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ABSTRACT
Platelet-Derived Growth Factor Receptor Beta is a Marker and Regulator of
Neural Stem Cells in the Adult Ventricular-Subventricular Zone
Angel R. Maldonado-Soto

Specific regions within the adult mammalian brain maintain the ability to
generate neurons. The largest of these, the ventricular-subventricular zone (VSVZ), comprises the entire lateral wall of the lateral ventricles. Here, a subset of
glial fibrillary acid protein (GFAP)-positive astrocytes (B cells) gives rise to
neurons and oligodendrocytes throughout life. This process of neurogenesis
involves quiescent B cells becoming proliferative (epidermal growth factor
receptor (EGFR)-positive) and giving rise to neuroblasts via transit amplifying
precursors. The neuroblasts then migrate through the rostral migratory stream
(RMS) to the olfactory bulbs (OBs), where they mature into neurons. Studying
the stem cells in the V-SVZ has been hindered by the shortage of molecular
markers to selectively target them. Using microarray and qPCR analysis of
putative quiescent neural stem cells we determined that they were enriched for
PDGFRβ mRNA. We used immunostaining to determine the in vivo identity of
PDGFRβ+ cells, and discovered that only GFAP+ cells within the V-SVZ stem cell
lineage express PDGFRβ. Moreover, these PDGFRβ+ B cells contact the
ventricle at the center of ependymal pinwheel structures and the vast majority of
them are EGFR-. Importantly, the V-SVZ/RMS/OBcore axis was highly enriched for
PDGFRβ expression compared with other brain regions. Detailed morphological

analyses of PDGFRβ+ B cells revealed primary cilia at their apical process in
contact with the ventricle and long radial processes contacting blood vessels
deep within the V-SVZ, both of which are characteristics of adult neural stem
cells. When PDGFRβ+ cells were lineage traced in vivo they formed olfactory
bulb neurons.
Using fluorescence-activated cell sorting (FACS) to purify PDGFRβ+
astrocytes we discovered this receptor is expressed by all adult V-SVZ neural
stem cells, including a novel population of EGFR+ PDGFRβ+ cells which
correspond to the activated neural stem cells. RNA-sequencing analysis of the
purified

populations

revealed

that

PDGFRβ+

EGFR+

cells

possess

a

transcriptional profile intermediate between quiescent neural stem cells and
actively proliferating GFAP- progenitor cells. Finally, when PDGFRβ is deleted in
adult GFAP+ NSCs we observe a decrease in EGFR+ and Dcx+ progenitor cells,
together with an increase in quiescent GFAP+ astrocytes. A larger proportion of
these mutant cells come in contact with the ventricular lumen, suggesting that
PDGFRβ is required for V-SVZ astrocytes to act as stem cells, possibly by
mediating interactions with their niche. Taken together, these data identify
PDGFRβ as a novel marker for adult V-SVZ neural stem cells that is an important
regulator of their stem cell capabilities.
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Chapter 1

Introduction

The story of adult neurogenesis in the central nervous system (CNS) has
been one of discovery and re-discovery. For most of the last century it was
widely accepted that neurogenesis in the brain stopped shortly after birth, despite
evidence early on that mitotic figures could be observed in the subependymal
region of the adult brain (Allen, 1912). In the 1960’s, studies using
autoradiography and [H3]-thymidine injections showed cell proliferation and
migration in brains of postnatal and adult mice (Messier et al., 1958; Smart,
1961), as well as adult rats and cats (Altman, 1963). In spite of this mounting
body of evidence, the idea of adult neurogenesis did not gain traction for twenty
more years until it was shown to occur in the brain of adult songbirds by
Fernando Nottebohm’s group (Goldman and Nottebohm, 1983). Shortly
thereafter, populations of proliferating cells were re-discovered in adult rodent
brains (Lois and Alvarez-Buylla, 1993; Morshead et al., 1994), sparking a race to
determine the identity of these cells and the role of their proliferation in the adult
brain.
In Chapter 1, I will review discoveries made over the past two decades on
the identity of adult NSCs and their progeny, and how these cells are regulated.
Next, I will discuss known interactions of NSCs with their niche, and how these
interactions are important in the maintenance of the NSCs. Finally, I will review
the function of platelet-derived growth factor receptor beta (PDGFRβ) signaling,
and its known roles in the development of the nervous system.

1

1.1

Stem cell basics
Stem cells have two essential properties: (1) they divide to give rise to

another stem cell (self-renewal) and, (2) they undergo differentiation to form
diverse cell types (Figure 1.1A). Stem cells play a central role both during
development and in the adult. During embryogenesis, they are responsible for
giving rise to all the different cell types that compose the body. In addition, many
adult tissues retain pools of endogenous stem cells charged with replenishing
cells lost through turnover (homeostasis), as well as regenerating the tissue
following lesions. The property of self-renewal ensures that the stem cell pool is
maintained throughout life, and is one of the defining features of stem cells. Many
adult stem cells are still capable of giving rise to different cell types, albeit to a
lesser extent than their embryonic counterparts (Graf and Stadtfeld, 2008).
Stem cells reside within specialized cellular environments, called niches,
which modulate many aspects of their biology (Figure 1.1B). Elements within the
niche provide positional cues important in determining which daughter cell retains
stem cell identity and which daughter cell progresses down the lineage to form
more differentiated progeny. Additionally, cells within the niche provide factors
important for the survival of the stem cells and the differentiation of their progeny.
Properties of both stem cells and their niche vary during development and
according to the tissue in which they are found. Moreover, both are affected in
human disease and aging. As one example, dysregulation of either stem cells or
their niche can lead to cancer (Evers et al., 2010; Masui et al., 2010; Vescovi et
al., 2006; Zhu et al., 2009).

2

1.2

Two adult neurogenic niches
Two principal regions in adult mammalian brains have continual

neurogenesis throughout life: the ventricular-subventricular zone (V-SVZ) of the
lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate
gyrus. NSCs in both these regions are derived from radial glial progenitors in the
embryonic and postnatal brain, and they retain features reminiscent of these cells
(eg, the ability to form neurons, a radial morphology, and contact with blood
vessels) (reviewed in Kriegstein and Alvarez-Buylla, 2009). Despite their
similarities, there are important differences between the two niches: their size
and the functional role of the new neurons. The V-SVZ is the larger of the two
neurogenic niches, comprising the entire lateral wall of the lateral ventricles and
the medial wall of the septum. In contrast, the SGZ is limited to the dentate gyrus
in the hippocampal formation (Figure 1.2A). Neurons born within the
hippocampus travel a short distance to the granule cell layer, where they
integrate into the local circuitry, whereas neurons born in the V-SVZ migrate
several millimeters to the olfactory bulbs, where they then differentiate into
granule cell and periglomerular interneurons (discussed in more detail below).
Thus, neurons born in the SGZ are associated with learning and memory tasks
and mood regulation, while neurons born in the V-SVZ are involved in olfactory
processing. The V-SVZ also gives rise to a subset of oligodendrocytes (Menn et
al., 2006; Nait-Oumesmar et al., 1999).

3

1.3

V-SVZ neurogenic lineage
The V-SVZ consists of a few layers of cells immediately adjacent to the

lumen of the lateral ventricles. Ependymal cells comprise the first layer,
separating the ventricular lumen from the V-SVZ parenchyma. Ependymal cells
are large cuboidal cells which possess multiple cilia projecting into the ventricular
lumen, and the rhythmic beating of these cilia helps maintain the flow of the
cerebrospinal fluid (CSF) inside the ventricles (Del Bigio, 1995). Glial fibrillary
acidic protein (GFAP)+ astrocytes (B cells) contact the ventricular lumen between
ependymal cells. Both of these cell types are derived from embryonic radial glia
(Merkle et al., 2004; Spassky et al., 2005). Initial studies aimed at identifying the
in vivo stem cells came to conflicting conclusions as to whether GFAP+ B cells
(Doetsch et al., 1999a) or ependymal cells (Johansson et al., 1999) constituted
the NSCs in the adult V-SVZ. This discussion led to studies which showed that
specific ablation of the GFAP+ B cells caused a decrease in neurogenesis in vitro
and in vivo (Garcia et al., 2004; Imura et al., 2003), and that the V-SVZ
astrocytes, but not the ependymal cells, possessed stem cell capabilities (Capela
and Temple, 2002; Chiasson et al., 1999; Laywell et al., 2000; Spassky et al.,
2005). Thus, B cells, and not ependymal cells, contain the NSCs in the adult VSVZ. More recently it has been suggested that ependymal cells can act as stem
cells following ischemic injury (Carlén et al., 2009); however, these findings
remain unclear, as the tools used were not specific to ependymal cells.
B cells express a variety of markers which they share with other astroglial
cells, including GFAP (Doetsch et al., 1999a), glutamate transporter 1 (GLT-1)
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and glutamate aspartate transporter (GLAST, Liu et al., 2006; Mori et al., 2006).
A subset of B cells also expresses the transmembrane receptor prominin-1
(CD133, Beckervordersandforth et al., 2010; Mirzadeh et al., 2008), which labels
stem cells in various niches. At any given moment, most of the B cells are in a
quiescent (non-proliferative) state. Upon activation, B cells upregulate epidermal
growth factor receptor (EGFR, Doetsch et al., 2002; Pastrana et al., 2009), basic
lipid-binding protein (BLBP, Giachino et al., 2013) and CXCR4 (Kokovay et al.,
2010). These activated (proliferative) B cells then divide asymmetrically to form
another B cell and an undifferentiated transit amplifying progenitor (TAP, or C
cell) (Costa et al., 2011; Doetsch et al., 1999b; Kawaguchi et al., 2013; Ponti et
al., 2013). TAPs make up most of the proliferating cells within the V-SVZ niche
(Costa et al., 2011; Doetsch et al., 2002; Ponti et al., 2013), and their main
function is to expand the pool of available progenitors. They can be identified by
their high expression of EGFR (Doetsch et al., 2002), as well as their expression
of transcription factors like MASH1 (Parras et al., 2004) and Dlx2 (Doetsch et al.,
2002). After dividing several times, C cells turn into neuroblasts (A cells), which
are immature migratory neurons that express early markers of neuronal identity,
such as beta-III tubulin (Tuj1), CD24 and doublecortin (Dcx). These neuroblasts
then migrate through glial tubes formed by B cell processes, along the rostral
migratory stream (RMS) and into the olfactory bulbs (OBs), where they
differentiate into GABAergic or Glutamatergic interneurons (Figure 1.2A). This
entire process, from B cell activation to the formation of mature neurons in the
OBs, takes around 45 days to complete (Petreanu and Alvarez-Buylla, 2002),
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although the formation of neuroblasts from B cells requires around 7 days (Costa
et al., 2011; Doetsch et al., 1999b; Ponti et al., 2013).

1.4

Quiescent neural stem cells
One of the defining characteristics of stem cells is self-renewal, whereby a

stem cell divides to form another stem cell. Without the ability to self-renew, stem
cells would be quickly depleted as they are lost through differentiation into their
respective progeny. Mounting evidence suggests that these self-renewing stem
cells in adult mammalian tissues constitute a largely quiescent pool capable of
long-term formation of progenitor cells (Li and Clevers, 2010). The V-SVZ is
highly populated by proliferative transit amplifying progenitors and neuroblasts,
but the identification of the quiescent B cells which give rise to them has been
problematic. At any given moment the vast majority of B cells are in a quiescent
state. It therefore remains to be determined whether most GFAP+ cells are
quiescent NSCs, or whether only a small subset of B cells are actually NSCs.
Studies in which the proliferating V-SVZ cells were ablated with the anti-mitotic βcytosine arabinofuranoside (Ara-C) showed that the B cells which survive the
treatment have a remarkable capacity to regenerate all the cell types lost
(Doetsch et al., 1999b). A subset of these quiescent B cells upregulate EGFR
around 12 hours after Ara-C removal, allowing their entry into the cell cycle and
subsequent formation of the more rapidly proliferating progenitor cells (Pastrana
et al., 2009). Slowly-cycling cells have also been identified during homeostasis in
vivo and in vitro, but whether these cells constitute all or just a subset of the
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quiescent NSCs is still unresolved (Ahn and Joyner, 2005; Basak et al., 2012;
Costa et al., 2011; Daynac et al., 2013; Giachino and Taylor, 2009; Kawaguchi et
al., 2013; Li et al., 2012; Nam and Benezra, 2009; Ponti et al., 2013).
In adult humans, NSCs are also present throughout life in both the V-SVZ
and SGZ as specialized astrocytes. While active neurogenesis occurs in the SGZ
in humans (Spalding et al., 2013), the level of neurogenesis in the V-SVZ
declines dramatically after infancy (Sanai et al., 2011). Recent evidence
suggests that most of the neurogenesis that perdures in the adult human V-SVZ
forms low numbers of interneurons which migrate to the underlying striatum
(Ernst et al., 2014). Therefore, in the adult human V-SVZ NSCs are largely in a
dormant state. However, these cells can be isolated from brain explants and
expanded in vitro (Kirschenbaum et al., 1994; Sanai et al., 2004), and there is
some evidence that they become activated following ischemic injuries to the
adjacent striatum or overlying cortex (Macas et al., 2006; Martí-Fàbregas et al.,
2010). As such, illuminating the pathways underlying stem cell quiescence and
activation may shed light on how these stem cells are recruited upon injury or
during pathological conditions. In Chapter 2, I will present data from our lab
characterizing quiescent NSCs in the adult mouse V-SVZ.

1.5

B cell morphology and regulation
B cells can be subdivided into two main categories: B1 and B2 cells. B1

cells contact the ventricles at their apical surface, where they possess a primary
cilium protruding into the ventricular lumen, and they extend a long radial process
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which contacts blood vessels deep in the parenchyma (Beckervordersandforth et
al., 2010; Doetsch et al., 1999b; Kokovay et al., 2012; Mirzadeh et al., 2008;
Nam and Benezra, 2009). B2 cells are found deeper in the tissue, closer to the
vasculature in the V-SVZ, and they constitute a higher percentage of the
proliferating astrocytes, as indicated by [H3]-thymidine incorporation (Doetsch et
al., 1997). It has been proposed that these different compartments within the VSVZ (ependymal and vascular) constitute pro-quiescence and pro-division
compartments, respectively, and that they provide different signals necessary for
the transition of adult NSCs from one state to the other (Fuentealba et al., 2012).
Thus, B1 cells, with their radial morphology spanning ependymal and vascular
compartments, are in a unique position to integrate signals provided by different
regions of the niche (Figure 1.2C).

1.5.1 CSF, primary cilia, and the ependymal niche
The CSF is an important reservoir for growth factors and other signaling
molecules in the brain (reviewed in Silva-Vargas et al., 2013). Molecules in the
CSF can reach V-SVZ B cells through their apical contacts with the ventricles, as
well as through diffusion into the niche (Delgado et al., 2014; Kerever et al.,
2007; Pastrana et al., 2009). Importantly, the location of B cell primary cilia at
their apical process allows for the integration of signals that might be at lower
concentrations in the CSF. Primary cilia in many different cell types serve as
sensory organelles for a variety of extracellular signals, such as sonic hedgehog
(Shh) and Wnt signaling (reviewed in Louvi and Grove, 2011), and embryonic
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ablation of primary cilia in hGFAP+ cells has been shown to decrease adult
neurogenesis in both the SGZ and V-SVZ (Han et al., 2008; Tong et al., 2014b).
Interestingly, regions affected in these studies correspond to a subset of the Shhresponsive populations in the V-SVZ (Ahn and Joyner, 2005; Ihrie et al., 2011;
Petrova et al., 2013; Tong et al., 2014b). Conditional deletion of primary cilia in
adult V-SVZ GLAST+ cells also decreased the amount of slow-cycling labelretaining cells (LRCs) in this niche (Beckervordersandforth et al., 2010). Thus,
primary cilia and the signals they recognize are an important factor in the
maintenance and regulation of adult NSCs.
In addition to contacting the CSF, B cell apical processes also directly
contact ependymal cells. Ependymal cells form pinwheel-like structures around
sites at which B cells contact the CSF. These pinwheel structures are unique to
the V-SVZ niche (Figure 1.2B) (Mirzadeh et al., 2008). At the intersection
between ependyma and astrocytes both cell types express molecules important
for adhesion and intercellular communication, such as connexins (Mirzadeh et
al., 2008), VCAM1 (Kokovay et al., 2012), and N-cadherins (Porlan et al., 2014;
Shen et al., 2008). B cells in contact with ependymal cells are relatively quiescent
(Doetsch et al., 1997; Mirzadeh et al., 2008; Porlan et al., 2014; Shen et al.,
2008), suggesting the intriguing possibility that ependymal cells are key in
maintaining the less proliferative NSCs. In accordance with this, when VCAM1 or
N-cadherin are disrupted in the V-SVZ, B cells lose their contact with ependymal
cells, which is accompanied by an increase in proliferating cells within the V-SVZ
(Kokovay et al., 2012; Porlan et al., 2014). Moreover, disrupting Ank3, a
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structural molecule exclusively expressed by the ependymal cells, leads to a
disruption in ependymal N-cadherin and eventual depletion of the NSCs (PaezGonzalez et al., 2011), further highlighting the importance of the interaction
between ependymal cells and adult NSCs. In addition to their regulation resulting
from direct cell-cell contact, ependymal cells also release soluble factors that
regulate the NSCs and their progeny, such as Noggin, stromal-derived factor 1
(SDF1), and pigment epithelium-derived factor (PEDF, Gajera et al., 2010;
Kokovay et al., 2010; Lim et al., 2000; Peretto et al., 2004; Ramírez-Castillejo et
al., 2006). Therefore, both ependymal cells and the CSF constitute major
elements in the control of V-SVZ neurogenesis.

1.5.2 ECM and vascular niche
Opposite the ependymal cells in the V-SVZ lies a vascular plexus which
has various characteristics that distinguish it from the vasculature elsewhere in
the brain: 1) it is a mostly planar plexus, running parallel to the ventricular walls;
2) the blood brain barrier (BBB) is more permissive in the V-SVZ, so factors can
more readily enter from the blood, and 3) the vasculature in the V-SVZ is
embedded in a unique framework of extracellular matrix molecules which
envelop the entire niche (Mercier et al., 2002; Shen et al., 2008; Tavazoie et al.,
2008). Actively proliferating cells are in close contact with the blood vessels,
especially at points that lack astrocyte endfeet (Shen et al., 2008; Tavazoie et al.,
2008). The basal processes of B1 cells also directly contact the vascular plexus
through specialized endfeet (Mirzadeh et al., 2008; Tavazoie et al., 2008). This
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direct contact with the vasculature suggests that B1 cells, in addition to receiving
direct input from the CSF and other cell types within the niche, can also detect
signals coming from the blood.
The blood vessels themselves, composed of endothelial cells and
pericytes, secrete factors that can regulate the behavior of NSCs and their
progeny. SDF1 secreted by endothelial cells promotes the upregulation of EGFR
and integrins by activated B and C cells, and it helps home them to the vascular
niche (Kokovay et al., 2010). Other vasculature-derived factors that promote
proliferation and neurogenesis include pigment epithelium-derived factor (PEDF,
Andreu-Agulló et al., 2009; Ramírez-Castillejo et al., 2006) and betacellulin
(Gómez-Gaviro et al., 2012). Conversely, the vasculature also secretes factors
that can promote stem cell maintenance and quiescence, such as neurotrophin 3
(NT-3, Delgado et al., 2014). Intriguingly, recent work has shown that endothelial
cells can promote V-SVZ NSC quiescence through direct cell-cell contact.
Endothelial Ephrin B2 and Jagged 1 bind their cognate partners on the NSCs,
inhibiting their proliferation and differentiation (Ottone et al., 2014). Thus, both
ependymal and vascular cells possess an array of soluble and cell-contact
factors which impact adult stem cell behavior in diverse ways, and the integration
of all these signals by the NSCs is an important determinant of neurogenesis.
The extracellular matrix (ECM) is another important regulatory element in
the adult V-SVZ niche. Laminin-rich tendrils of ECM can be found throughout the
entire V-SVZ and a subset of these, called fractones, extend from the lamininrich basal lamina of the blood vessels to the ependymal layer (Mercier et al.,
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2002; Shen et al., 2008). Fractones can be found in close contact to the NSCs
and their progeny, and they are rich in different ECM molecules, including
laminin, collagen, and heparin sulfate proteoglycans (HSPGs) (Douet et al.,
2012; Douet et al., 2013; Kerever et al., 2007; Mercier et al., 2002). Importantly,
HSPGs bind growth factors present in the V-SVZ, such as fibroblast growth
factor-2 (FGF-2) (Douet et al., 2013; Kerever et al., 2007) and BMP-7 (Douet et
al., 2012), creating localized gradients of these signals within the niche.

1.5.3 Subependymal cell-cell interactions and neuronal regulation
So far we have discussed the integration of signals at both ends of B1
cells, namely their apical process at the ventricle and their basal process that
contacts blood vessels. However, nestled between these two extremes lies a
vast number of cells, all in close contact with each other, which includes other B
cells, TAPs, neuroblasts, microglia, neurons, and axons from outside the V-SVZ
(reviewed in Riquelme et al., 2008). How all these different cell types interact
together to regulate adult neurogenesis is not completely understood. Contactmediated interactions between the NSCs and TAPs regulates cell fate by means
of Notch signaling (Kawaguchi et al., 2013). Gamma amino butyric acid (GABA)
released by neuroblasts might promote activation of the NSCs and TAPs,
although the levels of GABA released by neuroblasts in the V-SVZ are low
(Daynac et al., 2013; Liu et al., 2005; Young et al., 2012). Intriguingly, recent
evidence suggests striatal GABAergic and cholinergic neurons send axons into
the V-SVZ that stimulate Ca2+ currents in cells within the niche, but the functional
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significance of this is yet to be determined (Young et al., 2014). Similarly,
dopaminergic and serotonergic neurons from the substantia nigra and Raphe
nuclei, respectively, send projections into the V-SVZ that promote activation of
the NSCs and their progeny (Höglinger et al., 2004; Tong et al., 2014a).
Understanding how NSCs integrate the diverse signals from their niche and their
progeny, as well as autocrine signals, will be key in comprehending their
therapeutic potential and how they might contribute to pathological conditions.

1.6

Canonical PDGFR signaling
PDGFRs were among the first growth factor receptor families to be

extensively studied in biological systems. For the past 40 years, the signaling
pathways of this tyrosine kinase receptor family have been elucidated in great
detail in systems as diverse as NIH3T3 cells and the developing vasculature. In
this section I will summarize what is known about canonical PDGFR signaling, as
well as the less studied interactions of these receptors.
There are two PDGF receptor genes, Pdgfra and Pdgfrb, which encode
the PDGFRα and PDGFRβ proteins, respectively. A functional PDGF receptor
consists of dimers of these subunits, which can be arranged as homodimers
(PDGFRαα or PDGFRββ), or heterodimers (PDGFRαβ) (Figure 1.3)(reviewed in
Heldin and Lennartsson, 2013). Four different PDGF genes (Pdgfa, Pdgfb,
Pdgfc, and Pdgfd) have been described to date, and ligands formed by these are
also composed of dimers: PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and
PDGF-DD. Two of these ligands (PDGF-AA and -CC) interact exclusively with
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the PDGFRα subunit, and one of these (PDGF-DD) binds exclusively to the
PDGFRβ subunit. The other two ligands bind to both receptor subunits, but
PDGF-BB has a higher affinity for PDGFRβ (Figure 1.3). Upon ligand binding, the
two receptor subunits dimerize and each phosphorylates the intracellular domain
of the other, potentiating the subunits’ autophosphorylation and providing docking
sites for effector proteins. Proteins recruited include those containing Src
homology 2 (SH2) domains, phosphotyrosine-binding (PTB) domains, pleckstrin
homology (PH) domains and PDZ domains (Andrae et al., 2008; Heldin and
Lennartsson, 2013).
Although the most apparent differences between PDGFRα and PDGFRβ
lie in their extracellular ligand-binding domains, they also possess variations in
their intracellular signaling domains. Thus, upon ligand binding, both receptors
can activate similar signaling pathways, but these in turn can lead to different
effects in the cells (Klinghoffer et al., 2001; Wu et al., 2008). The divergence in
the functions of these receptors is emphasized by the effects of embryonic
mutations of these genes. Even though mutations of both PDGFRα and PDGFRβ
are embryonic lethal, PDGFRα mutations predominantly affect neural crest cell
migration and somite formation (Chen et al., 2004; Schmahl et al., 2007; Soriano,
1997), whereas PDGFRβ mutations mainly disturbs kidney glomerular
development and vascular formation (Chen et al., 2004; Schmahl et al., 2007;
Soriano, 1994). Intracellular signaling cascades activated by the PDGFRs
include, but are not limited to, the Ras-Rap1, PLCγ-PKC and PIK3-Akt signaling
cascades (for review, see Andrae et al., 2008) (Figure 1.3). Activation of these
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pathways can lead to a variety of cellular responses, ranging from proliferation
and inhibition of apoptosis, to migration. This suggests that the functional role of
these receptors in a given cell will depend on the specific milieu of signals
present in that cell. For example, PDGFRβ activation in skin fibroblasts during
wound healing leads to the phosphorylation of the MAP kinase pathway, which
promotes the proliferation of these cells, whereas activation of the same receptor
in embryonic pericytes leads to their migration towards the developing
vasculature (Gao et al., 2005; Hellström et al., 1999). Even within the same cell
type PDGFRβ can have diverse effects at different developmental stages, as
shown by its promotion of survival, but not migration, in adult brain pericytes (Bell
et al., 2010). Moreover, the signaling pathways activated can also vary
depending on where in the membrane the receptor is located. PDGFRβ located
in caveolin-rich membrane domains can lead to the migration of vascular smooth
muscle cells or pericytes, whereas PDGFRβ located in clathrin-rich domains can
promote proliferation of the same cells (Nakayama et al., 2013; Sundberg et al.,
2009). Thus, even within one cell, changing the location of PDGFRβ can lead to
dramatically different end results. Therefore, the functional effects of PDGFR
signaling vary in a cell- and context-dependent manner.
PDGFR signaling is also regulated at the level of the ligands. PDGF-AA
and -BB both contain basic retention motifs that allow these ligands to bind
heparan sulfate proteoglycans in the extracellular matrix (reviewed in Andrae et
al., 2008). Accumulation of PDGF ligands on ECM structures is an important
regulatory mechanism for PDGFR signaling, as illustrated by the lack of pericyte
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recruitment to developing blood vessels when the PDGF-BB retention motif, or
the HSPGs it binds, are mutated (Abramsson et al., 2007; Armulik et al., 2010;
Lindblom et al., 2003). The removal of these retention motifs, by alternative
splicing of PDGF-AA or post-translational proteolytic processing of PDGF-BB,
occurs under normal conditions and results in soluble forms of these ligands.
Similar to PDGF-AA and -BB, PDGF-CC and -DD bind ECM molecules through a
complement subcomponent C1r/C1s, Uegf, and Bmo1 domain (CUB domain).
However, unlike the other two ligands, PDGF-CC and -DD are secreted in an
inactive form and require proteolytic removal of the CUB domain to become
activated. The cleavage of the CUB domain is catalyzed by a variety of
proteases, including matrix metalloproteinases (MMPs) (Lehti et al., 2005;
Mendelson et al., 2010), plasminogen activators (Ustach and Kim, 2005) and
serine proteases (Ustach et al., 2010), which implies that these proteinases must
be expressed by the target cells, or cells in the vicinity, in order for signaling to
occur. Like PDGF-AA, both PDGFRs are also subject to alternative splicing;
however, additional studies are required to establish a functional significance for
this (Jin et al., 2008; Mosselman et al., 1994).
Importantly, PDGFR signaling is carefully controlled through negative
feedback mechanisms. Upon ligand binding, the receptors are shuttled to
clathrin-coated pits, where they are quickly endocytosed and taken to lysosomes
for degradation. Signaling continues in endocytosed receptors until the pH
changes sufficiently for the ligand to be dissociated (Heldin and Lennartsson,
2013). Ubiquitination of the receptors by Cbl leads to their degradation in
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proteasomes, and degradation of Cbl by Alix can help stabilize them (Andrae et
al., 2008; Heldin and Lennartsson, 2013). Additionally, the tyrosine phosphatases
SHP-2

and

TC-PTP

reduce

signalling

through

the

receptors

by

dephosphorylating specific tyrosine residues on the intracellular domain. In cells
deficient of TC-PTP, overactivation of PLC-γ and PKC promotes recycling of
PDGFRβ to the plasma membrane, suggesting TC-PTP is also involved in
lysosomal-targeting of the receptors. Recently, a novel interaction was described
in vascular smooth muscle cells, whereby Ephrin-B2 (Efnb2) maintains PDGFRβ
on the cell surface by shuttling it to caveolin-rich membrane domains, preventing
endocytosis. EphB4 receptor signaling through Ephrin-B2 releases PDGFRβ,
allowing it to move to clathrin-rich pits, where it’s internalized and targeted for
endosomal degradation (Nakayama et al., 2013). Cells that require PDGFRβ
signaling must therefore maintain a balance between these proteins in order for
signaling to occur.

1.7

Non-canonical PDGFRβ interactions
In addition to the “classical” downstream effectors discussed above,

numerous other receptors and structural proteins interact with PDGFRs. The
Na+/H+ exchanger regulatory factor (NHERF) is a multifunctional protein which
binds the PDGFRβ carboxy terminus and acts as an adapter between PDGFRβ
and β2-adrenergic receptors (Maudsley et al., 2000), the actin cytoskeleton
(Demoulin et al., 2003; James et al., 2004), the tumor suppressor phosphatase
PTEN (Takahashi et al., 2006), and N-cadherins (Theisen et al., 2007), all of
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which influence PDGF-induced actin remodeling and cell migration. Interaction
with N-cadherin is mediated through NHERF binding to β-catenin and can serve
to localize PDGFRβ to adherens junctions, where it can interact with other
signaling molecules. Interestingly, a recent study in cultured mesenchymal stem
cells (MSCs) showed that N-cadherin and PDGFRβ cooperate to upregulate
VCAM-1 expression (Aomatsu et al., 2014). Focal adhesion kinase (FAK),
another protein important for adherens junctions and integrin receptor signaling,
binds PDGFRβ and also potentiates PDGFRβ-induced cell migration (Sieg et al.,
2000).
Many of the effects mediated through PDGFRβ occur in the absence of
PDGF ligands, as a result of transactivation by other cell surface receptors. G
protein-coupled receptors (GPCRs) are an ubiquitous class of receptors
important throughout development which interact with numerous signaling
molecules, including PDGFRs. GPCRs such as 5-HT1A receptors (Kruk et al.,
2013; Liu et al., 2007), dopamine D4 and D2L receptors (Chi et al., 2010; Oak et
al., 2001), and sphingosine-1 phosphate receptor 1 (S1pr1, Baudhuin et al.,
2004; Tanimoto et al., 2004) all transactivate PDGFRβ. Integrins are another
important class of proteins that exhibit bidirectional signaling with PDGFRβ,
shown to be important in regulating mesenchymal cell migration and proliferation
(Brizzi et al., 2012; Donovan et al., 2013). Additionally, as discussed above,
shuttling PDGFRβ between different membrane compartments can modulate the
proteins it interacts with, and thus, the pathways that are activated by signaling
through the receptor (Nakayama et al., 2013; Sundberg et al., 2009).
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1.8

PDGFRβ in neural development and disease
PDGFRs have largely non-overlapping expression patterns throughout

development, which is reflected in the systems disrupted by PDGFR mutations.
PDGFRα is highly expressed by mesenchymal derivative cells, and mutant mice
have impaired somite development and decreased formation of neural crest
derivatives, including the cardiac outflow tract, thymus, and skeletal components
of the face (Andrae et al., 2008; Heldin and Lennartsson, 2013). In contrast,
PDGFRβ is highly expressed in pericytes, vascular smooth muscle cells and
kidney glomeruli, so that mutant mice exhibit disrupted vascular formation and
abnormal nephritic glomeruli (Andrae et al., 2008; Heldin and Lennartsson,
2013).
In the developing CNS, PDGFRα has been implicated in promoting the
formation of oligodendrocyte precursor cells (OPCs, Pringle et al., 1989; Pringle
et al., 1992; Richardson et al., 1988), whereas PDGFRβ is restricted more to
neuronal cell lineages (Hutchins and Jefferson, 1992; Othberg et al., 1995; Smits
et al., 1991). The ligands PDGF-AA and PDGF-BB are expressed by neurons
from embryonic to adult stages (Sasahara et al., 1992; Sasahara et al., 1991;
Yeh et al., 1991), suggesting autocrine and paracrine mechanisms controlling
neuronal development and maintenance. Johe et al. (1996) analyzed the
differentiation effect of FGF, PDGF-AA and PDGF-BB in rat embryonic
hippocampal and adult subventricular zone stem cells plated in poly-L-ornithine
and fibronectin. Interestingly, they observed increased neuronal differentiation of
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cells grown in FGF + PDGFs (Johe et al., 1996), and these findings have been
confirmed by subsequent studies (Ishii et al., 2008; Whittemore et al., 1999; Xu
et al., 2013). Of note, Whittemore et al. (1999) performed careful analyses in
different substrates and in combinations with other mitogens, and they observed
that PDGF ligands do not promote active proliferation of cultured adult
precursors, but instead seem to act as instructive signals during their
differentiation. Therefore, both PDGFRα and PDGFRβ signaling pathways are
important during CNS development.
In the adult nervous system PDGFRα expression and function have been
well-characterized, whereas PDGFRβ remains relatively understudied. PDGFRα
is expressed by NG2+ OPCs throughout the brain, which produce myelinating
oligodendrocytes in the adult (Rivers et al., 2008). OPCs are also located in adult
neurogenic regions (Merkle et al., 2004; Nait-Oumesmar et al., 1999), and there
is evidence that these cells respond to demyelinating lesions in mice (NaitOumesmar et al., 1999) and humans (Nait-Oumesmar et al., 2007). In a study by
Arturo Alvarez-Buylla’s group, Jackson et al. (2006) characterized PDGFRα+
NSCs in the adult mouse V-SVZ. Using immunofluorescence and viral targeting
techniques they concluded that the majority of the adult neurogenic NSCs
express this receptor, and that these cells form glioma-like growths following
administration of PDGF-AA (Jackson et al., 2006). However, various groups,
including ours (see Chapter 3), have not been able to replicate these findings.
Sam Weiss’ groups published a follow-up study where they showed that
antibodies used by Jackson et al. (2006) were not specific for PDGFRα, and that
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the cells that do express PDGFRα within the adult V-SVZ are GFAP- OPCs that
respond to PDGF by forming glioma-like masses (Chojnacki et al., 2011).
In contrast, PDGFRβ in the adult has mostly been studied in the context of
perivascular cells and the formation of the blood brain barrier (BBB) (Andrae et
al., 2008; Armulik et al., 2010; Bell et al., 2010). Mice where PDGF-BB lacks a
retention motif fail to recruit pericytes to the developing vasculature, leading to
decreased maintenance of the BBB and increased leakage of neurotoxic
molecules into these brains (Armulik et al., 2010; Bell et al., 2010). More recent
studies have shown that, in mice, PDGFRβ is expressed by the embryonic radial
glia in the lateral ganglionic eminence (LGE) and post-natal V-SVZ (Ishii et al.,
2008, discussed in greater detail in Section 1.9; Lui et al., 2014; Xu et al., 2013),
suggesting an important role of this receptor in mouse brain development.
Notably, however, deletion of PDGFRβ in embryonic Nestin+ neural progenitors
by crossing mice expressing Cre under the Nestin promoter (Nestin::Cre) with
mice containing PDGFRβ alleles flanked by lox-p sites (PDGFRβ-floxed) does
not lead to widespread anatomical deformities, but instead seems to be restricted
to the loss of specific populations of neurons, and slight morphological and injuryresponse defects in other neurons of the adult brain. PDGFRβ knockout mice
have reduced numbers of parvalbumin+ neurons in the amygdala, hippocampus,
prefrontal cortex, and the superior colliculus (Nguyen et al., 2011; Zhao et al.,
2013), and impaired dendritic spine formation in hippocampal CA1 pyramidal
neurons (Shioda et al., 2011).
PDGF ligands and PDGFRβ are upregulated by neurons in the brain
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following ischemic and excitotoxic injuries (Funa et al., 1996; Iihara et al., 1996;
Iihara et al., 1994), and pre-treatment with PDGF-BB helps reduce neuronal
death in these conditions (Iihara et al., 1997; Tseng and Dichter, 2005). As
expected from this, Nestin::Cre PDGFRβ-floxed mice exhibit increased neuronal
death following brain injuries (Ishii et al., 2006; Ohi et al., 2010; Shen et al.,
2012). However, Nestin is also expressed by vascular cells during development
and in the adult (Alliot et al., 1999), so deletion of PDGFRβ in Nestin+ cells could
also affect the normal injury response of these cells. Indeed, following ischemic
injury, PDGFRβ is upregulated by pericytes in infarcted areas (Arimura et al.,
2012; Renner et al., 2003), emphasizing the need for more careful experiments
where different populations of cells are specifically targeted in order to better
elucidate the role of this receptor in the normal functioning of the brain.
Beyond their roles in normal development of the CNS, PDGFRs have also
been implicated in glial tumor formation. Over-expressing PDGF-BB in GFAP+
cells leads to massive glioma-like growths throughout the brains of mouse
models (Hede et al., 2009). As previously mentioned, injecting PDGF-AA into the
lateral ventricles also leads to oligodendroglioma-like tumors expanding around
the ventricular niche (Chojnacki et al., 2011; Jackson et al., 2006). Similarly,
injecting retroviruses overexpressing PDGF into the brain parenchyma lead to
tumor formation in the white matter of adult (Assanah et al., 2006) and neonatal
(Assanah et al., 2009) rat forebrains, as well as in their brainstem (Masui et al.,
2010).

In

humans,

glioblastomas

have

mostly

been

associated

with

overexpression of PDGFRα and PDGF-A and -B ligands, but there have been
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some reports of PDGFRβ overexpression as well (Andrae et al., 2008; Heldin,
2012; Heldin and Lennartsson, 2013). Overexpression of these molecules can
lead to autocrine signaling cascades in which the cancer stem cells promote their
own proliferation, as well as recruit angiogenic vasculature expressing PDGFRβ.
Given the expression of these receptors in these aggressively malignant tumors,
developing newer treatments for these devastating diseases will require more
detailed understanding of the downstream pathways employed by the PDGFRs
in these cells.

1.9

PDGFRβ in embryonic and postnatal V-SVZ
Even though most studies in the last two decades have focused on

PDGFβ expression by cultured neurons, PDGFRβ was described in the postnatal
V-SVZ in the early 1990’s. From Smits et al. (1991):
“[…] We found that many neurons in the young rat brain (1-7 days old)
stained with the PDGFβ receptor antiserum, as did postmitotic cells such
as Purkinje cells of the adult cerebellum. However, the most intense
staining was observed in immature cells such as external granule cells
in cerebellum and cells in the subventricular zone of the newborn rat
brain. Since the receptor levels decreased in older rats, our findings
suggest that immature neurons, in particular, respond to PDGF-BB [...]”
This was the first instance PDGFRβ expression was described in the postnatal VSVZ, but since their study was focused on the neuronal expression of PDGFRβ
they did not show any pictures of this staining in their results, and only mentioned
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it en passant during the discussion of their neuronal findings. This observation
was not pursued further until 17 years later, when the same group, in
collaboration with Masakiyo Sasahara’s group, published work on the expression
of PDGFRβ in postnatal V-SVZ neural stem/progenitor cells (NSPCs) (Ishii et al.,
2008). In this study, a mouse line possessing PDGFRβ-floxed alleles was used
to perform a series of experiments where cells were bulk-isolated from the
postnatal V-SVZ and grown into neurospheres. Using lipofectamin, neurospheres
were transfected with a plasmid that expresses Cre recombinase, allowing them
to delete PDGFRβ in these neurospheres. This led to an increase in apoptotic
cell bodies, reduced migration of cells plated on laminin and poly-L-lysine, and
decreased neuronal differentiation accompanied by an increase in glial
differentiation (Ishii et al., 2008). Additionally, using a luciferase assay and
western blots of PDGFRβWT neurospheres, they detected an increase in
PDGFRβ expression and activation following treatment with FGF, suggesting
possible cross-talk between PDGFRβ and FGFR in these neurospheres. This
work was followed up five years later by a study where they bred PDGFRβ-floxed
mice with a Nestin::Cre mouse line to knockout PDGFRβ (PDGFRβ-/-) in
neuroprogenitor cells, and performed similar experiments on neurospheres
derived from postnatal day 1 (P1) and P28 mice (Xu et al., 2013). Interestingly,
PDGFRβ-/- neurospheres at both time points had decreased BrdU incorporation,
decreased number and diameter of secondary neurospheres, and increased
transcription of exons IV-IX of BDNF, as measured by qPCR. Additionally, they
replicated their previous findings of decreased neuronal differentiation, measured
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by expression of MAP2, but did not observe a concomitant increase in GFAP+ or
Olig2+ cells (Xu et al., 2013). Taken together, these studies suggest that
PDGFRβ is important for the survival and neuronal differentiation of cultured
NSPCs. However, given their sole reliance on neurospheres assays, additional
studies are required to elucidate the in vivo role of PDGFRβ. Moreover, the role
of this receptor in the adult V-SVZ, if any, remains unstudied.
This

dissertation

will

focus

on

the

characterization

of

different

subpopulations of adult neural stem cells (NSCs) and on the identification of a
marker which allows us to purify and target these cells: PDGFRβ. Chapter 2 will
focus on the in vivo and in vitro characterization of quiescent and activated
neural stem cells in the adult V-SVZ. In Chapter 3, I will describe the PDGFRβexpressing cells in the V-SVZ, and present data on their in vitro behavior and
molecular profiles. Lastly, Chapter 4 will center on elucidating the function of
PDGFRβ in adult NSCs, through the use of transgenic mice. The knowledge
gained from these studies sheds further light into the identity of adult NSCs, as
well as their regulation.

25

Figure 1.1 Stem cell basic principles
A, Stem cells (blue) divide to form another stem cell (self-renewal) and a
progenitor cell (green). Progenitor cells divide to amplify their number and, in
turn, give rise to more differentiated progeny (red). B, Stem cells reside in
specialized niches, which provide important positional cues and regulatory
elements that influence stem cell behavior. When a stem cell divides, the
daughter cell that retains a stem cell identity is kept within the boundaries of the
niche, whereas the other daughter cell loses the constraint on its phenotype. This
second daughter cell now forms undifferentiated progenitors, which in turn give
rise to more differentiated progeny.
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Figure 1.2 Neurogenesis in the adult mammalian brain
A, Two neurogenic regions maintain neurogenesis in adult mammalian brains:
the subgranular zone (dark blue region) of the hippocampus and the V-SVZ (light
blue region). Cells born in the V-SVZ migrate through the RMS into the olfactory
bulbs, where they then differentiate into neurons (red arrows and dots). B,
Ependymal cells (gray) form pinwheel structures around the apical processes of
B cells. Dotted lines represent where pinwheel would be cut to get image of
Figure 1.2C. C, Diagram of the V-SVZ neurogenic niche showing B1 cells (blue)
contacting the ventricle between ependymal cells (e, gray) and sending a basal
process towards the blood vessels (bv, red). B1 cells divide to form TAPs
(green), which in turn give rise to neuroblasts (red chains). Neuroblasts migrate
through glial tubes formed by processes of B1 and B2 cells, through the RMS
into the OBs. Axons (ax, brown) from outside the V-SVZ enter the niche and
synapse with B cells. Frontal Cortex (Front. Ctx).
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Figure 1.3 Canonical PDGFR signaling pathways
Top, The PDGF signaling family consists of 5 ligands and 3 receptors. PDGFRs
are composed of two subunits that can be arranged as homodimers of the α
(PDGFRα, orange) or β (PDGFRβ, blue) subunits, or a heterodimer (PDGFRαβ,
orange and blue). PDGF ligands are also composed of dimers which are linked
by disulfide bonds. The PDGF-AA and -CC ligands (orange) interact exclusively
with the PDGFRα receptor, whereas the PDGF-DD ligand (blue) interacts
exclusively with the PDGFRβ receptor. The PDGF-BB ligand (blue) can interact
with both PDGFRα and PDGFRβ, but it has a stronger binding to PDGFRβ (bold
arrow). Bottom, Some of the canonical signaling pathways activated by the
PDGF signaling pathways, and the varied functions they can regulate.
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Chapter 2

In vivo characterization and purification of quiescent and

activated V-SVZ NSCs
For nearly three decades the study of adult neural stem cells has relied on
a limited set of markers to identify these cells in situ. The emerging paradigm that
adult NSCs are more heterogeneous than initially believed has emphasized the
need for additional combinations of markers to purify and target these cells
(reviewed in Mamber et al., 2013).
Attempts to purify adult V-SVZ NSCs using fluorescence-activated cell
sorting (FACS) have focused on their expression of particular sets of cell-surface
markers or transgenes, including Lewis-X antigen (Capela and Temple, 2002;
Obermair et al., 2010), basic lipid-binding protein (BLBP, Giachino et al., 2013),
Notch (Andreu-Agulló et al., 2009), CD133 (Beckervordersandforth et al., 2010;
Corti et al., 2007; Coskun et al., 2008; Pfenninger et al., 2011), and EGFR
(Pastrana et al., 2009) (for a more extensive review refer to Pastrana et al.,
2011). Evidence that V-SVZ NSCs exist in both quiescent and actively
proliferative states (Giachino et al., 2013; Pastrana et al., 2009) has made it clear
that we need ways of purifying NSCs in these different states in order to better
understand their regulation, function, and in vivo identity.
Adult V-SVZ NSCs possess a primary cilium at their apical surface which
projects into the ventricular lumen (Beckervordersandforth et al., 2010; Doetsch
et al., 1999b; Mirzadeh et al., 2008). Primary cilia in different cell types are
involved in various signaling pathways, including some involved in regulating
stem cell proliferation and maintenance (reviewed in Louvi and Grove, 2011).
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Interestingly, ablation of the primary cilium in V-SVZ NSCs decreases the
number of slow-cycling label-retaining cells (Beckervordersandforth et al., 2010),
as well as a population of Shh-responsive NSCs in the V-SVZ (Tong et al.,
2014b), highlighting the importance of this structure in the maintenance of adult
NSCs. CD133, a transmembrane receptor, is expressed in various stem cell
niches, including neuroepithelial and neural progenitor cells of the developing
CNS (Corti et al., 2007; Weigmann et al., 1997). In the adult V-SVZ, CD133 is
localized to the primary cilia of a subset of NSCs (Beckervordersandforth et al.,
2010; Coskun et al., 2008; Mirzadeh et al., 2008), making it a good candidate for
purifying these cells, and identifying them in vivo.
In this study we prospectively identified quiescent and actively proliferating
NSCs in the adult V-SVZ by labeling hGFAP::GFP mice for CD133 and EGFR.
Our findings indicate that CD133+ astrocytes comprise two functionally distinct
populations, one activated (EGFR+) and the other quiescent (EGFR-), which
differ in their cell cycle properties and kinetics. Additionally, a third population of
astrocytes which was CD133- also contained quiescent NSCs. In vivo analyses
revealed that quiescent NSCs possessed a primary cilium on their apical process
in contact with the ventricular lumen, whereas the activated NSCs did not. Using
FACS, we purified these populations from their in vivo niche, enabling us to study
their in vitro behavior and potential. This study represents the first time that
quiescent and activated neural stem cells were prospectively isolated from
hGFAP::GFP mice.
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Authors’ contributions from Codega et al (2014)
The work discussed in this chapter was published as part of an article in the
May 2014 edition of Neuron, in which I was a middle author. I performed the in
vivo characterization and quantification of the NSCs, presented in Figures 2.12.3. I also performed electroporations to label adult NSCs and I bred
GFAP::CreERT2 mice used to lineage trace quiescent NSCs during regeneration
(refer to Codega et al., 2014). Erika Pastrana performed the immunostaining
presented in Figure 2.2A, which I later quantified. Paolo Codega and Violeta
Silva-Vargas performed most of the in vitro characterization of the purified cells
presented in Figures 2.4-2.8. Annina DeLeo and Alex Paul performed the qPCRs
presented in Figures 2.5 and 3.1. In this chapter I focus primarily on the in vivo
characterization of the adult NSCs and their in vitro behavior to provide the
context for my thesis work presented in Chapters 3 and 4. The entire manuscript
for Codega et al. (2014) is included in Appendix VI.

2.1

Three populations of V-SVZ astrocytes contact the lateral ventricle
The intermediate filament glial fibrillary acidic protein (GFAP) is one of the

few markers of Type B1 astrocytes (Doetsch et al., 1997; Mirzadeh et al., 2008).
However, due to its filamentous nature, it is difficult to perform co-localization
studies with GFAP, and it cannot be used for live cell sorting. Mice which express
GFP under the control of the human GFAP (hGFAP) promoter (Zhuo et al., 1997)
are a useful tool for visualizing V-SVZ astrocytes in vivo and for their FACS
purification (Beckervordersandforth et al., 2010; Pastrana et al., 2009; Platel et
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al., 2009; Shen et al., 2008; Tavazoie et al., 2008). Whole mount preparations
allow the pinwheel architecture of the walls of the lateral ventricle to be clearly
visualized. We confirmed that in hGFAP::GFP mice, Type B1 astrocytes
contacting the ventricle at the center of pinwheels were GFP+ and GFAP+, and
frequently had a primary cilium (Figure 2.1A-D). Strikingly, a subset of
hGFAP::GFP+ GFAP+ cells localized within individual pinwheels was EGFR+
(11.4±1.3% of cells, n=129 pinwheels) (Figures 2.1E-I, 2.2A-B). These ventriclecontacting EGFR+ cells were observed throughout the rostro-caudal axis of the
V-SVZ, with 45.7±4.4% of pinwheels containing EGFR+ cells.
To define markers for EGFR- Type B1 cells contacting the ventricle, we
examined the expression of CD133 (Prominin), which is expressed by
ependymal cells and on the primary cilium of some Type B1 cells
(Beckervordersandforth et al., 2010; Coskun et al., 2008; Mirzadeh et al., 2008).
We immunostained whole mount preparations of hGFAP::GFP mice for EGFR
and CD133, in conjunction with β-Catenin to label pinwheels, or acetylated
tubulin to detect primary cilia. We thereby identified three hGFAP::GFP+
astrocyte

populations:

hGFAP::GFP-only,

hGFAP::GFP+

CD133+

and

hGFAP::GFP+ CD133+ EGFR+ (Figure 2.2C-G). hGFAP::GFP+ CD133+ cells had
a primary cilium with CD133 staining localized to its tip (red arrows in Figure
2.3A-D, K-T). In contrast, hGFAP::GFP+ CD133+ EGFR+ cells exhibited diffuse
CD133 staining over their apical surface and lacked a primary cilium (cyan
arrowheads in Figure 2.3F-I, P-T). Finally, hGFAP::GFP-only cells contacting the
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ventricle had a primary cilium that was CD133-negative (white arrowheads in
Figure 2.3A-D, K-O).
2.2

Prospective purification of V-SVZ astrocytes
The above in vivo characterization suggests that CD133 and EGFR could

be used as markers to prospectively purify quiescent and activated neural stem
cells directly from their in vivo niche using fluorescence-activated cell sorting
(FACS). Our lab previously developed a simple strategy to simultaneously isolate
activated stem cells (hGFAP::GFP+ EGFR+), transit amplifying cells (EGFR+) and
neuroblasts (CD24+) by combining EGF-A647 and CD24 in hGFAP::GFP mice
(Pastrana et al., 2009). By including CD133 in this sorting strategy, we separated
CD133+

two

astrocyte

populations,

hGFAP::GFP+

CD133+

(GC)

and

hGFAP::GFP+ CD133+ EGFR+ (GCE), from the remaining hGFAP::GFP-only (G)
cells. For the remainder of this dissertation I will refer to these populations as
GC, GCE and G, respectively (Figure 2.4A-B). Of note, the GCE cells expressed
lower levels of the hGFAP::GFP transgene compared with G or GC (Figure
2.4C).
We assessed the purity of the sorted populations using qPCR and acute
immunostaining. qPCR confirmed that sorted populations were appropriately
enriched in Gfap, GFP, Prom1 and Egfr expression (Figure 2.5A-D). Acute
immunostaining showed that G, GC and GCE populations were highly enriched
in GLAST and GLT1 (Figure 2.5E-F), glutamate aspartate transporters
expressed in astrocytes (Mori et al., 2006; Rothstein et al., 1994). The three
populations were also enriched in BLBP (Figure 2.5H), and largely or completely
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lacked S100β (Figure 2.5G). GC and GCE cells were almost completely negative
for the neuroblast markers Dcx and βIII Tubulin (Figure 2.5I-J). In contrast, the G
population was more heterogeneous with significant neuroblast contamination,
likely due to perdurance of GFP in neuroblasts (Figure 2.5K-L). We therefore
focused our functional analyses below on the GC and GCE populations, and all
data regarding the hGFAP::GFP-only population are included in Figure 2.8.

2.3

Purified GFAP+ CD133+ V-SVZ cells have different cell cycle

properties
Quiescent stem cells are largely dormant and lack markers of proliferation,
such as Ki67 and MCM2, that are expressed in actively dividing cells, but not
during the quiescent G0 state (Maslov et al., 2004; Scholzen and Gerdes, 2000).
Both Ki67 and MCM2 are expressed during G1, with MCM2 being expressed
earlier than Ki67 (Maslov et al., 2004). To determine the cell cycle properties of
CD133+ astrocyte subpopulations in vivo, we used multiple approaches. First, we
determined the instantaneous cell cycle status of FACS-purified cells by acute
immunostaining for proliferation-associated markers. GCE cells were highly
enriched in both Ki67 and MCM2 (64±5.2% and 87.3±1.2%, respectively)
whereas these two markers were almost absent in GC cells (1.4±0.9%;
0.0±0.0%) (Figure 2.6A). Similar patterns of proliferation were observed after a
single in vivo pulse of bromodeoxyuridine (BrdU) one hour prior to FACS
isolation: 35.5±1.8% of GCE cells were BrdU+, in contrast to 0.8±0.8% of GC
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cells (Figure 2.6B). Thus, at any given moment, the vast majority of GC cells are
not proliferating.
Label-retaining cells (LRCs) are slowly cycling cells whose DNA remains
labeled after prolonged administration of thymidine analogues and a long chase
period (Wilson et al., 2008). To label dividing cells and to identify LRCs, we
administered BrdU via the drinking water for 2 weeks, and analyzed the
proportion of each population that was BrdU+. Immediately following 2 weeks of
BrdU treatment, almost all GCE cells were labeled, whereas only 3.9±0.4% of
GC cells had incorporated BrdU, reflecting their much slower rate of division
(Figure 2.6C). 14 days after ceasing BrdU treatment, GCE cells had already
almost completely lost BrdU labeling, whereas 52.4±17.3% of GC cells were still
BrdU+ 30 days after BrdU withdrawal (Figure 2.6C). Thus, although CD133 is
regulated in a cell cycle-dependent manner in dividing neural cell lines (Sun et
al., 2009), in the V-SVZ niche, CD133 is expressed in both dividing and nondividing cells in vivo. Together, these findings reveal that GC cells are largely
quiescent NSCs (qNSCs) in vivo whereas GCE cells are actively dividing
(aNSCs).

2.4

Quiescent and activated neural stem cells differ in their in vitro

behavior and can interconvert states
Two in vitro assays widely used to assess stem cell properties and to
enumerate in vivo stem cells are adherent colony formation and neurospheres
(Pastrana et al., 2011). With the ability to prospectively purify qNSC for the first
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time, we directly tested their in vitro behaviour in both assays. qNSCs and
aNSCs were plated as single cells under adherent conditions in the presence of
EGF or EGF/bFGF (basic fibroblast growth factor). Whereas aNSCs were
enriched in colony formation (47.9±11.9% in EGF and 41.4±1.8% in EGF/bFGF),
qNSCs only rarely gave rise to colonies (1.2±0.1% in EGF and 0.7±0.2% in
EGF/bFGF) (Figure 2.7A) and did so with much slower growth kinetics than
aNSCs (Figure 2.7B). We next compared the ability of qNSCs and aNSCs to
form neurospheres, and assessed self-renewal by serial passaging. Again,
qNSCs only rarely gave rise to neurospheres (0.85% in EGF, 0.82% in
EGF/bFGF), in contrast to aNSCs, which robustly generated neurospheres
(Figure 2.7C). Neurospheres from both populations could be serially passaged
more than three times and were multipotent, giving rise to neurons, astrocytes
and oligodendrocytes (Figure 2.7C,F,I). We next assessed whether GC and GCE
cells can interconvert in vitro by dissociating and analyzing primary spheres by
flow cytometry. Intriguingly, the vast majority of cells in neurospheres derived
from GC populations expressed both EGFR and CD133 (Figure 2.7D-E),
revealing that GC cells give rise to GCE in vitro. Conversely, GCE cells gave rise
to both GC and G populations (Figure 2.7G-H). Moreover, when primary spheres
were dissociated and hGFAP::GFP+ CD133+, hGFAP::GFP+ CD133+ EGFR+ and
hGFAP::GFP-only cells re-isolated, each population exhibited similar sphere
formation efficiencies to primary isolated cells, with the hGFAP::GFP+ CD133+
EGFR+ population being greatly enriched in neurosphere formation compared to
hGFAP::GFP+ CD133+ and hGFAP::GFP+ populations (refer to Codega et al.,
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2014). Therefore, qNSCs and aNSCs can interconvert between more quiescent
and activated states, with each population having the potential to give rise to all
other populations in vitro.
Additional experiments were performed to further characterize the
neurogenic and molecular characteristics of qNSCs and aNSCs. To determine
their in vivo neurogenic capabilities, purified qNSCs and aNSCs were
transplanted into the V-SVZ of host mice. These experiments showed that both
populations are capable of giving rise to neurons in the OBs, although qNSCs do
so with slower kinetics. To probe the molecular heterogeneity of these cells we
performed microarray analysis of the purified populations, which showed that
qNSCs are enriched in GPCR signaling and lipid metabolism pathways, whereas
aNSCs are enriched in cell cycle and proliferation genes. Importantly, qNSCs do
not express Nestin, a marker widely used as a neural stem cell marker, but
upregulate it upon activation both in vitro and in vivo (refer to Codega et al.,
2014). Together, these studies revealed that qNSCs and aNSCs comprise two
functionally distinct populations within the adult V-SVZ neurogenic niche.

2.5

Conclusion
Evidence for the existence of quiescent NSCs has mostly been

restrospective, following the regeneration of the V-SVZ niche after chemical
ablation of proliferating cells or treatment with factors that increase the activation
of quiescent NSCs. Here, for the first time, we prospectively purified qNSCs in a
GFAP-expression context. We identified three populations in vivo based on their
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expression of hGFAP::GFP, EGFR, and CD133. The identification of these
different NSC populations at different stages of the cell cycle enables us to
isolate them, allowing novel insights into their regulation and function.
Importantly, in this study the hGFAP::GFP-only population was largely omitted
due to it containing a sizable fraction of contaminating neuroblasts. This
highlights the need for the identification of novel markers which allow the
purification of NSCs, without including any other populations. In Chapters 3 and
4, I will describe the identification of PDGFRβ as a marker of adult NSCs, and
experiments aimed at elucidating its function in the V-SVZ neural stem cell
lineage.
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Figure 2.1 Characterization of V-SVZ astrocytes contacting the ventricle
A-D, Confocal images at the ventricular surface of a whole mount preparation
showing endogenous expression of GFAP::GFP (B) and immunostained for
Acetylated Tubulin (A) and GFAP (C). (D) is a merged image. Some GFAP+ and
GFAP::GFP+ cells contact the ventricle and have a single cilium (arrowheads). EI, Confocal images at the ventricular surface of a whole mount preparation
showing endogenous expression of GFAP::GFP (F) and immunostained for βCatenin (E), GFAP (G) and EGFR (H). (I) is a merged image. Note that some
GFAP+ and GFAP::GFP+ cells are EGFR+ (arrowhead). Scale bars = 30 µm.
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Figure 2.2 Three populations of astrocytes contact the ventricles
A-B, A subset of GFAP+ cells at the center of pinwheels express EGFR. (A)
Confocal image of a whole mount immunostained for β-catenin (βCat, red) to
visualize pinwheels, GFAP (blue), and EGFR (green). (B) Schematic
representation of whole mount shown in (A). Individual pinwheels are highlighted
in different colors, and EGFR+ cells are green. C-F, Optical slice of a confocal z
stack at the ventricular surface of a whole mount showing hGFAP::GFP
expression (C) and immunostained for CD133 (D) and EGFR (E). (F) Merged
image. Note that astrocytes contacting the ventricle with diffuse CD133 staining
are EGFR+ (arrowheads), whereas those with CD133 restricted to the primary
cilium are EGFR (arrow). G, Schema showing type B1 astrocytes contacting the
ventricle at the center of a pinwheel structure formed by ependymal cells (gray).
CD133 (magenta) is detected on the cilia of ependymal cells, primary cilia of
some type B1 astrocytes (blue), and is diffusely expressed on the apical surface
of EGFR+ type B1 astrocytes (cyan). Scale bars = 30 µm.
_
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Figure 2.2.3 EGFR+ and EGFR- astrocytes differ in their ciliary properties
A-I, Confocal images of the ventricular surface of whole mount preparations
immunostained for β-Catenin (A, F), Acetylated Tubulin (B, G) and CD133 (C, H).
D and I are merged images. E and J are schematic representations of the
pinwheels shown in A-D and F-I. Schema on the right summarizes the profiles of
astrocytes contacting the ventricle: red arrows indicate cells contacting the
ventricle with a CD133+ primary cilium; blue arrowheads indicate cells with diffuse
CD133 and lacking a primary cilium; white arrowheads indicate cells contacting
the ventricle with a single cilium that is CD133-. K-T, Confocal images of the
ventricular surface of whole mount preparations immunostained for β-Catenin (K,
P) and CD133 (M, R) and showing expression of hGFAP::GFP (L, Q) and EGF
ligand-A647 binding (N, S). O and T are merged images. Examples of
GFAP::GFP+ CD133+ cells that do not bind EGF ligand (red arrows); GFAP::GFPdim cells with diffuse CD133 bind EGF ligand (blue arrowhead); GFAP::GFP+
cells that lack CD133 and EGF ligand (white arrowhead). Scale bars = 30 µm.
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Figure 2.4 Prospective purification of V-SVZ astrocytes
A-B, Representative FACS plots showing gating strategy. In (A), the gate used to
select hGFAP::GFP+ CD24- cells, which are then gated on EGF-A647 and
CD133-PE-Cy7. In (B), three populations are clearly defined: GFAP::GFP+ (gray),
GFAP::GFP+ CD133+ (blue), and GFAP::GFP+ CD133+ EGFR+ (cyan).
C, Histogram showing the intensity of GFP signal in GFAP::GFP+, GFAP::GFP+
CD133+, and GFAP::GFP+ CD133+ EGFR+ populations (gray, blue, and cyan,
respectively) compared to other V-SVZ cells (GFP_, black). Note that GFAP::
GFP+ CD133+ EGFR+ cells are dimmer than GFAP::GFP+ and
GFAP::GFP+CD133+ cells.
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Figure 2.5 qRT-PCR and acute immunolabeling of purified V-SVZ astrocytes
A-D, Gene expression levels of Gfap (A), GFP (B), Prom1 (C), and Egfr (D)
detected with qRT-PCR in purified populations as compared to sorted total SVZ
cells (n=3; mean±SEM). Note that GFAP::GFP+ CD133+ EGFR+ Prom1 gene level
is 34 fold enriched over the GFAP::GFP+ population, which is CD133-, but does
not show enrichment when compared to total SVZ control that also includes
ependymal cells, which express very high levels of CD133. E-J, Proportions of
acutely-plated purified cells immunopositive for GLAST (E), GLT1 (F), S100β (G),
BLBP (H), β-III Tub (I), and DCX (J) (average of 3 independent sorts;
mean±SEM).
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Figure 2.6 GC and GCE populations differ in their cell cycle state
A, Proportion of each CD133+-purified astrocyte subpopulation that expresses
Ki67 and MCM2 (n = 3; **p < 0.01, unpaired Student’s t test; mean ± SEM). B,
Proportion of each CD133+-purified astrocyte subpopulation labeled after a single
pulse of BrdU (light green) or after 14 days of BrdU in the drinking water (dark
green) (n = 3 and n = 4, respectively, **p < 0.01, unpaired Student’s t test, mean
± SEM). C, LRC fraction in the CD133+ purified astrocyte populations 14 or 30
days after 14 days of BrdU administration (n = 4, mean ± SEM).
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Figure 2.7 qNSCs and aNSCs differ in their proliferation kinetics and can
interconvert in vitro
A, Single cell colony formation efficiency of FACS-purified qNSCs and aNSCs in
adherent cultures (n = 3, mean ± SEM). B, Quantification of cell proliferation
when plated at 1.4 cells per microliter with EGF under nonadherent conditions
after 6 or 12 days (n = 5; **p < 0.01 compared to qNSCs at the same time point,
unpaired Student’s t test, mean ± SEM). C, Percentage of activating clones for
primary, secondary and tertiary neurospheres from purified populations cultured
in the presence of EGF/bFGF or EGF only (n=5, mean±SEM, **p<0.01, unpaired
Student’s t-test). D-E, G–H, Representative FACS plots of, in (D) and (G),
purified CD133+ astrocytes immediately resorted after isolation from the brain
and, in (E) and (H), of primary neurospheres (NS) derived from each population
after 12 days for qNSCs and 6 days for aNSCs cultured in EGF. F,I, Confocal
images of differentiated primary neurospheres. All populations give rise to
astrocytes (GFAP+), oligodendrocytes (O4+) and neurons (βIII-Tubulin+).
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Figure 2.8 G population contains a subset of qNSCs
A, Proportion of FACS-purified GFAP::GFP-only population that expresses Ki67
and MCM2 (n=3), and the fraction labeled after a single pulse of BrdU (light
green) or after 14 days of BrdU in drinking water (dark green) (n=3 and n=4,
respectively) (mean±SEM). B, Percentage of βIII-Tubulin positive cells in the
Ki67+ fraction in GFAP::GFP+only population detected by double acute
immunostaining (n=2, mean±SEM). C, Label-retaining cell (LRC) fraction in the
GFAP::GFP-only population 14 and 30 days of chase after 14 days of BrdU
administration (n=4, mean±SEM). D, Single cell colony formation efficiency of
FACS-purified GFAP::GFP-only population in EGF/bFGF or EGF only in
adherent conditions (n=3, mean±SEM). E, Quantification of cell proliferation
when purified cells are plated at clonal density (1.4 cell/µl) with EGF/bFGF or
EGF-only in floating conditions (n=5, mean±SEM). F, Percentage of activating
clones for primary, secondary and tertiary neurospheres from purified
GFAP::GFP-only population cultured in the presence of EGF/bFGF or EGF-only
(n=5, mean±SEM, **p<0.01, unpaired Student’s t-test). G-H, Representative
FACS plots of purified GFAP::GFP+only population resorted immediately after
isolation from the brain (G) and of primary neurospheres cultured in EGF for 12
days (H).
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Chapter 3

PDGFRβ in adult V-SVZ NSCs

In the previous chapter I presented data showing that labeling for CD133,
EGF and CD24 in hGFAP::GFP mice allowed the purification of quiescent and
actively proliferating NSCs from the adult V-SVZ niche. Despite being a great
advancement in the field, this FACS protocol relies on markers expressed by
multiple populations in the V-SVZ stem cell niche (for example, EGFR is
expressed by aNSCs and TAPs, and CD133 is expressed by NSCs and
ependymal cells). Additionally, GFP expression in hGFAP::GFP mice perdures
into progenitor cells leading to contamination of purified populations with TAPs
and neuroblasts, as was seen with the G population. Thus, a next key step was
to identify markers that were specifically expressed by V-SVZ NSCs and not the
other stages in the lineage in order to better target and study these cells.
By mining microarray data of purified populations described in the
previous chapter, I identified PDGFRβ as a candidate marker of NSCs. Previous
studies have shown that PDGFRβ and/or its ligands are found in embryonic
neural progenitors (Erlandsson et al., 2006; Forsberg-Nilsson et al., 1998;
Hutchins and Jefferson, 1992; Maxwell et al., 1998; Sasahara et al., 1992) as
well as in developing neurons (Erlandsson et al., 2001; Hutchins and Ard, 1993;
Sasahara et al., 1991; Smits et al., 1993; Smits et al., 1991). Recent studies
have shown that PDGRβ is expressed by V-SVZ stem cells in early postnatal
mice, and that it is important for their in vitro stem cell potential (Ishii et al., 2008;
Xu et al., 2013).
In this chapter I show that within the V-SVZ neurogenic lineage, PDGFRβ
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is expressed by the GFAP+ NSCs, but not by their progeny. PDGFRβ+ cells
possess radial morphologies characteristic of NSCs, and they give rise to
neurons in the olfactory bulbs. Inclusion of PDGFRβ in the FACS purification
protocol greatly increased the purity of the quiescent and actively dividing NSC
populations, eliminating transit amplifying and neuroblast contamination. Thus,
PDGFRβ allows for the further dissection and purification of the NSC populations
identified in Chapter 2.

3.1

Identification of PDGFRβ as a marker of adult V-SVZ NSCs
Microarray analysis of the purified G, GC, and GCE populations described

in Chapter 2 allowed the identification of differentially expressed genes between
the quiescent and activated populations. We also analyzed microarrays from
hGFAP::GFP- EGFR+ cells, corresponding to transit amplifying progenitors
(TAPs), and a sample of total V-SVZ cells (all the cells in Figure 2.4A, including
those outside the gate). One gene that was highly enriched in both quiescent
populations was platelet-derived growth factor receptor beta (PDGFRβ, Figure
3.1A). Expression of PDGFRβ in these cells was confirmed by qPCR (Figure
3.1B).

3.2

PDGFRβ is expressed by V-SVZ astrocytes
To determine the in vivo expression of PDGFRβ I immunostained adult V-

SVZ tissue for PDGFRβ and different V-SVZ cell lineage markers. Ependymal
cell pinwheel structures can be clearly visualized with antibodies against β-
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Catenin in whole mount preparations of the V-SVZ (Mirzadeh et al., 2008). In
whole mounts, PDGFRβ immunostaining was localized to the center of
ependymal pinwheels, where NSCs contact the lateral ventricles (Figure 3.2B-D).
PDGFRβ+ cells were present throughout the entire extent of the ventricular
surface (data not shown). Coronal sections of heterozygous hGFAP::GFP mice
(Zhuo et al., 1997) immunostained for PDGFRβ and GFAP showed colocalization
of the three markers in V-SVZ astrocytes (Figure 3.2E-H). PDGFRβ localized to
subependymal as well as apical processes of GFAP+ cells, but it appeared to be
enriched towards the apical (ventricular) domain of the niche. Interestingly,
PDGFRβ is expressed along the entire surface of the apical processes, and is
not just restricted to the primary cilium (arrow in Figure 3.2E-H, asterisks in
Figure 3.3I-P).
EGFR is expressed by activated NSCs in the V-SVZ, as well as by transit
amplifying precursors (Codega et al., 2014; Daynac et al., 2013; Doetsch et al.,
2002; Pastrana et al., 2009). Co-immunostaining of EGFR and PDGFRβ in
hGFAP::GFP mice showed that the overwhelming majority of hGFAP::GFP+ cells
are PDGFRβ+ EGFR- (87.6±0.5%, out of 1229 cells counted over 3 mice), with a
small proportion of hGFAP::GFP+ cells being triple-labeled with both markers
(3.97±0.6%) (arrow in Figure 3.2I-L; Figure 3.2Q). Interestingly, these triplelabeled cells were usually hGFAP::GFPLow, which we showed in Chapter 2
corresponded to the aNSCs (Codega et al., 2014). In vivo, most of the bright
EGFR+ cells correspond to GFAP- transit amplifying precursors (Doetsch et al.,
2002) and these cells are found in PDGFRβ- foci surrounded by the PDGFRβ+
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processes of the astrocytes (asterisks in Figure 3.2I-L). Most of the EGFR+ cells
were hGFAP::GFP- PDGFRβ- (78.7±2.7%, out of 490 cells counted over 3 mice),
while a minority of EGFR+ cells were triple-labeled with both markers (4.9±3.1%)
(Figure 3.2R). Similarly, neuroblasts labeled with Tuj1 were found in PDGFRβfoci within the V-SVZ niche, and none co-labeled with PDGFRβ (Figure 3.2M-P).
Next, I performed a panel of immunostainings for other cell types present
in the V-SVZ niche to elucidate whether any of these also express PDGFRβ.
Specifically, these were CD13+ pericytes (Alliot et al., 1999; Kunz et al., 1994),
NG2+ and PDGFRα+ OPCs (Nishiyama et al., 2002; Pringle et al., 1992; Stallcup
and Beasley, 1987), and S100β+ post-mitotic astrocytes (Raponi et al., 2007) and
ependymal cells (Didier et al., 1986). Of these populations, pericytes were the
only cells co-labeled with PDGFRβ, as they are throughout the body (Franklin et
al., 1990) (Figure 3.3A-D). Of note, PDGFRα was not found on any of the
hGFAP::GFP+ cells. Moreover, PDGFRα+ OPCs exhibited a typical multipolar
morphology clearly distinguishable from the radial morphology of V-SVZ
astrocytes (Figure 3.3E-L). This is in contrast to what was previously reported by
Jackson et al. (2006), where they claimed that most of the V-SVZ GFAP+ cells
co-express PDGFRα. Other studies have also failed to reproduce those results
(Chojnacki et al., 2011). S100β+ ependymal cells did not express PDGFRβ.
Multipolar S100β+ astrocytes found deeper in the tissue, close to the interface
with the striatum (Raponi et al., 2007), were also negative for PDGFRβ. The few
S100β+ hGFAP::GFP+ cells within the V-SVZ were also PDGFRβ-, and all were
hGFAP::GFPLow (arrow in Figure 3.3M-P), suggesting they either express the
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transgene at low levels or were derived from GFAP+ NSCs. PDGFRβ labeling
was mostly restricted to the subventricular layer except where the astrocytes
contacted the lateral ventricle between S100β+ ependymal cells (asterisk in
Figure 3.3M-P). Finally, I immunostained V-SVZ tissue for the proliferation
marker MCM2 to assess how many of the PDGFRβ+ cells are actively
proliferating. Similar to what was shown above with EGFR, only a small minority
of PDGFRβ+ cells were MCM2+ (4.88±2.56% of hGFAP::GFP+ PDGFRβ+ cells,
1630 cells counted over 3 animals) (arrow in Figure 3.3Q-T).

3.3

PDGFRβ is expressed by astrocytes in the V-SVZ/RMS/OB axis
Astrocytes along the entire V-SVZ/OB/RMS axis are intimately associated

with the process of neurogenesis. Neuroblasts form chains of migrating cells that
travel through astrocytic glial tubes extending from the V-SVZ to the cores of the
OBs, where they exit into the granule cell and periglomerular layers (Doetsch et
al., 1997; Lois and Alvarez-Buylla, 1994; Lois et al., 1996). In addition to trophic
and structural support provided by these astrocytes to the neuroblasts, it’s also
been reported that populations of NSCs reside within the entire RMS/OBcore
(Giachino and Taylor, 2009; Gritti et al., 2002; Moreno-Estellés et al., 2012).
Therefore, the RMS and OBcore can be considered rostral extensions of the VSVZ neurogenic niche. I performed immunostaining on coronal sections of the
RMS and OBs to determine whether astrocytes in these regions also expressed
PDGFRβ. Indeed, PDGFRβ+ hGFAP::GFP+ astrocytes were found throughout
the entire V-SVZ/RMS/OBcore axis, in the processes enveloping the migrating
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neuroblasts, but not on the neuroblasts themselves (Figure 3.4). CD13+ pericytes
were also PDGFRβ+ cells in these regions. Notably, PDGFRβ expression in the
V-SVZ/RMS/OBcore axis was brighter than any other region in the adult brain, but
the OBcore was consistently less bright than the V-SVZ or the RMS.

3.4

PDGFRβ expression in astrocytes outside of the V-SVZ differs in

pattern and intensity of labeling
Astrocytes that express GFAP elsewhere in the brain include cortical and
white matter astrocytes, radial-glial hippocampal stem cells, third ventricle
tanycytes, and cerebellar Bergmann glia (Bascó et al., 1981; Seri et al., 2001). I
performed immunostaining of these regions to assess whether any of these cells
also expressed PDGFRβ. Interestingly, in contrast to the bright membrane
labeling of V-SVZ/RMS/OBcore GFAP+ cells, hGFAP::GFP+ populations elsewhere
in the brain exhibited a very different pattern of PDGFRβ localization, frequently
containing PDGFRβ+ granules (Figure 3.5, 3.6). Cortical astrocytes contained
these granules around their soma and processes, whereas cerebellar
hGFAP::GFP+ cells contained them mostly around their soma (Figure 3.5I-P).
Hippocampal radial glial cells showed weak membranous PDGFRβ in addition to
containing some granules (Figure 3.5E-H). 3rd Ventricle tanycytes contained
PDGFRβ+ granules in their processes (Figure 3.5M-P). CD13+ pericyte somas
were also highly labeled throughout the brain. To corroborate the expression of
PDGFRβ by astrocytes outside of the V-SVZ I searched the publicly available
Gensat and Allen Brain Atlas databases for images showing PDGFRβ
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expression in the brain. Images from both databases depicted cells labeled for
PDGFRβ expression throughout the brain, some of which morphologically appear
to be astrocytes (Figure 3.7). Finally, I performed anti-synapsin labeling to
determine whether the PDGFRβ+ granules on hGFAP::GFP+ cells corresponded
to points where axons synapse on astrocytes, but the synapsin labeling was
never adjacent to the granules (data not shown). Of note, I observed extremely
rare axons labeled with PDGFRβ throughout the cortex, as well as PDGFRβ+
synapses previously described in the hippocampus (Shioda et al., 2011), but I did
not detect any cortical neuronal somata labeled with the anti-PDGFRβ antibodies
(see Appendix I).

3.5

PDGFRβ+ NSCs have a radial morphology and give rise to neurons in

the OB
V-SVZ NSCs possess a radial morphology reminiscent of their radial glial
ancestors, whereby they extend an apical process to contact the ventricular
lumen and a basal process which contacts the V-SVZ vasculature (Codega et al.,
2014; Mirzadeh et al., 2008). In order to better visualize the morphology of
PDGFRβ+ astrocytes I electroporated a plasmid encoding a membrane-bound
mCherry protein under the control of the PDGFRβ promoter (PDGFRβ::mCherry)
into the V-SVZ of adult mice (Figures 3.8, 3.9, and 3.10). Cells labeled by this
plasmid had the typical radial morphology of adult NSCs (Figure 3.9A-C).
PDGFRβ::mCherry+ cells expressed the hGFAP::GFP transgene and their basal
processes contacted blood vessels within the V-SVZ niche (Figure 3.9D-I).
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PDGFRβ::mCherry+ cells also contacted the ventricles at ependymal pinwheel
structures, and expressed PDGFRβ at their apical surface (27/35 cells had clear
PDGFRβ labeling at their apical process; the rest had too much background
staining, which impeded their clear visualization) and some had a single primary
cilium (Figure 3.10).
To test whether these PDGFRβ+ astrocytes give rise to neurons in vivo, I
electroporated a plasmid encoding an improved Cre (iCre) recombinase under
the control of the PDGFRβ promoter (PDGFRβ::iCre) into Rosa26CAG-tdTomato
reporter mice, and sacrificed them 10 days later to visualize cells in the V-SVZ
and OBs. Cells which remained in the V-SVZ had the same radial morphology
described above. At this time point, migrating neuroblasts and maturing neurons
were present in the OBs (Figure 3.11), showing that PDGFRβ+ astrocytes can
generate neurons in vivo.

3.6

FACS purification of PDGFRβ+ V-SVZ astrocytes
In chapter 2, I introduced the FACS protocol developed by our lab for

purifying

V-SVZ

astrocyte

populations

based

on

their

expression

of

hGFAP::GFP, CD133, EGFR, and CD24. In this section I show that by including
PDGFRβ in this protocol we are able to greatly refine the purity of both quiescent
and activated NSC populations isolated from the adult V-SVZ.
I first assessed the proportion of the G, GC, and GCE cells populations
expressing PDGFRβ (Figure 3.12). In this modified protocol the percentage of
hGFAP::GFP+ cells corresponding to G, GC, and GCE were 50.5±7.6%,
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44.5±7.2% and 4.6±1.4%, respectively. Almost all of the quiescent G and GC
populations were PDGFRβ+ (94.1±3.6% and 97.8±1.1%, respectively), whereas
half of the proliferative GCE population was labeled with this receptor (52.1±14.5,
mean±SD, n=9 different sorts). Interestingly, the PDGFRβ+ GCE cells expressed
lower levels of EGFR than the PDGFRβ- GCE cells (Figure 3.13). The discovery
of a PDGFRβ+ GCE population conflicts with the microarray and qPCR data for
PDGFRβ presented in Section 3.1, which suggested that the EGFR+ populations
were negative for the mRNA of this receptor. This could be due to the PDGFRβ+
EGFR+ population being diluted within the EGFR+ cells, as well as low sensitivity
of microarrays and qPCR in detecting low amounts of mRNA. Indeed, as we will
see in Section 3.8, with the much more sensitive RNA-sequencing we detect low
levels of PDGFRβ transcripts in the PGDFRβ+ EGFR+ cells. Taken together with
data presented in Section 3.1 showing that a minority of PDGFRβ+ cells express
EGFR in vivo, and that those cells are hGFAP::GFPLow, these findings suggested
that these PDGFRβ+ EGFR+ cells are in a transitional state between quiescent
PDGFRβ+ NSCs and proliferative PDGFRβ- precursors, and have downregulated the expression of the PDGFRβ gene but still contain the protein on
their membrane. Thus, the inclusion of PDGFRβ in the sort should allow the
enrichment of GFAP+ cells in the GCE pool, and of the quiescent GFAP+ cells in
the quiescent pools.
In order to test this hypothesis I isolated V-SVZ hGFAP::GFP+ populations
and acutely immunostained them for different markers. I performed GLAST
immunostaining to test for the purity of astrocytes within these populations and
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found that the G, GC, and GCE PDGFRβ+ populations were highly enriched for
GLAST+ cells (85.91±2.23, 87.61±1.3% and 85.58±4.81%, respectively)
compared with the G, GC, and GCE PDGFRβ- cells (36.58±13.21%,
51.95±9.12% and 57.53±2.53%, respectively) (Figure 3.14B). I also tested for
neuroblast contamination, as we had previously seen that the GFP protein in
hGFAP::GFP mice perdures in some V-SVZ neuroblasts, thereby contaminating
the hGFAP::GFP populations (see Chapter 2 and Codega et al., 2014). Indeed,
any neuroblast contaminants labeled with Tuj1 were exclusively restricted to the
PDGFRβ- populations, indicating that PDGFRβ allows us to isolate the V-SVZ
NSCs with a high degree of purity (Figure 3.14C). Given that the G and GC
PDGFRβ- populations mostly represent the neuroblast contamination in these
populations I excluded them from the rest of the analyses in this chapter.
Ki67 is a marker of proliferating cells in mammalian systems and is highly
expressed by the proliferative populations within the V-SVZ (Ponti et al., 2013;
Shen et al., 2008; Tavazoie et al., 2008). In the quiescent populations, the G
PDGFRβ- cells were enriched for Ki67+ cells compared to the G PDGFRβ+
(32.44±2.48% and 0.52±0.52%, respectively), whereas the GC PDGFRβ+ and
PDGFRβ- populations showed the same low percentages of dividing cells
(3.69±1.18% and 3.90±0.64%, respectively). Importantly, the GCE PDGFRβ+
cells had a lower percentage of Ki67+ cells than their PDGFRβ- counterparts
(51.08±6.57% and 94.18±2.02%, respectively), indicating that these cells are in a
relatively less proliferative state despite their expression of EGFR (Figure 3.14A).
Lastly, I confirmed by FACS the presence of PDGFRβ+ hGFAP::GFP+
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cells in the cortex and hippocampus (Figure 3.15). Cortical and hippocampal
hGFAP::GFP+ cells had similar percentages of PDGFRβ+ cells as V-SVZ
hGFAP::GFP+ cells (84.7±16.3%, 74.3%, and 87.4±5.99%, respectively), but the
intensity of the labeling was consistently brighter in the V-SVZ (4/5 sorts with
cortex, 1/1 sort with hippocampus)(Figure 3.15D-I).

3.7

In vitro behavior of PDGFRβ+ V-SVZ astrocytes
I used the neurosphere assay and adherent cultures to assess the in vitro

behavior of PDGFRβ+ NSCs. The neurosphere assay reveals the potential of
cells to act as stem cells, and allows one to assess self-renewal potential at the
single cell level (Codega et al., 2014; Pastrana et al., 2011). When the sorted
populations were plated with EGF-only in these conditions, the G and GC
PDGFRβ+

populations

formed

low

numbers

of

primary

neurospheres

(0.58±0.23% and 0.69±0.13%, respectively), whereas the GCE PDGFRβ+ and
PDGFRβ- formed more spheres (8.31±2.21% and 20.06±3.71%, respectively)
(Figure 3.16A). Note, however, that EGFR+ PDGFRβ+ cells were less
proliferative than EGFR+ PDGFRβ- cells, again suggesting their transitional state
between quiescent and progenitor populations. Primary neurospheres that
formed from all populations could be passaged to form secondary neurospheres
with no significant differences, confirming findings presented in Chapter 2 that
the few primary neurospheres formed by the EGFR- populations have the same
proliferative capabilities as those formed by the EGFR+ populations once
passaged (Figure 3.16B, refer to Figures 2.7C, 2.8F). I also plated cells in a
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combination of EGF and PDGF-DD, but no statistically significant differences
were found in primary or secondary neurosphere formation (Figure 3.16A-B). The
percentages of primary neurospheres formed in EGF with PDGF-DD for G, GC,
GCE PDGFRβ+ and GCE PDGFRβ- were 0.91±0.49%, 1.16±0.57%, 8.67±1.68%
and 23.11±6.51%, respectively. Cells cultured only in PDGF-DD did not form
neurospheres from any of the plated populations (data not shown), indicating that
in these culture conditions PDGFRβ and its ligands are not proliferative signals of
NSCs. Neurospheres formed by PDGFRβ+ cells differentiated into GFAP+
astrocytes, Tuj1+ neurons, and O4+ cells, showing that PDGFRβ+ V-SVZ NSCs
are multipotential in vitro (Figure 3.17).
Adherent cultures provide another paradigm for studying in vitro NSC
behavior by providing ECM molecules like those found in the NSC niche in vivo. I
cultured cells in EGF-only on plates coated with poly-D-lysine and fibronectin for
3 or 6 days, and then quantified the percentages of Nestin+ cells at each time
point. Nestin is an intermediate filament which is not expressed by the quiescent
NSCs, but is upregulated by these once they become proliferative (Codega et al.,
2014). Similar to what was shown above with the neurosphere assay, at 3dpi the
PDGFRβ+ GCE had fewer activated cells on average than the GCE PDGFRβpopulation (48.45±14.93% and 68.67±6.34%, respectively; unpaired student’s ttest, p>0.05), but at 6 days post plating both of these populations had the same
percentage of proliferative cells (97.79±0.59% and 99.16±0.43%, respectively)
(Figure 3.16C). To show that the total cell number increases with time, and not
just the percentage of Nestin+ cells, I quantified the total cells in each well, which
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showed a similar trend as above (Figure 3.16D). As was shown in the
neurosphere assay, growing the cells in a combination of EGF with PDGF-DD
caused no significant changes compared to growing them in EGF-only (Figure
3.16C-D), and cells grown in PDGF-DD alone did not form colonies (data not
shown).

3.8

RNA-sequencing of V-SVZ NSC populations
As shown in the previous sections, in the V-SVZ lineage PDGFRβ is

expressed exclusively by GFAP+ NSCs (barring pericytes). Most of the PDGFRβ+
NSCs are quiescent, and those that are proliferative have a phenotype consistent
with activated NSCs, rather than a transit amplifying progenitor state (ie, have
hGFAP::GFP expression, enriched in GLAST+ astrocytes, and are relatively less
proliferative than the PDGFRβ- population). Thus, PDGFRβ is the first surface
marker that enables us to specifically purify the adult V-SVZ NSCs. In order to
further characterize the molecular profiles of these cells we purified the
PDGFRβ+ subpopulations and analyzed their gene expression profiles using
RNA-sequencing (RNA-seq). We also purified hGFAP::GFP+ cells from the
frontal cortex to compare neurogenic with non-neurogenic astrocytes.
I analyzed an assortment of genes related to astrocytic identity or stem
cell function (Figure 3.18). I confirmed that the G and GC PDGFRβ+ cells have
relatively high levels of PDGFRβ mRNA, as was previously shown in Chapter 2.
Importantly, GCE PDGFRβ+ cells had PDGFRβ mRNA levels lower than the G
and GCE populations, but statistically significant higher than the GCE PDGFRβ-,
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indicating that they do express the mRNA for this gene, albeit at low levels.
Genes associated with astrocytic identity (ie, GFAP, GLAST-1 and sphingosine1-phosphate receptor (S1pr1)) were enriched in the PDGFRβ+ populations
(Figure 3.18B-D). Genes associated with proliferative cells in the niche (ie,
EGFR, Ascl1, Ki67, and Nestin) were enriched in the EGFR+ populations (Figure
3.18E-H). PDGFRα was not expressed by any of the purified populations,
confirming findings presented in Section 3.1 (Figure 3.18I). To rule out pericyte or
vascular cell contamination in the PDGFRβ+ cells I analyzed genes associated
with these cells types (ie, CD13, NG2, and CD31), none of which were enriched
in the purified populations (Figure 3.19). Note that for the genes presented,
except GFAP and Ascl1, the mean expression values for the GCE PDGFRβ+
cells are between the mean values for the quiescent and the EGFR+ PDGFRβpopulations, even if in some instances the difference is not statistically
significant. To better illustrate this, I performed a hierarchical clustering analysis
of the V-SVZ populations based on all genes expressed by these cells (FPKM ≥
3; n = 13,220 genes), showing that the GCE PDGFRβ+ cells have intermediate
values for many of these genes (ie, lighter red or lighter blue colors, Figure 3.20).
For additional analyses of the RNA-seq data refer to Appendix II. Together, these
RNA sequencing data show that including PDGFRβ in the FACS sort allows the
prospective isolation and enrichment of quiescent and activated NSCs, by
eliminating transit amplifying and neuroblasts contamination.
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3.9

Conclusion
In this chapter I showed that in the V-SVZ, PDGFRβ is a marker unique to

the NSCs (Figure 3.21). V-SVZ PDGFRβ+ cells possess all the characteristics
associated with adult NSCs, and the expression pattern of this receptor differs to
that seen elsewhere in the brain. The identification of PDGFRβ as a marker for
the V-SVZ NSCs now allows us to specifically target and purify these cells.
Importantly, the identification of the PDGFRβ+ EGFR+ cells as an enriched
population of activated NSCs in a transitional state between quiescent NSCs and
progenitors will allow more refined comparison of these cells to quiescent stem
cells and reveal pathways important for their activation. Finally, the RNASequencing transcriptome generated by this study will serve as a valuable
resource for elucidating further molecular signatures of the adult V-SVZ NSCs.
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Figure 3.1 V-SVZ qNSCs are enriched for PDGFRβ expression
V-SVZ NSCs were purified as described in Chapter 2 and their mRNA
expression profiles were analyzed. PDGFRβ mRNA was enriched in qNSCs by
microarray (left) and qPCR (right) (n=3 independent sorts; 1-way ANOVA with
Bonferroni’s post-hoc test, ***p<0.001; mean±SEM).
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Figure 3.2 PDGFRβ is expressed by V-SVZ NSCs but not their progeny
A, Schema of whole mount preparation (B-D) and coronal sections (E-P) of adult
mouse brain.
B-D, Confocal Z-stack optical section at the ependymal layer of a whole mount
showing a pinwheel labeled with β-Catenin (B, green) with PDGFRβ (C, red)
labeling in the center. D is a merged image. Note that PDGFRβ is localized
where the apical processes of B cells are found.
E-P, Coronal sections of hGFAP::GFP mice showing hGFAP::GFP expression
(G, K, O; blue) co-labeled with PDGFRβ (E, I, M; red) and GFAP (E-H, green),
EGFR (I-L, green), and Tuj1 (M-P, green). H, L, and P are merged images.
E-H, PDGFRβ colocalized with GFAP and hGFAP::GFP. Notice that cells which
contact the ventricular lumen are enriched for PDGFRβ at their apical processes
(arrow). I-L, EGFR+ TAPs (asterisks) are located in PDGFRβ- hGFAP::GFP- foci.
Arrows points to a hGFAP::GFP+ PDGFRβ+ EGFR+ cells. Notice that
hGFAP::GFP in this cell is low. M-P, Tuj1+ neuroblasts are also located within
PDGFRβ- foci. No Tuj1+ neuroblasts were observed to contain PDGFRβ+
Q, Quantification of hGFAP::GFP+ cells that express PDGFRβ and EGFR. Note
that the majority of hGFAP::GFP+ cells are PDGFRβ+ (n=3 mice; mean±SEM). R,
Quantification of EGFR+ cells that express PDGFRβ or hGFAP::GFP. Note that
the majority of EGFR+ cells are PDGFRβ- (n=3 mice; mean±SEM). Scale bars =
20 µm.
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Figure 3.3 Immunolabeling panel for other cell types within the V-SVZ
A-T, PDGFRβ (A, E, I, M, Q; red) co-immunolabeling in hGFAP::GFP (C, G, K,
O, S; blue) mice with CD13 (A-D, green), NG2 (E-H, green), PDGFRα (I-L),
S100β (M-P, green) and MCM2 (Q-T, green). A-D, CD13+ pericytes are
PDGFRβ+ (arrows). Asterisks show PDGFRβ+ hGFAP::GFP+ cells. E-L, NG2+
and PDGFRα+ OPCs are PDGFRβ- (arrows). Note that OPCs possess a
multipolar morphology easily distinguishable from V-SVZ NSCs. Asterisk in I-L
shows the apical process of a NSC enriched in PDGFRβ. M-P, S100β+
astrocytes (arrow) in the V-SVZ are found deeper within the tissue, close to the
junction with the striatum, and are often hGFAP::GFPLow. Asterisk shows a
PDGFRβ+ apical process nestled between two S100β+ ependymal cells.
Q-R, Few PDGFRβ+ astrocytes are MCM2+ (arrow), indicating that the majority of
PDGFRβ+ astrocytes are not proliferating. LV, lateral ventricle. Str, striatum.
Scale bars = 20 µm.
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Figure 3.4 PDGFRβ is highly enriched in V-SVZ/RMS/OBcore astrocytes
A, Low power image of a coronal section immunostained for PDGFRβ showing
labeling throughout the V-SVZ (arrows). Note that PDGFRβ also labels cells in
the dorso-lateral subcallosal extension of the V-SVZ. Asterisks show blood
vessels. B-I, immunolabeling for PDGFRβ in the RMS (B-E) and OBcore (F-I)
shows that PDGFRβ labeling (red) is restricted to hGFAP::GFP+ astrocytes
(green, arrowheads) and CD13+ pericytes (blue, arrows). Asterisks in B-E show
the location of a subset of the migratory neuroblasts, as determined by DAPI
staining. Note that PDGFRβ labeling surrounds the spaces where the
neuroblasts are located, indicating it’s on the astrocytic processes forming the
glial tubes. Dotted line in B-E represents the boundary between the RMS and the
brain parenchyma. CC, corpus callosum. LV, lateral ventricle. Str, striatum. Scale
bar in A = 100 µm. Scale bars in E and I = 20 µm.
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Figure 3.5 hGFAP::GFP+ astrocytes outside the V-SVZ differ in their pattern
of PDGFRβ expression
A-D, Immunostaining for PDGFRβ (red), hGFAP::GFP (blue), and CD13 (green)
in the V-SVZ showed bright, membrane-bound labeling on V-SVZ astrocytes. EH, Hippocampal astrocytes (arrowheads) express PDGFRβ at lower levels, and
the pattern of labeling had a granular appearance compared with the V-SVZ
immunostaining. I-L, Cortical astrocytes (arrowhead) contained PDGFRβ+
granules around their soma and processes, but not any membrane-bound
labeling cortex. Note the CD13+ pericyte on the left. M-P, Bergmann glia in the
cerebellum (arrowheads) also possess granular PDGFRβ labeling around their
somas. Note that Purkinje cells appear to be PDGFRβ+. Inset shows a higher
magnification of the boxed area. Q-T, Tanycytes (arrowhead) in the 3rd ventricle
contained granular PDGFRβ labeling around their processes. Scale bars = 20
µm.
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Figure 3.6 Secondary antibody-only controls for PDGFRβ immunolabeling
Controls for the immunolabeling showed that granule PDGFRβ labeling was not
due to unspecific binding of the antibodies. Secondary-only controls did not have
any background labeling in the V-SVZ (not shown).
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Figure 3.7 Gensat and Allen Brain Atlas PDGFRβ expression data
A-E, Gensat BACPDGFRβ::GFP transgenic mouse show PDGFRβ labeling in nonvascular cells throughout the brain. B, PDGFRβ+ cells in the frontal cortex have a
multipolar morphology similar to that of astrocytes (arrowheads). C, the V-SVZ
has high enrichment for PDGFRβ (arrowheads). Arrows point to the rostral VSVZ, where the RMS begins. D, Hippocampal PDGFRβ+ cells are located within
the SGZ (arrowheads). E, Cerebellar PDGFRβ+ cells are located within the
Purkinje cell layer. F-G, Allen Brain Atlas in situ hybridization data showing
PDGFRβ expression in the V-SVZ (F) and cortex (G).
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Figure 3.8 Experimental design for plasmid electroporations
A, Plasmids were injected into the lateral ventricles and electroporated into the
ipsilateral V-SVZ with a square electroporator on both sides of the head. B, Mice
electroporated with PDGFRβ::mCherry plasmids were sacrificed at 7 dpe and
their V-SVZ imaged. Mice electroporated with PDGFRβ::iCre plasmids were
sacrificed at 10 dpe and their OB sections to evaluate for the presence of
neurons.
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Figure 3.9 PDGFRβ+ astrocytes have typical radial morphology of NSCs
A, Mice were electroporated with PDGFRβ::mCherry plasmid and sacrificed 7
dpe. B-C, Confocal Z-stack projection of whole mount preparation showing radial
morphology of electroporated cells. Z-stack projections were depth color-coded.
Note how somas of the cells lie near the ventricular surface (red/yellow color)
and how their radial process extends deep into the tissue (blue/purple). D-E,
Electroporation of PDGFRβ::mCherry (red) into the V-SVZ of hGFAP::GFP mice
shows that electroporated cells express the hGFAP::GFP transgene (green). G-I,
Basal process PDGFRβ::mCherry-labeled cells contacts blood vessels labeled
with CD133 (green). Inset shows a single optical slice where the
PDGFRβ::mCherry+ cell contacted the blood vessel. Scale bar = 20 µm.

76

Figure 3.10 PDGFRβ+ electroporated cells possess primary cilia and
contact the ventricle in the center of pinwheels
A-D, Confocal Z-stack optical slice at the ventricular surface showing the apical
process of an electroporated PDGFRβ::mCherry+ cell (red) expressing CD133
(green) at the tip of an acetylated tubulin+ (blue) primary cilium (arrowhead).
E-H, Confocal Z-stack optical slice at the ventricular surface showing the apical
process of an electroporated PDGFRβ::mCherry+ cell (red) expressing PDGFRβ
(green) at the point where the cell contacts the center of an ependymal pinwheel,
labeled with β-Catenin (blue) (arrowhead).
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Figure 3.11 PDFGRβ+ astrocytes give rise to olfactory bulb interneurons
A, PDGFRβ::iCre plasmid was electroporated into the V-SVZ of adult lox-Stoplox tdTomato reporter mice, which contain a STOP cassette flanked by lox-P
sites (cyan triangles) impeding the transcription of the tdTomato. Expressed iCre
following electroporation would delete the STOP cassette, thereby releasing
tdTomato from transcriptional repression. Mice were sacrificed 10 dpe. B,
Confocal Z-stack projections showing immature migratory neurons (B) and more
mature neurons (C) in the olfactory bulbs
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Figure 3.12 FACS purification of PDGFRβ+ NSCs
A, Gating protocol for purifying the hGFAP::GFP+ PDGFRβ subpopulations from
the adult V-SVZ. CD24-FITC- hGFAP::GFP+ cells were gated and separated
based on their expression of EGF-A555 and CD133 A700 (green arrow),
showing the three populations described in Chapter 2 : hGFAP::GFP-only (G),
hGFAP::GFP+ CD133+ (GC), and hGFAP::GFP+ CD133+ EGF-A555+ (GCE).
Each of these was then separated into PDGFRβ+ and PDGFRβ- subpopulations
(blue arrows). B, Percentage of PDGFRβ subpopulations within G, GC, and GCE
cells. Note that the qNSCs (G and GC) are almost entirely PDGFRβ+, whereas
about half of GCE are PDGFRβ+ (n=9 independent sorts; mean±SD).
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Figure 3.13 Analysis of FACS-purified PDGFRβ subpopulations
A, Multigraph overlay showing the PDGFRβ subpopulations based on their
expression of EGFR and CD133. B-E, Histograms of GCE PDGFRβ+ (orange),
GCE PDGFRβ- (red), GC PDGFRβ+ (dark blue) and G PDGFRβ+ (light blue) cells
based on their intensity of staining for PDGFRβ (B), EGF (C), hGFAP::GFP (D),
and CD133 (E). GCE PDGFRβ+ express EGFR at intermediate levels between
the quiescent G and GC, and the GCE PDGFRβ- (A, C).
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Figure 3.14 Acute immunostaining of purified PDGFRβ subpopulations
A-C, Immunostainings of acutely sorted cells for Ki67 (A), GLAST (B), and Tuj1
(C). Within the G and GC populations PDGFRβ allowed enrichment of the Ki67-,
GLAST+, Tuj1- cells. Within the GCE population, PDGFRβ+ cells are relatively
less proliferative by Ki67 immunolabeling, and they contain most of the EGFR+
GLAST+ Tuj1- cells (n=3 independent sorts; unpaired student’s t-test, *p<0.05,
**p<0.01, ***p<0.001; mean±SEM).
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Figure 3.15 Flow cytometry analysis of PDGFRβ expression in V-SVZ,
cortex, and hippocampal astrocytes
A-I, All hGFAP::GFP+ cells were analyzed in the V-SVZ (A-B), cortex (D-E), and
hippocampus (G-H). C, Quantification of the percentage of all hGFAP::GFP++
cells that are PDGFRβ+. The percentage of cells that were PDGFRβ+ were
similar between all three populations (n = 5 independent sorts for V-SVZ and
cortical cells; n = 1 sort for hippocampal cells; mean±SEM). F, I, The intensity of
PDGFRβ immunostaining was consistently higher in the V-SVZ compared with
the other two regions (4/5 comparisons with cortical cells, 1/1 comparison to
hippocampal cells).
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Figure 3.16 Neurosphere and adherent assays of purified PDGFRβ
subpopulations
A-B, Primary (A) and secondary (B) neurosphere formation from purified
populations grown in EGF-only or EGF+PDGF-DD. GCE-PDGFRβ+ cells form
primary neurospheres at intermediate levels between G and GC, and GCE
PDGFRβ- (n=3; unpaired student’s t test, *p<0.05; mean±SEM). C-D, Adherent
culture quantification of the percentage of activated Nestin+ cells (C) and the total
number of cells in each well (D) 3 days and 6 days after plating purified V-SVZ
NSC populations (n=3; mean±SEM).
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Figure 3.17 PDGFRβ+ NSCs are multipotent in vivo
Neurospheres derived from PDGFRβ+ cells can be differentiated into GFAP+
astrocytes (A), Tuj1+ interneurons (B) and O4+ oligodendrocytes. Scale bars = 20
µm.
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Figure 3.18 RNA-SEq analysis for select genes associated with astrocytic
and stem cell identity
A-D, Pdgfrb (A), Gfap (B), Slc1a3 (C), and S1pr1 (D) are all enriched in the
PDGFRβ+ cells. E-H, Egfr (E), Ascl1 (F), mKi67 (G), and Nestin (H) are all highly
enriched in the EGFR+ populations. I, PDGFRa was not expressed by any of the
purified populations. Note that all of these, except Gfap and Ascl1, are highly
enriched in the PDGFRβ+ EGFR- cells, with the PDGFRβ+ EGFR+ population
having intermediate levels between the latter and the PDGFRβ- EGFR+ cells
(n=3; mean±SEM; **adjusted p<0.01, ***adjusted p<0.001).
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Figure 3.19 RNA-Seq analysis of select genes of pericyte and vascular
identity
A-C, Expression of Anpep (A), Cspg4 (B), and Pecam1 (C) were not enriched in
any of the purified populations, indicating no pericyte or vascular cell
contamination (n=3; mean±SEM).

86

Figure 3.20 Hierarchical clustering of purified NSCs based on all expressed
genes
Note that GCE PDGFRβ+ have intermediate levels of expression (ie, lighter blue
and red colors) for many of the genes.
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Figure 3.21 Model of PDGFRβ expression within the V-SVZ NSC lineage
PDGFRβ is expressed by the quiescent (qNSC) and activated (aNSC) neural
stem cells, but not their progeny. Moreover, aNSCs have a molecular profile
intermediate between qNSCs and PDGFRβ- EGFR+ transit amplifying
progenitors (TAPs).
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Chapter 4

Functional analysis of PDGFRβ in the adult V-SVZ

The effects of PDGFRβ signaling are cell-type and context-specific. For
example, PDGFRβ expression in fibroblasts is associated with increased
proliferation during the wound healing response, while PDGFRβ expression by
pericytes is associated with their increased migration and survival (reviewed in
Betsholtz, 2004; Heldin and Westermark, 1999). In embryonic neural precursos
cells PDGFRβ signaling is associated with chemotaxis of these cells, as well as
their ability to differentiate into neurons (Erlandsson et al., 2006; ForsbergNilsson et al., 1998). PDGFRβ and its ligands are expressed in developing and
adult neurons (Ishii et al., 2006; Sasahara et al., 1992; Sasahara et al., 1991;
Shen et al., 2012; Shioda et al., 2011; Smits et al., 1991), where it has been
implicated in neurotrophic activity during homeostasis and following injury (Ishii et
al., 2006; Kim et al., 2010; Othberg et al., 1995; Shen et al., 2012; Smits et al.,
1993; Smits et al., 1991). In the postnatal V-SVZ, PDGFRβ is highly expressed
by the NSCs, and embryonic deletion of this gene in PDGFRβ-floxed mice
crossed with a Nestin::Cre line decreases the in vitro proliferation and neurogenic
potential of neurospheres derived from early postnatal NSCs (Ishii et al., 2008;
Xu et al., 2013). Interestingly, brains in which PDGFRβ is embryonically deleted
develop completely, and have only been reported to lose certain populations of
neurons and to have defective responses to cryogenic and ischemic injuries (Ishii
et al., 2006; Shen et al., 2012; Shioda et al., 2011). With the identification of
PDGFRβ as a marker that’s highly enriched in adult V-SVZ NSCs, I wanted to
test its role in the neurogenic function of these cells. In order to do so, I
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developed conditional knockout mice in which the PDGFRβ gene can be deleted
in GFAP+ cells in the adult. These mice showed a decrease in EGFR+ and Dcx+
cells along with an increase in GFAP+ cells in the V-SVZ at different time points,
which suggests that PDGFRβ is important for NSCs to become activated and
produce their progeny, and that deleting it reduces their progression down the VSVZ stem cell lineage.

4.1

Generation of triple transgenic mice for conditional knockdown
In order to assess the function of PDGFRβ expression in the adult V-SVZ

niche, I bred mice which express a tamoxifen-inducible CreERT2 recombinase
under the control of the human GFAP promoter (hGFAP::CreERT2, Jackson
Laboratories, Ganat et al., 2006) with mice possessing lox-P sites flanking the
first and second immunoglobulin domains of the PDGFRβ gene (Jackson
Laboratories, Schmahl et al., 2008). Their progeny were then bred with Rosa26
reporter mice containing a lox-STOP-lox cassette impeding the transcription of a
tandem dimer Tomato protein (tdTomato) under the control of a CAG promoter
(Figure 4.1A). The second and third PDGFRβ immunoglobulin domains are
required for high-affinity ligand binding (Lokker et al., 1997). Thus, upon
tamoxifen administration, deletion of the first two immunoglobulin domains
prevents PDGF-ligand binding in cells where the recombinase becomes
activated (Figure 4.1B). Deletion of the STOP cassette releases the tdTomato
from transcriptional repression, allowing us to follow the progeny of these cells. In
order to test the effects of PDGFRβ deletion, I injected PDGFRβ wild-type
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(PDGFRβWT) and PDGFRβ homozygous-floxed (PDGFRβΔ) mice with tamoxifen
for 3 consecutive days and sacrificed the mice at different time points after that
(Figure 4.1C).
Time points for sacrificing mice were chosen based on studies on the
kinetics of V-SVZ progenitor formation. During regeneration, qNSCs upregulate
EGFR around 12 hours after Ara-C withdrawal (Pastrana et al., 2009), and it
takes around 4 and 7 days for TAPs and neuroblasts to be replenished,
respectively (Doetsch et al., 1999b). Recent evidence suggests that the cell cycle
of proliferative NSCs is around 17 hours, and that it takes between 4-6 days for a
cycle of neuroblasts formation to be completed (Ponti et al., 2013). It takes
neuroblasts 30-45 days after they’re born to differentiate into mature granule cell
layer neurons (Petreanu and Alvarez-Buylla, 2002). Thus, the time points were
designed to allow enough days after the last injection (dpi) for an effect to be
seen in the NSCs (0 dpi), transit amplifying progenitors (3 dpi), and neuroblasts
and mature neurons (30 and 45 dpi) (Figure 4.1D). A 180 dpi time point was also
chosen to assess any effects on the long-term neurogenic potential of these
cells.

4.2

Short-term effects of PDGFRβ down-regulation
At 0 dpi I analyzed the tdTomato+ populations by flow cytometry for

expression of CD24, EGFR, and CD133 (the main markers discussed in Chapter
2). Of note, in all genotypes and time points described in this chapter the
tdTomatoHigh cells corresponded to the GFAP+ cells, whereas the tdTomatoLow
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cells contained the EGFR+ and Dcx+ cells (this was determined from the in vivo
immunostainings described below). At 0 dpi tdTomatoHigh cells could be divided
into three main populations similar to G (tdTomato+ CD133- EGFR-), GC
(tdTomato+ CD133+ EGFR-), and GCE (tdTomato+ CD133+ EGFR+) (Figure 4.2AC). Compared with PDGFRβWT mice, the PDGFRβΔ mice showed a statistically
significant increase in the tdTomatoHigh CD133- EGFR- population (41.1±2.7%
and 52.6±2.99%, respectively) and a statistically significant decrease in the
tdTomatoHigh

CD133+

EGFR+

population

(24.4±1.4%

and

16.5±2.4%,

respectively; n=4, 2-Way ANOVA with Bonferroni’s post-hoc test, p<0.05) (Figure
4.2D-F). There were no significant changes in the tdTomatoHigh CD133+ EGFRpopulation

(PDGFRβWT,

30.70±2.76%;

PDGFRβΔ,

26.97±2.02%).

The

tdTomatoLow cells also did not show any significant changes between the two
groups, probably due to insufficient time to allow many affected NSCs to give rise
to progenitors (Figure 4.3).
At 3dpi I quantified the number of

EGFR+ and GFAP+ cells in whole

mount preparations and sections to assess any changes in the production of
transit amplifying progenitors. In accordance with the decrease in the percentage
of tdTomato+ EGFR+ cells observed at 0dpi, there were significantly less
tdTomato+ EGFR+ transit amplifying progenitors in PDGFRβΔ than in PDGFRβWT
mice (2.5±0.6% and 11.4±2.9%, respectively; n ≥ 4, unpaired student’s t-test
p<0.01) (Figure 4.4A-B, J). This was accompanied by an increase in the
percentage of tdTomato+ GFAP+ cells from 47.8±1.95% in PDGFRβWT mice to
62.6±1.2% in PDGFRβΔ mice (n=3, unpaired student’s t-test p<0.01) (Figure

92

4.4C-H, I).
At 30 dpi there was still a decrease in the average percentage of
tdTomato+ EGFR+ cells, but this was not statistically significant (Figure 4.5A).
Additionally, to estimate the number of neurons formed by the V-SVZ, I divided
the number of tdTomato+ neurons in the olfactory bulbs by the number of
tdTomato+ GFAP+ cells in the V-SVZ. This analysis showed a decreased average
of neurons formed in PDGFRβΔ mice compared with PDGFRβWT mice, but this
difference did not reach statistical significance (Figure 4.5B).
45 days after tamoxifen injection, the percentage of tdTomato+ GFAP+
cells was still lower in PDGFRβWT mice compared with PDGFRβΔ mice
(42.7±2.97% and 57.8±2.8%, respectively) (Figure 4.6A-I). tdTomato+ Dcx+ cells
decreased from 53.8±4.3% in PDGFRβWT mice to 33.8±1.9% in PDGFRβΔ mice
(n≥3, unpaired student’s t test, p<0.01) (Figure 4.6A-H, J). In order to normalize
the amount of Dcx+ cells produced per GFAP+ NSC in these animals I divided the
total number of tdTomato+ Dcx+ cells in the V-SVZ by the total number of
tdTomato+ GFAP+ cells in the V-SVZ. The ratio of cells produced by the V-SVZ
was reduced from 1.5±0.3 in PDGFRβWT mice to 0.6±0.1 in PDGFRβΔ mice
(Figure 4.6K). Interestingly, the numbers of tdTomato+ cells contacting the
ventricular lumen increased from 6.1±1.4% in PDGFRWT mice to 13.1±1.5% in
PDGFRβΔ mice (n≥4, unpaired student’s t test, p<0.05), suggesting the cells
have altered positional perception within the V-SVZ niche. The ventriclecontacting cells were GFAP+ (arrowheads in Figure 4.6A-H, L).
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4.3

Long-term effects of PDGFRβ downregulation
The above results suggested that PDGFRβ is important for the transition

from quiescent to activated NSCs leading to the formation of progeny, so that
disrupting PDGFRβ function led to a decrease in progenitor cells in the V-SVZ.
To assess what long-term effects this decreased activation had in neurogenesis,
I analyzed 180 dpi mice by flow cytometry. At this time point, tdTomatoHigh cells
could be subdivided into two populations based on the intensity of their
tdTomato: tdTomato++ cells, which contained most of the EGFR- CD133- and
EGFR+ cells (Figure 4.7A, B), and tdTomato+++ cells, which contained most of the
EGFR- CD133+ cells (Figure 4.7A, C). Surprisingly, the percentage of EGFR+
cells in the TdTomato++ population was higher in PDGFRβΔ mice compared with
PDGFRβWT (31.8±1.5% and 22.5±3.7%, respectively; n=3, 2-Way ANOVA with
Bonferroni’s post-hoc test, p<0.05, Figure 4.7E). No statistically significant
differences were observed in any of the other populations, including the
tdTomatoLow (not shown). Interestingly, the average percentage of CD24+ cells
was slightly higher in PDGFRβΔ mice (4.4±0.1%) compared with PDGFRβWT
mice (3.1±0.5%), although this difference was not statistically significant (figure
4.7D).

4.4

In vitro assay of PDGFRβΔ cells
Taken together, these findings suggest that PDGFRβ helps adult V-SVZ

NSCs progress from quiescent GFAP+ NSCs to their progeny, so that at shorter
time points deletion of the receptor results in an accumulation of GFAP+ cells in
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the ventricular zone, with a concomitant decrease in progenitor populations. Six
months after tamoxifen injection, this decreased proliferation seemed to have
protected the NSCs from the depletion of neurogenesis normally seen with age in
wild-type mice, so that at this later time point PDGFRβΔ mice had relatively
higher percentages of EGFR+ NSCs compared with PDGFRβWT mice. Thus,
PDGFRβ seems to be activating signaling cascades which enable NSCs to
function as stem cells, and these signaling pathways might become redundant
with age, so that PDGFRβΔ NSCs can then progress down the lineage. Although
a specific mechanism for this hypothesis remains elusive, one possibility is that
PDGFRβ might be promoting the expression of genes which enable the cells to
perceive their positional identity within the niche, probably through interactions
with the ECM, so that when PDGFRβ signaling is altered the cells move towards
the ventricular compartment, which promotes their quiescence (Kokovay et al.,
2012; Mirzadeh et al., 2008; Porlan et al., 2014). In a preliminary experiment to
test this model, I grew PDGFRβWT and PDGFRβΔ tdTomato+ EGFR+ cells in
adherent conditions containing poly-D-lysine and fibronectin, and immunostained
them for Nestin+ activated cells 3 and 6 days post plating (dpp). At 3 dpp there
was a decrease in Nestin+ cells from 85.5±0.85% in PDGFRβWT mice to
58.6±6.3% in PDGFRβΔ mice (n=1) (Figure 4.8A). At 6dpp there was still a
decrease of Nestin+ in the PDGFRβΔ mice, but it was less pronounced
(PDGFRβWT, 96.53±1.51%; PDGFRβΔ, 87.31±3.97%). When I quantified the total
number of cells present in each well at 3dpp, there was a decrease from 185±35
PDGFRβWT cells to 81±7 PDGFRβΔ cells. This decrease was even more
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profound at 6 dpp, from 1101.5±18.5 PDGFRβWT cells to 516±126 PDGFRβΔ
cells, suggesting that the PDGFRβΔ cells either don’t adhere as well to the ECM,
proliferate less, have increased apoptosis, or a combination of these. Further
experiments are needed to validate this model.

4.5

Conclusion

In this study we showed that PDGFRβ is important for the in vivo neurogenic
potential of adult V-SVZ NSCs. Deletion of this gene in GFAP+ adult NSCs led to
decreased formation of TAPs and neuroblasts, and a decrease in the number of
OB neurons formed from these mice. Additionally, when PDGFRβ is
downregulated more NSCs come in contact with the ventricle, suggesting that
these cells lost part of their positional identity within the V-SVZ. These findings
provide a glimpse to the possible regulatory mechanisms employed by adult VSVZ NSCs cells. In Chapter 5, I will apply these findings to current knowledge
within the field, and propose future directions for further expanding upon these
results.
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Figure 4.1 Experimental design for developing PDGFRβ transgenic mice
A, Mice expressing CreERT2 under the human GFAP promoter
(hGFAP::CreERT2) were crossed with mice containing PDGFRβ alleles flanked
by lox-P sites (cyan triangles) and with mice containing a STOP cassette flanked
by lox-P sites repressing the expression of a tdTomato reporter protein. B,
Administration of tamoxifen in these mice should delete the first and second
extracellular IgG domains, leading to a truncated receptor that cannot bind PDGF
ligands. C, Tamoxifen was injected for 3 consecutive days and the mice were
then sacrificed at different time points after that. D, Effects of PDGFRβ deletion
could affect different populations in each time point. Earlier time points would
likely show an effect on aNSCs and TAPs, whereas later time points would show
effects on progeny further downstream, such as the neuroblasts and OB
neurons. A 180 dpi time point was also chosen to assess the long-term effects of
PGDFRβ downregulation on neurogenesis.
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Figure 4.2 Flow cytometry analysis of PDGFRβ-floxed tdTomatoHigh cells at
0 dpi
A-C, tdTomatoHigh cells were gated (A) and separated based on CD133 and EGF
immunoreactivity (B,C). Three populations of tdTomatoHigh cells were identified:
CD133- EGFR- (blue gate), CD133+ EGFR- (cyan gate), and EGFR+ cells (red
gate). D, Analysis of these populations by flow cytometry showed a decrease in
the EGFR+ population in PDGFRβΔ mice (red) with an accompanying increase in
the CD133- EGFR- population (blue) (n=4 independent sorts; 2-way ANOVA with
Bonferroni’s post-hoc test, p-interaction<0.01, *p<0.05, **p<0.01; mean±SEM).
E-F, Histograms of the sorted populations showing the decrease in the
percentage of EGFR+ populations in PDGFRβΔ mice.
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Figure 4.3 Flow cytometry of PDGFRβ-floxed tdTomatoLow cells at 0 dpi
A-C, tdTomatoLow populations contained most of the progenitors. tdTomatoLow
cells were gated (A) and analyzed for their expression of CD24 and EGFR (B-C).
Four populations of tdTomatoLow cells were observed: EGFR- CD24-, EGFR+
CD24-, EGFR- CD24Low, and EGFR- CD24High. D, No differences were observed
in the proportions of these populations between PDGFRβWT and PDGFRβΔ mice
(n=4 independent sorts; 2-way ANOVA with Bonferroni’s post-hoc test;
mean±SEM).
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Figure 4.4 In vivo quantification of GFAP+ and EGFR+ cells at 3dpi
A-B, Confocal optical slice of coronal sections immunostained for EGFR (green)
in PDGFRβWT (A) and PDGFRβΔ (B) mice. Arrows point to double-positive cells.
C-H, Confocal Z-stack projections of coronal sections immunostained for GFAP
(blue) in PDGFRβWT (C-E) and PDGFRβΔ (F-H) mice. Note the increase in GFAP
intensity in PDGFRβΔ mice. I-J, Quantification of percentage of tdTomato+ cells
that are GFAP+ (I) and EGFR+ (J). PDGFRβΔ mice show an increase in GFAP+
and a decrease in EGFR+ cells (n≥3 mice per group; unpaired student’s t test;
**p<0.01; mean±SEM). Scale bars = 20 µm.
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Figure 4.5 In vivo quantification of EGFR+ cells, and ratio of
OBNeuN/V-SVZGFAP cells at 30dpi
A, Quantification of the percentage of tdTomato+ EGFR+ cells showed
a decrease in the average of EGFR+ cells in PDGFRβΔ mice, although
this decrease was not statistically significant (n=3 mice; unpaired
student’s t-test, p>0.05; mean±SEM). B, To assess the number of
GFAP+ cells that were producing OB neurons, the number of tdTomato+
OB neurons was divided by the number of tdTomato+ GFAP+ cells in
the V-SVZ. The average ratio was decreased in 30 dpi PDGFRβΔ mice,
but this difference did not achieve statistical significance (n≥4 mice;
unpaired student’s t-test, p>0.05; mean±SEM).
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Figure 4.6 In vivo quantification of GFAP+ and Dcx+ cells at 45dpi
A-H, Confocal Z stack projections of tdTomato (red) coronal sections
immunostained for GFAP (blue) and Dcx (green) in PDGFRβWT (A-D) and
PDGFRβΔ (E-H) mice. Arrows point to tdTomato+ cells in contact with the
ventricular lumen. Insets show higher magnification of boxed regions. Asterisks
label tdTomato+ Dcx+ cells. Note the increased co-labeling of GFAP with
tdTomato in PDGFRβΔ mice. I-J, quantification of the percent of tdTomato+ cells
that are GFAP+ (I) and Dcx+ (J). PDGFRβΔ mice have increased GFAP+ cells
with a decrease in Dcx+ cells. K, PDGFRβΔ had a decreased ratio of tdTomato+
Dcx+ cells formed per tdTomato+ GFAP+ cells labeled in the V-SVZ. L,
quantification of tdTomato+ cells in contact with the ventricular lumen (arrows in
A-H). PDGFRβΔ mice had more cells in contact with the ventricles (n≥3 mice per
group; unpaired student’s t-test, *p<0.05, **p<0.01; mean±SEM).
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Figure 4.7 Flow cytometry analysis of PDGFRβ-floxed cells at 180 dpi
A-C, Two tdTomatoHigh populations were distinguishable at this time point:
tdTomato++ (B,E box) and tdTomato+++ (C,F box). tdTomato++ cells contained
most of CD133- EGFR- cells, as well as the EGFR+ (B). tdTomato+++ cells
contained most of the CD133+ EGFR- cells (C). D, quantification of the
percentage of CD24+ cells (box D in panel A). PDGFRβΔ mice had a small
increase in CD24+ cells, but this was not statistically significant. E-F, analysis of
tdTomato++ (E) and tdTomato+++ cells. tdTomato++ cells had a statistically
significant increase in EGFR+ cells (E). No differences were observed in any of
the other populations, including the tdTomatoLow cells, not shown (n=3; 2-way
ANOVA with Bonferroni’s post-hoc test, *p-interaction<0.05, *p<0.05;
mean±SEM).
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Figure 4.8 Adherent cultures of 0 dpi tdTomatoHigh EGFR+ cells
Cells were sorted from 0 dpi mice and plated on fibronectin + ploy-D-lysine, and
fixed 3 and 6 days post plating.
A, Quantification of the percentage of Nestin+ activated cells from PDGFRβWT
(white bars) and PDGFRβΔ (black bars) mice. PDGFRβΔ show a decrease in the
percentage of activated cells at both time points.
B, quantification of the total number of cells showed a large reduction in
PDGFRβΔ cells present in the wells in both time points. These effects could be
due to decreased adhesion to the cell plates, increased apoptosis, or decreased
proliferation of PDGFRβΔ cells (n=1; mean±SEM).
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Chapter 5

Discussion and Future Directions

In this dissertation I presented data showing the in vivo identification of
quiescent adult NSCs in the V-SVZ, as well as ways of purifying these cells from
their niche. The identification of PDGFRβ as a novel marker for adult V-SVZ
NSCs allowed us to purify them and study their behavior in vitro, as well as to
greatly refine the isolation of the activated NSC population. Finally, functional
experiments where we deleted this receptor in GFAP+ cells showed that
PDGFRβ is important for the normal production of progenitors in the V-SVZ.

5.1

Identification and purification of adult V-SVZ qNSCs
Evidence for the existence of quiescent NSCs has mostly been

restrospective, following the regeneration of the V-SVZ niche after chemical
ablation of proliferating cells or treatment with factors that increase the activation
of quiescent NSCs. Here, for the first time, we prospectively purified qNSCs in a
GFAP-expression context. We identified three in vivo populations based on their
expression of hGFAP::GFP, EGFR, and CD133: hGFAP::GFP-only (G),
hGFAP::GFP+ CD133+ (GC), and hGFAP::GFP+ CD133+ EGFR+ (GCE). All three
populations contact the ventricle in the center of ependymal pinwheels, but GCE
compose only 11% of these cells. Importantly, GCE cells were found throughout
the rostro-caudal and dorso-ventral axes of the V-SVZ, indicating that cells
become proliferative throughout the V-SVZ and not just in restricted locations.
Intriguingly, both EGFR+ populations possessed a primary cilium on their
apical process, whereas the EGFR- did not, suggesting that this structure might
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be regulated as the cells transition from quiescent to proliferative states of the
cell cycle. Recently, Khatri et al. (2014) purified adult V-SVZ NSCs in different
stages

of

the

cell

cycle

and

looked

at

their

ciliary

properties

by

immunofluorescence and electron microscopy. Interestingly, their findings were
similar to ours, whereby EGFR- qNSCs possess a primary cilium, while EGFR+
aNSCs did not. Together with previous work where ablation of primary cilia alters
stem cell function, our findings suggest that primary cilia are an essential
component of adult NSC regulation, and that this structural component changes
during the cell cycle of these cells. Further studies will be required to elucidate
other molecular components of primary cilia, with the aim of finding newer ways
of regulating these cells.
The identification of these NSC populations in different stages of the cell
cycle enables us to isolate them, allowing novel insights into their regulation and
function. A recent study attempted to prospectively purify quiescent NSCs using
LeX immunostaining together with fluorescent EGF ligands to label different
populations of cells within the V-SVZ (Daynac et al., 2013). They identified a
LexBright EGFR- population that was enriched for GFAP+ Nestin+ cells, which they
concluded were their qNSCs, and a Lex+ EGFR+ population, which they
classified as aNSCs. Lex, however, is expressed by subpopulations of NSCs and
their progeny (Capela and Temple, 2002; Shen et al., 2008), so its value in
distinguishing NSCs is uncertain. Moreover, Daynac et al. made the assumption
that adult V-SVZ cells must express Nestin to be considered NSCs, thus
completely omitting from their analyses a Lex+ GFAP+ Nestin- population. Given
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that our results show Nestin is only expressed by aNSCs, Daynac et al. (2013)
excluded from their work many of the adult qNSCs. We therefore believe that our
study is an important advance over previous studies that have attempted to purify
V-SVZ NSCs in different states of the cell cycle.

5.2

Within the V-SVZ niche PDGFRβ labeling is restricted to the NSCs
PDGFRβ is the first extracellular marker that allows us to specifically

target the NSCs in the adult V-SVZ. Previously established extracellular markers
such as VCAM1 (Kokovay et al., 2012), GLAST (Mori et al., 2006), and LeX
(Capela and Temple, 2002; Daynac et al., 2013; Shen et al., 2008) are all shared
between the NSCs and their progeny; as such, they can’t be used to distinguish
between the NSCs and progenitor cells. Importantly, in Chapter 2 we omitted the
G population from most of the analyses because it contained a substantial
degree of neuroblasts contaminants, making it difficult to interpret results
obtained from this population. However, we found that all neuroblasts
contaminants in the NSC populations were restricted to the PDGFRβ- fraction of
cells, whereas the PDGFRβ+ populations were enriched in astrocytes. Thus,
using PDGFRβ we are able to isolate adult V-SVZ NSCs with a high degree of
purity not previously possible.
Recently, subpopulations of V-SVZ astrocytes have been shown to be
heterogenous with respect to the location of the neurons they give rise to. For
example, NSCs located in more ventral regions within the V-SVZ give rise to
neurons in the deeper layers of the OBs, whereas NSCs in more dorsal regions
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of the V-SVZ give rise to neurons in the superficial layers of the OBs (Merkle et
al., 2007). In addition, distinct microdomains defined by expression of
transcription factors like Nkx6.2 (Merkle et al., 2013) and Pax6 (Kohwi et al.,
2005) give rise to specific populations of neurons within the OBs. Even though
PDGFRβ is expressed throughout the entire rostro-caudal and dorso-ventral
axes, it will be important to determine whether it has different functions within
these different domains, similarly to how Shh-responsive cells are found
throughout the V-SVZ (Petrova et al., 2013), but ablation of primary cilia mostly
affects a subpopulation of these (Tong et al., 2014b).
Importantly, PDGFRβ is enriched in astrocytes throughout the VSVZ/RMS/OBcore axis, which are all regions where astrocytes form new neurons
in the adult brain. Additionally, PDGFRβ labels astrocytes in the dorso-lateral
subcallosal extension of the V-SVZ, which also contains a population of NSCs
(Ventura and Goldman, 2007). Of note, all of these regions with high PDGFRβ
expression are derived from the embryonic subventricular zone, which lies
adjacent to the embryonic lateral ventricles extending from the forebrain into the
rostral extension of the OBs (reviewed in Marshall et al., 2003). Interestingly, a
recent study showed that PDGFRβ expression in the mouse embryonic brain is
restricted to radial glia located in the lateral ganglionic eminence (LGE, Lui et al.,
2014), which are the direct precursors of the adult neural stem cells (Merkle et
al., 2004; Young et al., 2007). Therefore, it is tempting to speculate that PDGFRβ
might be an inducer of neural stem cell function in embryonic and adult brains.
Further studies will be needed to draw parallels between embryonic and adult
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PDGFRβ+ NSCs, and what role this receptor has within these populations.

5.3

PDGFRβ expression pattern in the V-SVZ NSC niche is unique within

the brain
The finding that PDGFRβ is expressed by hGFAP::GFP+ cells within the
V-SVZ prompted me to assess whether hGFAP::GFP+ cells in other regions of
the brain also express this receptor. Gensat BACPdgfrb::GFP mice and Allen Brain
Atlas in situ hybridizations showed PDGFRβ expression throughout the brain in
cells other than the vasculature. RNA-seq data of cortical astrocytes from Zhang
et al. (2014) and our own also showed that these cells are enriched for Pdgfrb
mRNA. When I performed immunostainings for PDGFRβ in these different
astrocyte populations I observed that they possessed PDGFRβ protein, but
interestingly the pattern of immunolabeling was different in other regions when
compared to the V-SVZ. V-SVZ astrocytes have highly enriched PDGFRβ
expression localized to the membrane of their cell body and processes, whereas
other brain astrocytes presented with granular PDGFRβ staining. Since PDGFRβ
has been reported to be in synapses of various neuronal populations, I
performed immunostaining for synapsin to see if any presynaptic terminals colocalized with these PDGFRβ granules, but they did not. Therefore, it’s likely that
these PDGFRβ+ granules correspond to PDGFRβ that has been internalized in
endosomes.
Further experiments are needed to confirm this hypothesis, but the
possibility that PDGFRβ location is regulated differently within various astrocyte
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populations could serve as a mechanism for the difference in neurogenic
potential between V-SVZ and other brain astrocytes. Indeed, internalization of
PDGFRβ has been reported to 1) decrease the amount of receptor available on
the surface to interact with PDGF ligands, while 2) linking the receptor to different
sets of effector molecules from those available on the cell membrane, leading to
altered signaling pathways (Heldin and Lennartsson, 2013; Nakayama et al.,
2013; Sundberg et al., 2009). Thus, elucidating what the binding partners and
downstream signals are for PDGFRβ in V-SVZ astrocytes versus astrocytes in
other regions will be important in determining the specific role this receptor has in
promoting adult neurogenesis. Molecules enriched in the PDGFRβ+ NSCs that
are known to interact with PDGFRβ included NHERF-1 and N-Cadherin, and
some genes reported to be transcriptionally regulated by PDGFRβ were
differentially expressed between the different V-SVZ populations (Appendices II.1
and II.2). Further analyses of the RNA-seq data generated by this study will help
find additional candidates to be tested.
Related to this, we observed by RNA-seq that molecules involved in
promoting PDGFRβ internalization were relatively enriched in both the cortex and
EGFR+ cells (TC-PTP), or just the EGFR+ populations (SHP-2), compared with
the PDGFRβ+ EGFR- cells (Appendix II.6). Conversely, Ephrin-B2, which recently
was shown to promote the maintenance of PDGFRβ on the plasma membrane
by shuttling the receptor to caveolin-rich membrane domains (Nakayama et al.,
2013), was relatively enriched in the V-SVZ cells compared to cortical astrocytes.
Nakayama et al. (2013) showed that in vascular smooth muscle cells PDGFRβ is
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maintained on the membrane by Ephrin-B2 until the EphB4 receptor binds
Ephrin-B2, releasing PDGFRβ and allowing it’s internalization. Therefore, it was
intriguing to find that the EphB2 and EphB3 receptors, two of the cognate
receptors of Ephrin-B2, are relatively enriched in EGFR+ NSCs and cortical cells,
respectively. EphB3 was also present in PDGFRβ+ EGFR- NSCs. Ephrins and
their receptors are a large family of proteins with complicated bidirectional
signaling and interactions with multiple pathways. Ephrins have been implicated
with inhibiting proliferation of V-SVZ NSCs, as well as promoting inhibitory
environnments for neurogenesis throughout the cortex (Conover et al., 2000;
Jiao et al., 2008; Ottone et al., 2014; Ricard et al., 2006; Theus et al., 2010).
Therefore, I hypothesize that future studies into the interaction of these receptorligands with PDGFRβ in the V-SVZ could shed light into possible molecular
mechanisms regulating neurogenesis in the adult brain.

5.4

PDGFRβ+ astrocytes correspond to both quiescent and activated

NSCs
One open question in the adult neurogenesis field is what proportion of
astrocytes within the mammalian V-SVZ are actually stem cells, and how many
are niche (or post-mitotic) cells. Initial estimates put the number of slowly-cycling
NSCs between 0.2-0.4% of cells , with more recent studies estimating a similar
ratio of 0.5% of cells (Nam and Benezra, 2009). From the PDGFRβ FACS data,
hGFAP::GFP+ CD24- cells comprise around 10% of all live cells, and 5% of these
are GCE cells, of which around 50% are PDGFRβ+, giving an estimate of 0.25%
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of all V-SVZ cells being GCE PDGFRβ+. Given that PDGFRβ+ GCE are
proliferating, but they do so with slower kinetics than the PDGFRβ- GCE, these
cells likely correspond to the slow-cycling cells reported by others (Ahn and
Joyner, 2005; Basak et al., 2012; Costa et al., 2011; Daynac et al., 2013;
Giachino and Taylor, 2009; Kawaguchi et al., 2013; Li et al., 2012; Nam and
Benezra, 2009; Ponti et al., 2013). Importantly, however, both G and GC
populations, which together compose around 90% of hGFAP::GFP+ cells, contain
qNSCs which are capable of generating progeny in vitro and in vivo (Codega et
al., 2014). This raises the intriguing possibility that the number of stem cells
might be higher than originally estimated, with the vast majority of NSCs being in
a quiescent state, and the slow-cycling cells capable of incorporating and
retaining thymidine analog labeling corresponding to a small subset of PDGFRβ+
EGFR+ NSCs.
It will be important for future studies to establish the relationship between
all the reported populations of slow-cycling cells in the adult V-SVZ, which likely
represent a continuum of NSC activation, rather than mutually exclusive
categories. For example, Giachino et al. (2013) identify three populations of
proliferative BLBP+ cells, two of which are NSCs, whereas we only identify two
populations of EGFR+ cells, one of which corresponds to aNSCs. Therefore, it is
likely that two of their BLBP+ populations are contained within one of our EGFR+
populations. Understanding how these and other populations relate to each other
will provide clues to the molecular pathways involved in NSC activation, and will
help find better ways of harnessing these cells for in vivo and in vitro
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experiments.
In humans, neurogenesis in the V-SVZ declines shortly after infancy, with
only a small amount of neurons being formed in adults (Ernst et al., 2014; Sanai
et al., 2011). It is not known whether this is due to an increase in the amount of
qNSCs present in the niche, or whether it’s due to a loss of the NSC populations
altogether. Here we showed that around 90% of V-SVZ hGFAP::GFP+ cells are
PDGFRβ+, and that the vast majority of these are in a quiescent state. Lui et al.
(2014) recently showed that PDGFRβ in the mouse embryonic brain is restricted
to the LGE, which are the precursors to the adult V-SVZ NSCs, whereas in
human embryos PDGFRβ is found in radial glia throughout the developing brain.
Interestingly, PDGF-DD is expressed by human, but not mouse, radial glia, and it
directs the expansion of the neocortex seen in humans, presumably through
autocrine stimulation of radial glial PDGFRβ (Lui et al., 2014). From our RNA-seq
data, PDGF-B and PDGF-D are not expressed by adult mouse V-SVZ NSC,
indicating that similar differences as those observed in the embryonic human and
mouse brains could still be in effect in adult systems. Given the association
between PDGFRβ and neurogenic cells in the adult mouse brain, it will be
important to determine whether the adult human V-SVZ contains PDGFRβ+ cells,
and whether the decrease in neurogenesis observed in humans is due to
changes in these cells.

5.5

PDGFRβ promotes the formation of progeny by V-SVZ NSCs
In Chapter 4, I deleted PDGFRβ in the adult hGFAP::GFP+ cells of
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transgenic mice. These studies showed a decrease in the formation of
proliferative progenitor cells (EGFR+ or Dcx+) with an accompanying increase in
quiescent GFAP+ cells in contact with the ventricle. Additionally, in longer time
points (180 dpi), this decreased proliferation seemed to have protected the NSCs
from the depletion of neurogenesis seen in older mice. The simplest explanation
for these findings would be that PDGFRβ mediates a proliferation signal for adult
NSCs, but given that the majority of PDGFRβ+ NSCs are in a quiescent state in
vivo and that culturing purified cells in PDGF alone does not make the cells
proliferate, as seen by myself and others (Whittemore et al., 1999), alternative
explanations are required (Figure 5.1).
One possible explanation is that PDGF ligands within the niche could be
bound to heparin sulfate proteoglycans (HSPGs), creating local gradients
important for the positional identity of NSCs. PDGFRβ on the surface of NSCs
could bind the PDGF ligands, promoting their contact with different niche
components required for their eventual activation into proliferative cells. In this
scenario, loss of PDGFRβ would lead to the cells losing their positional identity,
resulting in them moving into the ependymal compartment of the V-SVZ, which
promotes their quiescence (Delgado et al., 2014; Kokovay et al., 2012; Porlan et
al., 2014). Preliminary experiments where I grew PDGFRβΔ cells on fibronectin
and poly-D-lysine showed that cells had decreased proliferation or decreased
adhesion to the plates, supporting this model of altered interactions with ECM
molecules. Additional support of the interaction between PDGFRβ and the ECM
comes from our RNA-seq data, which showed that PDGFRβ+ NSCs are enriched
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in ECM molecules such as laminin, and receptors for these molecules, like
integrin-aV and integrin-b8. Additional work will be required to determine whether
PDGF gradients actually exist within the V-SVZ niche, and whether there is a
change in these in PDGFRβΔ mice.
Another possible mechanism is that PDGFRβ might be promoting a
transcriptional profile required for adult neurogenesis to occur. Transcription
factors expressed during postnatal and adult neurogenesis, such as inhibitors of
DNA binding 1 and 3 (Id1 and Id3) (Nam and Benezra, 2009; Niola et al., 2012),
have been proposed to be downstream of PDGFRβ signaling (Fambrough et al.,
1999), and are enriched by RNA-seq in our purified NSC populations. Deletion of
these transcription factors in postnatal mice leads to a decrease in NSC
proliferation and detachment of NSCs from the vascular niche (Niola et al.,
2012), indicating that they are important in the function of NSCs by promoting
interactions with their environment. Additional experiments are needed on our
PDGFRβΔ mice to test whether there is change in Id or related proteins after
tamoxifen treatment.
Another transcription factor which could be involved in the observed
phenotype of PDGFRβΔ mice is tailless (Tlx). Tlx is an important transcription
factor in the formation and maintenance of adult SGZ and V-SVZ NSCs (Li et al.,
2012; Li et al., 2008; Shi et al., 2004), and it has also been implicated in the
maintenance of glioblastomas cancer stem cells (CSCs) (Zhu et al., 2014).
Interestingly, deleting Tlx in adult brains leads to a similar phenotype as the one
in our PDGFRβΔ mice, whereby there is an increase in GFAP+ cells accompanied
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by a decrease in progenitor cells (Li et al., 2012). Although no direct link has
been shown between PDGFRβ and Tlx expression, gliomas formed from PDGFBB overexpression have high numbers of Tlx+ CSCs (Zhu et al., 2014), and
overexpression of PDGF-BB or Tlx in GFAP+ cells of p53-/- mice leads to the
formation of infiltrative tumors with very similar characteristics (Hede et al., 2009;
Liu et al., 2010). Given the relative enrichment of PDGFRβ and Tlx in the adult VSVZ, and the similarity between their mutant phenotypes, further studies are
warranted to probe for any interactions between these two molecules during
neurogenesis and cancer formation.
An intriguing possibility is that PDGFRβ might have different functions in
different cells within the NSC lineage. As was previously mentioned, PDGFRβ
associated with different membrane domains can have dramatically different
effects in the same cell. Additionally, the function within a cell will also depend on
what other effector proteins that interact with PDGFRβ are expressed in that cell.
PDGFRβ+ EGFR- cells are enriched in molecules that have been shown to
interact with PDGFRβ in adherens junctions, such as NHERF-1 and N-Cadherin,
whereas PDGFRβ+ EGFR+ cells are enriched in molecules known to promote
PDGFRβ-mediated proliferation, such as MAP kinases and PLC-γ. In addition, as
mentioned above, molecules that can shuttle PDGFRβ between different cellular
compartments, like Ephrin-B2 and tyrosine phosphatases, seem to be differential
expressed between the different NSC populations. Although none of these
pathways is restricted specifically to the PDGFRβ signaling cascades, it is
tempting to speculate that PDGFRβ on qNSCs might promote their interaction
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with the niche through molecules like cadherins and integrins, and that when
these cells become activated, the PDGFRβ protein on the aNSCs then switches
to promote activation of cascades required for proliferation or self-renewal. This
mechanism could explain why we see a change in the position of GFAP+ qNSC,
together with a decrease in aNSCs and their downstream progenitors. It could
also explain why aNSCs have decreased expression of PGDFRβ compared with
qNSCs, as effectors downstream to PDGFRβ provide inhibitory feedback loops
on the receptor’s expression in proliferative mesenchymal cells (Andrae et al.,
2008; Heldin and Westermark, 1999). Further studies will be required to identify
the specific pathways PDGFRβ interacts with in adult NSCs, and whether these
differ depending on the proliferative state of the cells.
One possibility that was not addressed by my experiments is whether
PDGFRβ promotes neurogenesis versus oligodendroglionesis by adult V-SVZ
NSCs. PDGF signaling has been reported to promote neuronal differentiation of
precursors grown under certain in vitro conditions (Ishii et al., 2008; Xu et al.,
2013), and embryonic deletion of PDGFRβ in Nestin+ neural precursors lead to
the loss of specific populations of neurons throughout the brain (Nguyen et al.,
2011; Zhao et al., 2013). Given that PDGFRβ is expressed by about 90% of
hGFAP::GFP+ cells within the V-SVZ niche, it will be important to determine
whether NSCs capable of forming OPCs are contained within the PDGFRβ+
populations, or whether they constitute a separate population of cells.
From my immunolabeling assays I determined that none of the PDGFRα+
or NG2+ OPCs are co-immunostained for PDGFRβ, and RNA-Seq data showed
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that none of the PDGFRβ+ populations were enriched for mRNA of these
molecules. Lineage tracing experiments using a PDGFRβ::iCre plasmid showed
that PDGFRβ+ cells give rise to neurons in the OBs, but I did not detect any
labeled cells in the striatum or the corpus callosum, the two regions where OPCs
migrate to from the V-SVZ (Menn et al., 2006). However, these experiments are
not sufficient to eliminate the possibility of PDGFRβ+ cells giving rise to
oligodendrocytes, given the low number of NSCs labeled with this protocol.
Interestingly, Jackson et al. (2006) performed lineage tracing of PDGFR+
astrocytes using an adeno associated virus 5 (AAV-5), which infects cells using
PDGFRs (both α and β) as receptors for transduction (Di Pasquale et al., 2003).
In their study, Jackson and colleagues observed labeled OB neurons and corpus
callosum oligodendrocytes following transduction with AAV-5 in adult mice, and
concluded that PDGFRα+ NSCs in the V-SVZ were giving rise to these different
populations (Jackson et al., 2006). However, given that the presence of
PDGFRα+ NSCs has not been confirmed by us and others (Chojnacki et al.,
2011), it is possible that the populations observed by Jackson and colleagues
were a result of AAV-5 transduction of adult NSCs through PDGFRβ. In order to
correctly determine the full lineage of PDGFRβ+ NSCs, careful lineage tracing
studies will have to be done using PDGFRβ::CreERT2 mice to label the V-SVZ
NSCs in the adult.
Further experiments will have to be performed to fully comprehend the
function of PDGFRβ in the adult V-SVZ. Particularly, the use of CreERT2 mice is
limited in that it generates mosaic populations of cells with respect to the deletion
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of the gene. Thus, it is difficult to determine whether the effect seen in these mice
is due to cells which deleted both or just one of the alleles of PDGFRβ.
Additionally, following deletion of the two extracellular IgG domains the truncated
receptor might still be expressed and shuttled to the membrane, where the
intracellular domain could interact with its binding partners through PDGFindependent mechanisms. Moreover, although I did not observe changes in
apoptosis in PDGFRβΔ mice at 30 dpi, I also did not assess for it at the shorter
time points (0 and 3 dpi). Careful analysis addressing these caveats will be
required to better comprehend the observed phenotype. Future studies using
combinations of ligand and PDGFR inhibitor infusions, and expression of
constitutively active isoforms of PDGFRβ (PDGFRβD850V and TEL-PDGFRβ) will
help fully understand the role of this receptor in adult neurogenesis.
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Figure 5.1 Hypotheses for the function of PDGFRβ in adult V-SVZ
neurogenesis
A key step in adult neurogenesis is the activation of quiescent NSCs (dark blue)
to become actively proliferating NSCs (turquoise). NSCs also undergo selfrenewal and differentiation into neurons, oligodendrocytes or astrocytes.
PDGFRβ may act at several steps in adult NSC regulation. A-B, PDGFRβ may
promote (A) or inhibit (B) the shift from quiescent to activated NSCs. C, PDGFRβ
may regulate the self-renewal of NSCs, or maintain a pro-stem cell transcriptional
program. D, PDGFRβ may promote survival / inhibit apoptosis in V-SVZ NSCs.
E, Finally, signaling through PDGFRβ may affect cell fate, by promoting
differentiation into neurons (Y), oligodendrocytes (Z) or astrocytes (X).
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Chapter 6

Materials and Methods

Animal use
Two to three month-old CD1 (Charles River), hGFAP::GFP (Zhuo et al., 1997;
Jackson Labs), R26RCAG-tdTomato (Jackson Labs), or hGFAP::CreERT2; R26RCAGtdTomato

; PDGFRβFloxed triple transgenic mice (see below) were used in

accordance with institutional guidelines.

Immunostaining
Whole mounts and coronal sections were prepared as previously described
(Doetsch and Alvarez-Buylla, 1996; Doetsch et al., 1999a; Mirzadeh et al., 2010).
For in vivo quantification of EGFR in pinwheels, whole mounts were first
incubated overnight in anti-EGFR antibody (sheep 1:200, Upstate) diluted in PBS
with no Triton X-100. The following day whole mounts were washed in PBS with
no Triton X-100, incubated in anti-sheep secondary antibodies, washed again
and then fixed in 4% paraformaldehyde for 1 hr. Additional immunostainings
requiring Triton X-100 permeabilization were performed after this fixation. For
EGF-ligand labeling, 0.5 µl of EGF-A647 (40 µg/ml, Invitrogen) was
stereotaxically injected into the ventricle of deeply anesthetized mice 10 minutes
before sacrifice, as previously described (Pastrana et al., 2009). For acute
immunostaining, cells were FACS purified (see below), plated for 2 hours without
mitogens on 16-well glass slides coated with poly-D-lysine (PDL, 10µg/ml,
Sigma) and fixed with 4% paraformaldehyde for 30 min. All immunocytochemistry
requiring permeabilization was performed using PBS with 0.1% Triton X-100.
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The following antibodies were used: rat anti-PDGFRβ (1:200, eBioscience);
rabbit anti-PDGFRβ (1:200, Cell Signaling); rabbit anti-PDGFRβ (1:100, Santa
Cruz); goat anti-PDGFRβ (1:100, R&D Systems); rat anti-PDGFRα (1:100,
eBioscience); rabbit anti-GFP (1:500, Invitrogen); sheep anti-GFP (1:200, AbD
Serotec); rat anti-GFP (1:500, Nacatai Tesque, Inc); mouse anti-GFAP (1:200,
Millipore); rabbit anti-GFAP (1:500, DAKO); rat anti-GFAP (1:500, Invitrogen); rat
anti-CD133 (1:100, Chemicon); mouse anti-β-Catenin (1:200, BD Bioscience);
sheep anti-EGFR (1:200, Upstate); rabbit anti-EGFR (1:200, Millipore); rabbit
anti-EGFR (1:200, abcam); mouse anti-βIII Tubulin (Tuj1,1:500, Covance); rabbit
anti-S100β (1:1000, DAKO); guinea pig anti-GLAST (1:1000, Chemicon); goat
anti-MCM2 (1:100, Santa Cruz Biotechnology); rabbit anti-Laminin (1:200,
Sigma); mouse IgM anti-O4 (1:500, Chemicon); mouse anti-Nestin (1:5, rat-401
DSHB); mouse anti-Acetylated Tubulin (1:2000, Sigma); goat anti-doublecortin
(Dcx, 1:100, Santa Cruz); rabbit-anti NG2 (1:100, Millipore); rabbit-anti Ki67
(1:1000, abcam); rabbit anti-phospho-histone 2AX (PH2AX, 1:100, Cell
Signaling); rabbit anti-cleaved caspase 3 (1:100, Cell Signaling); rat anti-CD13
(1:500, abcam); mouse anti-NeuN (1:100, Millipore); rabbit anti-Calretinin
(1:1000, Swant); rabbit anti-Olig2 (1:100, Millipore). All immunostainings were
performed in PBS with 10% normal donkey serum and 0.5% Triton X-100, except
for Upstate EGFR staining (no Triton X-100; used for in vivo quantification of
EGFR in pinwheels). Secondary antibodies used were Alexa fluor-conjugated
(1:1000, Jackson ImmunoResearch Laboratories) or Cy- or DyLight-conjugated
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(1:500, Jackson ImmunoResearch Laboratories). Tissues and cell were
counterstained with DAPI. Imaging was performed with Zeiss LSM 510 Meta and
Leica TCS SP5 II confocal microscopes.

Cloning PDGFRβ plasmids
The PDGFRβ promoter was cloned from mouse genomic DNA using the
following primers:
AseI F 5’-GCCATTAATGCTGGGTCAGGCACTCC-3’
XhoI R 5’-ATACTCGAGCTCCGGGAGGAGCGGAGCA-3’
The region amplified by these primers contained a CCAAT motif in the promoter
necessary to drive a luciferase assay, as reported by Ballagi et al. (1995). In
order to insert the promoter into the CherryPicker (Clontech) membrane-bound
mCherry expression vector I had to perform site-directed mutagenesis (sdm) to
remove an AgeI site from the promoter. For this I used the QuickChange SiteDirected Mutagenesis kit (Stratagene) and the following primers:
sdmF 5’-GCACACAGTACCGGCCCTCAGGTCCTCAAAC-3’
sdmR 5’-GTTTGAGGACCTGAGGGCCGGTACTGTGTGC-3’
The promoter with the point mutation was inserted into the CherryPicker vector
using XhoI and AgeI restriction sites and the following primers:
XhoIF 5’-CACCTCGAGACCGCTGGGTCAGGCACTCC-3’
AgeIR 5’-ATAACCGGTCTCCGGGAGGAGCGGAGCA-3’
In order to generate PDGFRβ::iCre plasmids, the sequence encoding mCherry in
the PDGFRβ::mCherry vector was removed with AgeI and NotI restriction
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enzymes, and replaced with the sequence for iCre cloned from a lentiviral-iCre
construct and digested with the same enzymes.

Electroporation
The electroporation protocol was adapted from Barnabé-Heider et al. (2008).
Briefly, 1 µl of a solution containing 5 mg/ml of plasmid in 0.9% saline was
injected into the ventricle using the following coordinates relative to bregma:
anterior-posterior, 0.0; lateral, 0.85; ventral, -2.5 mm. Holding the cathode of a
square electroporator towards the ipsilateral V-SVZ, five 200 V electrical pulses
of 50 ms duration were administered, with 950 ms of pause between each.
Electroporation of PDGFRβ::mCherry plasmid was performed on CD1 or
hGFAP::GFP mice, and these were sacrificed 7 days post electroporation (dpe).
Electroporation of PDGFRβ::iCre plasmid was performed on R26RCAG-tdTomato
mice, which were sacrificed 10 dpe.

FACS
The SVZs from two to three month-old heterozygous hGFAP::GFP mice or wildtype CD-1 mice were dissected, digested with papain (Worthington, 1,200 units
per 5 mice, 10 min at 37°C) in PIPES solution [120 mM NaCl, 5 mM KCl, 50 mM
PIPES (Sigma), 0.6% glucose, 1x Antibiotic/Antimycotic (Gibco), and phenol red
(Sigma) in water; pH adjusted to 7.6] and mechanically dissociated to single cells
after adding ovomucoid (Worthington, 0.7 mg per 5 mice) and DNAse
(Worthington, 1,000 units per 5 mice). Cells were centrifuged for 10 min at 4°C
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without brakes in 22% Percoll (Sigma) to remove myelin. Cells were then
incubated for 15 min in Functional Grade rat anti-PDGFRβ (1:40, eBioscience),
washed by centrifugation, and incubated for 15 min with Alexa Fluor 647conjugated

donkey

anti-goat

secondary

antibody

(1:200,

Jackson

ImmunoResearch). Cells were washed by centrifugation, incubated for 15 min in
PE-Cy7-conjugated rat anti-mCD24 (1:1000; BD Pharmingen), Alexa Fluor 555conjugated EGF (1:500; Molecular Probes) and biotinylated rat anti-mCD133
(1:300, clone 13A4, eBioscience), washed once again by centrifugation and
incubated for 15 min with Alexa Fluor 700-conjugated streptavidin (1:500;
eBioscience). All stainings and washes were carried out on ice in 1% BSA, 0.1%
Glucose HBSS solution. To assess cell viability, 4’,6-diamidino-2-phenylindole
(DAPI; 1:1000; Sigma) was added to the cells before sorting. All cell populations
were isolated in a single sort using a Becton Dickinson FACS Aria II using 13 psi
pressure and 100-µm nozzle aperture. Cells were collected in neurosphere
medium (details below) without growth factors. Gates were set manually using
single-color control samples. Data were analyzed with FlowJo 9.3 data analysis
software and displayed using biexponential scaling.

In vitro assays
Cells were grown in Neurosphere (NS) medium [DMEM/F12 (Life Technologies)
supplemented with 0.6% Glucose (Sigma), 1x Hepes (Life Technologies), 1x
Insulin-Selenium-Transferrin

(Life

Technologies),

1x

Antibiotic/Antimycotic

(Gibco), N-2 (Life Technologies) and B-27 (Life Technologies) supplements] in
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the following conditions: no growth factors; 20 ng/ml EGF (Upstate); 60 ng/ml
PDGF-BB (Prospec) or 33 ng/ml recombinant human PDGF-DD (R&D Systems);
or 20 ng/ml EGF and 60 ng/ml PDGF-BB or recombinant human PDGF-DD. For
proliferation assays, each sorted population was centrifuged after FACS for 10
min at 1300 rpm at 4°C and seeded in NS medium at a density of 700 cells/well
in 500 µl of medium (density of 1.4 cell/µl) in 24 well plates. To assess FACS
sorting efficiency, cells were counted in a control well and this value was used to
normalize cell number across the plate. For quantification of activated clones,
cells were counted 2 days after plating and clusters of two or more cells with
large, bright, refractant cytoplasm were counted as activated clones. For
neurosphere passaging, the total content of each well was collected and
dissociated with 3 mg (600 units) of papain for 10 min at 37°C. Ovomucoid
inhibitor (Worthington, 0.7 mg) and DNAse (Worthington, 0.5 mg) were added
and cells dissociated to single cells by mechanical dissociation. Live dissociated
cells were counted by incubating in Trypan Blue (Invitrogen, 1:1000) and
counting unlabeled cells in a hemocytometer. For total cell number counts (live
and dead), the cell suspension was plated and incubated 30 min at 37°C with
Vibrant Dye and DAPI (both at 1:1000) and total cells were counted. For
differentiation assays, neurospheres were plated for 7 days in NS medium
without B-27 supplement nor growth factors, in a 16-well chamber glass slide
(Fisher Scientific) coated with poly-D-Lysine (Sigma, 0.01 mg/ml) and Laminin
(Invitrogen, 10 µg/ml). For flow cytometry of neurospheres, neurospheres were
collected and dissociated with papain, immunostained with antibodies and sorted
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at the flow cytometer as described in the FACS methods section.

Generation of hGFAP::CreERT2; R26RCAG-tdTomato; PDGFRβfloxed mice
All separate mouse lines were purchased as hemizygotes from Jackson
Laboratories. I first inbred PDGFRβfl/+ (Schmahl et al., 2008) to generate
homozygous PDGFRβfl/fl mice, which were then crossed with hemizygous
Rosa26CAG-tdTomato reporter mice. Progeny positive for the reporter allele were
inbred to generate mice homozygous for both alleles, and these were then
crossed with the GFAP::CreERT2 line (Ganat et al., 2006). To make triple
transgenic mice for experiments, I continued inbreeding the mice until I
generated either homozygous un-floxed (PDGFRβWT/WT) or homozygous-floxed
(PDGFRβfl/fl) mice that contained both CreERT2 alleles but had no tdTomato
reporter allele, and crossed these with mice of the corresponding PDGFRβ
genotype that contained no CreERT2 allele but that were homozygous for the
reporter. Therefore, the resulting progeny would be either GFAP::CreERT2WT/+;
Rosa26CAG-tdTomato/WT;

PDGFRβWT/WT

(PDGFRβWT;

unfloxed),

or

GFAP::CreERT2WT/+; Rosa26CAG-tdTomato/WT; PDGFRβfl/fl (PDGFRβΔ; homozygous
floxed).

Tamoxifen injections
Tamoxifen (Sigma) was diluted in 90% sunflower seed oil, 10% ethanol to a
concentration of 30 mg/ml. Mice were injected with 0.1ml for 3 consecutive days
and sacrificed at different points. To test for recombination efficiency, I genotyped
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neurospheres derived from single cells of PDGFRβfl/fl mice that were injected as
described above (see Appendix V). From this I determined that 10% of
neurosphere-forming cells had deleted both PDGFRβ alleles, and another 10%
had deleted only one of the PDGFRβ alleles. Considering the phenotype
observed in our experiments, it is likely that cells which deleted the PDGFRβ
gene can not be detected by the neurosphere assay, as they would proliferate
less and thus not form neurospheres. Additional experiments for genotyping the
sorted populations are underway at the time of writing this dissertation.

RNA-sequencing
RNA was isolated from cells using the PicoPure RNA Isolation Kit (Arcturus).
Cells were FACS purified as described above and sorted directly into extraction
buffer provided by this kit. We followed the manufacturer’s instructions to purify
the RNA from these cells. Given that qNSCs have low amounts of total RNA
(Codega et al., 2014) we amplified the RNA into cDNA using the SMARTer Ultra
Low Input RNA for Sequencing-v3 kit (Clontech). A tagged DNA library was
prepared from cDNA and this was sequenced in the Columbia University
Genome Center. Sequenced fragments were mapped and assembled using
TopHat and Cufflinks, and read counts and statistical analyses were performed in
R using the DESeq package from Bioconductor (Love et al., 2014).
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Appendix I PDGFRβ+ axons in the cortex

Appendix I. PDGFRβ+ axons in the cortex
A-D, immunolabeling for PDGFRβ (A, red), hGFAP::GFP (B, green), and CD13
(C, blue) in the cortex. D is merged image. Sparse PDGFRβ+ axons (arrowhead)
were observed throughout the cortex. I estimate that in one 50 µm-thick coronal
section there would be around 2-3 of these axons scattered throughout.
Interestingly, I never observed any clearly labeled PDGFRβ+ neuronal somas in
the cortex. Scale bar = 20 µm.
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Appendix II RNA-Seq Analysis of purified V-SVZ NSCs

Appendix II.1 Hierarchical clustering of purified populations based on their
expression of immediate early genes (IEGs) downstream of PDGFRβ
(Fambrough et al 1999)
A, Genes relatively enriched in the PDGFRβ+ EGFR- cells of the V-SVZ (pink
dendogram and pink names) include Myc, Id3, Actn4, and Zfp36. Additional
genes known to be important in NSC function are shown in blue. B-D, Select
IEGs that follow a pattern of expression similar to Pdgfrb include Myc (B), Vegfa
(C), and Id3 (D) (n=3; ***adjusted p<0.001; mean±SEM).
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Appendix II.2 Hierarchical clustering of purified NSCs based on their
expression of putative PDGFRβ IEGs (Chen et al 2004)
A, A different set of IEGs shows a similar pattern of expression as in Figures
3.20 and 3.21. B-C, Select genes that exhibit the expression pattern predicted to
be downstream of PDGFRβ include Myo1e (B) and Cdh11 (C) (n=3; ***adjusted
p<0.001; mean±SEM).
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Appendix II.3 RNA-seq expression analysis of the PDGF ligands
A-D, RNA expression analysis for Pdgfa (A), Pdgfb (B), Pdgfc (C), and Pdgfd (D)
shows that V-SVZ populations are enriched for PDGF ligands that interact with
PDGFRα (Pdgfa and Pdgfc), whereas they don’t express those that interact with
PDGFRβ (Pdgfb and Pdgfd). Only cortical astrocytes expressed Pdgfd (n=3;
*adjusted p<0.05, ***adjusted p<0.001; mean±SEM).
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Appendix II.4 Expression of PDGF ligands by the choroid plexus
A, Diagram of the ventricular system with a picture of the lateral ventricle choroid
plexus. B, Microarray analysis of choroid plexus mRNA showing relative
enrichment for Pdgfa, Pdgfc, and Pdgfd. C, Antibody array analysis of choroid
plexus conditioned medium shows the presence of PDGF-AA and low amounts
of PDGF-AB/BB.
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Appendix II.5 Select genes upstream of PDGFRβ
A-C, Known transcriptional regulators of PDGFRβ include Cebpd (A), NF-Yb (B),
and Sp1 (C). D-E, Metalloproteinases involved in activating PDGF-DD include
Adam17 (D) and Mmp14 (E) (n=3; *adjusted p<0.05, ***adjusted p<0.001;
mean±SEM).
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Appendix II.6 Select genes involved in controlling PDGFR signaling and
internalization
A-D, Select genes involved in promoting the internalization of PDGFRβ, such as
Ptpn2 (A), Ptpn11 (B), and Ephb2 (D) are relatively decreased in the PDGFRβ+
EGFR- V-SVZ NSCs, whereas Efnb2, which has been implicated in reducing
PDGFRβ internalization, is relatively enriched in V-SVZ cells (C). (n=3; *adjusted
p<0.05, ***adjusted p<0.001; mean±SEM).
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Appendix II.7 Hierarchical clustering of purified NSCs based on their
expression of effector molecules downstream of PDGFRβ
A, Hierarchical clustering analysis shows that PDGFRβ+ EGFR+ V-SVZ NSCs
express effector molecules involved in integrating PDGFRβ signaling to cell-cell
adhesions or the ECM, such as integrins and cadherins (pink dendogram and
names), whereas EGFR+ populations are enriched in effector molecules involved
in cell cycle progression, such as MAP kinases and PI3 kinases. B-C, NHERF-1
(B) and N-Cadherin (C) are two of the possible effector molecules that show the
same expression pattern as PDGFRβ in the V-SVZ cells (n=3; *adjusted p<0.05,
**adjusted p<0.01; mean±SEM).
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Appendix III Modified sort protocol for purifying PDGFRβ+ NSCs

Appendix III. Modified sort protocol for purifying PDGFRβ+ NSCs
I devised a modified sorting protocol labeling for PDGFRβ and EGFR that allows
the enrichment of high numbers of quiescent NSCs from relatively few mice.
A, CD24- hGFAP::GFP+ cells can be divided into 4 main populations: PDGFRβEGFR- (G-Pβ-), PDGFRβ+ EGFR- (G-Pβ+), PDGFRβ+ EGFR+ (GE-Pβ+), and
PDGFRβ- EGFR+ (GE-Pβ-). B, Multigraph overlay showing most of G and GC are
contained within the PDGFRβ+ EGFR- population. C, quantification of the four
PDGFRβ/EGFR populations. Most of the cells are contained within the PDGFRβ+
EGFR- population. D-E, acute immunostaining for Ki67 (D) and Tuj1 (E).
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Appendix IV Genotyping of PDGFRβΔ neurospheres

Appendix IV. Genotyping of PDGFRβΔ neurospheres
Tamoxifen injection titratrions were performed to assess efficiency of
recombination in neurosphere-forming cells of PDGFRβfl/fl mice. Mice were
injected with one of three combinations: 1) 1 mg of tamoxifen per day for 3 days,
2) 3 mg of tamoxifen on the first day, followed by 1 mg per day for 4 consecutive
days, or 3) 3mg per day for 3 days. Cells were purified by FACs and plated as
single cells. Once neurospheres were large enough, DNA was extracted and
genotyped for deletion of the gene (arrows). Some cells deleted both PDGFRβ
alleles (**), other deleted only 1 (*), and yet others deleted none at all (no
asterisks). Each lane represents a single neurosphere. There are 4 gels for the
1mgX3days group, and 1 gel each for the others.
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Appendix V Codega et al., 2014
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