncogenic mutation. However,
both variables are unknown. Therefore different CNS subpopulations have been
targeted by common mutations found in clinical glioma specimens. Unfortunately, the
genetic background of malignant astrocytomas is so heterogeneous that even distinct
tumor types might reflect a collection of genetically overlapping entities (Furnari et al.,
2007). This complexity suggests that oncogenic mutations can hardly be represented
by a single transgenic model (Huse and Holland, 2009); hence, different approaches
have been followed.
6

For instance, the activation of pathways involving Ras and Akt is frequently found in
human astrocytomas (Feldkamp et al., 1997). Based on this observation, Holland and
co-workers used a retroviral delivery system to transfer genes encoding mutant
activated Ras and/or Akt specifically to astrocytes or neural progenitors in the mouse.
They found that GBM-like tumors appeared when both Ras and Akt were delivered to
progenitors, but not to astrocytes (Holland et al., 2000).
Using conditional transgenic animals it was observed that when a mutant form of
Tpr53 was expressed in NSCs, nearly 90% of the mice developed high-grade tumors
(Wang et al., 2009).
Similarly, the induction of malignant gliomas was achieved through the activation of
a nestin-cre (Nes-Cre) transgene or Cre virus injection in the SVZ in a mouse with
floxed alleles for the tumor suppressor genes Nf1, Trp53 and Pten. When the same
strategy was directed to the cortex or striatum, no tumor induction was observed
(Alcantara Llaguno et al., 2009) highlighting once more the involvement of
NSCs/progenitor cell compartment in gliomagenesis.
Similar studies have provided evidence that NSC-progeny, particularly astrocyte
and oligodendrocyte progenitor cells (OPCs), rather than NSCs, might serve as the cell
of origin for malignant glioma. For example, brain tumors were successfully induced by
specifically overexpressing platelet derived growth factor β in NG2 cells (Lindberg et
al., 2009) and a hyperactive form of the epidermal growth factor receptor (EGFR) in
OPCs could reproduce tumors reminiscent of oligodendroglioma (Persson et al., 2010).
Also, in a lineage-tracing study using mosaic mouse models, sporadic mutations in
Trp53/Nf1 restricted to NSCs or OPCs led to gliomagenesis, where the OPC served as
the cell of origin, even when the mutations were induced in NSCs (Liu et al., 2011).
Alternatively, it has been suggested that the genetic pathway disturbed, rather than
cell type is determinant for gliomagenesis. In their experiments, Bachoo and coworkers transferred the commonly in GBM overexpressed EGFR (Ekstrand et al.,
1991; Von Deimling et al., 1992) into astrocytes or NSCs of mice lacking the cell cycle
and apoptosis related genes lnk4a and Arf. Upon implantation, both the transfected
NSCs and astrocytes could induce tumors with a high-grade glioma phenotype
(Bachoo et al., 2002).
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Although the studies using glioma induced models do not definitely resolve the
issue of the cell of origin in glioma, they do underscore at least two major aspects: 1)
the crucial significance of cellular and genetic heterogeneity of gliomas and 2) to a
variable degree, the involvement of NSCs and OPCs in tumor origin and progression.

2.4.3 Lineage markers in human gliomas
The results obtained from induced gliomagenesis in transgenic mouse models can
only provide clues about the biology of human brain tumors. Additionally in the human
context the study is restricted to late-stage tumors which can offer limited information
about cell of origin (Visvader, 2011). Nevertheless, tumor biopsies represent the best
possible preparation to gain insight into the cellular populations that contribute to
disease progression in the human. Therefore a common approach to study the intratumoral heterogeneity has consisted in correlating lineage marker expression with
clinical or other histopathological criteria.
The glial fibrillary acidic protein (GFAP) is a widely used marker for astroglial cells
and is frequently expressed in GBM in a heterogeneous fashion (Oh and Prayson,
1999). In immunohistochemical studies of 131 and 85 brain tumors, the percentage of
positive cells and the intensity of the GFAP staining correlated inversely with
malignancy (Tascos et al., 1982; Velasco et al., 1980). It has been proposed that the
reduction of GFAP in higher grade astrocytic tumors reflects a less differentiated status
of the tumor cells rather than a step in tumor progression (Wilhelmsson et al., 2003).
Interestingly, the expression of specific markers of immature cell types like NSCs
and OPCs has been successfully demonstrated in several brain tumors.
Nestin, a specific marker of NSCs (Lendahl et al., 1990) was found by
immunohistochemistry in 67 out of 78 brain tumors including astrocytomas and
correlated with tumor grade (Dahlstrand et al., 1992). Similarly, nestin expression has
also been reported in other series of human brain tumors, both in tumor cells as well as
in vascular endothelial cells (Almqvist et al., 2002; Sugawara et al., 2002; Toyama et
al., 1992).
Recently, using tissue microarrays and immunohistochemistry in a series of 40, 70
and 283 astrocytic gliomas, three independent groups have observed a correlation
8

between the levels of nestin expression and tumor grade (Ehrmann et al., 2005;
Rushing et al., 2010; Wan et al., 2011). Other stem cell specific markers like
mushashi1 have also been found in human tumor specimens (Uchida et al., 2004).
The chondroitin sulfate proteoglycan (NG2) and the platelet derived growth factor
receptor α (PDGFRα), are specific markers of the so-called NG2 glia or
oligodendrocyte progenitor cells (OPCs) (Nishiyama et al., 1999; Nishiyama et al.,
1996). Like its name suggests, OPCs are a progenitor population that differentiates
mainly into oligodendrocytes in vivo (Komitova et al., 2011), yet they can also give rise
to astrocytes (Zhu et al., 2008; Zhu et al., 2011).
Similar to nestin, NG2 had a greater expression in high- than in low-grade gliomas
and was found to co-localize with PDGFRα (Chekenya et al., 1999). Also, NG2 could
be detected by immunohistochemistry in seven out of seven oligodendrogliomas and
one of five glioblastomas (Shoshan et al., 1999). Recently, in a larger screening of 74
GBM biopsies, the levels of NG2 had an inverse correlation with survival. Furthermore,
NG2+ GBM cells showed increased resistance to ionizing radiation (Svendsen et al.,
2011).
Although the correlation of lineage markers with prognosis highlights, once again,
the importance of tumor heterogeneity, it should be kept in mind that the relative
abundance of cells expressing a particular marker is not necessarily indicative of its
relevance regarding tumor progression.

2.4.4 Brain tumor initiating cells and the cancer stem cell hypothesis
Pure immunohistochemical studies show that late-stage human astrocytomas
contain subpopulations of cells that express lineage markers of astrocytes, NSCs and
OPCs and have a prognostic correlate (Section 2.4.3 Lineage markers in human
gliomas, page 8). Although these findings suggest that nestin+ and/or NG2+
subpopulations play a role in glioma, this approach cannot provide information about
the functional properties of these subpopulations and their relative contribution to tumor
progression.
The expression of NSC markers led to the idea that nestin+ cells in tumors might
share other functional properties of normal NSCs. In the normal mouse CNS, sphere
9

forming stem- and progenitor cells can be isolated by means of the neurosphere assay
(NSA). The NSA consists in culturing dissociated tissues under conditions that do not
support the long-term viability of the majority of cells, leading to its consequent death.
Additionally, the medium is supplemented with epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF) or both, promoting the survival and expansion of cell
populations that are responsive to these factors (Reynolds and Rietze, 2005; Reynolds
and Weiss, 1992).
Therefore, Ignatova and co-workers used the NSA to isolate sphere-forming
subpopulations from human GBM and anaplastic astrocytoma samples. Besides
exhibiting spheroid growth, this tumor stem-like subpopulation exhibited characteristics
reminiscent of normal NSCs, like 1) expression of the developmental markers nestin
and tenascin and 2) when grown in serum containing medium, the cells expressed
markers of more differentiated progeny such as GFAP and β-III tubulin (Ignatova et al.,
2002).
This method has further been used to isolate stem-like populations from other
human brain malignancies such as medulloblastoma, pilocytic and anaplastic
astrocytoma (Hemmati et al., 2003; Singh et al., 2003) and GBM (Galli et al., 2004;
Yuan et al., 2004).
Furthermore, after orthotopic implantation in immunodeficient mice, stem-like
populations were able to produce a tumor reminiscent of the patient's original neoplasm
and have been therefore called cancer stem cells (CSCs) or brain tumor initiating cells
(BTICs) (Singh et al., 2004; Vescovi et al., 2006).
The tumor propagation ability of BTICs has made this subpopulation the focus of
extensive research and consequently the center of great controversy regarding its
identity, origin, characteristics and significance in the in vivo context.
To explain the possible role of stem-like cell subpopulations in tumors, three nonexclusive mechanisms have been postulated 1) normal stem cells and cancer cells
share similar mechanisms of self-renewal, 2) tumors cells arise from normal stem cells
and 3) tumors contain a special subpopulation of “cancer stem cells” (CSCs) that can
proliferate indefinitely and drive the growth and formation of a hierarchically organized
tumor (Reya et al., 2001).
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Despite its utility, the NSA only allows the a posteriori identification of BTICs,
limiting the approach to several experimental questions especially in the in vivo
situation. Although several strategies for prospective identification have been
proposed, no reliable method is currently available.
Still, given its abundance in the literature, it is worth to briefly mention the
discussion around the CD133 molecule, a proposed prospective marker for BTICs. The
normal neural stem cell marker CD133 was used to isolate tumor cells from pediatric
medulloblastomas and adult glioblastomas. When implanted in the brains of
immunodeficient mice, CD133+, but not CD133- cells, were able to recapitulate the
patients’ original tumor (Singh et al., 2004).
The notion that a rare population of BTICs could be identified by means of a single
marker (CD133) found echo outside the field of neuro-oncology. Shortly after, CD133
became a global marker for stem cells and CSCs, with which stem-like populations
were successfully isolated from liver (Rountree et al., 2008), prostate (Collins et al.,
2005; Richardson et al., 2004), lung (Eramo et al., 2007) and pancreas (Hermann et
al., 2007).
However, in the field of gliomas the validity of CD133 as a universal marker for
BTICs was confronted with the observation that CD133- spheroids and CD133adherent cells isolated from primary GBMs, were also able to give rise to tumors upon
implantation in immunodeficient animals (Beier et al., 2007; Ogden et al., 2008; Wang
et al., 2007). Moreover, after serial in vivo passaging, tumors originated from CD133cells increased their expression of CD133 (Wang et al., 2007). Since CD133 is no
longer considered as a reliable marker for the a priori identification of BTICs, the NSA
remains the most widely accepted approach for the isolation of stem-like sub
populations from brain tumors.
Nevertheless, the significance of stem-like subpopulations in brain tumors and even
the definition of CSCs is still a matter of great controversy. In 2006, the American
Association of Cancer Research (AACR) organized a workshop on CSCs “to evaluate
data suggesting that cancers develop from a small subset of cells with self-renewal
properties analogous to organ stem cells” (Clarke et al., 2006). Here, a CSC was
defined as “a cell within a tumor that possess the capacity to self-renew and to cause
the heterogeneous lineages of cancer cells that comprise the tumor” (Clarke et al.,
2006).
11

In a similar fashion, a definition for brain tumor stem cells has been proposed as a
cell that reproduces the original tumor upon implantation, and has extensive selfrenewal ability, karyotypic or genetic alterations, aberrant differentiation properties, the
ability to generate non tumorigenic end cells and multilineage differentiation capacity
(Vescovi et al., 2006).
Others have challenged the notion of a single, rare cancer stem cell population and
have instead, proposed that there might even be several populations with varying
degrees of “stemness”, which might depend on the environment (Hill, 2006). Even
further, it has been suggested that the tumor forming potential is a characteristic of all
tumor cells to a variable degree and not necessarily a special feature of a
subpopulation (Kern and Shibata, 2007).
Regardless of the controversies, it is important to note that all of the above
mentioned studies show a similar, reproducible set of observations namely:
1) by using the NSA a subpopulation of cells can be isolated from brain tumors,
2) the isolated subpopulation exhibits spheroid growth and expresses markers of
normal NSCs and/or differentiated progeny,
3) variations in the expression of lineage specific markers (“differentiation”) can be
induced by changing the growth factor composition of the culture medium, and
4) upon implantation in immunodeficient mice, the cells give rise to a tumor with a
similar phenotype to that of the patients original neoplasm (Beier et al., 2007; Galli et
al., 2004; Ignatova et al., 2002; Singh et al., 2003; Singh et al., 2004; Wang et al.,
2007).

2.4.5 Nestin and NG2: Lineage markers in pathological states?
While it seems plausible that BTICs contribute to tumor propagation, their lineage
identity is much less understood. Traditionally, the expression of NSC/progenitor
markers and their ability to “differentiate” has caused BTICs to be described as “stemlike cells”. However, whereas CNS subpopulations can be readily identified by their
marker expression under physiological conditions, care should be taken when using
this method to determine lineage in the diseased brain.
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For example, it has been shown that reactive astrocytes can express nestin and
mushashi1 during regeneration after CNS lesion (Clarke et al., 1994; Frisén et al.,
1995; Lin et al., 1995; Oki et al., 2010; Tamagno and Schiffer, 2006). In a similar
context, it has been suggested that reactive astrocytes might also transiently express
NG2 (Komitova et al., 2011).
Further, the NG2 protein is not detectable in multipotent stem-cells or terminally
differentiated cells (Komitova et al., 2009), but is upregulated in response to
commitment to a particular lineage or in injury, where proliferation and motility are
required (Stallcup and Beasley, 1987). This fact has led to the interpretation that NG2
is more a marker of cell status (quiescent vs. activated) than a marker for a specific cell
type (Stallcup and Huang, 2008). Similar expression patterns in other tissues support
this argument. For example, in the development of the rat limb, stem cells show no
expression of NG2, then it is upregulated in immature chondroblasts and
downregulated in mature chondroblasts (Fukushi et al., 2003). Analogous phenomena
can be observed in the skin, hair follicle and vasculature (Ghali et al., 2004; Legg et al.,
2003; Stallcup and Huang, 2008).
Furthermore, while it seems very clear that NG2+ cells correspond to OPCs during
development, the identity of the cycling PDGFRα+/NG2+ cells in the adult brain remains
unresolved. It has been proposed that this population might be heterogeneous and
might consist of 1) a reserve pool of oligodendrocyte progenitors and 2) a distinct class
of glial cell called a polydendrocyte of yet unknown function (Dawson et al., 2000;
Horner et al., 2002; Karram et al., 2005; Nishiyama et al., 2002; Peters, 2004; Stallcup
and Huang, 2008; Trotter et al., 2010).
Also, regarding its function, it has been shown that the NG2 protein can regulate
cell motility in glioma (Burg et al., 1997; Makagiansar et al., 2004) and melanoma cells
(Burg et al., 1998; Burg et al., 1997; Eisenmann et al., 1999) and can influence cell
proliferation of OPCs, glioma cells and pericytes (Makagiansar et al., 2004; Nishiyama
et al., 1996; Ozerdem and Stallcup, 2004). Moreover, transfection of NG2 in NG2glioma cells lead to an increased tumor growth and vascularization in orthotopic
xenograft models (Wang et al., 2011).
Likewise, nestin has been implicated in proliferation, migration and survival of brain
tumor cells (Chou et al., 2003; Wei et al., 2008). For example, glioma cells with high
nestin expression formed larger tumors in vivo and blocking nestin expression with
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shRNA reduced the volume and growth of tumors (Lu et al., 2011). Additionally the
expression of high levels of nestin has been reported in pancreas (Jimeno et al., 2009),
thyroid (Yamada et al., 2009), breast (Li et al., 2007) and gastrointestinal (Tsujimura et
al., 2001) cancer as well as melanoma (Brychtova et al., 2007).
The role of nestin and NG2 in invasion and proliferation could represent a selective
advantage for cells in the tumor microenvironment, implying that their expression in
glioma cells and other malignancies might be distinctive of a cell’s proliferative
capacitive and not a marker of its lineage (Al-Mayhani et al., 2011; Ishiwata et al.,
2011). Therefore, a complementary approach should be implemented to reliably
establish the identity BTICs.
Most of the cellular components of the CNS exhibit a well characterized robust
electrophysiological signature, including astrocytes (Parkerson and Sontheimer, 2003;
Sontheimer et al., 1992; Stacey Nee and Harald, 2000), oligodendrocytes (Sontheimer
and Kettenmann, 1988; Tripathi et al., 2011), microglia (Ducharme et al., 2007; Newell
and Schlichter, 2005; Pannasch et al., 2006), neural progenitor cells of the SVZ (Lai et
al., 2010; Wang et al., 2003) and NG2 cells (Bergles et al., 2000; Chittajallu et al.,
2004; Káradóttir et al., 2008; Lin and Bergles, 2002).
It seems plausible that the electrophysiological membrane properties could
complement traditional cell culture and antibody-based schemes to obtain further
quantitative evidence about the identity of BTICs. Yet, to our knowledge, this approach
has never been tested.

2.5 Aim of the study
Brain tumors are heterogeneous regarding cell morphology, marker expression and
genetic lesions (Visvader, 2011). The relative contribution to tumor maintenance and
progression of distinct neoplastic cellular subpopulations might aid in the development
of rational treatments, however it remains poorly understood.
A widely used approach to gain insight into tumor heterogeneity consists in using
the neurosphere assay (NSA) to isolate tumor cells from human brain malignancies.
The cells obtained through this method have been called brain tumor initiating cells
(BTICs) since they might contribute to tumor progression (Clarke et al., 2006). Although
the ability of BTICs to propagate tumors is widely accepted, their identity is still under
debate. BTICs exhibit many properties of normal neural stem cells and progenitor cells
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like self-renewal, multipotential differentiation and lineage marker expression (Galli et
al., 2004; Persson et al., 2010; Singh et al., 2004). However it has been argued that the
expression of markers of NSC/progenitor cells might confer selective advantage to
neoplastic cells in the tumor microenvironment,, casting doubts about their utility as
lineage markers in a pathological context (Al-Mayhani et al., 2011). Besides
differentiation and self-renewal potential, little is known about the functional properties
of BTICs.
Distinct normal CNS subpopulations exhibit a well-defined electrophysiological
signature. The robustness of this fingerprint relies on the high resolution of the patch
clamp technique, since it allows the simultaneous measurement of several membrane
parameters at a functional level in real time (Hamill et al., 1981). Hence we propose
that electrophysiological membrane properties can complement traditional cell culture
and marker based approaches to gain insight into the identity and functional aspects of
BTICs, a strategy that has not been reported so far.
In the present study, we will characterize a panel of five primary BTICs derived from
human GBM specimens at three levels of description: antigen expression,
differentiation potential and membrane physiology.
The panel of BTICs used in this study has been established by the neurosurgery
department (Universitätsmedizin, Göttingen) and has been derived from intraoperative
samples confirmed as GBM by a certified neuropathologist (Universitätsmedizin,
Göttingen). Further, the cells have been isolated using the NSA and the tumor forming
ability of each cell line has been tested by implantation in immunodeficient mice, where
they gave rise to tumors with hallmarks of GBM.
For the antigen-based lineage analysis, we will describe the expression of markers
of NSCs and OPCs as well as terminal differentiated cells (astrocytes, neurons and
oligodendrocytes) using antibody-based techniques. Second, we will test the
differentiation potential of BTICs in response to diverse growth factors and finally, we
will measure the electrophysiological properties of BTICs and see whether they are
reminiscent of immature cells (NSCs/OPCs), a rather mature phenotype (astrocytes) or
neither.
The antigen based characterization of human primary GBMs and their
differentiation potential has been described in numerous reports. In this work we
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present, for the first time, a detailed characterization of the electrophysiological
membrane properties of BTICs as a complement to cell culture and marker based
strategies. This novel approach might prove useful to shed light into BTIC identity,
therefore contributing to the debate about tumor-heterogeneity and providing
information about a neglected aspect of BTICs, namely their functional properties.
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3 Results
3.1 BTICS express NG2, Nestin and GFAP

The expression of NG2 protein, a marker for glial progenitors, was determined by
western blot analysis using a rabbit-polyclonal NG2 antibody (Chemicon). In five out of
seven lines tested we detected a band at ~280 kDa compatible with NG2. The relative
intensity of the band was variable between cell lines, where #10 and #1034 showed a
higher expression than #1063, #1095 and #1051. No band was detected in cell lines
#1075 and #1080 (Figure 1).

Figure 1. NG2 and nestin protein expression in BTICs. Western blot using anti-NG2
specific antibodies shows the presence of a band at ~280 kDa in 5 out of 7 BTIC lines tested.
Mouse total brain protein was used as a positive control and mouse liver and the NG2 negative
mouse melanoma cell lines were used as negative controls. A band at ~240 kDa was detected
using an anti-nestin antibody in all BTICs. An antibody against calnexin (~90 kDa) was used as
a loading control. Note a higher relative intensity of the NG2 band in #10 and #1034.

To test whether the difference in NG2 expression was due to the presence of mixed
subpopulations (e.g. NG2+/NG-) or a general lower protein amount in the majority of
cells, we performed flow cytometric analysis. By using an NG2-specific antibody
directly coupled to phycoerythrin (PE) (R&D Systems), we can determine the
percentage of live cells with membrane-associated NG2. The experiments revealed
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that the whole population had a shift in the fluorescence intensity of approximately one
to two orders of magnitude in all cell lines studied. Furthermore, at least 80% of the
cells showed a fluorescent signal above the levels of background fluorescence (Figure
2, page 18). No changes in fluorescence intensity were detected in B16, a NG2negative mouse melanoma line (Burg et al., 1998).

Figure 2. Membrane expression of NG2 In all BTIC lines, the amount of labeled cells was
above 80% (red), as evidenced by the increase of fluorescence intensity above unlabeled
controls (black). No shift in the mean fluorescence intensity was observed in B16 cells (lower
right panel). The horizontal line shows an arbitrary gate to define percentage of positive cells
above background fluorescence. AU= Arbitrary Units.

To determine the subcellular localization of NG2, an immunocytochemical approach
was used. The NG2 signal was localized in a non-uniform fashion to the cell
membrane. In the case of #10 and #1034, there was a strong overall staining of the
membrane with an accumulation in some cell processes. For lines #1063, #1095 and
#1051, the focal expression in processes was predominant and was accompanied by a
non-homogeneous and weaker staining of the cell membrane (Figure 3, page 19).
Since NG2 serves as a marker of OPCs/NG2 glia in physiological states, we tested
for the expression of another OPC specific marker, the platelet derived growth factor
receptor alpha (PDGFRα) (Nishiyama et al., 1996). All NG2 positive cells analyzed also
expressed PDGFRα (#10 n=141, #1034 n=52, #1051 n=34, #1063 n=30, #1095 n=21)
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(Figure 3, page 19). Very few cells (less than 2%) expressed PDGFRα without clear
NG2 expression.

Figure 3. BTICs co-express NG2 and PDGFRα. Representative images of cells labeled
for NG (red) and PDGFRα (green). Note the peripheral localization of NG2 with a markedly
uneven expression in some processes (left column). Scale bars = 10 µm.
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Then, we wondered if nestin, a protein often found in progenitors and BTICs
(Vescovi et al., 2006) was also expressed in our series of cell lines. Consequently,
using western blot analysis with a specific anti-nestin antibody (Millipore) a band of
~240 kDa, compatible with the molecular weight of nestin, was detected in all BTICs
(Figure 1Figure , page 17). To determine if nestin exhibited a heterogeneous
expression pattern we used an immunocytochemical approach and found a strong
signal in ~98% of the cells.

Figure 4. BTICs co-express nestin and NG2. Representative cells from each line labeled
with specific anti-NG2 (green) and anti-nestin (red) antibodies. NG2 signal has a pattern
compatible with a membrane staining showing enhancement in cellular processes. Nestin has
an intracellular localization. An exemplary line #1034, is shown in an enlarged display (top row)
to better appreciate the structural details. TO-PRO-3 (TP3) was used as a nuclear marker
(blue). Scale bars = 20 µm.

According to the expression of glial fibrillary acidic protein (GFAP), the cell lines
could be divided into those which had a GFAP+ population, namely #10 and #1034 with
41.15 ± 8.56 % and 30.57 ± 1.86 % positive cells respectively and those lines where no
GFAP could be detected (#1063, #195 and #1051).
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Figure 5. GFAP cells express NG2. NG2 signal (green) is observed in the majority of
#1034 cells (right, middle panel), whereas GFAP (red) is expressed in a subpopulation of cells
+
+
(right, top panel). In GFAP /NG2 cells (left panel), the expression of the GFAP seems to be
confined to the intracellular compartment, while the NG2 signal is more abundant in the
periphery. Nuclei were counterstained with TO-PRO-3 (blue). Scale bars = 20 µm.

No reactivity was observed for the oligodendrocyte specific protein myelin basic
protein (MBP) or the neuron specific protein neuronal nuclei (NeuN).
Given the ubiquitous expression of nestin and NG2, we hypothesized that both
proteins should co-localize to the same cells. A simultaneous labeling with anti-NG2
and anti-nestin specific antibodies confirmed that a vast majority of cells were
NG2+/nestin+ (Figure 4, page 20). Likewise, GFAP+ cells also expressed NG2 (Figure
5, page 21) and nestin (Figure 6, page 22).
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Figure 6. GFAP cells express nestin. GFAP cells (red) from #10 (top row) and #1034
+
(bottom row) co-expressed the NSC-marker nestin (green). All GFAP- cells were also nestin .
Nuclei were counterstained with TO-PRO-3 (blue). Scale bars = 20µm.

3.2 BTICs have a restricted differentiation potential
The capacity of a cell to produce a heterogeneous lineage is a common finding of
BTICs and has even been proposed as defining criteria since this feature might explain
the ability of BTICs to recapitulate the cellular heterogeneity of the tumor (Clarke et al.,
2006). Also, the response to particular factors can provide valuable information about
the identity of the cells. Therefore, we treated the cells with either 10% fetal calf serum
(FCS), tri-iodothyronine (T3), 100 ng/ml ciliary neurotrophic factor (CNTF) or 10 µM
forskolin (FORS) and measured the changes in the expression of markers of astroglial,
oligodendroglial and neuronal lineages.
As expected from the differentiation pattern described for normal NSCs (Galli et al.,
2004; Ignatova et al., 2002) and OPCs (Stallcup and Beasley, 1987), the addition of
10% FCS produced a significant increase in the percentage of GFAP-positive cells in
all lines. Those cell lines that had a heterogeneous expression of GFAP (#10 and
#1034) showed an increment of 30–50%. The effect was even more dramatic in those
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cell lines where no initial GFAP expression was detected, where increments of 15 and
up to 63% were observed (Figure 7). NeuN and MBP were not detected after exposure
to FCS.

Figure 7. Differentiation potential of BTICs A. Representative confocal image of #1034,
+
showing GFAP cells (red) after 5 days in neurobasal medium (NB, left panel) or NB
+
supplemented with 10% FCS (FCS, right panel). B. The increase in the GFAP population was
also observed when the medium was supplemented with T3, CNTF or Forskolin (FORS). No
NeuN or MBP was detected in any of the conditions.

Given the expression of NG2 and the increase in GFAP+ cells observed under 10%
FCS (Stallcup and Beasley, 1987), we wanted to test whether the cell lines followed a
differentiation pattern analogous to that of OPCs and could therefore be induced to
differentiate along the oligodendroglial lineage. Consequently, BTICs were grown in the
presence of T3 and CNTF, factors known to drive the differentiation of normal OPCs
into oligodendrocytes (Fitzner et al., 2006; Mayer et al., 1994). Surprisingly, no MBP
was detected after 5 days. To rule out the possibility of a flawed differentiation regime,
normal cultured mouse OPCs were used as a positive control. In this model, MBP
expressing cells were observed after 5 days (Figure 8, page 25).
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Nevertheless, a significant increment in the percentage of GFAP+ cells was again
observed in those cell lines which were otherwise GFAP- when grown in neurobasal
medium, namely: # 1063 8% increase, p=0.03; #1051, 2.1% increase, p=0.01 and
#1095 71% increase, p<0.0001 (Figure 7, page 23).
Interestingly, in #1095 the increase in GFAP+ cells was larger in the presence of T3
than in 10% FCS. Line #10 also showed a statistically not significant increase in GFAP+
cells upon exposure to either T3 or CNTF. A similar effect was observed in #1034 and
#1051 in response to T3 or CNTF. Again, no NeuN expression was detected.
Further, we tested the effect of forskolin, a factor known to induce differentiation of
NSCs into the neural lineage (Persson et al., 2010). Unexpectedly, a significant
increase in GFAP+ cells was observed in all cell lines, with the exception of #1051,
where only a slight increment was observed (Figure 7, page 23). We were not able to
detect NeuN or MBP under any of the differentiation conditions used.
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Figure 8. Differentiation of mouse OPCs. After 5 days in the presence of T3, mouse
+
OPCs express MBP and reduce the number of NG2 cells (middle upper row). No differences
are observed in the number of GFAP or NeuN expressing cells (lowermost row). Scale bars =
50 µm.
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3.3 Membrane Properties of BTICs: Electrophysiology

The expression of NG2, PDGFRα, nestin and GFAP and a differentiation potential
restricted to the astroglial lineage does not conform to the behavior described for any of
the normal CNS subpopulations. Therefore we wanted to know whether BTICs exhibit
physiological features attributed to normal NSCs, NG2 glia or rather of terminally
differentiated neuronal or glial populations. Consequently, we performed whole-cell
patch clamp recordings of dissociated spheroids, to study the functional expression of
ionic currents and membrane properties of BTICs.

3.3.1 BTICs have a moderate membrane resistance

Most cell types of the CNS have been described in terms of their membrane
resistance. For example, low values have been reported for astrocytes (~10 MΩ)
(Bergles et al., 2000; Lin and Bergles, 2004; Mueller et al., 2009) and oligodendrocytes
(<200 MΩ) (Tripathi et al., 2011). The membrane resistance of NG2 cells at voltages
close to the resting potential has been described as intermediate and ranges between
200 MΩ and 1GΩ (Káradóttir et al., 2008; Kukley et al., 2010; Mueller et al., 2009). On
the other hand, neurons and NSCs have very high input resistances (up to 4 GΩ)
(Wang et al., 2003).
Therefore, we calculated the membrane resistance of BTICs by dividing the voltage
response of the membrane to a stepwise current injection as described elsewhere
(Llinas and Sugimori, 1980) (Figure 9.A, page 27). Although significant variations in
membrane resistance were found between lines (one-way ANOVA, p = 0.0015), all
values ranged between 300 MΩ and 600 MΩ (#10 397.3 ± 36.46 MΩ, n=8; #1034
497.0 ± 158.5 MΩ, n=4; #1063 631.8 ± 45.9 MΩ, n=15; #1095 401.1 ± 44.24 MΩ, n=8;
#1051 331.7 ± 39.75 MΩ, n=10) (Figure 9.B, page 27).
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A

Figure 9. Intermediate membrane resistance of BTICs. A. Representative voltage
response to a stepwise current injection in #10 (n=8). The red line represents the best linear fit
to the data. The dotted line represents 95% confidence intervals. B. Slope of the curve (as in A)
for all cell lines tested. Asterisks represent zeros after the decimal point in the value of p and are
only displayed for values where p < 0.05. Error bars in B represent standard error of the mean
(s.e.m.).

3.3.2 BTICS express voltage dependent Na+ currents and regenerative
voltage transients

In all cell lines we observed a transient inward current within the first 2 ms of a
depolarizing pulse between -40 and 40 mV from a holding potential of -60 mV (Figure
10.A) The current density, which was calculated by dividing the peak current amplitude
at 0 mV by the cell capacitance, ranged from 1.4 ± 0.5 pA/pF in #1051 to 8.7 ± 0.9
pA/pF in #10 and was significantly different among lines (One Way ANOVA, p<0.001)
(Figure 10.B and C). The current density values for the remaining lines were: #1034
6.54 ± 0.76 pA/pF, #1063 5.10 ± 1.09 pA/pF (n=18) and #1095 6.93 ± 0.91pA/pF
(n=35).
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Figure 10. Transient inward currents in BTICs. A. Current response of a representative
#1095 cell (upper panel) to variable voltage steps from a holding potential of -80 mV (lower
panel). The current has fast activating and fast inactivating components and reaches steadystate towards the end of the pulse. Note the presence of a fast transient current in the first few
milliseconds of the voltage pulse (upper panel, inset). B. Inward current elicited in response to a
depolarization to 0 mV, from a holding potential of -60 mV (lower panel). C. Current density
values of the inward current of individual cells in all cell lines tested. Red lines represent the
mean.

Despite the differences in current density, when the current-voltage (I-V)
relationship was plotted and fitted for all groups of cells (Figure 11.A) we observed no
significant differences in half maximal activation (#10 -24.5 ± 1.2 mV, n=11; #1034 26.5 ± 1.9 mV, n=12; #1063 -28.0 ± 1.9 mV, n=12; #1095 -28.4 ± 1.6 mV, n=19 and
#1051 -22.6 ± 8.5 mV, n=4; One way ANOVA, p=0.59) (Figure 11.B) or reversal
potential (#10 -24.5 ± 1.2 mV, n=11; #1034 -26.5 ± 1.9 mV, n=12; #1063 -28.0 ± 1.9
mV, n=12; #1095 -28.4 ± 1.6 mV, n=19 and #1051 -22.6 ± 8.5 mV, n=4; One way
ANOVA, p=0.68) (Figure 11.C).
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Figure 11. Voltage dependence of transient inward currents A. Current – Voltage (I-V)
relationship of the transient inward current exhibits a similar behavior in all BTIC lines. B. No
significant differences between lines were observed in half maximal activation or reversal
potential (C.). Error bars represent standard error of the mean.

More than 95% of the current was reversibly blocked, in all cases, by application of
500 nM TTX (#10 98.1 ± 0.7 % (n=7); #1034 97.2 ± 1.6 % (n=4); #1063 91.2 ± 4.2 %
(n=4); #1095 94.7 ± 2.1 % (n=7); and, #1051 95.1 ± 2.1 % (n=5)) (Figure 12, page 29).
The kinetic and pharmacological characteristics indicate that the inward current is
compatible with a current mediated by voltage-gated sodium channels.

Figure 12. Transient inward currents are sensitive to TTX. A. Current response of a
#1095 cell to a voltage stimulus of 0 mV from a holding potential of -80mV (bottom panel). The
control response (uppermost panel) can be blocked by applying 500 nM TTX to the bath
solution (middle upper panel) and can be reverted by removal of the toxin (middle lower panel).
To better illustrate the effect of TTX on the sodium current, a cell with low outward current

29

density was used. B. TTX blocked above 95% of the current in all cell lines tested. Error bars
represent standard error of the mean.

The currents mediated by voltage-gated sodium channels could be found in the
majority of cells within a given culture: #10 98% positive cells (53 out of 54 cells),
#1034 100% (n=23), #1063 82% (18 out of 22 cells) and #1095 97% (36 out of 37
cells) with the exception of #1051, where only 10 out of 30 cells had sodium currents.
Given the heterogeneous expression of sodium currents, we decided to implement
an imaging approach to further quantify the percentage of cells expressing sodium
channels. To do this, the cells were labeled with a pan-sodium channel antibody
(Sigma). The labeling showed a signal cluster adjacent to the nucleus and in some
cases a peripheral pattern suggestive of membrane localization. The proportion of
positive cells was similar to that found by electrophysiology in most cases, namely:
#10, 96%; #1034, 93%; #1063, 76%. For the remaining two cell lines, both methods
show somehow different results, where #1095 shows less (56%) and #1051, shows
more (72%) positive cells than by electrophysiology (Χ2=19.94, p=0.0005) (Figure 13,
page 31). This might possibly be because immunocytochemistry detects channels in
both the intracellular and membrane compartments whereas electrophysiology can
only detect membrane bound, functional channels.
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Figure 13. Expression pattern of voltage-gated sodium channels in BTICs. A.
Immunostaining using an antibody against a common epitope of voltage-gated sodium channels
(Pan-Na, green) revealed a signal cluster adjacent to cell nuclei (blue) and in some lines it could
be observed as a clear membrane staining (#10 and #1063). The cells were identified by
staining the nuclei with TO-PRO3 (TP3, blue). Scale bars = 50 µM. B. Two methods,
electrophysiology (EP) and immunocytochemistry (ICC) were used to determine the percentage
of positive cells. A discrepancy between the two methods was observed in lines #1095 and
#1051, probably due to the different sensitivity of both techniques. The asterisks represent a p
value <0.05. Error bars represent standard error of the mean.

After confirming the expression of voltage-gated sodium channels, we tested the
excitability of the cell membrane by measuring the voltage response to the injection of
variable current pulses. Surprisingly, upon current stimuli >40 pA, we were able to elicit
a single regenerative voltage transient in about one third of the cells (#10, 5 out of 18
cells; #1063 7/19, #1095 9/26, #1051 3/8) and in all #1034 cells (n=5) (Figure 14., page
32). Although reminiscent of an action potential, the regenerative voltage transient
occurred in a much slower time scale and will therefore not be referred to as an action
potential.
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Figure 14. Outward regenerative voltage transients. A. Voltage response to a step-wise
current injection protocol shown in B. Note the appearance of a single, broad voltage transient
at the beginning of the pulse in response to larger current injection.

Besides the initial transient, which was regenerative in nature, the continuous
current stimulation eventually reached a steady state (Figure 14.A, page 32); therefore
we defined a post-transient baseline (PTB) as the average voltage in in the last 500 ms
of the pulse as a reference point to calculate properties of the transient (Figure 15.A,
page 33).
The mean absolute peak of the transient was above 0 mV in most of the cases (#10
17.8 ± 3.7, n=5; #1034 15.3 ± 4.3, n=5; #1063 8.6 ± 3.7, n=7; #1095 7.4 ± 5.8, n=7)
with the exception of #1051 where the value was -1.9 ± 3.8, n=3 (Figure 15.B, page
33).
Nevertheless, the regenerative transient could be recognized due to the fact that in
all cells measured, it had an overshoot larger than the PTB 10.23 ± 1.8 mV (n=5) in
#10, 16.01 ± 3.3 mV (n=5) in #1034, 7.2 ± 3.5 mV (n=7) in #1063, 20.3 ± 8.83 mV
(n=7) in #1095 and 8.02 ± 0.1 mV (n=3) in #1051 (Figure 15.C, page 33). Also a
relative afterhyperpolarization (AHP) could be seen with mean values of -1.3 ± 1.3 mV
(n=5) for #10, -7.0 ± 3.9 mV (n=5) for #1034, -4.86 ± 1.3 mV for #1063 (n=7), -8.9 ±
3.38 mV for #1095 (n=7) and -2.24 ± 2.13 mV for #1051 (n=3) (Figure 15.D, page 33).
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Figure 15. Biophysical parameters of regenerative voltage transients A.
Representative voltage trace from a #1034 cell, showing a schematic representation of the
reference points used to measure different biophysical parameters. The mean values for
absolute regenerative transient peak (B), relative overshoot (C), relative afterhyperpolarization
(D) and transient width (E), are represented for each cell line. Error bars represent standard
error of the mean.

33

The transient was broad and slow when compared to typical action potentials of
mouse granule cell neurons (Figure 16, page 35). It had a width at baseline of 16.5
±2.85 ms for #10 (n=5), 11.34 ± 2.73 ms for #1034 (n=5), 7.24 ± 1.6 ms for #1063
(n=7), 18.6 ± 8.92 ms for #1095 (n=7), 31.5 ± 10.2 ms #1051 (n=3) (Figure 15.E, page
33). The speed was measured in terms of maximum rate of rise (MRR) and maximum
rate of fall (MRF). The mean MMR for the different cell lines was 8.2 ±0.97 V/s for #10
(n=5), 15.65 ± 2.6 V/s for #1034 (n=5), 13.75 ± 2.6 V/s for #1063 (n=7), 20.26 ± 4.3 V/s
for #1095 (n=7) and 4.95 ± 1.16 V/s for #1051 (n=3) and the mean MRF -2.5 ± 0.4 V/s
(n=5) for #10, -6.2 ± 2.8 V/s (n=5) for #1034, -5.82 ± 1.8 V/s for #1063 (n=7), -4.67 ±
0.85 V/s for #1095 (n=7) and -1.69 ± 0.24 V/s for #1051 (n=3) (Figure 16, page 35 ).
Both MMR and MRF were at least 20 fold higher in neurons.
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Figure 16. Speed of the regenerative voltage transient. A. Representative regenerative
voltage transient of a #10 cell (left panel) and its respective differential (B left panel). The
regenerative transient is much slower than mouse granule cell neurons (A and B, right panel).
Note the large difference in the scale bars. C. Speed of the regenerative transient represented
in terms of its differential as maximum rate of rise (MRR) and maximum rate of fall (MRF). No
significant differences were observed between lines. The MRR and MRF of neurons were >20
fold larger than that of BTICs. Asterisks represent p values <0.05. Error bars represents
standard error of the mean.

Then we wondered if the sodium current density was related to the ability of the
cells to produce voltage transients. Indeed, we found that those cells in which
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transients could be elicited had a significantly higher sodium current density in #1095
(t-test, p=0.002) and #1051 (t-test, p= 0.04). In the remaining cell lines, a similar
tendency was observed although no significance was reached (#10, t-test, p = 0.16;
#1063, t-test, p = 0.22).
Regarding the sustained component of the outward current (IKDR) (Section 3.3.3.1,
page 38) the occurrence of the spike did not correlate with its density, except in #1063
(#1063, t-test, p= 0.016; #10, t-test, p=0.94; #1095, t-test, p=0.74; #1051, t-test,
p=0.56) (Figure 16, page 35).
We also found no differences when the IKDR / INa ratio (density of the sustained
outward component at 40mV divided by the peak sodium current density at -20mV) as
compared between cells with and without transient (#1063, t-test, p=0.8; #10, t-test,
p=0.9; #1095, t-test, p=0.95; #1051, t-test, p=0.17). No differences were calculated for
#1034 since transients were observed in all cells.
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Figure 17. Sodium and potassium channel density and transient generation. The
sodium and potassium channel density was compared in cells that exhibited transients and cells
that did not, for #10 (upper left panel), #1063 (upper right panel), #1095 (lower left panel) and
#1051 (lower right panel). Significance was calculated using unpaired t-test. The asterisks
represent zeros after the decimal point for p value <0.05. n.s. = non-significant. Error bars
represent standard error of the mean.

The data suggest that the ability of a cell to produce a regenerative transient relies
mainly on its content of sodium channels. To further test this hypothesis, we applied
500 nM TTX to the extracellular solution, where we observed an abolishment of the
transients (#10, n=1; #1063, n=1; #1095, n=5).
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Figure 18. Regenerative voltage transients are sensitive to TTX. Representative voltage
transient in a #1095 cell (black) was abolished by the application of 500nM TTX (red).

3.3.3 Voltage dependent outward currents
Outward voltage dependent currents were recorded from all cells studied
irrespective of cell line. An inactivating (IKA) and a sustained (IKDR) component were
elicited when depolarizing steps from -100 and up to 100 mV were given for 250 ms
from a holding potential of -60 mV (Figure 9 page 27).

3.3.3.1 Non-inactivating outward current (IKDR)
In order to isolate IKDR we applied a 200 ms pre-pulse to -20 mV that inactivated the
current carried by the decaying component (Figure 20.A, page 39). The IKDR was
reversibly and partially blocked (~70%) by 10mM TEA in all cell lines tested (#10 n=6,
#1034 n=6, #1063 n=4, #1095 n=7, #1051 n=10), suggesting that the current is
mediated by voltage-gated potassium channels.
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Figure 19. IKDR is blocked by TEA. A. Representative current response to a voltage pulse
to 40 mV (lower panel), before and after the application of 10mM TEA. B. The current was
blocked to about 70% in all cell lines. Error bars represent standard error of the mean.

With respect to the average steady state current density at 40 mV, it was possible
to identify lines with a higher overall current density #10SP 45.2 ± 3.8 pA/pF (n=46),
#1034 39.4 ± 6.4 pA/pF (n= 18) and #1063 17.7 ± 4.9 pA/pF (n=25) and others with
lower values, like #1051 8.4 ± 1.3 pA/pF (n=28) and #1095 6.0 ± 1.0 pA/pF (n=35)
(Figure 20.B, page 39).

Figure 20. IKDR density. A. Representative current response of a #10 cell (upper panel) to
variable voltage stimuli (lower panel). Note that the current towards the end of the pulse is larger
by depolarization to 40mV than to 100 mV (arrows). B. IKDR density at 40 mV of individual cells,
for all cell lines tested. Red lines represent the mean value.

Despite their differences in current density, the I-V relationship of IKDR revealed a
similar half activation potential of about -13 mV for all cell lines (#10 -13.7 ± 1.6 mV
(n=24); #1034 -13.8 ± 1.5 mV (n=11); #1063 -13.7 ± 1.7 mV (n=14); #1051 -14.3 ± 1.6
mV (n=17); #1095 -8.6 ± 2.6 mV (n=6) (One way ANOVA, p=0.58) and a half maximal
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block potential ~95 mV, which was also not significantly different between groups (One
way ANOVA p=0.11) (Figure 21.B, page 40).

Figure 21. Voltage dependence of IKDR. A. I-V relationship of IKDR, notice the rectification
at ~40 mV and a similar behavior in all cell lines. No differences were observed in half maximal
activation potential (B, upper panel) or half maximal block potential (B, lower panel). Error bars
represent standard error of the mean.

A rectification of the current at about 40 mV was also observed in all groups (Figure
21.B, page 40). The rectification was present in more than 95% of the cells in #10
(100%, n=40), #1034 (100%, n=15) and #1051 (95%, 18 of 19 cells). For #1063 and
#1095, the percentage of positive cells was about 60% (14 of 22 and 11 of 17 cells,
respectively) (Figure 23.B, page 41). Interestingly, the cells that did show rectification,
had a significantly larger current density which in average was two to six times larger
than that of cells without rectification (#1063 p=0.01 and #1095 p=0.04), suggesting
that the phenomenon was related to current magnitude (Figure 23.C, page 41).

Figure 22. Kv1.5 expression in BTICs. A specific anti Kv1.5 antibody (red) produced a
staining in the cell periphery in all cell lines tested. Nuclei were labeled with TO-PRO-3 Scale
bars = 20 µm.
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Most of the potassium current in normal NG2 cells, is known to flow through
homomeric KV1.5 or heteromeric channel complexes (Schmidt et al., 1999) . Also, it
has been shown that KV1.5 currents can exhibit magnesium-dependent rectification
(Tammaro et al., 2005). Therefore, we decided to explore the effect of magnesium on
the voltage dependence of IKDR, using #10 as a representative line. We observed that
after removal of magnesium from the intracellular solution, the rectification was
abolished (n=6), suggesting a magnesium dependent mechanism (Figure 23.D, page
41). Furthermore, immunocytochemical studies using antibodies against Kv1.5
revealed a strong signal compatible with a membrane staining in all cells studied
(Figure 22, page 40).

Figure 23. Rectification of IKDR. A. I-V relationships of rectifying (open circles) and nonrectifying (solid circles) #1095 cells. B. The majority of the cells in all groups had rectification. C.
Significant differences were found in the current density at 40 mV in #1063 and #1095 between
cells with (white) and without (black) rectification. D. Normalized I-V relationship of #10 cells in
the presence (solid circles) or absence (open circles) of intracellular magnesium. Solid lines
represent a fit to the data. Error bars represent standard errors of the mean and are in some
cases obscured by the markers. Asterisks represent p value <0.05.
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3.3.3.2 Inactivating outward current (IKA)

The inactivating IKA component was isolated by digitally subtracting IKDR from the
total outward current elicited when the prepulse was held at -80 mV (see page 38). The
IKA had a fast rising phase, with a similar time to peak current in all cell lines of about 2
ms (#10, 2.65 ± 0.65 ms, n=11; #1034, 1.6 ± 0.16 ms, n=9; #1063, 1.9 ± 0.36 ms, n=9;
#1095, 1.5 ± 0.12 ms, n=17; #1063, 2.2 ± 0.61 ms, n=8; One way ANOVA, p = 0.21).
The current decay can best be described by a double exponential where the fast
component had a mean inactivation time constant (fast) for all cell lines of 8.6 ± 0.6 ms
(#10, 9.8 ± 3.6 ms, n=18; #1034, 7.2 ± 1.4 ms, n=11; #1063, 7.1 ± 3.0 ms, n=10;
#1095, 7.1 ± 1.8 ms, n=8; #1051, 9.9 ± 3.8 ms, n=5) and a slow component with a
global mean inactivation time constant (slow) of 97.7 ± 27.1 ms (#10, 58.0 ± 18.0 ms,
n=17; #1034, 81.2 ± 24.8 ms, n=11; #1063, 200.2 ± 102.8 ms, n=8; #1095, 48.1 ± 7.0
ms, n=10; #1051, 99.7 ± 53.5 ms, n=6). No significant differences were found in the
inactivation time constants (One way ANOVA; fast, p=0.96; slow, p=0.14).
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Figure 24. Peak current density and decay of IKA A. Representative current responses of
a #1095 cell to its corresponding voltage protocols (B). A transient outward current can be
isolated by subtracting IKDR (A, middle panel) from the mixed current (A, left panel). C. Peak
current density of individual cells at 100 mV. Red lines represent mean value. D. No significant
differences were found in the inactivation time constants of IKA. Error bars represent standard
error of the mean.

IKA was expressed in all cell lines tested and in the majority of the cells within a line
namely: #10 24 of 32 cells, #1034 19 of 20 cells, #1063 11 of 17 cells, #1095 26 of 28
cells and #1051 16 of 24 cells. As for IKDR, a significant variation was observed in the IKA
density (p=0.003) where the values ranged from 2.29 ± 0.8 pA/pF in #1051(n=6) to
122.9 ± 55.07 pA/pF in #1034 (n=10) with intermediate values for #10, 14.3 ± 2.8
pA/pF (n=24), #1063, 15.2 ± 7.1 pA/pF (n=9) and #1095 31.35 ± 9.5 pA/pF (n=9).
Again, despite the differences in current density, the voltage dependence of the current
showed no significant differences between lines, as evidenced by the I-V relationship
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with a global mean half activation of -33.5 ± 3.1 mV (p=0.11) and a global mean half
inactivation of -74.5 ± 1.5 mV (p=0.13).

Figure 25. Voltage dependent activation and time to peak current in I KA. A. Similar I-V
relationships of isolated IKA were observed in all cell lines tested. Solid lines represent a fit to the
data. The half maximum activation potential (B, upper panel) and the time to peak current (B,
lower panel) showed no significant differences. Error bars represent standard error of the mean.

The voltages of half maximal activation of the individual lines were: #10, -32.9 ± 4.2
mV, n=10; #1034, -37.6 ± 1.7 mV, n=9; #1063, -25.7 ± 6.0 mV, n=6; #1095, -42.8 ± 4.7
mV, n=13 and #1051, -28.31 ± 8.6 mV, n=5 and for half maximal inactivation were:
#10, -69.3 ± 1.5 mV, n=7; #1034, -76.0 ± 1.6 mV, n=7; #1063, -72.9 ± 4.1 mV, n=3;
#1095, -77.6 ± 4.0 mV, n=5 and #1051, -76.9 ± 3.3 mV, n=4 (Figure 24 B, page 43).
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Figure 26-27. Voltage dependent inactivation ( ) of IKA. A. Representative current trace
of a #1095 cell upon stimulation to 100 mV after variable voltage pre-pulses (B). C. Peak
current to pre-pulse voltage relationship with similar half inactivation potential for all lines (D).
Error bars represent standard error of the mean.

3.3.4 BTICs express functional glutamate receptors

To test whether BTICs also express functional glutamate receptors, we recorded
the current response at -80mV when 150 μM AMPA was applied to the bath solution for
2 seconds. In all cells tested (#10 n=15, #1063 n=7, #1095 n=7, #1051 n=9 and #1034
n=11), we measured an inward current which had an average current density that
ranged from 0.5 ± 0.12 pA/pF in #1063 to 2.5 ± 0.9 pA/pF in #10. The current average
was calculated from a 1 second time interval, 200 ms after the application of the
solution.
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Figure 28. Cyclothiazide (CTZ) potentiates AMPA currents in BTICs. A. An inward
current was observed when AMPA (150 µM) was applied to the bath solution. B. The AMPA
current was potentiated by application of CTZ. C. Normalized mean current showing a
significant increase (up to 20 fold) in the AMPA mediated current by CTZ. The effect was
observed in all cell lines tested. Asterisks represent zeroes after the decimal point for p values
<0.05. Error bars represent standard error of the mean.

After a 4-second application of 100 μM Cyclothiazide we observed a significant 6 to
20 fold increase in the current elicited by AMPA (#10 p<0.0001,n=15; #1063 p= 0.015,
n=7; #1095, n=7 p=0.03; #1051 p=0.003, n=9, #1034 p = 0.001, n=11) (Figure 28.C,
page 46). Also, the current was linearly related to the voltage (at voltage pulses from 80 mV to 80 mV) and had a mean reversal potential for all lines of 2.6 ± 3 mV (Figure
29.A-B, page 47).

The functional and pharmacological features of IAMPA, suggest that the current is
carried by glutamate receptors of the AMPA type (Bergles et al., 2000; Chittajallu et al.,
2004; Fucile et al., 2006). To further test this hypothesis, we used an
immunocytochemical approach and detected the expression of GluR1 in all cell lines.
The staining had a punctate pattern, reminiscent of that of neurons. Line #1051 had a
peripheral staining, compatible with a membrane pattern (Figure 29.C, page 47).
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Figure 29. BTICs express GluR1 and have a linear I AMPA-V relationship. A. AMPA
elicited inward or outward currents depending on the holding potential. B. The normalized IAMPA
exhibited a linear I-V relationship. Error bars represent standard errors of the mean C.
Immunostaining of GluR1 (green) showing a punctate signal in all cells. Note that neuronal
cultures from primary hippocampus (lowermost panel, right) have a heterogeneous staining.
Nuclei were stained with TOPRO-3 (blue). Scale bars = 20 µm.

3.3.5 No detectable dye-coupling in cultured BTICs

The extent of gap-junctional communication represents another membrane property
that can be characteristic of specific cell types. For example, astrocytes (Schools et al.,
2006), oligodendrocytes (Wasseff and Scherer, 2011) and grafted NSCs (Jäderstad et
al., 2010) exhibit major intercellular connection in dye-coupling experiments whereas
NG2 cells filled with fluorescent dyes shown no communication with neighboring cells
(Akopian et al., 1996; Bergles et al., 2000).
Therefore, after successful loading of single cells with Lucifer Yellow (LY) we
imaged after one, ten and thirty minutes. With the exception of one #10 cell, it was not
possible to detect spreading of fluorescence signal to nearby cells in any of the cell
lines tested (#10, n=7; #1034, n=8; #1063, n=4; #1095, n=9; #1051, n=5) (Figure 30,
page 48).
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Figure 30. No dye coupling in BTICs. Representative #1051 cell showing no dye-coupling
with neighboring cells after injection with lucifer yellow in a 10 minute time span (upper row). In
mouse astrocytes (lower row), a fluorescent signal was detected in near-by cells (arrow heads)
besides the injected one (arrow) after the same time period.
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4 Discussion
In this study, we examined the molecular, physiological and functional
characteristics of human primary BTICs, which according to current paradigms might
represent the responsible subpopulation for propagating brain tumors (Clarke et al.,
2006). We show that the cells express the OPC markers NG2 and PDGFRα, but also
the NSC marker nestin and GFAP. Further, the cells show a restricted differentiation
potential towards the astroglial lineage.
Furthermore, we profit from the well-characterized physiological membrane
properties of normal CNS subpopulations to introduce a new level of classification in
human BTICs, namely a functional phenotypic electrophysiological characterization.

4.1 Isolation of BTICs: Conceptual and technical considerations
The BTICs used in this work, have been isolated from human GBM specimens
using the NSA (Section 2.4.4 Brain tumor initiating cells and the cancer stem cell
hypothesis, page 9) as reported by others (Galli et al., 2004) and can been referred to
as BTICs, since they are able to initiate tumors with hallmarks of GBM (Section 6.1 Cell
culture, page 66). Although the NSA is the method of choice to isolate BTICs (Beier et
al., 2007; Hemmati et al., 2003; Singh et al., 2003), any result obtained by using this
approach should be interpreted within a certain conceptual framework.
The NSA is based on the fact that the culture conditions do not support the longterm survival of the majority of cells, leading to their subsequent death. It promotes,
however, the survival and expansion of cell populations that are responsive to EGF,
bFGF, or both, which normally include stem- and progenitor cells (Reynolds and
Rietze, 2005).
Even if under physiological conditions neural stem- and progenitor-cells respond to
the above mentioned growth factors, the fact that brain tumor cells proliferate in the
presence of EGF/bFGF does not necessarily identify them as NSC/progenitor cells.
Nevertheless, the presence of specific markers of NSC/progenitor cells and pseudodifferentiation potential certainly point towards an NSC/progenitor phenotype of BTICs.
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Also, the possibility that the cellular populations that do not survive the NSA also
contribute to tumorigenesis cannot be ruled out.
Once a successful neurosphere culture has been established, technical
considerations emerge. For example, progenitor cells of the mouse dentate gyrus have
been shown to exhibit spheroid growth, but were unable to self-renew, meaning that no
new spheres were obtained after subculturing (Seaberg and Van Der Kooy, 2002).
Other groups have isolated spheres which could be subcultured up to five times before
they stopped dividing (Louis et al., 2008). In practical terms, the passage number at
which an experiment is performed might clearly influence the result. If a measurement
is done in primary neurospheres of early passage, one could observe properties of
cells with limited self-renewal, whereas experiments in later passages could be
characteristic of cells with more robust self-renewal capabilities (Reynolds and Rietze,
2005). Especially in the case of BTICs, where the isolated cells have an unknown
behavior, the prolonged passaging might increase the risk of adaptation and artifacts
induced by culture conditions.
Even though a single cell can give rise to a neurosphere, the cellular population in
a mature neurosphere is not homogeneous. By dissociating single neurospheres it has
been determined that <3 % of the cells are stem cells (i.e. retain the ability to form
secondary neurospheres) (Louis et al., 2008). This observation raises the concern that
if no further methods are used to identify the “true” stem cells within a neurosphere,
measurements in bulk neurosphere cultures could yield results about stem-cell progeny
rather than stem cells.
The above mentioned considerations emerge mostly from the field of normal neural
stem cells, where a hierarchical organization has been thoroughly described and is
amenable to recognition by reliable markers. In spheroids isolated from brain tumors,
not only their progeny, but their identity and their functional meaning remain poorly
understood, underscoring these concerns.
As discussed above, neurospheres can be heterogeneous, either because they
arise from different cellular populations (i.e. progenitors or NSCs) and/or because the
cellular populations in a neurosphere can exhibit different properties. In the context of
brain tumors, another source of heterogeneity should be considered and is that of
genetic abnormalities (Visvader, 2011). Even when two neurospheres in a BTIC culture
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originate from transformed NSCs, they might still have a radically different genetic
background, due to genomic instability and/or mutations.
Finally, even if bona fide NSC/progenitor-like cells can be isolated from brain
tumors the finding per se would not prove the relevance of these cells in glioma
progression. This problem is further stressed by the lack of reliable prospective
identification methods (Section 2.4.4 Brain tumor initiating cells and the cancer stem
cell hypothesis, page 9).

4.2 Molecular characterization and differentiation potential of
BTICs
Based solely on the expression of lineage markers and leaving aside the
considerations about their utility in tumor cells (Section 2.4.5 Nestin and NG2: Lineage
markers in pathological states? page 12), the BTICs used in our series, could be
considered to have an immature phenotype.
BTICs did not express markers of mature neurons (NeuN) or oligodendrocytes
(MBP). On the other hand, markers used for less differentiated cells in a physiological
context were expressed in the majority of the cells.
The NSC marker nestin is commonly found in GBM derived cells (Section 2.4.3
Lineage markers in human gliomas, page 8). In our series nestin was present in all
cells, and co-expressed with GFAP, a feature of neural progenitors (Namba et al.,
2011).
On the other hand, nestin also co-expressed with the OPC marker NG2, which was
present in the majority of the cells. A thorough marker analysis in the mouse brain has
shown that SVZ cells expressing doublecortin and Dlx2 did not co-express NG2,
though in this study nestin was not used as marker for NSCs (Komitova et al., 2009).
On the other hand, NG2+ cells have been reported to co-express nestin both in the
normal brain (Belachew et al., 2003) as well as in human GBM (Svendsen et al., 2011).
In agreement with other reports, the expression of NG2 was not found in all GBM
derived samples (Chekenya et al., 1999; Shoshan et al., 1999; Svendsen et al., 2011).
Also, NG2+ cells were characterized for co-expressing PDGFRα, a cardinal feature of
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NG2 /PDGFRα cells also correspond to the majority of the NG2 population (AlMayhani et al., 2011; Chekenya et al., 1999), but NG2+/PDGFRα- and NG2-/PDGFRα+
cells have also been observed (Al-Mayhani et al., 2011).
While these observations might suggest that BTICs have a marker phenotype more
characteristic of NG2 glia than of NSCs, NG2 cells do not express GFAP under
physiological conditions (Belachew et al., 2003; Komitova et al., 2009). Furthermore,
during regeneration after a CNS lesion, it has been proposed that reactive astrocytes
might express NG2 (Komitova et al., 2011) and nestin (Clarke et al., 1994; Frisén et al.,
1995; Lin et al., 1995; Oki et al., 2010; Tamagno and Schiffer, 2006) opening up the
possibility that these cells share the phenotype of reactive astrocytes. However, GFAP
was expressed in only two cell lines in less than 50% of the cells and whether
nestin+/NG2+/GFAP- reactive astrocytes exists is unknown.
Further considering the possibility that the phenotypical features of BTICs
correspond to that of normal NG2 glia, the expression of GFAP could be the result of
differentiation into the astroglial lineage (Belachew et al., 2003). This would be
supported by the fact that only two cell lines and not all the cells express GFAP.
A cardinal feature of normal OPCs is their ability to give rise to heterogeneous
oligo/astroglial progeny in vitro depending on culture conditions (Stallcup and Beasley,
1987). BTICs were cultured in medium containing 10% FCS and compatible with an
OPC phenotype (Persson et al., 2010; Stallcup and Beasley, 1987) an increase in the
GFAP+ population was observed in all cell lines.
However, when the cells were grown in the presence of L-tyroxine and triiodothyronine (Fitzner et al., 2006) or CNTF (Mayer et al., 1994), as a mean to force
differentiation into the oligodendroglial lineage, no MBP expression was observed.
Furthermore, the cells responded by increasing the GFAP+ fraction, a phenomenon
also observed when forskolin, a substance used to promote neuronal differentiation,
was added to the medium.
Although these observations suggest a limited differentiation potential of BTICs, it
does not reflect the typical differentiation pattern of OPCs nor NSCs (Tanner et al.,
2011). However, the increase in GFAP+ cells is in perfect agreement with the GBM
origin of the BTICs. GBMs are primarily astrocytic gliomas (Louis et al., 2007b), mostly
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characterized by heterogeneous expression of GFAP (Wilhelmsson et al., 2003) where
less than 8% of the cases exhibit an oligodendroglial component (Kraus et al., 2001;
Salvati et al., 2009).
The fact that BTICs repeatedly responded to differentiation conditions by
expressing GFAP and failed to express MBP could be explained in several ways. First
of all, even though the antigen expression of BTICs is in some aspects reminiscent to
that of NG2, several considerations about the use of lineage markers in disease have
been highlighted (2.4.5 Nestin and NG2: Lineage markers in pathological states? Page
12) and therefore their expression alone might not suffice to determine the BTICs
phenotype.
Second, even if BTICs did faithfully represent NG2 glia, given their neoplastic origin
it is possible that to achieve an effective oligodendroglial differentiation, different
concentrations of growth factors that those reported for normal mouse OPCs might be
required. This could be due to mutations in the respective receptor or abnormal
signaling pathways. However, the changes in GFAP expression speak in favor of an
effective differentiating stimulus, but an aberrant response.
The atypical reaction to thyroid hormones and CNTF could also be explained by
defective signal transduction mechanisms. Differentiation studies of GBM BTICs using
retinoic acid have also shown a preferential differentiation into the astrocytic lineage,
which was attributed to the Wnt and Notch signaling pathways (Ying et al., 2011).
Notch is frequently found in GBM (Sivasankaran et al., 2009), can trans-activate the
gene for GFAP (Ge et al., 2002) and regulate the differentiation of progenitors into
astrocytes (Wu et al., 2003). The possible regulatory mechanisms of differentiation
were not further explored.
Another possible explanation is that the identified tumoral nestin+/NG2+ cells
represent a less defined progenitor with an astroglial commitment. It has been
described that NG2 glia can give rise to astrocytes in vivo (Zhu et al., 2008) and it is
likely that they represent a heterogeneous population in the adult brain (Peters, 2004;
Stallcup and Huang, 2008; Trotter et al., 2010).
Although previous reports have described multipotential differentiation of BTICs
(Vescovi et al., 2006), we could not demonstrate the expression of markers of neurons
or oligodendrocytes. This is probably related to the choice of markers to define CNS
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populations. While other studies have mostly used the early appearing beta III tubulin
and GalC as neuronal and oligodendrocytic markers respectively, we used NeuN and
MBP proteins known to appear later in the lineage development.

4.3 Functional membrane phenotype of BTICs
By using antibody-based lineage marker analysis and by studying differentiation
potential we have determined that in these two aspects, BTICs do not conform to any
of the known CNS cellular components. However, BTICs seem to belong to a less
differentiated phenotype, rather than to a well-defined terminally differentiated lineage.
Most CNS cell types have a well-characterized robust electrophysiological signature
(Section 2.4.5 Nestin and NG2: Lineage markers in pathological states? page 12).
Therefore, to obtain further quantitative evidence about the identity of BTICs, we have
measured their physiological membrane properties using the patch clamp technique.
This method allows the high resolution, simultaneous measurement of several
membrane parameters at a functional level in real time.
Before proceeding with the detailed discussion of the multiple electrophysiological
parameters, it should be kept in mind that we dealt with human cultured tumor cells,
whose identity was unknown (see Section 2.4 Cellular heterogeneity: , page 4).
Therefore, the paired human control was impossible to obtain. Even under the premise
that BTICs might be enriched in NG2 glia or NSCs, logistic difficulties impeded the
acquisition of matching normal human counterparts. Therefore most of the
electrophysiological parameters for comparison purposes are derived from the
literature, which fortunately is both detailed and abundant. Here again, it should be
noted that most of the experiments found in the literature have been performed in
rodents.
Regarding membrane resistance, it is known that normal CNS cell types vary
considerably among each other. In the lower range of the spectrum are astrocytes, with
membrane resistances of ~10 MΩ (Bergles et al., 2000; Lin and Bergles, 2004; Mueller
et al., 2009) and oligodendrocytes with slightly higher values <200 MΩ (Tripathi et al.,
2011). NG2 glia have a “moderate” membrane resistance with reported values at
voltages close to the resting potential between 200 MΩ and 1GΩ (Káradóttir et al.,
2008; Kukley et al., 2010; Lin and Bergles, 2004; Mueller et al., 2009). Finally neurons
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and NSCs have a very high membrane resistance up to 4GΩ (Wang et al., 2003). In
our study, all cell lines had a membrane resistance between 300 and 600 MΩ, a value
in the range of that described for NG2 cells.
It has been postulated that the low membrane resistance of astrocytes might be
due to the presence of underlying K+ leak channels. The large K+ leak currents might
also account for the linear I-V relationships observed in voltage clamp experiments (Lin
and Bergles, 2002; Mueller et al., 2009). Oligodendrocytes derived from OPCs have
also been reported to become “ohmic” (Tripathi et al., 2011).
On the other hand, the currents of normal NG2 glia and NSCs have a strong
voltage dependence and are characterized by the expression of outward delayed
rectifier potassium currents (Belachew et al., 2003; Bergles et al., 2000; Chittajallu et
al., 2004; Ge et al., 2006; Kukley et al., 2010; Lai et al., 2010; Schmidt et al., 1999;
Wang et al., 2003).
In our study, we could demonstrate that in the majority of cells in all BTIC lines, the
currents also exhibit strong voltage dependence and express delayed rectifier outward
currents (Figure 21, page 40). Some of the cell lines even had delayed rectifier and
transient outward current densities in the range reported for OPCs (25 – 80 pA/pF and
~60 pA/pF, respectively) (Chittajallu et al., 2004; Kukley et al., 2010).
We could also demonstrate the expression of transient outward currents (IKA), a
feature reported for NG2 glia and astrocytes (Lin and Bergles, 2002). The expression
of IKA in NSCs has been reported by one group (Schaarschmidt et al., 2009) whereas
two other groups do not recognize IKA as a characteristic NSC feature (Lai et al., 2010;
Wang et al., 2003). Additionally, the values for half maximal activation for both delayed
rectifier and transient outward currents were also in a similar range to that of NG2 cells
(Chittajallu et al., 2004).
Regarding the characteristics of inactivation of IKA, they could be described by a
double exponential with two time constants, a very fast component (~5 ms) and a slow
component close to 100 ms. The value for the fast component is larger than that
reported for any of the A type channels (Gutman et al., 2005) and it might be explained
by the presence of an instantaneous current of the channels that have been inactivated
by the 5 ms -60 mV pre pulse. An uncompensated capacitance could represent such a
fast event, however, the finding is constant in all cells measured and the capacitance
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was adequately compensated before each measurement, making it a less likely
explanation. Also, it is important to note that the amplitude of the slow component is
much larger, meaning that the current can be best described by its slow and not its fast
inactivation time constant. The slow component, on the other hand, has a typical
inactivation time constant for A-type channels (Gutman et al., 2005).
The transient outward current (IKA) was present in the majority of cells in all BTIC
lines. However, the IKA current density was variable and in some cells (<20%) it could
not be detected. First of all, it is possible that the voltage protocol used to elicit I KA
might systematically lead to an under estimation of the current density and hence, of
the total number of IKA expressing cells. Before the depolarizing pulse to 100 mV, we
applied a 5 ms prepulse to -60 mV and given that the measured half maximal
inactivation of IKA was ~ -70 mV, it is likely that some of the channels were inactivated
before the depolarizing pulse.
Another factor that might play a role in the variability of I KA density is the
differentiation status of a particular cell. As discussed above, at least for normal
neurospheres, it is common to have diverse differentiation status within a population
(see Section 4.1 Isolation of BTICs: Conceptual and technical considerations, page
49). Also, it has been shown in the context of neural progenitors and NG2 cells that IKA
magnitude inversely correlates with differentiation state (Kukley et al., 2010;
Schaarschmidt et al., 2009). Considering that we are dealing with heterogeneous tumor
derived cells, the absence of IKA could be a consequence of a genetic or epigenetic
defect or simply a characteristic of a different cellular population.
The

percentage

of

cells

expressing

sodium

channels

was

determined

independently by electrophysiology and immunocytochemistry. In three out of five BTIC
lines, there was an agreement between both methods whereas for the remaining two
lines slightly different results were obtained. The statistical power of

the

electrophysiological approach is limited due to the reduced number of observations;
therefore the antibody-based technique might offer a more reliable estimate of the total
number of cells expressing sodium channels. However, it must be kept in mind that the
information obtained by each method has a completely different character since
electrophysiology determines functional aspects and immunocytochemistry determines
expression of the protein regardless of its function. Furthermore, since the methods
were not used simultaneously, it is impossible to correlate fluorescent signal with
56

functionality. Nevertheless although both methods provided slightly different results, it
is safe to assume that in all BTIC lines the expression of functional Na+ channels was
heterogeneous and occurred in at least ~40% of the cells.
To explain the heterogeneity of sodium channel expression, similar arguments
could be used as with the heterogeneity of IKA (see above), namely a differentiation
dependent downregulation (Kukley et al., 2010), mitosis dependent upregulation (Ge et
al.,

2009),

genetic

aberrations

and

cellular

populations

with

different

electrophysiological signatures. Sodium channels are widely expressed in mature as
well as in immature normal CNS cell types. In NG2 glia for example, Na+ channel
expression seems to be heterogeneous per se. Tripathi and co-workers report that in
35% of the cells no Na+ currents could be recorded (Tripathi et al., 2011) and it has
even been proposed that sodium channels can distinguish between fundamentally
distinct OPC subpopulations (Káradóttir et al., 2008).
The presence of sodium channels led us to test the excitability of BTICs. We were
able to measure single TTX sensitive regenerative voltage transients that were broad,
slow, and most of them overshot zero. To our knowledge, this feature has only been
reported for astrocytes (Sontheimer et al., 1992) and NG2 glia. The presence and
nature of regenerative voltage transients in NG2 has been the center of extensive
debate. Some groups have described that a subpopulation of NG2 cells was able to fire
single (Ge et al., 2009) or even multiple action potentials (Káradóttir et al., 2008).
Others have refrained from the term “action potential”, but report that a fraction of the
cells have a TTX sensitive single voltage transient or spike, characterized for a slow
rise, long duration, that may or may not overshoot 0 mV (Chittajallu et al., 2004; Zhou
et al., 2006). Finally other groups explicitly reported not detecting action potentials
(Bergles et al., 2000; Ziskin et al., 2007).
In agreement with reports on normal NG2 glia, just a fraction of the cells in all
BTICs exhibited voltage transients. Chittajalu and co-workers report spikes in 19 out of
56 cells tested (Chittajallu et al., 2004) and Ge an co-workers report the presence of
spikes in 30% of the cells (Ge et al., 2009).
From the above mentioned controversies it can be said that NG2 cells may or may
not have voltage transients. Nevertheless, since no voltage transients of such
characteristics have been described in other glial cells besides OPCs and astrocytes,
we consider it safe to assume that the presence of a spike is suggestive of an NG2 or
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astroglial identity. Unless, of course, the spike represents a peculiar trait of glioma
cells, irrespective of cell lineage.
Two interesting studies in human brain tumors have reported a similar
phenomenon. In 1998, Bordey and co-workers performed whole cell patch clamp
recordings in cells form fresh human low-grade astrocytoma biopsies. They report
measuring astrocytoma cells with a membrane resistance >500 MΩ that upon current
injection generated a spike with an amplitude of 52.2 mV and a width of 12 ms.
Neighboring astrocytes failed to generate spikes (Bordey and Sontheimer, 1998).
In a comparable study in oligodendroglioma, a tumor which is most likely derived
from NG2 glia (Persson et al., 2010), Patt and co-workers detected action potentials in
oligodendroglioma cells from fresh human material. Also, they describe that the
excitability of the cells diminished after a few days in culture. Understandably for the
state of knowledge in 1996, they conclude “Our physiological study has not settled the
debate on the origin of these tumors … Since action potential generating glial cells
have not been described in situ so far their occurrence in oligodendroglial tumors
implies that oligodendroglial tumor cells may belong to the neuronal cell lineage” (Patt
et al., 1996). Twelve years later Ragnhildur Káradóttir and collaborators would
comment on these experiments in the light of their findings that NG2 cells can fire
action potentials. They would offer what she calls a parsimonious explanation “… these
tumor cells are derived from the Na+ channel–expressing class of OPC, reconciling
their production of action potentials with their expression of oligodendrocyte lineage
markers.” (Káradóttir et al., 2008).
Still, the physiological meaning of the sodium current and spike in NG2 cells
remains unresolved. Ge proposes that the synaptic input to NG2 cells may induce glial
spikes in vivo, depolarizing the cell with consequent activation of voltage-gated calcium
channels. The resulting calcium influx might regulate gene expression and proliferation.
The link to proliferation is probably based on the observation that, in their experiments,
most dividing cells presented spikes (Ge et al., 2009). Lin and Bergles propose a
similar scenario, where sodium influx leads to the activation of other voltage-gated
sodium channels, however they also state that in the absence of excitability, the
sodium influx could serve to regulate the efficiency of sodium dependent transporters
(Lin and Bergles, 2002). Káradóttir proposes that action potentials in NG2 cells,
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triggered by synaptic input, might serve as a signal for myelination (Káradóttir et al.,
2008).
The expression of sodium channels and/or spikes in BTICs might confer an
advantage to tumor cells via proliferation using an analogous mechanism to that
suggested for normal OPCs (see above). Also, for other tumors, splice variants and
neonatal forms of Na+ channels have been proposed to enhance migration and
invasion (Brackenbury et al., 2008; Onkal and Djamgoz, 2009). In GBM patients,
mutations in Na+ channels have been shown to correlate with low survival, which might
give a clue to the importance of these channels in brain tumor pathogenesis (Joshi et
al., 2011). The regulation of Na+ dependent transporters, is another indirect mechanism
by which Na+ channels might influence cell migration in glioma (Kapoor et al., 2009).
Finally, the presence of sodium channels and/or spikes might offer no particular
advantage to a tumor cell and might represent a mere remnant of its cellular identity or
an epiphenomenon. In any case, specific studies tackling the question of the functional
role of Na+ channels in glioma might prove beneficial for basic understanding of tumor
biology and development of new therapeutic strategies.
We were also able to demonstrate the expression of functional glutamate receptors
of the AMPA type. Relating this finding to normal CNS lineages, the expression of
functional AMPA receptors has been shown in astrocytes (Mcdougal et al., 2011) and
has been extensively studied in normal NG2 cells, particularly in the context of synaptic
coupling between NG2 glia and neurons (Bergles et al., 2000; Chittajallu et al., 2004;
Paukert and Bergles, 2006; Tripathi et al., 2011). AMPA receptors have also been
identified in vivo in neural precursor cells of the olfactory bulb (Darcy and Isaacson,
2010) and have been reported to be absent in an in vitro based approach using NSCs
(Muth-Köhne et al., 2010). Interestingly, the expression of AMPA receptors and the
ability to release glutamate is also a frequent finding in glioma (De Groot et al., 2008;
De Groot and Sontheimer, 2011).
AMPA receptors are heteromultimers composed of GluR1-GluR4 subunits, the
absence of GluR2 or the presence of an unedited subunit render the channel Ca2+
permeable. Human gliomas often lack GluR2 (De Groot and Sontheimer, 2011).
Furthermore, the loss of the gene codifying for GluR2 (GRIA2) was a predictor of poor
prognosis in a gene expression analysis of human GBM (Colman et al., 2010)
suggesting that the function of AMPA receptors in glioma might be related to calcium
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influx upon activation. In fact, the overexpression of calcium permeable AMPA
receptors increased proliferation and migration of glioma cells whereas transfection
with GluR2 reduced motility and induced apoptosis (Ishiuchi et al., 2002).
NG2 glia receive direct synaptic input from neurons, where the EPSCs are
mediated by ionotropic glutamate receptors of the AMPA type (Bergles et al., 2000;
Chittajallu et al., 2004; Paukert and Bergles, 2006; Tripathi et al., 2011). Furthermore,
AMPA receptors in NG2 glia have been shown to lack GluR2, therefore suggesting that
AMPA receptor activation function might be linked to calcium influx (Bergles et al.,
2000). Since AMPA receptor activation can regulate OPC differentiation in vitro (Gallo
et al., 1996), it has been speculated that neuronal input may also play a role in
determining OPC faith in vivo (Paukert and Bergles, 2006).
In astrocytes, the activation of AMPA receptors alters astrocyte morphology and
can modulate gene expression (Seifert and Steinhäuser, 2001).
In the present work, we did not determine the calcium permeability of the AMPA
receptors. Nevertheless, the expression of AMPA receptors is rather common in
astrocytes, progenitors and glioma cells. Even though this observation does not shed
light upon the lineage identity of BTICS, the finding of functional AMPA receptors
opens the door to some interesting speculations. For example, given that BTICs exhibit
other membrane properties of NG2 glia it seems plausible that that they might also
receive synaptic input. Further, if synaptic input determines the differentiation of NG2
glia, is it a factor to consider in the initial steps of malignant transformation?
Also, this finding might give insight into the interaction of BTICs with other tumor
populations. For instance, the secretion of glutamate from glioma cells, might serve as
a positive feed-back mechanisms to regulate the growth and proliferation of BTICs.
However, it would first be crucial to determine if BTICs also have the ability to secrete
glutamate and to test their response to glutamate in terms of proliferation, migration
and differentiation.
Finally, the extent of gap-junctional communication represents another membrane
property that can be characteristic of specific cell types. For example, astrocytes
(Schools et al., 2006), oligodendrocytes (Wasseff and Scherer, 2011), grafted NSCs
(Jäderstad et al., 2010) and neural progenitors (Cheng et al., 2004) exhibit major
intercellular connection in dye-coupling experiments whereas NG2 cells filled with
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fluorescent dyes shown no communication with neighboring cells (Akopian et al., 1996;
Bergles et al., 2000).
Although many of the electrophysiological membrane properties described so far in
this study are shared by both NG2 glia and astrocytes, the absence of dye coupling in
BTICs, makes them more compatible with an NG2 phenotype.
Interestingly, connexin 43 (Cx43) the most abundant gap junctional protein in
astrocytes is heterogeneously expressed in GBM (Cottin et al., 2011). Further, studies
using GBM BTICs have shown a lack of both Cx43 and functional dye-coupling, that
later appear upon differentiation (Yu et al., 2012).
Overall, the BTICs used in our series have currents that show strong voltage
dependence, characterized by a TEA sensitive sustained outward component, a
transient outward current and TTX sensitive transient inward currents. In current clamp
experiments, the cells exhibited a slow, broad TTX sensitive regenerative voltage
transient and had a moderate membrane resistance. Furthermore, they exhibited
inward currents upon application of AMPA that were sensitized by CTZ, and had no
dye coupling.
Although some of the characteristics are shared by two or more CNS cell types and
glioma cells (delayed rectifier currents, TTX sensitive inward currents, AMPA receptors,
regenerative voltage transient), the combination of features is reminiscent of that
described for NG2 glia.
Despite its similarities with NG2 glia in terms of membrane physiology and lineage
marker expression, we cannot conclude that BTICs are in fact NG2 cells. First, the cells
responded to differentiating stimuli by overexpressing GFAP exclusively, an expected
response for GBM derived cells but not for NG2 glia. Second, if the function of lineage
marker proteins offers selective advantage to tumor cells, its correspondent
electrophysiological properties might also represent cellular adaptation and not lineage.
The fact that BTICs resemble NG2 glia could be supported by recent studies using
transgenic mouse models, where OPCs have been proposed as the cell of origin of
malignant glioma (Liu et al., 2011). However, the relationship between the cell of origin
in animal models of gliomagenesis and human BTICs is unclear.
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4.3.1 Molecular correlates of IKDR and IKA
The precise molecular identification of the ion channels responsible for the
recorded currents lies outside the scope of this work. However, besides serving as a
functional fingerprint of cell lineage, it is well established that particular ion channels
are involved in tumorigenesis (Pardo et al., 2005; Pardo et al., 1999). Furthermore, ion
channels have certain properties that make them ideal therapeutic targets 1) they are
membrane proteins, 2) a vast array of specific drugs that already on the market act on
ion channels and 3) the efficacy of new agents can be tested directly at the functional
level.
In glioma, specific splice variants of BK channels have been described (Liu et al.,
2002) and toxin based therapies targeting ion channels and associated molecules have
been approved for clinical trials (Sontheimer, 2008). In neurogenesis, K+ channels have
been involved in cellular proliferation and migration (Schwab, 2001).
It has been proposed that homomeric KV1.5 and heteromeric channel complexes
represent the molecular identity of the channels underlying the delayed rectified
currents in OPCs (Schmidt et al., 1999). Although in our model we could not
demonstrate directly that IKDR is carried by KV1.5 channels, certain clues suggest it as a
candidate for the molecular correlate of IKDR:
1) We could demonstrate a voltage dependent rectification at 40 mV in all cell lines,

2) in a representative line, we showed that the rectification is magnesium
dependent, a property described for KV1.5 (Tammaro et al., 2005);
3) the current was readily blocked by TEA and

4) the KV1.5 protein was readily detected in a cell membrane- reminiscent pattern
by immunocytochemistry in all lines. To our knowledge, no specific KV1.5 blockers
exist, therefore to establish a functional correlate to IKDR, gene silencing strategies
should be used.
It is important to consider that the expression of KV1.5 is rather ubiquitous in the
CNS and can be found in NG2 glia, astrocytes, neurons and microglia (Pannasch et al.,
2006; Roy et al., 1996; Whyment et al., 2011).
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No molecular correlates have been proposed for IKA in NG2 glia, NSCs or
astrocytes. However, we determined that IKA in BTICs was sensitive to 4-AP, and
resistant to TEA. So we hypothesized that the current could be carried by channels of
the KV4 family (Gutman et al., 2005), to test this hypothesis, the specific KV4.2/KV4.3
blocker Phrixotoxin-2 (Diochot et al., 1999) was used and no block was observed.
Therefore, we propose that the current is carried either by KV4.1 channels, channels of
the KV1 family associated to beta subunits (Rettig et al., 1994), or heteromers.
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5 Summary

Malignant astrocytomas are the most frequent and aggressive primary brain tumors
in adults. The development of rational therapies is partially hindered by the limited
understanding of the mechanisms of glioma- genesis and progression. One of the
hallmarks of glioblastoma multiforme (GBM), the most common malignant astrocytoma,
is its extensive heterogeneity in marker expression, cell morphology and genetic
lesions. Therefore, the contribution to tumor progression of individual neoplastic
subpopulations remains largely unknown.
Traditionally, gliomas have been thought to derive from dedifferentiation of mature
glia. However, experiments of induced gliomagenesis in animal models and the
identification of markers of NSCs and NG2 glia/OPCs in GBM, suggest a role for these
immature subpopulations in glioma.
Therefore by using culture conditions to isolate normal NSCs/progenitors in human
GBM samples, it has been possible to isolate tumor cells that express markers of NSC
and have a multipotent differentiation potential. These stem-like subpopulations are
thought to contribute to tumor progression since they are able to give rise to tumors
that recapitulate the hallmarks of GBM upon implantation in immunodeficient mice and
have therefore been called brain tumor initiating cells (BTICs).
Despite its potential role in tumor propagation, the identity of BTICs is poorly
understood. BTICs usually express markers of NSCs and NG2 glia, and have therefore
been considered to be transformed NSC/progenitors. However the expression of
certain markers (e.g. nestin/NG2) might confer selective advantages to cells in the
tumor microenvironment and might not adequately represent lineage in pathological
states.
To overcome this problem, in this work we introduce a new approach to
characterize BTICS, where traditional cell culture and marker based strategies are
complemented with the measurement of electrophysiological parameters. This strategy
relies on the fact that the electrophysiological properties of normal CNS populations
have been thoroughly described and represent a fingerprint of cell lineage.
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In this study we characterized a panel of five BTICs derived from human
glioblastoma multiforme. The cells co-expressed the NSC marker nestin and the OPC
marker NG2 and two lines had additionally an heterogeneous expression of GFAP.
Although NG2 glia might co-express nestin under certain circumstances, the
differentiation pattern of BTICs did not conform to that of NG2 glia. Upon exposure to
different growth factors known to induce differentiation into neuronal, oligo- or astroglial
lineages, the cells responded by increasing the expression of GFAP in all cases and no
expression of MBP or NeuN could be induced.
Finally, the BTIC currents had strong voltage dependence, characterized by a TEA
sensitive sustained outward component, a transient outward current and TTX sensitive
transient inward currents. The cells exhibited a slow, broad TTX sensitive regenerative
voltage transient upon current injection and had a moderate membrane resistance.
Furthermore, they exhibited inward currents upon application of AMPA that were
sensitized by CTZ. Also no effective dye coupling was observed in confluent cultures.
Although individual electrophysiological parameters can be shared by many of the
normal CNS subpopulations, the combination of functional membrane features
described is reminiscent of that of NG2 glia.
Overall our data show that BTICs do not represent any of the “pure” CNS cellular
subpopulations. Nevertheless, they exhibit characteristics of an immature phenotype,
which besides the restricted differentiation potential into the astrocytic lineage, is closer
to that of NG2 cells. Our findings indicate that the expression of lineage markers in
brain tumors might relate, at least partially, with additional functional aspects of lineage
supporting the interpretation that BTICs might be related to immature cell types.

65

6 Materials and Methods

6.1 Cell culture

Primary glioma lines #10, #1034, #1063, #1095, #1051, #1080 and #1075 were
provided by Dr. Ella Kim (Neurosurgery Clinic, Universitätsmedizin Mainz). All lines
were derived from human samples diagnosed as GBM according to the World Health
Organization guidelines by a certified neuropathologist (Department of Neuropathology,
Universitätsmedizin Göttingen).
The cell lines were produced according to the method described by Galli and Gritti
(Galli et al., 2004; Gritti et al., 1996). Shortly, the specimens were dissociated to a
single cell suspension, and were plated at a density of 2500 – 5000 cells / ml. The cells
were kept at 37°C and 5% CO2 in a humidified atmosphere and maintained in
Neurobasal medium (Gibco) supplemented with bovine serum albumin fraction V
(Roche) and growth factors bFGF (10ng/ml), EGF (20ng/ml) (Biochrom) and B27
supplement without Vitamin A (Gibco). Reagent and media specifications can be found
in Table 2 and Table 3.The resulting tumor spheroids were further subcultured and all
experiments were performed on cells between passage ten and thirty.
The tumorigenic potential of the cell lines was tested by orthotopic implantation in
immunodeficient mice. All lines used in this study produced tumors with morphological
criteria of GBM.
Primary cultures of oligodendrocyte progenitor cells (OPCs) were a gift from
Sebastian Schmidt (Max-Planck Institute of Experimental Medicine, Göttingen) and
were prepared as described elsewhere (Fitzner et al., 2006; Simons et al., 2000).
Shortly, newborn (P0) mice brains were dissociated using 0.25% Trypsin-EDTA at
37°C for 10 minutes followed by mechanical trituration. The cell suspension was
cultured at 37°C and 7.5% CO2 in BME-Medium (Gibco) supplemented with 1%
Glutamax (Gibco). Once confluence was reached, microglia cells were detached by
repeatedly impacting the flask against a solid surface. After, the supernatant was
discarded and the medium replaced. The oligodendrocyte progenitors were obtained
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by vigorously shaking the flask and filtering the supernatant through a cell filter into a
50 ml Falcon tube (BD biosciences). After centrifugation, the cell pellet was
resuspended in DMEM (Gibco), supplemented with 1% Glutamax (Gibco) and B-27
(Gibco).
Primary cultures of mouse astrocytes were a kind gift from Gerd-Marten Kuscher
(Max-Planck Institute of Experimental Medicine, Göttingen). The cultures were
prepared by dissecting the cerebral cortex of P0 mice and homogenizing with an 18gauge needle. The dissociated tissue was placed in DMEM medium (Gibco)
supplemented with 10% FCS. After centrifugation and rehomogenization, the cells
were plated in culture flasks (Sarstedt) and were allowed to grow at 37°C and 7.5%
CO2 in a humidified atmosphere. Before confluence was reached, the cells were
subcultured by dissociation with Trypsin/EDTA (Biochrom).
Primary cultures of mouse hippocampal neurons were prepared by extracting the
brains of E18 mice and dissecting their hippocampi in cold dissection solution
consisting of HBSS (Gibco) supplemented with 7mM Hepes and Glutamax 1% (Gibco).
Then, the hippocampi were dissociated by applying 2.5% Trypsin in calcium- and
magnesium-free HBSS (Lonza) for 30 minutes at 37°C. The trypsin reaction was
stopped by adding 0.8 mg/ml of trypsin inhibitor (Gibco) in dissection solution. After
centrifugation, the cells were washed three times with Neurobasal medium (Gibco),
supplemented with 100 µg/ml insulin (Gibco),100 µg/ml transferrin (Gibco), 5% FCS,
2% B27 (Gibco) and 2mM Glutamax (Gibco). Then the sample was homogenized by
trituration with a fire-polished Pasteur pipette, centrifuged, re-suspended in culture
medium and plated on Poly-L-lysine coated coverslips.
The data from granule cell neurons were provided by Sünke Mortensen (MaxPlanck Institute of Experimental Medicine, Göttingen). The experiments were done in
acute cerebellar slices of P24 mice and were prepared as described elsewhere (Bao et
al., 2010).
The commercially available melanoma cell line B16-V was obtained from the
German Collection of Microorganisms and Cells (DSMZ). The cells were maintained in
their recommended media (Table 3) at 37°C under 5% CO2 in a humidified
atmosphere. The medium was periodically replaced every 2-3 days. The cells were
subcultured when an 60-80% confluence was reached. To do this, the medium was
aspirated and the cells were washed twice with DPBS. Then the cells were detached
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by applying Trypsin/EDTA (Biochrom) and incubating at 37°C for 4 minutes. The
trypsin reaction was stopped by adding culture medium supplemented with 10% FCS in
a 1:1 volume ratio. The cells were centrifuged at 1300 xg for 3 minutes. Then, the cell
pellet was resuspended in an appropriate volume of medium to achieve the desired
density for replating or according to the experimental needs.
Table 2. Cell culture supplements, growth factors and reagents

Supplement / Growth factor / Reagent

Manufacturer

Catalog
Number

DPBS

GIBCO/Invitrogen 1419

Hank's Balanced Salt Solution (HBSS)

GIBCO/Invitrogen 24020-117

FCS

PAA

A15.101

Trypsin / EDTA (0.05/0.02%) v/v

Biochrom AG

L2143

Trypsin / EDTA 0.25%

Sigma

T4049

Trypsin 2.5% in HBSS w/o Ca,Mg

Lonza

17-160E

Trypsin Inhibitor from chicken egg white

Sigma

T9253

Trypsin Inhibitor, soybean

Gibco/Invitrogen

17075-029

B27 Supplement without Vitamin A

Gibco/Invitrogen

12587-010

Glutamax

Gibco/Invitrogen

35050-038

Insulin, human recombinant, zinc solution

Gibco/Invitrogen

12585-014

Transferrin, bovine (Holo Form)

Gibco/Invitrogen

11107-018

Ciliary Neurotrophic Factor (CNTF), human,
Sigma
Recombinant

C3710

Human Epidermal Growth Factor (EGF)

Biochrom AG

W1325.950.500

Human FGF-basic

Biochrom AG

W1370.950.050

Bovine Serum Albumin fraction V (BSA)

Roche

10735094001

L-3.3´,5-Triiodothyronine, Sodium Salt

Calbiochem

64245
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Table 3. Cell lines, culture media and supplements

Cell line
Primary BTICs

Primary mouse
oligodendrocyte
progenitors

Primary mouse
astrocytes

Primary mouse
neurons

B16

Culture
Media
Neurobasal

Manufacturer

Catalog
Number
GIBCO/Invitrogen 12348017

Basal
Medium
Eagle
(BME), no
Glutamine
Dulbecco's
Modified
Eagle
Medium
(DMEM), no
Glutamine
Dulbecco's
Modified
Eagle
Medium
(DMEM), no
Glutamine
Neurobasal

GIBCO/Invitrogen 21010046

Roswell
Park
Memorial
Institute
(RPMI)
1640,
Glutamax

GIBCO/Invitrogen 61870036

Supplement
B27
BSA(1%)
EGF(10ng/mL)
FGF(20ng/mL)
Glutamax(1%)

GIBCO/Invitrogen 11960044

B-27
Glutamax(1%)

GIBCO/Invitrogen 11960044

Glutamax(1%)
FCS(10%)

GIBCO/Invitrogen 12348017

B27(2%)
FCS(5%)
Glutamax(2mM)
Insulin(100µg/ml)
Transferrin(100µg/ml)
FCS(10%)
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6.2 Immunocytochemistry

6.2.1 Cell preparation

Spheroids from primary human glioblastoma were dissociated using Trypsin /
EDTA 0.25% (Sigma) for 10 min at 37°C. Then, trypsin inhibitor from chicken egg white
(Sigma) was added in a 1:1 volume / volume ratio. To achieve a single cell suspension,
the cells were triturated using a fire-polished Pasteur glass pipette. After centrifugation,
the cells were re-suspended in complete neurobasal medium and plated on 20mm
diameter poly-L-lysine (PLL) coated coverslips.
For primary astrocytes, a similar procedure was used, with the difference that the
dissociation of the culture was done with Trypsin / EDTA (0.05/0.02%) v/v (Biochrom)
for 5 minutes at 37°C and the trypsin reaction was inhibited with culture medium
supplemented with FCS. Primary oligodendrocyte progenitors and neurons were plated
directly on PLL-coated glass coverslips (see Section 6.1Cell culture, page 66).

6.2.2 Differentiation conditions

To test the effect of particular growth factors on the differentiation potential of tumor
cells, the cells were prepared as mentioned above (Section 706.2.1 Cell preparation,
page 70). The cells were allowed to adhere overnight and the medium was replaced
with complete neurobasal medium supplemented with FCS, CNTF, T3 or forskolin
(Table 2, page 68). The cells were allowed to differentiate for 3 or 5 days before
staining. Cells grown in complete neurobasal medium were used as a control.

6.2.3 Staining procedure

The cells were collected at different time points depending on the experiment. First,
they were washed 3 times with PBS and fixed with 10% formalin solution (Sigma) at
4°C for 10 minutes. After fixation, the coverslips were placed in a new multi-well plate
and were again washed 3 times with PBS. Then, the solution was replaced with PBS
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containing 0.5% Triton X-100 (Sigma) for 5 minutes, in order to permeabilize the cell
membranes.
After permeabilization, the cells were washed 3 times using PBST, a PBS based
solution with 0.1% Tween 20 (Sigma). Unspecific epitopes were blocked by using 10%
BSA (Sigma) in PBST for 1 hour. Then, the cells were incubated with primary
antibodies at their optimal dilutions in blocking solution (Table 5., page 72). After three
wash steps with PBST, one-hour incubation with the appropriate secondary antibodies
followed. Finally, the cells were washed 3 times with PBST and in the last wash TOPRO-3 (Invitrogen) was used to counter-stain cell nuclei in a 1:500 dilution in PBST.
The coverslips were mounted on a glass slide (Menzel) using Prolong Gold antifade
reagent with DAPI (Invitrogen) and were kept at 4°C until visualization.
For those experiments where no permeabilization was used, the incubation with
Triton X- 100 was omitted and PBST was replaced with PBS.

6.2.4 Confocal Microscopy

Fluorescence signals were collected with a LSM 510 Meta laser scanning confocal
microscope (Zeiss) using a 40x / numerical aperture (NA) = 1.3 or 63x/NA=1.25 PlanNeofluar oil immersion objective. Alexa Fluor 488 (Invitrogen) and Alexa Fluor 546
(Invitrogen) and TP-PRO-3 (Invitrogen) fluorochromes were excited at 405, 488 and
543 nm respectively. Emission was collected at 5160-580 nm (Alexa Fluor 488), 558633 nm (Alexa Fluor 555) and 655-719 nm (TO-PRO-3). The images were 1024 x 1024
pixels with a pixel size of 79.4 x 79. 4 µm and 181.9 x 181.9 µm for images acquired
using the 63x and the 40x objective respectively. Sequential scanning mode with a 4x
line average, a pixel time of 1.6-3.2 µs and a pinhole of 112 µm (~1 Airy unit) were
used. The Zeiss LSM AIM software v.2.2.0.121 (Zeiss) was used for image acquisition.
Post-acquisition processing was done using the image analysis software FIJI
(Schindelin, 2008).
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Table 4. Reagents for immunocytochemistry

Reagent

Manufacturer Catalog Number

Formalin solution 10%
(Neutral Buffered)

Sigma

HT501128

Triton X-100

Sigma

X-100-500ML

Albumin from bovine serum

Sigma

A3059

Tween 20

Merck

655204

Poly-L-Lysine

Sigma

P2636

TO-PRO-3

Invitrogen

T3605

Prolong Gold anti fade reagent with DAPI Invitrogen

P-36931

Table 5. Antibodies for immunocytochemistry

Antibody

Host Species /
Clonality

Dilution

Anti-Nestin, clone
10C2

Mouse
Monoclonal

1:1000

Millipore

MAB5326

Anti-PDGFR-α (16A1)

Mouse
Monoclonal

1:250

Santa Cruz
Biotechnology

sc-21789

Anti-NG2 Chondroitin
Sulfate Proteoglycan

Rabbit
Polyclonal

1:500

Millipore

AB5320

Anti-GFAP

Rabbit
Polyclonal

1:1000

Promega

G5601

Anti-GFAP (GA5)

Mouse
Monoclonal

1:1000

Cell Signaling

3670S

Anti-Sodium Channel,
Pan antibody (K58/35)

Mouse
Monoclonal

1:1000

Sigma

S8809

Anti-KCNA5

Rabbit
Polyclonal

1:1000

Abcam

ab50294

Anti- Myelin Basic
Protein (MBP) (SMI94)

Mouse
Monoclonal

1:1000

Covance

SMI-94R

Anti-NeuN, Clone (A60)

Mouse
Monoclonal

1:1000

Millipore

MAB377

Anti GluR1

Mouse
Monoclonal

1:250

Synaptic systems

182011

Alexa Fluor 488 goat
anti-rabbit IgG (H+L)

Goat Polyclonal

1:1000

Invitrogen

A11034
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Manufacturer

Catalog
number

Alexa Fluor 488 goat
anti-mouse IgG (H+L)

Goat Polyclonal

1:1000

Invitrogen

A11029

Alexa Fluor 546 goat
anti-rabbit IgG (H+L)

Goat Polyclonal

1:1000

Invitrogen

A11035

Alexa Fluor 546 goat
anti-mouse IgG (H+L)

Goat Polyclonal

1:1000

Invitrogen

A11030

6.3 Flow cytometry

To process the cells for flow cytometry, a single-cell suspension was prepared as
described in section 6.2.1, page 70. Then, the cells were centrifuged at 1200 xg for 2
minutes. For immunostaining of membrane-bound NG2 on live cells, a monoclonal antihuman NG2/MCSP Phycoerythrin (PE) coupled antibody (R&D Systems) was used
according to the manufacturer's instructions. Briefly, after centrifugation the cells were
washed three times with DPBS supplemented with 0.5% BSA. Then, 105 cells were
incubated in 25 µl 10% BSA in DPBS for 15 minutes at room temperature to block nonspecific antibody binding. Subsequently, 10 µl of PE-conjugated NG2 reagent were
added and incubated for 45 minutes at 4°C.The cells were washed three times and
resuspended in 0.5% BSA DPBS buffer for analysis.
Before analysis, the samples were further incubated with TO-PRO-3 (1:1000,
Invitrogen) for 5 minutes at room temperature, as a mean to test the membrane
integrity. The samples were analyzed in a FACSAria flow cytometer (BD Biosciences)
using Ar 488 nm and a HeNe 633nm lasers for excitation. The fluorescence emission
was collected using 576/26 and 660/20 band pass filters for PE and TO-PRO-3
respectively. Linear forward and side scatter gates were used to discriminate single
cells from cell clumps and debris. Events with high fluorescence in the TO-PRO-3
channel were excluded from the analysis. After gating, a minimum of 104 events was
recorded for each sample. FACS Diva software v5.0 (BD Biosciences) was used for
data acquisition and post-acquisition data processing was done with FlowJo v7.5
software (Tree Star).
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6.4 Electrophysiology

6.4.1 Cell preparation and procedure

All cells types were prepared in the same manner as for immucytochemical
experiments (Section 6.2.1 Cell preparation, page 70), but were plated at a lower
density of (105 cells/ml) on 10 mm poly-L-lysine coated coverslips (Menzel). The cells
were allowed to adhere and were measured 24-48 hours after plating.
Patch clamp experiments were performed at room temperature, using different
extracellular and intracellular solutions (Table 6, page 76). Patch pipettes were made
from WPI.PG10165-4 glass (World Precision Instruments) using an L/M-3P-A vertical
puller (List Medical) in order to attain a pipette resistance of 3-5MΩ. when the pipettes
were back-filled with intracellular solution (Table 6, page 76). Before immersion of the
pipette, external pressure was applied to avoid obstruction of the tip. The pressure was
released when the pipette tip was in close proximity to cell membrane. A tight seal (>1
GΩ) was formed by applying gentle suction when contact with the membrane was
achieved (evidenced by an increase in the pipette resistance). To gain electrical access
to the cell, the membrane was perforated using brief suction pulses. Pipette
capacitance, cell capacitance and series resistance were compensated (~70-80%)
before the application of each voltage protocol.
Currents were recorded in the whole-cell configuration (Hamill et al., 1981) using an
EPC9 patch-clamp amplifier (HEKA Elektronik). Pulse protocol generation and data
acquisition were controlled using Pulse software v.6 (HEKA Elektronik). Data were
filtered at 2 or 5 kHz and acquired at 10 or 25 kHz respectively. Unless otherwise
stated, cells were clamped at a potential of -80mV.

6.4.2 Voltage/Current Protocols

In order to measure the global current response of the cell, we used a protocol
consisting of a 200 ms pre-pulse to -80 mV, followed by a short (5 ms) step to -60 mV
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and finally a 250 ms pulse to variable potentials from 100 mV to -100 mv in 20 mV
steps. A period of 5 s at holding potential was left between stimulations. To induce
inactivation of transient outward currents, a similar protocol was applied where the prepulse potential was kept at -20 mV. A 5 s pre-pulse potential to variable voltages from 140 to 60 mV in 20 mV steps, followed by a 250 ms pulse to 100 mV was used to
determine the half-inactivation potential of transient outward currents.
To test the effect of tetraethylammonium (TEA) and 4-aminopyridine (4-AP) on
outward currents, the cells were held at -20 mV and a 250 ms pulse to 40 mV was
applied ten times in 5 s intervals, before and after the application of the blocker. The
concentrations used were 10 mM for TEA (Sigma) and 4mM for 4-AP (Sigma). A
similar protocol was applied to test the response of transient outward currents to
specific blockers, with the difference that -80 and 100 mV were used for the holding
and the test potentials respectively. To determine the effect of 100 nM tetrodotoxin
(TTX) (Sigma) on inward currents, a 25 ms test pulse to 0mV was applied every 5 s for
five pulses. The solution bathing the cell was completely exchanged in about 100 ms,
using an external perfusion system (Nanion).
To test the response to a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), the cell was kept at -80 mV. After 1 s, 150 µM AMPA (Sigma) was applied to
the bath solution for 2 s, and then an extra period of 3 s was recorded under normal
extra cellular solution. Afterwards, the same protocol was applied, but 100 µM
Cyclothiazide (CTZ) (Sigma) were used instead of AMPA. Finally, after a 4 s CTZ
incubation, the response to both agents (CTZ and AMPA) was tested, at potentials
from -80 mV to 80 mV with 40 mV steps.
For current clamp experiments, a constant current was injected to keep the cell at a
resting potential of approximately -80 mV. Then relative stimuli were applied from -40
to 240 pA in 20 pA steps for 800ms.
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Table 6. Solutions for electrophysiological recordings

Solution

Composition

Standard pipette solution

KCl
NaCl

10mM

MgCl2

2mM

HEPES

10mM

EGTA

10mM

CaCl2

2mM

Pipette solution (Mg2+ free) KCl

Standard bath solution

10mM

HEPES

10mM

HEDTA

10mM
2mM

CsCl

130mM

NaCl

10mM

MgCl2

2mM

HEPES

10mM

EGTA

10mM

CaCl2

2mM

NaCl

140mM

KCl

2.8mM

MgCl2
HEPES
CaCl2
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130mM

NaCl

CaCl2
Pipette solution (K+ free)

130mM

2mM
10mM
2mM

Table 7. Voltage/Current protocols

Electrophysiological
parameter
Global Current

IKDR

Voltage protocol
1.
2.
3.
4.
5.
6.

Holding potential: -80 mV
Prepulse: -80 mV, 200 ms
Prepulse: -60 mV, 5 ms
Test Pulse: -100 to 100 mV, 250 ms
Holding potential: -80 mV
Interval: 5s at holding potential
Leak subtraction: P/10, Holding -80 mV

1.
2.
3.
4.

Holding potential: -80 mV
Prepulse: -20 mV, 200 ms
Prepulse: -60 mV, 5 ms
Test Pulse: -100 to 100 mV in 10 mV
increments, 250 ms
5. Holding potential: -80 mV
6. Interval: 5s at holding potential
Leak subtraction: P/10, Holding -80 mV

IKA

Global current - IKDR

TEA / 4-AP block of IKDR

1.
2.
3.
4.
5.
6.

Holding potential: -80 mV
Prepulse: -20 mV, 200 ms
Test Pulse: 40 mV, 250 ms
Holding potential: -80 mV
Interval: 5s at holding potential
Repeat 10 times for control, 10 times with TEA /
4-AP, 10 times wash
Leak subtraction: P/10, Holding -80 mV

PTX-2 block of IKA

1.
2.
3.
4.
5.
6.

Holding potential: -80 mV
Prepulse: -80 mV, 200 ms
Test Pulse: 0 mV, 20 ms
Holding potential: -80 mV
Interval: 10s at holding potential
Repeat 3 times for control, 3 times with PTX-2, 3
times wash
No leak subtraction

TTX block of INa+

1.
2.
3.
4.
5.
6.

Holding potential: -80 mV
Prepulse: -80 mV, 200 ms
Test Pulse: 0 mV, 25 ms
Holding potential: -80 mV
Interval: 5s at holding potential
Repeat 5 times for control, 5 times with TTX, 5
times wash
Leak subtraction: P/10, Holding -80mV

IAMPA

1. Holding potential: -80 mV, 1s
2. Test Pulse: -80 mV, AMPA, 2s
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3. Holding potential: -80 mV, 3s
ICTZ

1. Holding potential: -80 mV, 1s
2. Test Pulse: -80 mV, CTZ, 2s
3. Holding potential: -80 mV, 3s

IAMPA + CTZ

1. Holding potential: -80 mV, CTZ, 4s
2. Test Pulse: -80 mV to 80 mV in 40 mV steps,
CTZ + AMPA, 2s
3. Holding potential: -80 mV, CTZ, 3s

Current Clamp

1. Constant current to clamp at: -80 mV, 100 ms
2. Test Pulse: -40 to 240 pA in 20 pA steps, 800
ms
3. Constant current to clamp at: -80 mV, 1s

Table 8. Pharmacological tools and reagents for electrophysiology

Reagent

Concentration Manufacturer Catalog number

(±)-AMPA

150 µM

Sigma

A6816

Cyclothiazide

100 µM

Sigma

C9847

Phrixotoxin-2

1 µM

Alomone

P-700

500 nM

Sigma

T8024

Tetraethylammonium chloride 10 mM

Sigma

86614

Lucifer Yellow CH, K+ salt

Invitrogen

L1177

TTX

1%

6.4.3 Analysis of electrophysiology data

Current Voltage relationship of IKDR: To produce the current to voltage relationship
of IKDR, the mean current from 85-95% of the pulse was plotted against the voltage
used to elicit the current response.
The currents referred to as “rectifying” were those where an inward rectification
occurred at positive potentials. Depending on the absence or presence of rectification,
the data of the I-V relationship were fitted with the PulseFit (HEKA Elektronik) built-in
Equation 1 or Equation 2, respectively. Here, the term
voltage,

is the half maximal activation potential and

pseudo lineal phase of the curve.
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refers to the command
is the slope of the

is the reversal potential or equilibrium potential (defined in Equation 3), where
is the universal gas constant (8.314 J·K-1·mol-1),
the valence of the ionic species,
[ ]

is the temperature in Kelvin,

is the Faraday constant (96485 C·mol ), [ ]
-1

is
and

are the concentrations of ion X in the extracellular and intracellular solutions

respectively.
Equation 1

( )

(

)(

)

Equation 2

( )

(

)(

)

(

)

Equation 3

(

[ ]
[ ]

)

Current Voltage relationship of IKA: To produce the current to voltage relationship of
IKA, the peak value of the subtracted current (see Table 7.. IKA, page 77) was plotted
against the voltage used to elicit the current response. Then, the data were fitted using
Equation 1.
Current Voltage relationship of INa+: The inward current trace was fitted with the
built-in Hodgkin-Huxley formalism from PulseFit (HEKA Elektronik), using the following
equations
Equation 4

a)
b)
c)

( )

d)

( )

e)

( )

(
( ) ( )

)(

(

)

( )
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)

The peak value was then plotted against the potential applied to elicit the current.
The resulting I-V relationship was fitted using Equation 1.
: To obtain the half maximal inactivation potential, the peak current value at
100mV was plotted against the prepulse potential. The resulting data were fitted with
Equation 5 built-in the PulseFit analysis software (HEKA Elektronik), where
prepulse potential,

is the minimum current,

the potential of half maximal inactivation and

is the

is the maximum current,

is

determines the slope of the pseudo-

lineal portion of the curve.
Equation 5

(

)

Rm: To obtain the membrane resistance, a constant current was injected to keep
the cell at its resting potential of about -80mV and relative current stimuli were applied.
The mean voltage from 100-600ms of the current pulse was plotted for each current
between -40 and 0 pA. The data were then fitted with a linear equation of the form:
Equation 6

Where
of

is the measured voltage response,

when no current is applied and

is the injected current, b is the value

is the slope that, by Ohm's law, corresponds to

the resistance. Before the determination of Rm electrical access was confirmed by
applying a 250ms 60mV pulse.
Regenerative voltage-transient: The maximum voltage was measured directly from
the voltage response. The relative overshoot and the relative afterhyperpolarization
(AHP) were considered to be events deviating from a stable or steady state. Since we
were not able to observe more than one spike, we defined the steady state as the
mean voltage response from 100 - 600 ms of the current stimulus. The duration of the
regenerative voltage transient was calculated between the points intersecting the
baseline, therefore the AHP was not considered. The maximum rate of rise and the
maximum rate of fall were the maximum and the minimum values of the differential of
the voltage response, respectively.
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The data were analyzed using IgorPro (Wavemetrics) with custom written macros,
PulseFit (HEKA Elektronic) and Prism (GraphPad Software).

6.5 Dye Coupling

Primary glioma spheroids and primary hippocampal astrocytes were dissociated as
described above (74 6.4.1 Cell preparation and procedure, page 74) and plated on PLL
coated 10 mm coverslips (Menzel). After 5 days, the cells were handled similarly as for
electrophysiological recordings (Section 6.4.1 Cell preparation and procedure, page
74), however the intracellular solution contained 1% Lucifer Yellow (Invitrogen). When
the whole-cell mode was achieved, a reasonable time (1-4 minutes) was given for the
cells to fill with the dye and obtain a good contrast. Two images were acquired in a 10
minute interval using a Moticam 1000 digital camera (Motic) and the Motic Images Plus
acquisition software (Motic). The camera was mounted on an Axiovert 100 inverted
microscope (Zeiss). A 100 W mercury arc fluorescent lamp (Osram) was used as a
light source with excitation and emission filters of 450-490nm and 515-565nm (Filter
set #10, Zeiss) respectively. After, the pipette was removed and the coverslip was kept
for observation 30 minutes later. Concomitant with the images of the fluorescent dye,
phase contrast images were also acquired.

6.6 Western Blot

6.6.1 Protein extraction

A cell pellet was obtained and washed twice with PBS. Following centrifugation at
3000 xg, the cells were lysed by resuspending in non-denaturating lysis buffer (Table
9) with protease inhibitor (Roche) and incubating for 30 min at room temperature. The
lysate was centrifuged for 15 min at 14000 xg. The supernatant containing the protein
was then removed and stored for further analysis.
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6.6.2 Determination of protein content

To determine the total protein concentration, the BCA Protein Assay Kit (Thermo
Scientific) was used according to the manufacturer's instructions. The assay is based
on the reduction of Cu2+ to Cu+ in alkaline medium. The reaction product exhibits a
strong absorbance at 562 nm and can therefore be detected by a colorimetric readout.
Briefly, a working reagent was prepared by mixing 50 parts of BCA reagent A with 1
part of BCA reagent B, then 30 µl of the sample were mixed with 200 µl of the working
reagent and incubated at 37°C for 30 minutes. The absorbance at 562 nm was
measured with a 1420 VICTOR multi label counter (Wallac) and the concentration was
calculated by calibration with a standard curve of albumin solutions ranging from 10 to
200 g/ml (Thermo scientific).

6.6.3 Protein gel electrophoresis

To denature the protein, 1 µl sample reducing agent (Invitrogen) and 2.5 µl loading
buffer (Invitrogen) were added to the protein (10 – 100 µg) to a total volume of 10 µl
and were incubated at 70°C for 10 min. The denatured protein and a protein ladder (NE
BioLabs) as a control of the molecular weight were loaded into 3-8% or 4-12% gradient
polyacrylamide gels with Tris-acetate (Invitrogen) or Bis-Tris (Invitrogen) system
respectively. The gel was placed in a chamber loaded with running buffer (Table 9)
and a constant voltage of 150 V or 200 V was applied for 1-2 hours to achieve
separation of the proteins.

6.6.4 Protein transfer and blotting

Afterwards, the proteins were transferred to a nitrocellulose membrane (GE
Healthcare) by placing the gel in direct contact with the membrane in the presence of
transfer buffer (Table 9). The potential used for protein transfer started at 10 V with
stepwise increments of 10 V every ten minutes up to a potential of 50 V, where it
82

remained for 30 minutes. The membrane was rinsed with deionized water and dried
overnight at room temperature. Following rehydration with deionized water, the
membrane was treated with Western Blot Signal Enhancer (Thermo Scientific)
according to the manufacturer's instructions.
To avoid unspecific biding of the primary antibody, the membrane was incubated
with 10% Casein (1:1000 dilution) (Roche) in TBS-T (Table 9). Primary antibodies at
their optimal dilutions (Table 11.) were applied for one to two hours at room
temperature or at 4°C overnight. After the incubation period, the membrane was
washed 5 times with deionized water and for 5 minutes with TBS-T. The membrane
was then incubated with the appropriate secondary antibody (Table 11.) coupled to
horseradish peroxidase (HRP) for 45 minutes at room temperature, followed by 7 wash
steps with deionized water and 5 minutes with TBS-T.
Blots were developed using a chemiluminescent HRP substrate (Millipore), which
takes advantage of the horseradish peroxidase enzyme to catalyze the reaction of
luminol and H2O2, generating light. The emitted light was detected with a ChemiDoc
XRS system (Bio-Rad) and the image acquisition was done with the Quantity One 1-D
Analysis Software v4.6.9 (Bio-Rad). For post-acquisition processing the image analysis
software FIJI was used (Schindelin, 2008).
Table 9. Buffers for Western Blot

Buffer
Non-denaturing lysis
buffer

Running Buffer (BisTris)
Running Buffer (TrisAcetate)
Transfer Buffer

Composition
Triton X-100

Concentration/ Volume/
Percentage
1%

Tris-HCl

50 mM

NaCl

300 mM

EDTA

5

mM

20X NuPAGE MES SDS
buffer
Deionized water

50

ml

20X Tris-Acetate SDS
buffer
Deionized water

50

NaHCO3

10 mM

Na2CO3

3
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950 ml
ml

950 ml

mM

SDS

0.01%

Methanol
TBS-T

20%

Tris

20 mM

NaCl

0.15 M

Tween 20

0.05%

Table 10. Reagents for Western Blot

Reagent

Manufacturer

Catalog
Number

Protease inhibitor cocktail tablets

Roche

1169748001

BCA Protein Assay Kit

Thermo Scientific

23225

NuPAGE Reducing Agent (10X)

Invitrogen

NP0009

NuPAGE LDS Sample Buffer (4X)

Invitrogen

NP0007

Prestained Protein Ladder, Broad Range

New England
BioLabs

P7710S

NuPAGE Novex 4-12% Bis-Tris Gel

Invitrogen

NP0322

NuPAGE Novex 3-8% Tris-Acetate Gel

Invitrogen

EA03785

20X NuPAGE MES SDS Running Buffer

Invitrogen

NP0002

20X NuPAGE Tris-Acetate SDS Running Invitrogen
Buffer

LA0041

Pierce Western Blot Signal Enhancer

Thermo Scientific

21050

Western Blocking Reagent

Roche

11921673001

Immobilon Western Chemiluminescent HRP Millipore
Substrate

84

WBKL S00 50

Table 11. Antibodies for Western Blot.

Antibody

Species/
Clonality

Dilution Manufacturer

Catalog
Number

Anti-NG2 Chondroitin
Sulfate Proteoglycan

Rabbit
Polyclonal

1:500

Millipore

AB5320

Anti-GFAP

Rabbit
Polyclonal

1:1000

Promega

G5601

Anti-Calnexin

Rabbit
Polyclonal

1:1000

Enzo Life
Sciences

ADI-SPA860

Anti-Nestin, clone 10C2

Mouse
Monoclonal

1:1000

Millipore

MAB5326

ECL Anti-Rabbit IgG,
Horseradish PeroxidaseLinked

Donkey
Polyclonal

1:10000

GE Healthcare

NA934V
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8 Appendix
8.1 Index of Figures

Figure 1. NG2 and nestin protein expression in BTICs. Western blot using anti-NG2
specific antibodies shows the presence of a band at ~280 kDa in 5 out of 7 BTIC lines
tested. Mouse total brain protein was used as a positive control and mouse liver and
the NG2 negative mouse melanoma cell lines were used as negative controls. A band
at ~240 kDa was detected using an anti-nestin antibody in all BTICs. An antibody
against calnexin (~90 kDa) was used as a loading control. Note a higher relative
intensity of the NG2 band in #10 and #1034. .............................................................. 17
Figure 2. Membrane expression of NG2 In all BTIC lines, the amount of labeled
cells was above 80% (red), as evidenced by the increase of fluorescence intensity
above unlabeled controls (black). No shift in the mean fluorescence intensity was
observed in B16 cells (lower right panel). The horizontal line shows an arbitrary gate to
define percentage of positive cells above background fluorescence. AU= Arbitrary
Units. .......................................................................................................................... 18
Figure 3. BTICs co-express NG2 and PDGFRα. Representative images of cells
labeled for NG (red) and PDGFRα (green). Note the peripheral localization of NG2 with
a markedly uneven expression in some processes (left column). Scale bars = 10 µm. 19
Figure 4. BTICs co-express nestin and NG2. Representative cells from each line
labeled with specific anti-NG2 (green) and anti-nestin (red) antibodies. NG2 signal has
a pattern compatible with a membrane staining showing enhancement in cellular
processes. Nestin has an intracellular localization. An exemplary line #1034, is shown
in an enlarged display (top row) to better appreciate the structural details. TO-PRO-3
(TP3) was used as a nuclear marker (blue). Scale bars = 20 µm. ............................... 20
Figure 5. GFAP+ cells express NG2. NG2 signal (green) is observed in the majority
of #1034 cells (right, middle panel), whereas GFAP (red) is expressed in a
subpopulation of cells (right, top panel). In GFAP+/NG2+ cells (left panel), the
expression of the GFAP seems to be confined to the intracellular compartment, while
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the NG2 signal is more abundant in the periphery. Nuclei were counterstained with TOPRO-3 (blue). Scale bars = 20 µm. ............................................................................. 21
Figure 6. GFAP+ cells express nestin. GFAP+ cells (red) from #10 (top row) and
#1034 (bottom row) co-expressed the NSC-marker nestin (green). All GFAP- cells were
also nestin+. Nuclei were counterstained with TO-PRO-3 (blue). Scale bars = 20µm. . 22
Figure 7. Differentiation potential of BTICs A. Representative confocal image of
#1034, showing GFAP+ cells (red) after 5 days in neurobasal medium (NB, left panel)
or NB supplemented with 10% FCS (FCS, right panel). B. The increase in the GFAP+
population was also observed when the medium was supplemented with T3, CNTF or
Forskolin (FORS). No NeuN or MBP was detected in any of the conditions. ............... 23
Figure 8. Differentiation of mouse OPCs. After 5 days in the presence of T3, mouse
OPCs express MBP and reduce the number of NG2+ cells (middle upper row). No
differences are observed in the number of GFAP or NeuN expressing cells (lowermost
row). Scale bars = 50 µm. ........................................................................................... 25
Figure 9. Intermediate membrane resistance of BTICs. A. Representative voltage
response to a stepwise current injection in #10 (n=8). The red line represents the best
linear fit to the data. The dotted line represents 95% confidence intervals. B. Slope of
the curve (as in A) for all cell lines tested. Asterisks represent zeros after the decimal
point in the value of p and are only displayed for values where p < 0.05. Error bars in B
represent standard error of the mean (s.e.m.). ............................................................ 27
Figure 10. Transient inward currents in BTICs. A. Current response of a
representative #1095 cell (upper panel) to variable voltage steps from a holding
potential of -80 mV (lower panel). The current has fast activating and fast inactivating
components and reaches steady-state towards the end of the pulse. Note the presence
of a fast transient current in the first few milliseconds of the voltage pulse (upper panel,
inset). B. Inward current elicited in response to a depolarization to 0 mV, from a holding
potential of -60 mV (lower panel). C. Current density values of the inward current of
individual cells in all cell lines tested. Red lines represent the mean. .......................... 28
Figure 11. Voltage dependence of transient inward currents A. Current – Voltage (IV) relationship of the transient inward current exhibits a similar behavior in all BTIC
lines. B. No significant differences between lines were observed in half maximal
activation or reversal potential (C.). Error bars represent standard error of the mean. 29
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Figure 12. Transient inward currents are sensitive to TTX. A. Current response of a
#1095 cell to a voltage stimulus of 0 mV from a holding potential of -80mV (bottom
panel). The control response (uppermost panel) can be blocked by applying 500 nM
TTX to the bath solution (middle upper panel) and can be reverted by removal of the
toxin (middle lower panel). To better illustrate the effect of TTX on the sodium current,
a cell with low outward current density was used. B. TTX blocked above 95% of the
current in all cell lines tested. Error bars represent standard error of the mean. .......... 29
Figure 13. Expression pattern of voltage-gated sodium channels in BTICs. A.
Immunostaining using an antibody against a common epitope of voltage-gated sodium
channels (Pan-Na, green) revealed a signal cluster adjacent to cell nuclei (blue) and in
some lines it could be observed as a clear membrane staining (#10 and #1063). The
cells were identified by staining the nuclei with TO-PRO3 (TP3, blue). Scale bars = 50
µM. B. Two methods, electrophysiology (EP) and immunocytochemistry (ICC) were
used to determine the percentage of positive cells. A discrepancy between the two
methods was observed in lines #1095 and #1051, probably due to the different
sensitivity of both techniques. The asterisks represent a p value <0.05. Error bars
represent standard error of the mean. ......................................................................... 31
Figure 14. Outward regenerative voltage transients. A. Voltage response to a stepwise current injection protocol shown in B. Note the appearance of a single, broad
voltage transient at the beginning of the pulse in response to larger current injection. 32
Figure 15. Biophysical parameters of regenerative voltage transients A.
Representative voltage trace from a #1034 cell, showing a schematic representation of
the reference points used to measure different biophysical parameters. The mean
values for absolute regenerative transient peak (B), relative overshoot (C), relative
afterhyperpolarization (D) and transient width (E), are represented for each cell line.
Error bars represent standard error of the mean. ........................................................ 33
Figure 16. Speed of the regenerative voltage transient. A. Representative
regenerative voltage transient of a #10 cell (left panel) and its respective differential (B
left panel). The regenerative transient is much slower than mouse granule cell neurons
(A and B, right panel). Note the large difference in the scale bars. C. Speed of the
regenerative transient represented in terms of its differential as maximum rate of rise
(MRR) and maximum rate of fall (MRF). No significant differences were observed
between lines. The MRR and MRF of neurons were >20 fold larger than that of BTICs.
108

Asterisks represent p values <0.05. Error bars represents standard error of the mean.
................................................................................................................................... 35
Figure 17. Sodium and potassium channel density and transient generation. The
sodium and potassium channel density was compared in cells that exhibited transients
and cells that did not, for #10 (upper left panel), #1063 (upper right panel), #1095
(lower left panel) and #1051 (lower right panel). Significance was calculated using
unpaired t-test. The asterisks represent zeros after the decimal point for p value <0.05.
n.s. = non-significant. Error bars represent standard error of the mean....................... 37
Figure 18. Regenerative voltage transients are sensitive to TTX. Representative
voltage transient in a #1095 cell (black) was abolished by the application of 500nM TTX
(red). ........................................................................................................................... 38
Figure 19. IKDR is blocked by TEA. A. Representative current response to a voltage
pulse to 40 mV (lower panel), before and after the application of 10mM TEA. B. The
current was blocked to about 70% in all cell lines. Error bars represent standard error
of the mean................................................................................................................. 39
Figure 20. IKDR density. A. Representative current response of a #10 cell (upper
panel) to variable voltage stimuli (lower panel). Note that the current towards the end of
the pulse is larger by depolarization to 40mV than to 100 mV (arrows). B. I KDR density
at 40 mV of individual cells, for all cell lines tested. Red lines represent the mean value.
................................................................................................................................... 39
Figure 21. Voltage dependence of IKDR. A. I-V relationship of IKDR, notice the
rectification at ~40 mV and a similar behavior in all cell lines. No differences were
observed in half maximal activation potential (B, upper panel) or half maximal block
potential (B, lower panel). Error bars represent standard error of the mean. ............... 40
Figure 22. Kv1.5 expression in BTICs. A specific anti Kv1.5 antibody (red) produced
a staining in the cell periphery in all cell lines tested. Nuclei were labeled with TO-PRO3 Scale bars = 20 µm. ................................................................................................. 40
Figure 23. Rectification of IKDR. A. I-V relationships of rectifying (open circles) and
non-rectifying (solid circles) #1095 cells. B. The majority of the cells in all groups had
rectification. C. Significant differences were found in the current density at 40 mV in
#1063 and #1095 between cells with (white) and without (black) rectification. D.
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Normalized I-V relationship of #10 cells in the presence (solid circles) or absence (open
circles) of intracellular magnesium. Solid lines represent a fit to the data. Error bars
represent standard errors of the mean and are in some cases obscured by the
markers. Asterisks represent p value <0.05. ............................................................... 41
Figure 24. Peak current density and decay of IKA A. Representative current
responses of a #1095 cell to its corresponding voltage protocols (B). A transient
outward current can be isolated by subtracting IKDR (A, middle panel) from the mixed
current (A, left panel). C. Peak current density of individual cells at 100 mV. Red lines
represent mean value. D. No significant differences were found in the inactivation time
constants of IKA. Error bars represent standard error of the mean. .............................. 43
Figure 25. Voltage dependent activation and time to peak current in IKA. A. Similar IV relationships of isolated IKA were observed in all cell lines tested. Solid lines
represent a fit to the data. The half maximum activation potential (B, upper panel) and
the time to peak current (B, lower panel) showed no significant differences. Error bars
represent standard error of the mean. ......................................................................... 44
Figure 26-27. Voltage dependent inactivation (

) of IKA. A. Representative current

trace of a #1095 cell upon stimulation to 100 mV after variable voltage pre-pulses (B).
C. Peak current to pre-pulse voltage relationship with similar half inactivation potential
for all lines (D). Error bars represent standard error of the mean. ............................... 45
Figure 28. Cyclothiazide (CTZ) potentiates AMPA currents in BTICs. A. An inward
current was observed when AMPA (150 µM) was applied to the bath solution. B. The
AMPA current was potentiated by application of CTZ. C. Normalized mean current
showing a significant increase (up to 20 fold) in the AMPA mediated current by CTZ.
The effect was observed in all cell lines tested. Asterisks represent zeroes after the
decimal point for p values <0.05. Error bars represent standard error of the mean. .... 46
Figure 29. BTICs express GluR1 and have a linear IAMPA-V relationship. A. AMPA
elicited inward or outward currents depending on the holding potential. B. The
normalized IAMPA exhibited a linear I-V relationship. Error bars represent standard errors
of the mean C. Immunostaining of GluR1 (green) showing a punctate signal in all cells.
Note that neuronal cultures from primary hippocampus (lowermost panel, right) have a
heterogeneous staining. Nuclei were stained with TOPRO-3 (blue). Scale bars = 20
µm. ............................................................................................................................. 47
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Figure 30. No dye coupling in BTICs. Representative #1051 cell showing no dyecoupling with neighboring cells after injection with lucifer yellow in a 10 minute time
span (upper row). In mouse astrocytes (lower row), a fluorescent signal was detected
in near-by cells (arrow heads) besides the injected one (arrow) after the same time
period. ........................................................................................................................ 48
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