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ABSTRACT
In the ventral forebrain, the processes governing self-renewal of neural stem
cells (NSCs) and their generation of oligodendrocytes are poorly understood.
Studies of Notch and glycoprotein 130 (gpl 30) signaling suggest that they are
involved in the self-renewal of some stem cell populations. In this thesis, Iask
whether Notch signaling regulates the self-renewal of ventral forebrain epidermal
growth factor (EGF)-responsive NSCs. Ialso ask whether gpl 30 signaling
regulates Notch activity in EGF-responsive NSCs. Antisense oligonucleotides for
Notch 1, and inhibition of Notch with ay-secretase inhibitor of its proteolytic
activation, reduced the self-renewal and proliferation of EGF-responsive NSCs.
Activation of gpl3o signaling by ciliary neurotrophic factor increased Notch I
expression in NSCs in vitro and in vivo. Upregulation of Notch Iexpression was
followed by an increase in its activation, indicated by Tumor Necrosis Factor-a
converting enzyme- and Presenilin-mediated processing. This is the first
example of alink between gpl3o signaling and Notchi in the regulation of NSC
self-renewal.
This thesis also explores the lineage restriction of forebrain
oligodendrocyte progenitors. Previous studies suggested that oligodendrocytes
are produced by glial-restricted progenitors. However, recent work infers that
both neurons and oligodendrocytes arise from acommon progenitor. To
investigate this latter possibility, putative platelet-derived growth factor (PDGF)responsive oligodendrocyte progenitors were isolated from the embryonic ventral

forebrain. Under clonal conditions, these progenitors produced both neurons
and oligodendrocytes, confirming the findings of the later studies.
Iwent on to characterize the properties of PDGF-responsive progenitors.
Their differentiation into oligodendrocytes was enhanced by thyroid hormone,
whereas bone morphogenetic protein-2 promoted neuronal differentiation.
Manipulation of Sonic hedgehog signaling demonstrated its requirement in the
proliferation of PDGF-responsive progenitors. Primary EGF-responsive NSCs
could also generate PDGF-responsive progenitors with proliferation and
differentiation characteristics similar to primary PDGF-responsive progenitors.
However, examination of the ontogeny of fibroblast growth factor-, PDGF- and
EGF-responsive precursors, suggests that EGF-responsive NSCs do not
generate early PDGF-responsive progenitors in vivo. In sum, the results suggest
that forebrain PDG F-responsive progenitors also contribute to neurogenesis.
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Results sections 111.1 and 111.2 include work from the article:
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I. INTRODUCTION

I

1.1 NEURAL STEM CELLS IN NEURAL DEVELOPMENT

I. 1.! Precursors, progenitors and neural stem cells
Early in gastrulation, neuroectoderm is induced from ectoderm by antagonism of
bone morphogenetic protein (BMP) signaling (reviewed by Bainter et al., 2001).
The resultant neural tissue is the source of precursor cells that participate in the
generation of the adult central nervous system (CNS). Precursor cells can be
classified either as progenitor cells, which are restricted in their potential to
produce neurons or glia and posses alimited self-renewal capacity; or neural
stem cells (NSCs), which are unlimited in their self-renewal capacity and have
the potential to produce neurons, astrocytes and oligodendrocytes. It is thought
that cells in the early embryonic neuroepithelium are primarily NSCs. As
development progresses, their numbers are diluted by the production of
restricted progenitors and differentiated cells. For example, in the embryonic day
8(E8) rat spinal cord over 50% of the cells are NSCs, whereas at El 2their
numbers drop to 10% and to 1% by postnatal day I(Kalyani et al., 1997; Kalyani
et al., 1998). Nevertheless, NSCs remain postnatally in other regions of the
central and peripheral nervous systems, such as the adult olfactory epithelium
(Mumm et al., 1996), the subgranular zone of the hippocampus (Palmer etal.,
1997), and the periventricular area of the forebrain lateral ventricles (also

referred to as the subependymal zone or subventricular zone {SVZ}) (Reynolds
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and Weiss, 1992).
In contrast to hematopoietic stem cells that can produce all the constituent
cell types of the blood (Smith, 2003), the potential of NSCs appears to be
regionally specified. For example, when SVZ progenitors, which normally
produce neurons destined for the olfactory bulb (Luskin, 1993; Lois and AlvarezBuylla, 1994), were transplanted into E15 lateral ventricles, they could not
produce hippocampal neurons (Lim etal., 1997). Nevertheless, these
progenitors could generate neurons within other regions of the brain such as the
midbrain and thalamus. Embryonic NSCs isolated from the cortex, medial
ganglionic eminence (MGE), and midbrain/hindbrain area express region-specific
genes when cultured and passaged many times in vitro (Hitoshi et al., 2002b).
However, in the same study zfd1x4/d1x6-enhancer-d riven Iacz expression, usually
confined to the ventral forebrain, could be induced in midbrain neurospheres cocultured on MGE slices. Thus, even though NSCs are regionally specified, this
specification can be altered by local cues.

I. 1.!! Two distinct models for the study of NSCs
The proliferation of embryonic neural precursors can be stimulated using a
variety of epigenetic signals, such as fibroblast growth factor-2 (FGF2)
(Gensburger etal., 1987; Murphy etal., 1990; Lillien and Cepko, 1992; Vescovi
etal., 1993), epidermal growth factor (EGF) (Reynolds et al., 1992; Reynolds and
Weiss, 1996; Weiss etal., 1996), transforming growth factor-a (TGFcx) (Anchan

etal., 1991), platelet-derived growth factor (PDGF) (Raff et al., 1988) and nerve
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growth factor (Cattaneo and McKay, 1990). The biology of NSCs can be studied

in vitro using two distinct culture methods. NSCs can be cultured as clones
adherent to substrates such as poly-L-lysine (Davis and Temple, 1994; Palmer et
al., 1997). Alternatively, they can be cultured in suspension, whereupon they
proliferate to produce clonally-derived aggregates of undifferentiated cells,
termed neurospheres (Reynolds and Weiss, 1992; 1996). Mechanically
dissociated neurospheres replated in growth factor containing media produce
secondary neurospheres. The number of secondary neurospheres generated is
ameasure of a NSC's capacity for self-renewal. This simple assay can therefore
be used to investigate mechanisms that govern the self-renewal of NSCs.
Dissociated cells, or intact neurospheres, can also be plated on poly-L-ornithine
coated glass coverslips, and the potential of NSC to produce various cell types
can be assessed under different proliferation and differentiation conditions.
Thus, NSCs at various stages of development can be studied using the
neurosphere culture system.

I. 1.1!! NSCs in the ventral forebrain
Two distinct populations of NSCs have been identified in the embryonic ventral
forebrain with the neurosphere culture system. These NSCs reside in the medial
and lateral aspects of the ganglionic eminence (GE). The NSCs proliferate in
response to either EGF or FGF2 (Tropepe etal., 1999). FGF-responsive NSCs
appear in the forebrain at E8.5 and are followed by EGF-responsive NSCs at

E12 (Tropepe etal., 1999). The observation that the number of EGF-

4

responsive NSCs is drastically reduced in FGF receptor I(FGFRI) null animals
suggests that FGF-responsive NSCs generate EGF-responsive NSCs (Tropepe
etal., 1999). In the adult, there appears to be only one NSC population resident
in the periventricular area of the lateral ventricles; these proliferate in response to
both FGF2 and EGF (Reynolds and Weiss, 1992; Craig etal., 1996; Kuhn etal.,
1997; Gritti etal., 1999). Fate mapping studies suggest that adult NSCs are the
remnants of NSCs that once populated the embryonic lateral ganglionic
eminence (LGE) (Wichterle et al., 2001; Stenman etal., 2003). Whether
embryonic EGF- or FGF2-responsive NSCs generate these later NSCs is
unknown.

!. 1./v Unresolved issues in NSC biology
Although active exploration of NSC biology is ongoing, several fundamental
questions remain to be addressed. Investigations into the factors that regulate
NSC self-renewal, particularly Notch signaling, suggest that their effects are
dependent on spatial and temporal context. For example, Notch signaling
promotes astroglial differentiation of dorsal neural precursors, but inhibits-the
differentiation of ventral precursors (Chambers etal., 2001; Hitoshi etal., 2002a).
Therefore, the factors that regulate NSC self-renewal must be addressed for
each different NSC population. There is also adeficit in the understanding of
lineage relationships between NSCs and progenitors. For instance, although
NSCs in the forebrain generate oligodendrocytes in vitro (Reynolds and Weiss,

1996; He et al., 2001) their production of oligodendrocytes in vivo during
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embryonic development has recently come into question (Lu etal., 2000; Zhou et
al., 2000; Lu et al., 2002; Zhou and Anderson, 2002). Even the lineage
relationships between astrocytes, oligodendrocytes, and neurons are now under
dispute. Further research into these areas will lead to amore complete
understanding of how NSCs participate in neural development. The following
sections examine what is known about NSC self-renewal and oligodendrocyte
production.

1.2 GLYCOPROTEIN 130 SIGNALING AND SELF-RENEWAL

1.2.1 Introduction to gpl3o
Glycoprotein 130 (gpl3o) is a 130 kDa membrane glycoprotein that belongs to
the class Icytokine receptor family. It was discovered by coimmunoprecipitation
with another class Icytokine receptor, interleukin-6 receptor (IL-6R) (Taga etal.,
1989; Hibi etal., 1990). On its own, IL-6R has alow affinity for the ligand
interleukin-6 (IL-6), but when stimulated it binds homodimers of gpl3o and forms
high affinity binding sites (Murakami etal., 1993). Although gpl3o has no active
catalytic domain, it activates Janus tyrosine kinases (JAKs), which are required
for signal transduction (Kishimoto etal., 1992; Kishimoto, 1994; Stahl etal.,
1994). gpl3O also mediates signaling initiated by IL-6 cytokine family members
such as leukemia inhibitor factor (LIF), ciliary neurotrophic factor (CNTF), and
oncostatin M (reviewed in Turnley and Bartlett, 2000).

The LIF/CNTF signaling pathway was among the first shown to be
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involved in stem cell self-renewal, specifically in embryonic stem (ES) cells
(Smith etal., 1988; Williams etal., 1988; Conover etaL, 1993). Like IL-6, LIF
and CNTF signal through gpl3O (lp etal., 1992). However, unlike IL-6, LIF and
CNTF bind to aLIF receptor-f3 (L1FR13)Igp13O complex, with or without athird
receptor component (Fig. 1). LIF initiates signaling through the dimerization of its
cognate receptor LIFRf3 with gpl3O, whereas CNTF signaling is mediated by a
heterotrimeric complex consisting of CNTF receptor-a (CNTFRa), LIFRJ3, and
gpl3O subunits (Ip etal., 1992; Ip etal., 1993; Stahl and Yancopoulos, 1994). In
either case, the dimerization of LIFRf3 and gpl3O activates JAKs and results in
signal transduction (Stahl etal., 1994).

1. 2.11 gp 130 signaling is transduced by JAKs
The dimerization of gpl3O and LIFRI3 induced by ligand binding causes the
phosphorylation and activation of JAKs constitutively associated with the
membrane-proximal domains of both receptor molecules (Stahl etal., 1994).
Activated JAK then phosphorylates tyrosine-docking sites on the cytoplasmic
tails of gpl3O and LIFR, which then recruit adapter proteins with Src homology
2domains, such as signal transducers and activators of transcription (STAT)
(Stahl and Yancopoulos, 1994; Segal and Greenberg, 1996), SHP2 (Stahl etal.,
1995), and Shc (Giordano etal., 1997). Phosphorylation of STATs by JAKs
leads to their dimerization and translocation to the nucleus, where they bind to
specific DNA sequences and activate transcription. Phosphorylation of SHP2

Figure 1.
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A schematic representation of gpl3O signaling.

LlF, lL-6, and CNTF all require gp130 in order to initiate signal transduction after
binding to their specific receptors. Binding of LlF to LIFR causes LIFR and
gpl3O to heterodimerize, which then activate associated JAKs. Activated JAKs
phosphorylate SH2 domain docking sites on both gpl3O and LIFR, which are
then bound by STATs and Shc. Phosphorylation of STATs on tyrosine residues
allows their homodimerization and translocation to the nucleus.

Further

phosphorylation of STATs on serine residues by the Shc-activated Ras-MAP
kinase signaling pathway activates STAT-mediated gene transcription. Both
CNTF and IL-6 initiate signaling cascades similar to LlF after binding their
receptors.

In contrast to LIF-mediated signal initiation, IL-6 binds to its specific

receptor IL-6R, in amembrane-bound or soluble configuration, which causes the
homodimerization of gpl 30 and signal transduction.

CNTF also binds to a

specific receptor, CNTFRQ' (soluble or membrane-bound), but in contrast to IL-6
brings about signal initiation through the heterodimerization of LIFR and gpl3O.

CNTF
I

L6

LIF
sCNTFR

sIL-6R
gp130 gpl3O

P13O+LIFR

CNTF

CNTFR.*

IL-6R

DIMERIZATION
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gpl3O LIFR

and Shc leads to their activation of the Ras-mitogen-activated protein (MAP)

9

kinase signaling pathway (Boulton etal., 1994; Stahl etal., 1995; Giordano etal.,
1997). MAP kinase signaling is also initiated by avariety of growth factors, such
as EGF and FGF (Learish et aL, 2000). Thus, in addition to STAT-mediated
signal transduction, gpl 30 can activate pathways utilized by growth factors.
The ratio of STAT-mediated signaling to MAP kinase-mediated signaling
may determine the cellular outcome of signal initiation by cytokines (Turnley and
Bartlett, 2000). This was suggested by the findings that differentiation of neurons
from the P012 neuronal cell line could be induced by cytokine signaling, but only
if STAT signaling was inhibited by NGF, whereas inhibition of MAP kinase
signaling prevented neuronal differentiation (Ihara etal., 1997). In contrast,
cortical precursors are inhibited from differentiating into astrocytes by the MAP
kinase pathway, whereas STAT promotes their astroglial differentiation (Bonni et
al., 1997). This led Turnley and Bartlett (2000) to suggest that if the balance of
JAK/STAT and MAP kinase signaling were equal, neural precursors would
remain in an undifferentiated state.
Members of the suppressors of cytokine signaling (SOCS) family regulate
the balance of STAT and MAP kinase signaling within acell. Their expression is
induced by STAT activation, and they can negatively regulate the activity of
JAK/STAT(Endo etal., 1997; Naka etal., 1997; Starr etal., 1997). These
studies demonstrate that some SOCS, such as SOCSI, physically interact with
JAKs and prevent their activation and phosphorylation of gpl3o. SOCSI and
SOCS3 also inhibit the tyrosine phosphorylation and activation of STATI (Song

and Shual, 1998). SOCSI, 2, and 3are expressed in the developing forebrain,

10

with expression highest at E14, which correlates with the peak of neuronal
differentiation (Polizzotto etal., 2000). In parallel to the studies on PCI2 and
cortical progenitors mentioned above, SOCS2-null cortical neural precursors
differentiate more into astrocytes and less into neurons, whereas overexpression
of SOC2 promotes neuronal differentiation (Turnley et al., 2002). However,
SOCS expression is much lower in the ventricular zones of both the cortex and
presumptive striatum, suggesting that JAK/STAT signaling is required for the
constant turnover of these cells. MAP kinase signaling, stimulated by FGF and
EGF, is also required for the proliferation of neural precursors (Learish et al.,
2000). Therefore, aprecise level of JAK/STAT and MAP kinase signaling may
be required to prevent the differentiation of neuronal precursors.

1.2.111 gp130 signaling can regulate stem cell self-renewal
gpl3o and JAK/STAT signaling are involved in the self-renewal of several stem
cell types other than the ES cells discussed earlier. In Drosophila, JAK/STAT
signaling is required for self-renewal of male germ line stem cells (Kiger etal.,
2001; Tulina and Matunis, 2001). Moreover, primitive hematopoietic stem cells
require precise levels of gpl3o signaling and STAT3 activation in order to
maintain their capacity for self-renewal (Audet etal., 2001); accordingly, gpl3onull mice have fewer hematopoietic stem cells (Yoshida etal., 1996). Expansion
of human neural progenitor cells is also enhanced by LIF (Carpenter etal., 1999)

and signaling mediated by gpl3O keeps cortical NSCs from differentiating into
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progenitor cells (Haifa et al., 2002).
Our lab found that mutant mice heterozygous for LIFRJ3 have decreased
numbers of EGF-responsive NSCs in the adult SVZ, as assayed by neurosphere
formation, whereas intraventricular infusion of CNTF enhanced NSC self-renewal
(Shimazaki etal., 2001). Embryonic neurospheres generated from the ventral
forebrain in the presence of EGF and CNTF, when dissociated and replated in
EGF, had agreater capacity to generate secondary neurospheres than primary
neurospheres generated in EGF alone. Collectively, these findings strongly
suggest that gpl3O-mediated signaling in part regulates the self-renewal of
NSCs.

1.3 NOTCH SIGNALING AND SELF-RENEWAL

1.3.1 Introduction to Notch signaling
The Notch receptor was first cloned in Drosophila (Wharton et al., 1985), and cell
contact-mediated signaling through the receptor has since been found to regulate
awide variety of cellular processes (reviewed by Selkoe and Kopan, 2003). A
classic example of Notch signaling comes from the examination of neuronal
differentiation in Drosophila. Notch signaling, through lateral inhibition, prevents
all the cells in aproneural cluster from adopting asensory organ precursor
(neuronal precursor) cell fate (Muskavitch, 1994). In this lateral inhibition model
of Notch signaling, activation of Notch by ligands expressed on adjacent cells

decreases ligand levels in cells receiving signaling. These cells, in turn, are
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less capable of activating Notch signaling in adjacent cells. Ultimately, this leads
to the amplification of stochastic differences in levels of Notch signaling in an
equivalent population of cells. Cells not receiving Notch signaling differentiate
into sensory organ precursors, whereas cells receiving the signaling do not.
Thus, Notch and its associated downstream effectors constitute an important
intercellular pathway in regulating the ability to differentiate in an otherwise
equivalent population of cells.

1.3./i Multiple domains in the Notch receptor modulate function
Notch is an approximately 300 kDa, single-span transmembrane protein that
binds to the DSL (Delta, Serrate, Lag-2) family of one-pass transmembrane
ligands. The extracellular portion of Notch receptors contain amaximum of 36
EGF repeats and three Notch-specific LNR (JN-12 [C. elegans Notch-like]!
Notch-related region) repeats close to the transmembrane domain, which
negatively regulate receptor activation (Lieber etal., 1993). Genetic analyses
have revealed that different EGF repeats mediate different functions. For
example, EGF repeats 11 and 12 are necessary for Delta and Serrate to bind to
and activate Notch in Drosophila (Rebay et al., 1991; de Celis etal., 1993),
whereas mutations of EGF repeats 24-29 produce dominant gain-of-function
mutations (Kelley et al., 1987). Additionally, fucosylation of EGF repeats on the
receptor by o-fucosyltransferase is essential for ligand binding (Okajima and
Irvine, 2002; Panin et al., 2002), and further glycosylation of these fucose

residues by Fringe allows Delta to bind to Notch better than other ligands such
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as Serrate or Jagged (Bruckner et al., 2000; Hicks et aL, 2000).
As hinted at in the previous paragraph, the intracellular domain of Notch
contains many different functional subdomains (reviewed by Baron, 2003; Selkoe
and Kopan, 2003). These include two nuclear localization signals, ankyrin
repeats, atranscriptional activator (RAM) domain, and aPEST domain. The
ankyrin repeats and RAM domain are required for Notch to bind to aDNAbinding transcription factor, known as CSL (CBFI/RBP-Jic in vertebrates,
Suppressor of Hairless (SuH) in Drosophila, and Lag-1 in C. elogans), as well as
for recruitment of the histone acetylase proteins PCAF and GCN5. The PEST
domain is thought to be involved in the rapid degradation of Notch. Additionally,
the. C-terminal portion of Notch, which includes the PEST domain, can bind to the
ubiquitin ligase Sel-10, which leads to ubiquitylation and rapid proteosomedependent degradation of Notch.

!.3.iii Notch processing and signal transduction
Proteolysis plays an important role in Notch signaling (Fig. 2). In vertebrates, the
maturation of Notch Irequires its constitutive processing in the Golgi apparatus
by afurin-like convertase that acts on aregion of the transmembrane domain
proximal to the N-terminal (SI cleavage) (Logeat et al., 1998). Notch is then
transported to the cell membrane where calcium-dependent interactions mediate
its reassembly into aheterodimer (Rand et al., 2000). Notch processing appears
to be somewhat different in invertebrates. For instance, Notch present in the cell

Figure 2.

Activation of Notch signaling requires ligand-induced proteolytic
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processing of Notch.
Cleavage of full length Notch at the SI site in the Golgi by afurin-like convertase
into membrane-spanning (Notchl-PFI) and extracellular fragments is required
for Notch maturation and signaling in vertebrates. The two fragments are then
transported to the cell membrane and reassembled by calcium-dependent
interactions into aheterodimeric protein. Binding of Notch by Delta or
Serrate/Jagged permits the cleavage of the extracellular domain of Notch by
TACE at the S2 site. The remaining membrane-spanning Notch protein is
referred to as Notch 1-PF2, and is able to be cleaved by aPresenilin-mediated
event at the S3 site into NICD also referred to as Notch 1-PF3. Notch 1-PF3
translocates to the nucleus and binds to CSL transcriptional repressors. The
complex, in association with other proteins, then functions as an activator of
transcription.
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required for its maturation and subsequent activation (Kidd and Lieber, 2002).
Despite this apparent divergence in Notch signaling, the rest of the events
involved in Notch signaling are conserved between invertebrates and
vertebrates.
Notch can initiate two signal-transduction pathways, which have been
termed the core and non-core Notch signaling pathways (reviewed by Selkoe
and Kopan, 2003). Notch core signaling requires CSL, whereas the non-core
signaling pathway does not. Since Notch signaling in all its forms is very
complex, Iwill only present abasic overview of it here. Binding of the DSL
ligands to Notch causes its cleavage (known as the S2 cleavage) in the
extracellular domain by the metalloprotease TACE (Tumor Necrosis Factor-a
converting enzyme) (Brou et al., 2000; Mumm et al., 2000). Transendocytosis of
the ligand-bound extracellular portion of Notch by the signaling cell is required for
later processing events and is mediated by Neuratized (Itoh etal., 2003) and
Mindbomb (Yeh etal., 2001), both of which are RING-domain E3 ubiquitin
ligases. Shibire, which is the Drosophila homolog of dynamin, is also required in
ligand-expressing cells for the transendocytosis of Notch (Parks et al., 2000).
Transendocytosis of the extracellular domain of Notch allows for Presenilindependent, y-secretase-mediated cleavage (S3 cleavage) of the intramembrane
portion of Notch, and results in the translocation of the resultant Notch
intracellular domain (NICD) to the nucleus (De Strooper etal., 1999; Struhl and
Greenwald, 1999; Ye etal., 1999; Struhl and Greenwald, 2001). In the nucleus,

Notch binds to CSL transcriptional repressors, which are normally associated
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with the co-repressor SMRT and ahistone deacetylase (HDAC). Binding of
Notch to CSL displaces SMRT and HDAC from their complex with CSL, and the
recruitment of the histone deacetylase proteins PCAF and GCN5 transforms the
transcriptional repressor into an activator (reviewed by Baron et al., 2002).
Mastermind, atranscriptional coactivator, binds to this complex, causing it to
activate the transcription of additional targets (Fryer etal., 2002). The target
genes of the Notch transcriptional activator complex include the basic helix-loophelix (bHLH) transcription factors encoded by the Enhancer-of-split complex in
Drosophila (Lee, 1997) and hairy/Enhancer of split (Hes) in vertebrates
(Kageyama and Ohtsuka, 1999). Notch signaling is terminated by Sel-lO and
Mastermind, which also promote Notch turnover (Gupta-Rossi et al., 2001; Oberg
etal., 2001; Wu et al., 2001; Fryer etal., 2002). In vertebrates, the effects of
core Notch signaling are context-dependent and include the differentiation of
neural crest stem cells (NCSCs) into astrocytes (Morrison etal., 2000) as well as
the maintenance of self-renewal in forebrain NSCs (Ohtsuka etal., 2001).
The second Notch-initiated signal transduction pathway, that of non-core
Notch signaling, does not appear to require CSL proteins. Though there are
many examples of non-core Notch signaling, the mechanistic details of this
pathway are obscure. In Drosophila, non-core Notch signaling prevents cells
from acquiring neural or myogenic competence through the abruptex region
(EGF repeats 17-29) of Notch and the region C-terminal to the ankyrin repeats
(Brennan etal., 1997; Brennan et al., 1999; Ramain etal., 2001). Deltex and

Wnt are involved in regulating this branch of Notch signaling. Deltex inhibits
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neural competence, whereas Wnt signaling promotes it (Ramain etal., 2001).
Wnt signaling, through the abruptex and C-terminal domains of Notch, appears to
antagonize Notch signaling, given that when both pathways are lost, neural
competence is restored (Ramain etal., 2001). In mice, the intracellular portion of
Notch C-terminal to the ankyrin repeats enhances the oncogenic activity of NICD
but has no effect on cell fate (Fowlkes and Robey, 2002). Recently, adominantnegative form of Deltex was shown to inhibit Notch signaling downstream of fulllength Notch and upstream of NICD, suggesting that Deltex participates in the
activation of Notch (Matsuno et al., 2002). CSL-independent Notch signaling
also inhibits the differentiation of C2C12 myoblasts (Shawber etal., 1996b),
development of B-cells (Ordentlich etal., 1998), and the differentiation of neural
precursors (Yamamoto et al., 2001); Deltexl was shown to mediate Notch
signaling in the latter two cases. Thus, both Notch signaling pathways are
essential in the regulation of cell fate.

!.3.iv Actions of Notch signaling on self-renewal
The actions of Notch on the self-renewal of stem cells are context dependent and
can be mediated by both core and non-core Notch signaling pathways. The noncore signaling pathway, mediated by De!texl, prevents neural precursor
differentiation and decreases the transcriptional activity of the proneural bHLH
gene Mashi (Yamamoto et al., 2001), which has been implicated in the transition
of NSCs into progenitors (Toni etal., 1999). Hitoshi and colleagues (2002) have

reported that RBP-JK, amediator of core Notch signaling, is required for self-
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renewal of NSCs. In contrast, activation of Notch signaling induces astroglial
differentiation of NCSCs (Morrison et al., 2000). However, Chambers and
colleagues (2001) reported that Notch signaling could induce astrogliogenesis in
cortical precursors, whereas it inhibited the differentiation of ventral forebrain
precursors. This further suggests that the action of Notch relies heavily on the
context. In this vein, Ge and colleagues (2002) found that Notch signaling was
unable to activate the glial fibrillary acidic protein (GFAP) promoter, specific to
astrocytes, in short-term cultures of El 1.5 cortical cells (neurogenic phase).
Activation of Notch signaling in long-term cultures (more gliogenic) did induce
GFAP expression. Thus, the regulation of self-renewal by Notch signaling
depends on both contextual and temporal factors.
Some studies suggest roles for both Hesl and Hes5 in NSC self-renewal
(Ohtsuka etal., 1999; Nakamura etal., 2000; Solecki etal., 2001). Interestingly,
the Hes genes, thought in large part to regulate self-renewal downstream of
Notch, are sometimes uncoupled from Notch signaling and self-renewal.
Neurospheres can be generated from Hesl/Hes5 double mutants (Ohtsuka et
al., 2001), but not from RBP-JK-nulls, or from mice lacking Preseni!inl that are
also heterozygous for Presenilin2 (Hitoshi etal., 2002a). Shawber and
colleagues (1996b) also reported that stable overexpression of Hesl could not
inhibit C2C12 myoblast differentiation, whereas Notch activation could inhibit
myoblast differentiation without increasing Hesl expression. In glial-restricted
progenitors, Hesl inhibits oligodendrocyte differentiation but promotes astroglial

differentiation, whereas Hes5 inhibits the differentiation of both cell types (Wu
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et al., 2003). The same report also demonstrated that Hesi could not induce
astroglial differentiation of spinal cord neuroepithelial precursors. Thus, one
cannot definitively say that the same factors mediate the effects of Notch on selfrenewal in different NSC populations.

1.4 LINKS BETWEEN NOTCH AND GPI3O
There are several common features between Notch and gpl3O signaling that
suggest the two may be linked. Neither Notch nor gpl3O can stimulate astroglial
differentiation in early progenitor cells, but both can do so in later progenitors (Ge
etal., 2002). Similarly, both Notch and gpl3o signaling have been implicated in
the regulation of hematopoietic and NSC self-renewal (Audet et al., 2001;
Shimazaki et al., 2001; Hatta et al., 2002). Furthermore, the identification of a
large number of potential STAT-binding sites in the promoter of Presenil!nl
suggests that signaling through gpl3O may directly promote Notch signaling
(Rogaev etaL, 1997). Strikingly, Ge and colleagues (2002) reported that
although mutation of STAT-binding sites in the GFAP promoter had no effect on
the ability of NICD to activate GFAP expression, adominant negative form of
STAT3 could completely attenuate the effect of NICD on GFAP expression. This
suggests that at least the induction of astroglial differentiation by Notch signaling
requires an intact JAK/STAT pathway. Despite the wealth of similarities between
Notch and gpl3O signaling, the cooperation of these two pathways in the
regulation of stem cell self-renewal has not been tested.
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1.5 LINKS BETWEEN SHH AND NOTCH SIGNALING
The Sonic hedgehog (Shh) signaling pathway has also been implicated in stem
cell proliferation and self-renewal. (Franco etal., 1999; Rowitch et al., 1999;
Bhardwaj et at., 2001; Paganelli et al., 2001; Lai et al., 2003; Lopez etal., 2003).
Bhardwaj and colleagues demonstrated that Shh signaling positively regulates
both the self-renewal and proliferation of primitive hematopoietic stem cells.
Notch also enhances the self-renewal of hematopoietic stem cells (VarnumFinney etal., 1998; Han etal., 2000; Karanu etal., 2000). In neural
development, both Shh and Notch inhibit the differentiation of primary neurons
(Chitnis etal., 1995; Franco etal., 1999). It appears that Presenilin-mediated
Notch signaling inhibits neuronal differentiation by upregulating Shh expression
(Paganelli et al., 2001; Lopez etal., 2003). Another interesting link between
Notch and Shh is that both can inhibit the differentiation of CNS precursors
without promoting proliferation, thus uncoupling the two processes (Wang et al.,
1998; Rowitch etal., 1999). Therefore, Shh may be one of the downstream
targets of Notch that controls stem cell self-renewal. However, although Shh
signaling can enhance the expansion of hippocampal NSCs, Notch signaling
induces astroglial differentiation, implying that signaling pathways other than that
of Notch can also regulate Shh in the maintenance of stem cell self-renewal
(Tanigaki etal., 2001; Lai etal., 2003).

1.6 OLIGODENDROCYTE DEVELOPMENT: LESSONS FROM THE SPINAL
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CORD AND OPTIC NERVE

1.6.1 Introduction to oligodendrocytes
Oligodendrocytes are the myelinating cells of the CNS whose primary function is
to enhance the speed of action potential propagation along axons, through
saltatory conduction (Nicholls at al., 1992). Disruption of oligodendrocyte
function is involved in diseases such as multiple sclerosis (MS) and
schizophrenia (Franklin, 2002; Hof et al., 2002). Therefore, an understanding of
the processes that regulate oligodendrocyte development may aid in the
generation of strategies for treating neurological diseases where myelination is
affected.

1.6.11 Oligodendrocytes in the spinal cord are ventrally-derived
The development of oligodendrocytes is best understood in the spinal cord. The
results of several studies suggest that oligodendrocyte progenitors originate from
the ventral spinal cord. In the E14 rat, tissue culture experiments demonstrated
that ventral spinal cord had the potential to produce large numbers of
oligodendrocytes, whereas dorsal spinal cord did not (Warfeta/., 1991). The
expression of the oligodendrocyte progenitor marker PDGF receptor-a
(PDGFRa) is also restricted to the rat ventral spinal cord (Pringle and
Richardson, 1993). Furthermore, in situ hybridization for the dm-20 isoform of
the PLP gene, an oligodendrocyte marker, also suggested that oligodendrocytes

are ventrally-derived (Timsit et aL, 1995). In contrast, quail-to-chick
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transplantation experiments demonstrated that dorsal and ventral spinal cord
could generate oligodendrocytes (Cameron-Curry and Le Douarin, 1995).
Spassky and colleagues (1998) found that lacZ expression driven by the p!p/dm20 promoter also identified putative oligodendrocyte progenitors in the ventral
and dorsal spinal cord. This suggests that two distinct oligodendrocyte
progenitor cells exist in the embryonic spinal cord. Fruttiger and colleagues
(1999) found that fewer than 2% of plp/dm-20-expressing cells double label for
bromo-deoxyuridine (BrdU) in the E15 hindbrain. They consequently suggested
that plp/dm-20 labels immature oligodendrocytes and not proliferating progenitor
cells. Moreover, Ol!gl/2 expression is restricted ventrally within the spinal cord
and mice null for both genes are devoid of oligodendrocytes (Lu et al., 2000;
Zhou et al., 2000; Zhou and Anderson, 2002), which further supports the
contention that oligodendrocytes in the spinal cord are ventrally-derived.

1.6./li Ventrally generated oligodendrocytes migrate extensively
The first appearance of oligodendrocyte progenitor in the murine spinal cord,
identified by PDGFRa expression, is at E12.5 (Pringle and Richardson, 1993; Lu
et al., 2000). Examination of the appearance of oligodendrocyte precursor
antigens (Pringle and Richardson, 1993; Ono etal., 1995), and cell labeling
experiments (Warf etal., 1991) indicate that oligodendrocyte progenitors migrate
dorsally to populate the entire spinal cord. Netrins can direct the migration of
spinal oligodendrocyte precursors away from the ventral ventricular zone (Tsai et

al., 2003), and the chemokine CXCLI (GRO(x) (Tsai etal., 2002) mediates the
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end of their migration. The extraordinary motility of oligodendrocyte progenitors
has also been demonstrated for optic nerve oligodendrocyte progenitors, in vivo
and in vitro (Small etal., 1987; Ono etal., 1997). Netrins are also
chemorepulsive for optic nerve oligodendrocyte progenitors. This was shown by
the migration of oligodendrocyte progenitors away from Netrin-1 expressing
COSI cells in semi-intact optic nerve cultures (Sugimoto etal., 2001). Therefore,
the cues involved in guiding the migration of oligodendrocytes may be conserved
along the rostral/caudal extent of the CNS.

I. 6.iv Regulation of oligodendrocyte cell fate
The ventral origin of oligodendrocyte progenitors suggested that local factors
control the specification of oligodendrocyte progenitors. This was confirmed by
the production of oligodendrocytes by dorsal spinal cord co-cultured with
notochord orfloorplate (Trousse etal., 1995). Furthermore, in Danforth's short
tail heterozygous mice, where both notochord and floorplate are missing in the
caudal spinal cord, oligodendrocyte progenitors fail to appear (Pringle et al.,
1996). However, the production of oligodendrocytes could be rescued by
culturing spinal cord explants from these animals in the presence of Shh. These
findings led to the later discoveries that inhibition of Shh prevents
oligodendrocyte progenitor specification in the chick (Orentas etal., 1999), and
that Shh can enhance the proliferation and survival of oligodendrocyte
progenitors (Davies and Miller, 2001). Induction of oligodendrocyte cell fate is

regulated by the Shh-regulated gene Olig2 (Lu et al., 2000; Zhou etal., 2000);
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given that no oligodendrocytes progenitors are produced in the spinal cord when
Olig2 function is ablated (Lu etal., 2002; Zhou and Anderson, 2002).
The expression of BMPs in the dorsal spinal cord led to the suggestion
that Shh and BMP signaling have opposing effects in developing spinal cord
(Bitgood and McMahon, 1995). Subsequently, inhibition of BMP signaling by
Noggin-secreting cells transplanted into the dorsal spinal cord was found to
expand the appearance of oligodendrocyte progenitors dorsally (Mekki-Dauriac

et al., 2002). Furthermore, BMP-4 stimulated astrocyte but prevented
oligodendrocyte differentiation from glial-restricted precursors isolated from the
E13.5 rat spinal cord (Gregori etal., 2002). It should be noted; however, no
decrease in oligodendrocytes or increase in astrocytes was found in mouse, E12
cervical flat-mount explant cultures treated with BMP-4 (Wada et al., 2000).
However, this could be due to the culture system used, as overexpression of
BMP-4 in chick ventral spinal cord explant cultures and overexpression of BMP2, using quail cells engineered to express human BMP-2, in vivo decreased the
generation oligodendrocytes (Mekki-Dauniac etal., 2002). In addition,
neuregulin-1 appears to be necessary in the generation of 04-immunoreactive
oligodendrocyte progenitors as no oligodendrocytes are produced in explants of
neuregulln-1 null mice spinal cords (Vartanian etal., 1999). Therefore,
oligodendrocyte specification is tightly regulated by dorsal and ventral factors.

l.6.v PDGF is pivotal in the expansion of oligodendrocyte progenitors
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Once oligodendrocyte progenitors have been specified, several growth factors
appear to cooperate in their expansion. Findings that PDGF-AA stimulated the
proliferation of oligodendrocyte progenitors in vitro (Raffetal., 1988; Pringle et
al., 1989), suggested its involvement in regulating their expansion in vivo.
Subsequently, it was found that oligodendrocyte progenitors express PDGFRa in
vivo (Pringle and Richardson, 1993), and that mice null for PDGF-A were
severely hypomyelinated (Fruttiger etal., 1999); confirming acritical role for
PDGF-A in the expansion oligodendrocyte progenitors. The chemokine CXCLI,
in cooperation with PDGF signaling, has also been shown to promote the
proliferation of spinal oligodendrocyte progenitors (Robinson etal., 1998; Wu ét
al., 2000). Interestingly, in transgenic mice in which the neuron-specific enolase
promoter drives the expression of PDGF-A, the oligodendrocyte progenitor
population is expanded, but these immature oligodendrocytes die at an early
stage of differentiation leaving anormal complement of mature oligodendrocytes
in the adult (Calver etal., 1998). Thus, although the expansion of
oligodendrocyte progenitors can be induced by PDGF-AA, expansion of mature
oligodendrocytes is regulated by cell survival factors.
The proliferation of oligodendrocytes progenitors can also be enhanced in
vitro by FGF2 (Bogler etal., 1990; McKinnon etal., 1990). Signaling by FGF2, in
combination with PDGF, inhibits the differentiation of oligodendrocyte progenitors
in vitro, which normally lose responsiveness to PDGF-AA after several rounds of
cell division and differentiate (Bogler etal., 1990). However, the effects of FGF2

may be due to dedifferentiation of mature oligodendrocytes into anovel cell
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type that does not express PDGFRa and is distinct from oligodendrocyte
progenitor cells (Bansal and Pfeiffer, 1997). The generation of this novel cell
type may be similar to the "transformation" of oligodendrocyte progenitors into
NSCs as demonstrated by Kondo and Raff (2000b). Although FGF receptors are
expressed by oligodendrocyte progenitors in vitro (Bansal etal., 1996), there are
no reports of FGF receptor and PDGFRa double labeling on in vivo
oligodendrocyte progenitors. Moreover, FGF receptor 3(FGFR3), which had
previously been reported to be expressed in pro-oligodendrocytes (Bansal et al.,
1996), has now been found specifically in astrocytes and their precursors
(Pringle et al., 2003). Still further, FGFR3 and PDGFRa label two different cell
populations in the mouse spinal cord. Thus, it remains adistinct possibility that
regulation of oligodendrocyte proliferation by FGFs may not occur in vivo.

1.7 OLIGODENDROCYTE DEVELOPMENT IN THE FOREBRAIN
Forebrain oligodendrocytes closely parallel the development of their counterparts
in the spinal cord. On the basis of PDGFRc expression, the first oligodendrocyte
precursors appear at E12.5 in the mantle of the MGE, also known as the anterior
entopeduncular area (AEP) (Puelles et al., 2000; Nery et al., 2001; TekkiKessaris et al., 2001). Through the use of homotopic quail-chick chimeras, the
AEP has been shown to be the monofocal origin of oligodendrocytes in the
forebrain (Olivier et al., 2001). As was the case for spinal cord oligodendrocyte
progenitors, oligodendrocyte progenitor specification in the forebrain is also

regulated by Shh, BMP and O!igs. Overexpression of Shh or its downstream
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target Oligl can induce ectopic oligodendrocyte production in the forebrain
(Alberta et al., 2001). However, 011g2 is the primary mediator of Shh signaling in
the specification of oligodendrocyte progenitors, given the loss of forebrain
oligodendrocytes in Olig2 null mice (Zhou and Anderson, 2002). In Nkx2.1
mutant mice, the expression of Shh is lost specifically in the forebrain and so is
the early expression of PDGFRa (Nery et al., 2001; Tekki-Kessaris et al., 2001).
Strikingly, cultures of embryonic forebrain from these animals could produce
oligodendrocytes; however, their generation was inhibited by the naturally
occurring hedgehog signaling inhibitor cyclopamine (Cooper et al., 1998;
Incardona etal., 1998). This suggests that expression of Shh is normally
suppressed in vivo. Expression of Nkx2. Iis required to relieve this suppression,
but is not necessary in vitro for Shh expression or oligodendrocyte production. In
contrast to the actions of Shh, overexpression of BMP-4 with the neuron-specific
enolase promoter, reduces the lineage commitment of cells to oligodendrocyte
progenitors and promotes the generation and differentiation of astrocytes in vivo
(Gomes et al., 2003). Once specified, proliferation of oligodendrocyte
progenitors in the forebrain is also largely dependent on PDGF-AA (Fruttiger et
al., 1999). Thus, forebrain oligodendrocyte progenitors are characteristically very
similar to spinal cord oligodendrocyte progenitors.

1.8 STEPS IN OLIGODENDROCYTE DIFFERENTIATION
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The differentiation of oligodendrocytes can be monitored by the sequential
appearance and disappearance of oligodendrocyte antigens. Furthermore, the
appearance of certain antigens is correlated with distinct cellular morphologies
(reviewed by Miller et al., 1999; Zhang, 2001). Oligodendrocyte progenitors,
which have abipolar morphology, initially express A2B5, PDGFRa and NG2
(Abney et al., 1983; Pringle and Richardson, 1993; Nishiyama et al., 1996).
Differentiation proceeds by the expression of 04 in pro-oligodendrocytes along
with achange from bipolar to multipolar, branched cell morphology (Sommer and
Schachner, 1981). Immature oligodendrocytes lose the expression of A2B5,
PDGFRX, and the expression of NG2 is reduced. This is associated with the
appearance of myelin sheaths extending from oligodendrocyte processes.
Myelinating oligodendrocytes lose NG2 and 04 expression and begin to
sequentially express galactocerebroside, 2', 3'-cyclic nucleotide 3'
phosphodiesterase, followed by myelin-associated glycoprotein, PLP, and myelin
basic protein (MBP) (Sommer and Schachner, 1982; Zurbriggen et al., 1984;
Campagnoni, 1988; Lemke, 1988). Therefore, the effect of different factors on
the differentiation of oligodendrocytes can be characterized in some detail.
Several factors have been implicated in regulating oligodendrocyte
differentiation. In addition to the inhibition of oligodendrocyte progenitor
specification (Mekki-Dauriac et al., 2002), BMPs can also promote astrocyte at
the expense of oligodendrocyte differentiation in bipotent astrocyte/
oligodendrocyte progenitors, derived from the cortex (Mabie et al., 1997), and in

embryonic EGF- and FGF-responsive ventral forebrain NSC cultures (Zhu et
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al., 1999a). However, it appears that Shh is epistaticto BMP signaling, given
that co-treatment of rat forebrain progenitors with Shh and BMP-2 prevented
BMP-2's effects on astrocyte and oligodendrocyte differentiation (Zhu et aL,
1999b). In vitro and in vivo studies provide strong evidence for thyroid hormone
as aprincipal regulator of oligodendrocyte differentiation. Myelination is
accelerated in hyperthyroid animals and delayed in hypothyroid animals (Walters
and Morell, 1981; Dussault and Ruel, 1987; Rodriguez-Pena etal., 1993; Marta
etal., 1998). In vitro, trilodothyronine (T3) promotes the differentiation of
oligodendrocytes from CNS NSCs and oligodendrocyte progenitors (Barres et al.,
1994; Johe etal., 1996). CNTF has been shown to promote the survival and
differentiation of oligodendrocyte progenitors, as well as their generation (Mayer
etal., 1994; Barres etal., 1996; Stankoff etal., 2002). Interestingly, neuregulins
can both inhibit and promote oligodendrocyte differentiation. Neuregu!in/g!ial
growth factor prevents early oligodendrocyte progenitors from differentiating and
has been demonstrated to dedifferentiate mature oligodendrocytes (Canoll et al.,
1996). However, their differentiation into GalC-immunoreactive oligodendrocytes
in prevented in mice null for ErbB2, areceptor for the neuregulins (Park et al.,
2001). This suggests that signaling mediated by ErB2 is required for
oligodendrocyte differentiation, whereas another neuregulin receptor may
mediate the effects of glial growth factor in preventing oligodendrocyte
differentiation. Thus, oligodendrocyte differentiation may be regulated by
multiple signaling pathways.

Cell contact-mediated signaling through the Notch receptor also
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regulates the differentiation of oligodendrocytes. Oligodendrocytes and their
progenitors derived from the optic nerve express Notchi while retinal ganglion
cell axons express Jaggedl (Wang etal., 1998). Jaggedl expression decreases
with myelination suggesting that activation of Notch signaling by Jaggedl
negatively regulates the onset of myelination. Wang and colleagues (1998) also
found that activation of Notch signaling with asoluble form of aDelta Iligand or
by coculturing 02A progenitors on Jaggedl expressing cells inhibited the
differentiation of oligodendrocytes. Also, Kondo and Raff (2000a) demonstrated
that overexpression of Hes5 inhibited 02A differentiation induced by mitogen
withdrawal or treatment with T3. In predominantly non-myelinating areas of MS
plaques, hypertrophic astrocytes express Jaggedl near cells with an immature
oligodendrocyte morphology, which express Hes5 and Notch I(John et al.,
2002). In contrast, remyelinating areas lack Jaggedl expression, which supports
the contention that Notch signaling regulates oligodendrocyte differentiation in
vivo. Therefore, Notch signaling takes part in regulating oligodendrocyte
differentiation, but whether it plays arole in other aspects of oligodendrocyte
development, such as self-renewal is unclear.

!.9 OLIGODENDROCYTES HAVE LINEAGE "ISSUES"
In vitro and in vivo studies do not concur on whether oligodendrocytes are
produced by abipotent astrocyte/oligodendrocyte or neuron/oligodendrocyte
progenitor. Expression and knockout studies on the Shh-inducible genes Oligl

and Olig2 strongly suggest that oligodendrocytes and astrocytes are not
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produced by abipotent progenitor (Lu et al., 2000; Zhou et aL, 2000; Lu etal.,
2002; Zhou and Anderson, 2002). This was best demonstrated by the complete
inhibition of oligodendrocyte generation in O!igl/2 null mice, characterized by the
loss of both PDGFRa and MBP. Furthermore, tracing the fate of cells null for
O!igl/2 in vivo with GFP knocked into the O!1g2 promoter, revealed their
transformation into astrocytes. Thus, the O!ig genes are required for the
specification of oligodendrocyte lineage, yet they inhibit the adoption of an
astroglial lineage. This suggests that once cells are specified to be
oligodendrocyte progenitors they do not produce astrocytes.
O!igl/2 are also necessary for the generation of motor neurons. Similar
levels of Shh signaling can induce both motor neuron and oligodendrocyte cell
fates (Orentas et al., 1999). Also, both cells originate from the motor neuron
progenitor domain (pMN) of the spinal cord, and the end of motor neuron
production is coincident with the start of oligodendrocyte production (Richardson
etal., 1997; Richardson etal., 2000). These findings suggest that
oligodendrocytes and motor neurons share acommon lineage. Unfortunately,
one of the earliest oligodendrocyte progenitor markers that does not label motor
neurons, PDGFRa, is expressed at E12.5, well after the first motor neurons are
detected by the early motor neuron antigen Hb9 (E9.5) (Pringle and Richardson,
1993). Thus, separate unipotent progenitors may produce motor neurons and
oligodendrocytes.

Therefore, the possibility remains that aglial-restricted progenitor could
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first give rise to astrocytes and then oligodendrocytes, under the regulation of the
Oligs. The isolation of glial-restricted precursors (GRPs) from the spinal cord
that can give rise to oligodendrocytes and astrocytes in vitro (Rao and MayerProschel, 1997; Rao etal., 1998), and their transplantation and differentiation
into astrocytes and oligodendrocytes in vivo supports such amodel (Rao and
Mayer-Proschel, 1997; Rao etal., 1998; Herrera etal., 2001). However, this
model predicts that astrocyte and oligodendrocyte progenitors should be closely
associated in vivo. However, Pringle and colleagues (2003) provide evidence
that astrocyte progenitors, identified by FGFR3 expression, are excluded from
the pMN, the origin of oligodendrocyte progenitors. Together these findings
strongly suggest that aglial-restricted progenitor does not generate
oligodendrocytes and astrocytes. Furthermore, although aclose lineage
relationship between motor neurons and oligodendrocytes is suggested, no direct
evidence has been provided.
The details of the oligodendrocyte lineage are also obscure in the brain.
Oligodendrocyte progenitors isolated from the cortex can produce both
oligodendrocytes and astrocytes in vitro (Mabie et aL, 1997). Furthermore,
retroviral-mediated lineage studies of the rat cerebral cortex suggest that a
common progenitor can generate both oligodendrocytes and astrocytes (Levison
etal., 1993; Levison and Goldman, 1993). However, based on the Oligl/2 loss
of function studies (Lu etal., 2002; Zhou and Anderson, 2002), oligodendrocytes
and astrocytes are not likely to be produced by acommon progenitor in the

forebrain. These findings again suggest that oligodendrocytes and astrocytes
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are not produced by acommon progenitor cell in vivo even though they can be in
cell culture.
Alternatively, both oligodendrocytes and y-aminobutyric acid (GABA)ergic
interneurons may be produced by acommon progenitor, which is suggested by
the disrupted tangential migration of both cell types in DIx1/2 null mice (Yung et
al., 2002). However, Marshall and Goldman (2002) report, through the use of
transgenic mice that express taulacZ under the DIx2 promoter, that some DIx2
expressing cells become astrocytes. In fact, DIx2 expressing cells may be
NSCs, since they have the potential to differentiate into all three cell types. He
and colleagues (2001) provide evidence through the clonal analysis of ventral
forebrain precursors, that multipotent NSCs generate GABAergic neurons and
oligodendrocytes at El 1.5. Interestingly, they also found that these NSCs were
DIx-negative. As previously reported, distinct EGF and FGF-responsive NSCs
also populate the ganglionic eminence (Tropepe at aL, 1999). The lineage
relationships between these NSCs and oligodendrocyte progenitors are not well
defined and need to be established before aclear picture of oligodendrocyte
development can emerge.

1.10 STATEMENT OF HYPOTHESES
Based on the similar actions of gpl 30 and Notch signaling on CNS development,
Ihypothesize that gpl3O and Notch act cooperatively in the maintenance of
embryonic ventral forebrain EGF-responsive NSC self-renewal. Ifirst ask

whether Notch signaling positively regulates the self-renewal of EGF-
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responsive NCS. Ithen ask if Notch mediates the increase in self-renewal of
EGF-responsive NSC that is induced by gpl3O signaling. Furthermore, based on
recent findings regarding the generation of oligodendrocytes in the spinal cord, I
hypothesize that acommon PDGF-responsive progenitor cell in the ventral
forebrain produces neurons and oligodendrocytes. Ifirst ask if PDGF-responsive
progenitors can be isolated from the embryonic ventral forebrain using the
neurosphere assay. If successful, Iwill then ask if these progenitors can produce
neurons and oligodendrocytes. To clarify lineage issues, Ialso ask if EGFresponsive NSCs can generate PDGF-responsive progenitors.

II. MATERIALS AND METHODS
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11.1 ANIMALS AND GENOTYPING
LIFR' mice generated on the B6,129/J genetic background and STOCK controls
were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were then bred
to allow for the generation of homozygote, heterozygote, and wild-type
littermates (Koblar etal., 1998). The genotyping of mice carrying LIFR mutations
was carried out as described previously (Ware etal., 1995). TgN(GFPU)5Nagy
(GFP) mice were obtained from Jackson Laboratory and along with CD-1 mice
stocks were maintained in the University of Calgary Bioscience Animal
Resources Center.

11.2 CELL CULTURE

II.2.i Culture media
The culture medium (MHM) was composed of DMEMIF-12 (1:1) including
HEPES buffer (5 mM), glucose (0.6%), sodium bicarbonate (3mM), glutamine
(2mM), insulin (25 j.xg/ml), transferrin (100 jig/ml), progesterone (20nM),
putrescine (10 .tM), and sodium selenite (30nM) (all from Sigma (St. Louis, MO)
except glutamine; Invitrogen, Carlsbad, CA).

11.2.11 Generation of neurospheres used for analyses of Notch Ifunction and
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expression
Striata were removed from Embryonic Day 14 (E14) CDI albino mouse embryos
and mechanically dissociated with afire-polished Pasteur pipette in a 1:1 mixture
of Dulbecco's modified Eagle's medium and F-I2 nutrient (Invitrogen). Cells
were plated at adensity of 0.2 X 106 cells/ml and cultured in culture flasks for 7
days in vitro (DlV) to form primary neurospheres. Dissociated primary
neurospheres, were cultured at adensity of 0.05 X 106 cells/ml in culture flasks
containing either EGF alone or EGF and rat CNTF (20 ng/ml; Peprotech (Rocky
Hill, NJ) and gift from Dr. Rob Dunn (McGill University), respectively), unless
otherwise stated. Additionally, IL-6 and slL6R (both from R&D; Minneapolis, MN)
were used at 20 ng/ml and 25 ng/ml, respectively. Cells were cultured for a
maximum of 7DIV and harvested for various molecular and biochemical
analyses stated below. For Notch Iimmunoreactive cell counts, primary
neurospheres were dissociated and cultured at 0.05 X 106 cells/ml for 6hours in
either EGF or EGF+CNTF on poly-L-ornithine coated coverslips and processed
for Notchl immunocytochemistry as described below.

11.2.111 Isolation of PDGF-AA-, FGF2-, and EGF-responsive precursors from the
MGE and LGE
The lateral and medial ganglionic eminences were removed from Eli, E12, E14,
and E16 CDI albino mouse embryos. The entire ganglionic eminence was
removed from E18 embryos because medial and lateral portions were not

distinguishable. The tissue was mechanically dissociated with afire-polished
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Pasteur pipette in MHM. Cells were plated in 24-well plates (Falcon, BDL;
Franklin Lakes, NJ) at adensity of 0.01 X 106 cells/ml in the presence of 100
ng/ml of PDGF-AA (Peprotech), 20 ng/ml of EGF, or 20 ng/ml of FGF2

+

2pg

heparan sulfate (HS) (R&D). The number of neurospheres generated was
counted after 7DIV.

ll.2.iv PDGF-responsive progenitor cell clonality experiments
Medial ganglionic eminences were removed from E14 GFP and CDI albino mice
and were cultured 1:1, at adensity of 20000 cells/ml. The number of
neurospheres generated that were chimeric for GFP expression, non-GFP
expressing, or GFP expressing were counted after 6DIV under a lOX objective
on aLeica Microsystems DMIL inverted fluorescence microscope (Richmond Hill,
ON). Pictures were captured with aPhotometrics Coolsnap digital camera
(Tuscon, AZ) with Coolsnap V1.2.0 software.

11.2.v PDGF-responsive progenitor self-renewal experiments
Single 6DIV, primary MGE-derived PDGF-AA-generated neurospheres were
transferred into 96 well plates, mechanically dissociated, and cultured in either 20
ng/ml of EGF, FGF2, or 100 ng/ml of PDGF-AA. The number of P1
neurospheres generated was counted after 9DIV.

I!.2.vi Generation of neurospheres with PDGF-AA from EGF-generated LGE-

39

or MGE-derived primary neurospheres
Medial and lateral ganglionic eminences were dissected out of E14 embryonic
mouse brains, dissociated, and cultured at acell density of 0.2 X 106 cells/ml in
2Ong/ml of EGF for 7DIV. Next, the generated neurospheres were dissociated
and cultured in the presence of PDGF-AA for 6DIV. These neurospheres are
from this point forward referred to as EGF generated LGE or MGE derived .Eassi
(ELPI or EMPI) PDGF-AA-generated neurospheres.

11.2. vii Characterization of primary and ELPI PDGF-AA-generated neurospheres
Six DIV primary or ELPI PDGF-AA-generated neurospheres were washed 3X
with MHM and transferred onto poly-L-ornithine coated coverslips in 24-well
plates. The neurospheres were allowed to differentiate for 2DIV in the presence
of heat inactivated 1% FIBS (Invitrogen), 50 ng/ml of BMP-2 (Genetic Institute;
Cambridge, MA), 20 ng/ml of 3, 3', 5-Triiodo-L-thyronine (Sigma), or T3

+

BMP-2.

The migration of cells differentiating in I% FBS, from primary PDGF-AA- or EGF
generated neurospheres, was recorded after 24 hours with aCoolsnap digital
camera mounted on aLeica DMIL inverted microscope, with Coolsnap V1.2.0
software. The number of neurons, oligodendrocytes, astrocytes, and total cells
per clone was assessed by morphology in combination with cell-type specific
staining, as stated in section 11.5. The number of cells immunoreactive for each
antigen was counted under the 40X objective on aZeiss Axioplan2. In addition,

the phenotype of neurons produced was assessed by immunofluorescence as
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stated in section 11.5.

11.2. viii Modulation of Shh function experiments
Dissociated E14 MGEs were cultured in 100 pg/mi BSA (Sigma), 2pg/mI Shh
(R&D)

+

100 pg/mI BSA, 2pg/mI Shh

+

loopg/mi BSA

+

100 pg/mi PDGF-AA, or

IOOpg/ml PDGF-AA+ 100 pg/mI BSA, and the number of neurospheres
generated was counted after 6DIV. The same assay was used to test the
effects of Shh on the generation of ELP1 neurospheres. In addition, primary
cells from dissociated E14 MGEs were cultured in 0.1 % DMSO (carrier) or 5iM
of the Shh signaling inhibitor cyclopamine (Toronto Research Chemicals), and
the number of neurospheres produced was counted after 7DIV.

II.2.ix EGF and PDGF-AA neurosphere additivity assay
Dissociated E14 MGEs and LGEs were cultured at 0.1 X 10 5 cells/ml in 24-well
plates. Cells were cultured in either EGF or FGF2 at concentrations of 0.01
ng/ml, 0.1 ng/ml, 0.5 ng/ml, 1.0 ng/ml, 10 ng/ml, 0r20 ng/ml in the absence or
presence of IOOng/mi PDGF-AA. The number of neurospheres generated in
each condition was counted after 7DIV.

11.3 REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION AND
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SOUTHERN BLOT ANALYSES
Total RNA was isolated from neurospheres using Trizol reagent (Invitrogen).
First strand cDNA was synthesized using Superscript RT (Invitrogen) for 75-90
minutes at 42°C. Reverse-transcriptase polymerase chain reaction (RT-PCR)
analysis was used to establish the presence of Notch 1, 2, 3, 4, Delta Iand 3,
Jaggedi and 2, Hesl and 5, and Mashl in EGF-generated NSC progeny using
the conditions stated in Table 1. Each product was amplified by denaturation
(94°C, 45 sec), primer annealing (45 sec), and extension (72°C 45 sec; Jagged
2, Notchl, and Notch4 for Imm) with the exception of Delta I, which was atwostep PCR (94°C for 45 sec denaturation and anneal at 72°C for Imm). Identity
of amplified products were established by Southern blot analysis using Notch I,
DeIta3, Jaggedi, Jagged2, and Delta I(kindly provided by Dr. Domingos
Henrique (Lisbon Medical School) cDNA probes or by PCR-based direct cloning
and sequencing of Notch2, 3, 4, Jaggedl, Hesi, Hes5, and Mash I. PCR
products were purified using the Geneclean II kit (BIO 101; Vista, CA) and ligated
into pGEM-T vector plasmids (Promega; Madison, WI). Sequencing identified
correct plasmid clones. Southern blot analysis was carried out as previously
described (Shimazaki et al., 1999). Experiments were performed at least 3times
with the exception of RT-PCR analyses, which were performed twice. Pictures
were captured on aKodak DCI2O (Rochester, NY), and densitometric analysis
was done using Kodak Digital Science 1D software.
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11.4 WESTERN BLOTTING
Cultured cells were spun down at 800 rpm for 5minutes, the media removed,
replaced with 1.5 ml of ice-cold PBS, and transferred to 1.5 ml microcentrifuge
tubes. The cells were then pelleted, supernatant aspirated, frozen in liquid
nitrogen and protein extracted using SDS-lysis buffer (60mM Tris-HCI pH 6.8,

100 mM 2-mercapto-ethanol, and 2% SDS). The mixture was then boiled for 10
min. NucliePURE prep kit (Sigma) was used for the isolation of nuclear proteins
as per the manufacturer's instructions, and the nuclei were lysed and protein
extracted as described above for cell pellets. Total protein concentrations were
determined using the Bradford method. Next, the protein (10-25 pjg) was run on
7.5% SDS-polyacrylamide gels and electroblotted onto nitrocellulose membranes
(Bio-Rad). The nitrocellulose membranes were incubated in blocking buffer for
1hr in 25 mM Tris-HCl pH 7.5, 0.5 M NaCl (TBS), 0.3% Tween 20 (TTBS), and
3% non-fat skim milk. Nitrocellulose membranes were incubated overnight at
4°C in blocking buffer and the 93-4 rabbit a mouse Notch Iprimary antibody
(1:10000), AFP goat a mouse Notch

antibody (1:100; Santa Cruz), mouse a

mouse Mash 1 (1:25; gift from Dr. David Anderson; California Institute of
Technology), or AFP goat a mouse ACTIN (1:100; Santa Cruz; Santa Cruz, CA).
The membranes were then washed with TTBS and incubated with blocking buffer
and the appropriate secondary antibody conjugated to horseradish peroxidase
(Chemicon; Temecula, CA). Blots were developed using Enhanced
Chemiluminescence and Hyperillm (both from Amersham, Baie d'Urfé, Quebec).
Pictures and analyses were performed as stated above.
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11.5 IMMUNOCYTOCHEMISTRY ON PD GF-GENERA TED PROGENY
Six DIV primary and ELPI PDGF-AA-generated neurospheres were allowed to
differentiate on poly-L-ornithine coated coverstips and after 2 DIV were fixed for
20 mm. in 4% paraformaldehyde. Coverslips were incubated with mouse lgG
anti-fl-Ill-tubulin (Sigma; 1:1000), mouse 1gM anti-04 (Chemicon; 1:50), and
rabbit anti-GFAP (BTI, Stoughton, MA; 1:300) in 10% NGS in PBS pH 7.5
overnight at 4°C. The cells were then washed 3X with PBS and incubated with
goat anti-mouse lgG-rhodamine (Jackson ImmunoResearch; 1:200), goat antimouse lgM-FITC (Jackson ImmunoResearch; 1:100), goat anti-rabbit IgG
(Jackson ImmunoResearch; 1:100), and Hoechst 33258 (Sigma; 1:100).
For the detection of mature neurons and oligodendrocytes, coverslips
were pretreated for 3mm. with 0.3% Triton-X-1 00 in PBS, and washed 3X with
PBS. Coverslips were then incubated in PBS containing 10% NGS, rabbit antiHuman MBP (DAKO; Mississauga, ON; 1:200) and/or mouse anti-neurofilament
M (RM0270; Dr. Virginia Lee, University of Pennsylvania; 1:50) overnight at 4°C.
This was followed by 3washes with PBS and incubated for Ihat 37°C with goat
anti-rabbit lgG-FITC (Jackson ImmunoResearch; 1:100), goat anti-mouse lgGRhodamine (Jackson ImmunoResearch; 1:200), and Hoechst 33258. Coverslips
were then washed 3X with PBS and IX with water and mounted in Fluorsave.
Examination of the neuronal phenotypes of PDGF-AA generated progeny
was performed on 6DIV neurospheres differentiated in I% FIBS for 2 DIV.
Coverslips were incubated overnight at 4°C in 10% NGS and rabbit anti-rat

parvalbumin (Swant; Bellinzona, Switzerland; 1:1000), rabbit anti-mouse
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cairetinin (Swant; 1:1000), rabbit anti-mouse GABA (Sigma; 1:5000), or mouse
anti-mouse calbindin-D (Sigma; 1:200). This was followed by 3washes in PBS
and the cells were incubated for 1hour at 37°C in goat anti-mouse lgGrhodamine or goat anti-rabbit IgG-rhodamine and Hoechst 33258 (1:100).
Images were captured with aPhotometrics Quantix camera mounted on aZeiss
Axioplan2.

11.6 IMMUNOHISTOCHEMISTRY
Mice were killed and processed for immunohistochemistry as previously
described (Shimazaki et al., 2001). Eight p.m transverse cryosections of mouse
forebrain were double-labeled for Notch Iand CNTFR as described below.
Embryonic sections were post-fixed with 100% acetone for 30 sec., preblocked
with rabbit lgG Fab2 fragment (Jackson lmmunoResearch (Westgrove, PA);
1:100 in 10% NDS, 0.4% Triton X-100, PBS pH 7.5) for 2hr at RT, incubated
overnight at 4°C with goat anti-rat CNTFRa lgG (1:100; Santa Cruz) and washed
with PBS. Sections were then incubated for 1hour at RT with biotin conjugated
donkey anti-goat IgG (1:200; Jackson lmmunoResearch), followed by a 1hr
incubation in streptavidin-Cy3 (1:1000; Jackson lmmunoResearch). Following
the incubation, sections were washed with PBS and were incubated overnight at
4°C with rabbit 93-4 anti-rat Notch 1(1:25). Sections were then washed and
incubated for 30 mm. at 37°C with Hoechst 33258 and goat anti-rabbit FC
specific (1:100; FITC conjugated) secondary antibody. This was followed by

another series of washes and mounting with FluorSave (Calbiochem; San
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Diego, CA). E14 embryonic sections were also processed for
immunohistochemistry with antibodies directed against PDGFRa or both
PDGFRa and EGFRI. Sections were first incubated in 1% H202 in PBS for 30
minutes at RT and then incubated with rabbit anti-mouse PDGFRa (Santa Cruz)
1:300 in 0.3% Triton X-100, 10% NGS in PBS overnight at RT. Sections were
then washed 3X in PBS and incubated 1:200 with agoat anti-mouse HRP
secondary (Chemicon; Mississauga, ON) for 1hour at RT. After 3washes in
PBS, the sections were incubated with 3, 3'-diaminobenzidine (Sigma; IX 10mg
tablet in 20 ml of PBS and 10

lof 30% H202)10 minutes or until the desired

intensity of reaction product was reached. For double labeling, sections were
washed with PBS and were incubated for 48 hours at 4°C in PBS containing 10%
NGS, rabbit anti-mouse PDGFRa (1:200), and sheep anti-mouse EGFR (1:50;
Biodesign International, Kennebunk, ME). This was followed by washes in PBS
and incubation with goat anti-sheep biotin (1:200) and goat anti-rabbit-FITC
(1:100) for 2hours at RT. After 2hours, sections were washed and incubated
with streptavadin-cy3 (1:1000). Sections were then washed with PBS and
mounted with Fluorsave.
Adult sections were incubated overnight at 4°C with rabbit anti-mouse
Notchl EC (1:50; Gift from Dr. Urban Lendahl, Karolinska Institute) in 5% NGS.
Following the incubation, the sections were washed with PBS and incubated for I
hr at RT with biotin conjugated goat anti-rabbit IgG (1:200; Jackson
ImmunoResearch). After aseries of washes in PBS, the sections were

incubated with streptavidin-Cy3 as above. Images were captured on a
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Photometrics Quantix camera mounted on aZeiss AxiopIan2 (Thornwood, NY)
or with aCohu CCD (San Diego, CA) mounted on aZeiss Axiovert (for time
lapse images).

11.7 COUNTS OF Notchi-IMMUNOREACTIVE CELLS IN VITRO AND IN VIVO
Dissociated primary spheres, were exposed to either EGF or EGF+CNTF for six
hours on poly-L-ornithine coated coverslips. The cells were fixed for 20 minutes
with 4% paraformaldehyde at room temperature. Cells were then preblocked in
10% NGS for 1hour, incubated with Notch IEC at 1:2000 overnight at 4°C and
then incubated with rhodamine conjugated goat anti-rabbit lgG (Jackson
lmmunoResearch). Pictures of 5random fields of each condition per
independent experiment were taken on aPhotometrics Quantix camera mounted
on aZeiss Axioplan2. To capture images of Notch Iimmunoreactivity all fields
were exposed for 1.5 seconds. Pictures were imported into Adobe Photoshop
4.0. To aid in the distinction between weakly and intensely staining Notchi cells,
the brightness was reduced by 150% in all cases. Blind counts were made on
the percentage of intensely immunoreactive Notchi positive cells out of total
Hoechst 33258 positive cells. For counts of the number of Notchiimmunoreactive cells in EGF and EGF+CNTF infused animals, six sections (from
3independent experiments of EGF and EGF+CNTF infusions) were randomly
selected at approximately the same rostral-caudal level and images of Notch I
and Hoechst immunolabeling were captured as above, imported and

pseudocolored in Photoshop 4.0. Respective Notch Iand Hoechst panels
were overlapped and 21.6

m (medial-lateral) X 173

Lm
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(dorsal-ventral) of the

expanded lateral ventricle immediately below the dorsal limit was outlined and
counted double blind for the number of Notchi-immunoreactive cells.

11.8 NOTCHI ANT/SENSE AND 7-SECRETASE INHIBITOR
Oligonucleotides were designed against aportion of the 5' intracellular
cdclo/ankyrin repeat region (CDC) as previously described (Austin et al., 1995).
The CDC antisense sequence 5'-CCTCCACTG CAG GAG GCAATCAT-3' was
identical to the one previously described with the exception of aG-A (in bold)
switch in the mouse sequence. Antisense oligonucleotides were used in parallel
with their corresponding sense oligonucleotides at 20i.tM. Briefly,
oligonucleotides were added to 2X 106 dissociated P1 cells in 5ml of EGF
media. Cells were triturated with afire-polished Pasteur pipette and moved into
flasks (Falcon); 6hr later, flasks were tapped until cells lifted off the plastic
surface. Twenty-four hours later, 4 ml of cells were harvested for Western blot
analysis, whereas the remaining Iml was transferred to a6well plate and was
allowed to grow for 3DIV. Resultant, single neurospheres were dissociated in 96
well plates and assayed for their ability to produce secondary neurospheres after
7DIV. For the y-secretase inhibitor II (Calbiochem) experiments, 50 jiM of the
inhibitor was added to 2X 106 dissociated P1 cells in 5ml of EGF containing
media. The cells were cultured for 24 hours and harvested for Western blot
analysis. For the detection of Notchl-PF2, 2million dissociated P1 cells in 5ml

of EGF were allowed to grow for 24 hours. The cells were then treated with
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DMSO or y-secretase inhibitor (50 jIM) for 4 hours and harvested for Western
blot analysis. For the detection of Notchl-PF3, P1 cells were cultured for 3DIV
at aconcentration of 400000 cells/ml and then treated with DMSO or y-secretase
inhibitor 11 (50 pM) for 4 hours. After 4 hours, the cells were isolated for nuclear
proteins as stated above. For the single-sphere dissociation experiments, ,y
secretase II was added to aconcentration of 30 ILM, at plating (400000 cells/ml),
to dissociated P1 cells. Neurospheres were cultured for 3Dlv, and individual
neurospheres were dissociated in 96-well plates and assayed for secondary
neurosphere production. DMSO added to control cultures was equal to the
volume of y-secretase II inhibitor added.

11.9 IN VIVO GROWTH FACTOR INFUSIONS
In vivo infusion of EGF and EGF+CNTF were performed as described in
Shimazaki et al., 2001.
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Table 1. Primers and PCR conditions
Gene

Delta I

Delta3

Jaggedi

Jagged2

Notch

Notch2

Notch3

Notch4

Hesi

Hes5

Mash I

,8-actin

Accession No. and Primers
(5'-3')
X80903
cctcgttcgagacctcaagggag s
tagacgtgtgggcagtgcgtgc as
Y11895
cacgccattcccagacgagtgc 5
gcagtcgtccaggtcgtgct as
L38483
cctgccagtgcctgaatggacg 5
ggctgtcaccaagcaacagaccc as
U70050
accgtgaccaagtgcctcagggca s
gagcggagcccactggttgttgg as
ZI 1886, S47228
gcccagccagtacaacccactacgg s
ggaacggaagctggggtcctgcatc
as
D32210
caccttgaagctgcagacat s
tggtagaccaagtctgtgatgat as
X74760
atatatatggagttgctcccttcc s
ggctttgagcagacaagacccctt as
U43691
ggaagcgacacgtacgagtctgg s
caacacccggcacatcgtaggt as
D16464
aagcacctccggaacctgcagc 5
agtggcctgaggctctcagttcc a
D32132
gatgcgtcgggaccgcatcaac 5
gcagcttcatctgcgtgtcgctg as
M95603
tggagagtggagccggccag s
gcgtcgtgctcgtccagcag as
X03672
cgtgggccgccctaggcacca 5
ttggccttagggttcagggggg as

Annealing
Temperature
oc

Product
Size
(bp)

Region
Amplified

72

552

1961-2467

58

565

774-1295

61

620

2913-3532

59

485

4907-5322

62

709

7029-7687

60

220

5551-5727

63

307

7428-7685

59

332

6282-6568

65

609

1092-2278

61

276

569-884

67

504

93-556

N/A

243

201-403

Ill. RESULTS
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111.1 NOTCHI REGULATES THE SELF-RENEWAL CAPACITY OF VENTRAL
FOREBRAIN NSCs

III. 1.1 Introduction
Notch signaling has been implicated in NSC self-renewal (reviewed by ArtavanisTsakonas et al., 1999). Deletion of the basic helix-loop-helix (bHLH)
transcriptional repressor Hesl, aknown mediator of Notch signaling, causes
premature neuronal progenitor cell differentiation and areduction in the selfrenewal capacity of embryonic forebrain NSCs (Nakamura etal., 2000).
Overexpression of activated Notchi in the embryonic cortex results in an
increase of radial glial cells (Gaiano et al., 2000), which have been implicated in
neurogenesis (reviewed by Alvarez-Buylla et al., 2001). Recently, Hitoshi et al.
(2002) demonstrated that Notch signaling was required for the self-renewal of
NSCs, but not their generation. However, Notch signaling appears to be contextdependent and can also promote glial cell fate (Morrison et aL, 2000; Chambers
et al., 2001). Given the context-dependent nature of Notch signaling, Ifirst asked
whether it promoted the self-renewal of EGF-responsive NSCs derived from the
ventral forebrain.

III. 1./i Expression of Notch receptors in E14 ventral forebrain NSC progeny
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In the mouse genome, there are currently four identified Notch receptors, Notch 1,
Notch2, Notch3, and Notch4. Of the four known Notch genes, Notch 1, Notch2,
and Notch3 are expressed in developing nervous system tissue whereas Notch4
is an endothelial cell-specific gene (Uyttendaele etal., 1996). Notch2 is only
expressed in the choroid plexus and is absent from the developing forebrain
during embryonic development. Notchi and Notch3 are expressed in the ventral
forebrain during embryonic development (Lindsell etal., 1996) and were good
candidates for mediating Notch signaling in EGF-responsive NSCs. However,
the expression of these genes had not been examined in EGF-responsive NSCs,
and it was possible that in vitro isolation of these NSCs might induce an aberrant
gene expression pattern. Iused the neurosphere culture system for the
proliferation of EGF-responsive NSCs, which is briefly described below. Primary
cells from dissociated E14 mouse ventral forebrains were cultured for up to 7DIV
in the presence of EGF to form primary neurospheres. Primary neurospheres
were then dissociated into Passl (P1) cells that were cultured in EGF-containing
media, for up to 7DIV, to form P1 neurospheres. Passi neurospheres were then
dissociated into Pass2 (P2) cells and plated on poly-L-ornithine coated coverslips
in the presence of 1% FIBS for 2 DIV, to promote differentiation, or cultured in
EGF-containing media for up to 7DIV to form P2 neurospheres. A schematic
summarizing the neurosphere culture system is presented in Figure 3. As stated
above, the expression of Notch genes had not previously been examined in
EGF-responsive NSCs. Therefore, RT-PCR was performed on 5DIV P1

Figure 3.

A schematic representation of the EGF neurosphere culture
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system used in this study.
Primary tissue from the E14 ventral forebrain was dissociated and cultured for up
to 7DIV in the presence of EGF to form primary neurospheres. The primary
neurospheres were then dissociated and the resultant P1 cells were either
differentiated on poly-L-ornithine coated coverslips or cultured in the presence of
EGF to form P1 neurospheres. Using this protocol the successive generation of
NSCs can be examined for their multipotency or ability to produce secondary
neurospheres (self-renewal).

4,

Primary NSC from
E14 dissociated
ventral forebrain
EGF

Primary neurosphere

*

.?.

P1 cells

0.00

Differentiation

/

on
poly-L-ornithine
coated coverslips

I

Neurons
Oligodendrocytes
Astrocytes

4,EGF

P1 neurosphere

+
P2 cells

/
Differentiation on
poly-L-ornithine
coated coverslips

Neurons
Oligodendrocytes
Astrocytes

P2 neurosphere

ETC.

neurospheres and dissociated 7DIV P1 neurospheres that had been allowed
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to differentiate. RT-PCR demonstrated that Notchi and Notch3 were expressed
in proliferating and differentiating P1 neurosphere progeny, whereas Notch2 and
Notch4 were not expressed in either condition, in agreement with the known in
vivo expression patterns of these genes (Fig. 4). Furthermore, the data suggest
that either Notch

or Notch3 may mediate Notch signaling in EGF-responsive

NSCs.

II!. 1.iii Expression of Notch ligands in E14 ventral forebrain NSC progeny
There are five known DSL ligands in the murine genome. Iexamined the
expression of Delta 1, Delta3, Jaggedi, and Jagged2 in EGF-responsive NSCs.
Delta4 is known to be endothelial cell-specific (Rao et al., 2000; Shutter et al.,
2000; Yoneya etal., 2001) and was not examined. As above, Iexamined P1
EGF-generated neurospheres for the expression of Notch ligands. All the Notch
ligands examined were expressed in EGF-generated neurospheres and their
differentiating progeny (Fig. 5). The data suggest that Notch signaling may be
initiated in EGF-responsive NSCs by any of the expressed Notch ligands.

Ill. 1. iv Antisense to Notch Ireduces Notch Iprotein expression and NSC selfrenewal
Notch signaling can regulate self-renewal in some NSCs (Hitoshi et al., 2002a),
but not in others (Morrison et al., 2000). The observations that Notch receptors

Figure 4.

Notch Iand Notch3 are expressed in P1 EGF-generated
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neurospheres.
Total RNA was isolated from 5DIV P1 EGF-generated neurospheres and from 7
DIV P1 EGF-generated neurospheres that were dissociated and allowed to
differentiate in 1% FIBS for 2 DIV on poly-L-ornithine coated coverslips. RT-PCR
reveals the expression of Notchl (A) and Notch3 (C) in P1 5DIV EGF-generated
neurospheres and dissociated neurospheres. Expression of Notch2 (B) and
Notch4 (D) could not be detected. R, 2DIV differentiated neurospheres; R-, 2D1V
differentiated neurospheres no RT added; S, 5DIV neurosphere; S-, 5DIV
neurosphere no RT added; WB, E14 whole brain; WE, E14 whole embryo.

A

Notchi

B

Notch2

C

Notch3

D

Notch4

Figure 5.

Expression of Notch ligands in P1 EGF-generated neurospheres.
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The isolation of RNA was as described in Figure 2. RT-PCR reveals that Delta 1,
Delta3, Jaggedi, and Jagged2 are expressed by proliferating and differentiating
EGF-generated neurospheres (A-D). R, 2DIV differentiated neurospheres; R-,
2DIV differentiated neurospheres no RT added; S, 5 DIV neurosphere; S-, 5 DIV
neurosphere no RT added SC, E14 spinal cord; WE, E14 whole embryo.

and ligands are expressed by EGF-generated progeny (this work) suggested
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that EGF-responsive NSC self-renewal may be regulated by Notch signaling.
The actions of Notch signaling on NSC self-renewal were addressed by
generating P1 neurospheres in 20 ng/ml of EGF in the presence of awellcharacterized antisense to the CDC repeat portion of Notch I(Austin et al., 1995;
Redmond et al., 2000). P1 EGF-generated neurospheres were then assayed for
their ability to produce P2 neurospheres. Exposure of dissociated primary
neurospheres to Notch Iantisense (20 riM) for their first 24 hours in culture
resulted in a30 ±5% decrease in Notchl-PFI expression, when compared to
cells exposed to sense controls (p<0.0005; ttest; n=4) (Fig. 6A). Furthermore,
antisense-treated P1 neurospheres had asignificantly reduced capacity to
produce P2 neurospheres compared to sense controls, whether assayed by
single-sphere dissociation of equivalent sized neurospheres (43%; p<0.05;t test;
n=3) (Fig. 613) or batch culture experiments (40%; p<0.05; ttest; n=3) (Fig. 6C).
These results suggest that Notch Iexpression levels can regulate EGFresponsive NSCs self-renewal.

II!. I.v Gamma-secretase effectively inhibits Notch signaling in ventral forebrain
NSC cultures
Inext sought to determine whether Notch Icleavage/activation was necessary for
the maintenance of EGF-responsive NSCs. A 'y-secretase-like protease has
recently been implicated in the cleavage of Notch Iinto its active intracellular
domain (De Strooper et al., 1999) and can be blocked by the peptidomimetic

Figure 6.
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Notchl antisense reduces Notchi expression and NSC self-

renewal.
NSCs were cultured in the presence of 20 nglml of EGF and 20 p.M Notchi
sense or antisense and harvested after IDIV for protein (A), or cultured for a
total of 3 DIV (to form P1 neurospheres) and assayed either by single-sphere
dissociation (B) or batch culture (C) for the formation of P2 neurospheres. A,
Western blot analysis reveals a30 ±5% reduction in Notchl-PFI expression
(inset; p<0.05; ttest; n=4) in antisense treated Fl neurospheres. B, A
concomitant decrease was observed in the ability of antisense treated, individual
equivalent sized P1 neurospheres to produce P2 neurospheres

(*p<0.05;

ttest;

n=3) compared to sense treatment. C, Assaying for the ability of P1
neurospheres treated with Notchi antisense to produce P2 neurospheres by
batch culture analysis also reveals asignificant decrease in their ability to
produce P2 neurospheres

(*p<0.05;

ttest; n3).
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inhibitor y-secretase inhibitor II (De Strooper etal., 1999; Wolfe etal., 1999). I
use the nomenclature for Notchi processing and products defined by Brou et al.
(2000) and Mumm et al. (2000). Therefore, processing of Notch Iby afurin-like
convertase at the S site produces Notchl-PFI (Logeat et aL, 1998), ligand
dependent processing at the S2 site by TACE produces Notchl-PF2, and ligand
dependent processing at the S3 site by aPresenilin-mediated cleavage produces
the active intracellular portion of Notch

or Notch l-FF3 (De Strooper etal.,

1999). Inhibition of y-secretase should result in the accumulation of Notchl-PF2
if the inhibitor is effective (Brou et al., 2000; Mumm et al., 2000). Therefore, the
effectiveness of y-secretase inhibitor II in preventing the production of NotchlPF3 was tested by assaying for the accumulation of Notchl-PF2 (which is
expected, since Notchl-PF2 is the precursor for Notchl-PF3) and for the
decrease in Notchl-PF3, in P1 EGF-generated neurospheres. Western blot
analysis of P1 neurospheres treated for 4 hours with y-secretase inhibitor II
(50j.iM) consistently revealed the appearance of aband (Notchl-PF2, n=4) below
that of Notchl-PFI, compared to EGF and EGF+DMSO controls, suggesting that
the inhibitor was preventing the production of Notchl-PF3 (Fig. 7A).
Furthermore, nuclear protein extracts of P1 neurospheres that were treated for 4
hours with y-secretase inhibitor II revealed adecrease (relative to Histone HI
expression: -34% in Expt. 1, -27% in Expt. 2) in Notchl-PF3 compared to DMSO
controls, confirming that the inhibitor was preventing the production of NotchlPF3 (Fig. 713). Western blot analysis revealed that 24 hours after inhibitor
addition, Notchl-PFI protein expression was reduced to 52% of vehicle-treated

sister cultures (p<0.005; ttest; n=3) (Fig. 70), suggesting that inhibition of
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Notchi activation leads to an overall decrease in Notchi production.

111.1. vi Inhibition of Notch signaling reduces the self-renewal capacity of ventral
forebrain NSCs
In order to examine if inhibition of Notch Iactivation had an effect on NSC selfrenewal, 3DIV y-secretase inhibitor- and vehicle-treated P1 neurospheres of
150-200 pm in diameter were isolated, dissociated, and assayed for the
formation of P2 neurospheres. Gamma-secretase inhibitor treatment reduced P2
neurosphere formation to 61% of control (n=3, p<0.05; Fig. 8). These results
suggest that, in addition to expression levels, Notch Icleavage and signaling
regulate EG F-responsive NSCs self-renewal.

111.1. vii Inhibition of Notch signaling delays EGF-induced proliferation and
induces the premature differentiation of the generated progeny
Hitoshi et al. (2002) had previously reported that Notch signaling was necessary
for the self-renewal of NSCs, but not for their generation. However, that report
examined the requirement of Notch Isignaling for the generation of early FGFresponsive NSCs and not the later appearing EGF-responsive NSC population.
Therefore, in order to determine if Notchi signaling was necessary for the
generation of EGF-responsive NSCs y-secretase inhibitor (30-50jtM) was added,
at plating, to asingle cell suspension derived from primary EGF generated
neurospheres. Addition of y-secretase inhibitor delayed the formation of P1

Figure 7.

Gamma-secretase inhibitor effectively reduces Notchi signaling
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in EGF-responsive NSCs.
A, To ensure the y-secretase inhibitor used was blocking production of NotchlPF3, NSCs were cultured in 20ng/ml of EGF (2Onglml) for 24 hours, at which
point DMSO (carrier) or y-secretase inhibitor II (50 jiM) was added. The cells
were harvested 4 hours later for total proteins and Western blot analysis. The
asterisk indicates an increase in the P2 proteolytic product of Notch 1, as would
be expected if the 7-secretase inhibitor was effectively blocking production of
Notchl-PF3 (n=3), and identifies the upper band as furin-processed Notchi or
Notchl-PFI. B, Three DIV P1 neurospheres that were treated with y-secretase
inhibitor for 4 hours and harvested for nuclear proteins and Western blot analysis
demonstrate adecrease in Notchl-PF3 compared to DMSO control. C, P1
neurospheres treated for IDIV with 50 jiM of y-secretase inhibitor II from the
time of plating, show areduction of Notch 1-PFI expression in compared to the
DMSO control (p<0.05; ttest; n=3), indicating that constitutive inhibition of
Notch Iactivation for at least 24 hours leads to an overall decrease in Notch I
expression. N.S.; non-specific; 'y-S I, y-secretase inhibitor.
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Figure 8.

Inhibition of Notch signaling reduces the self-renewal of EGF-

responsive NSC.
Single-sphere dissociation assay reveals asignificant reduction in the ability of
P1 neurospheres to produce P2 neurospheres generated for 3DIV in the
presence of y-secretase inhibitor 11 (30 jiM) compared to DMSO controls
(*p<005; ttest; n=3).

y-SI,

y-secretase inhibitor.
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neurospheres by approximately 24 hours, compared to vehicle controls (Fig.
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9A-F). Once generated, inhibitor-treated P1 neurospheres appeared to be more
differentiated, compared to vehicle controls (compare Fig. 9E to Fig. 917). These
data suggest that both the proliferation of EGF-responsive NSCs and
maintenance of their undifferentiated state require Notchi signaling.

III. 1. viii Discussion
Notch signaling is able to regulate the self-renewal of some NSCs (Hitoshi et al.,
2002a) but not others (Morrison et al., 2000). Therefore, Itested whether Notch I
expression and signaling regulated the self-renewal of EGF-responsive NSC. I
found that both Notch receptors and ligands were expressed in EGF-generated
neurospheres. Furthermore, disruption of Notch signaling with antisense to
Notch Ior an inhibitor of Notch activation decreased the self-renewal capacity of
P1 EGF-responsive NSCs. Together, my findings suggest that Notch Isignaling
promotes EGF-responsive NSC self-renewal, proliferation, and prevents their
premature differentiation.

111.1 .viii.1 Notch siqnaling maintains the capacity of EGF-responsive NSCs to
self-renew
In establishing that Notch signaling could occur in EGF-responsive NSCs, Iused
RT-PCR to analyze the expression of Notch receptors and ligands in EGFgenerated neurospheres. PCR revealed that Notchi and Notch3 as well as the
Notch ligands Delta I, Delta3, Jaggedi, and Jagged2 were expressed in the
progeny of EGF-responsive NSCs. With the exception of Jagged2, these

Figure 9.

Inhibition of Notch signaling delays the proliferation of EGF-

69

responsive NSCs and promotes the premature differentiation of generated
progeny.
A-F, NSCs were cultured in EGF (20 ng/ml) and either DMSO (A, C, E, carrier) or
y-secretase inhibitor II (B, D, F; 30 jiM), and digital micrographs were taken after
6 (A and B), 18 (C and D), and 88 hours (E and F). Scale bar=100jm; y-Sl, ysecretase inhibitor.

DMSO

,Y-Si

findings concur with the known in vivo expression of the Notch receptors and
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ligands within the embryonic forebrain (Lindsell et aL, 1996). This suggests that
EGF-responsive NSCs cultured in vitro retain the properties of in vivo ventral
forebrain NSCs. It was somewhat surprising, that Jagged2 expression was
detected in EGF-generated neurospheres considering that Jagged2 is not
expressed in the germinal zone of the developing forebrain (Shawber et aL,
1996a; Stump etal., 2002). However, Jagged2 is expressed in the postnatal
cortex (Stump et aL, 2002) in apattern reminiscent of cortical interneurons.
Since the ventral forebrain is the source of cortical interneurons (Mann and
Rubenstein, 2001), this suggests that EGF-responsive NSCs may generate
cortical interneurons, which in turn, may express Jagged2 in vivo. Thus, rather
than the expression of Jagged2 being an artifact of in vitro culture, the results
imply that some of the cells in EGF-generated neurospheres may be more
differentiated than originally thought.
My results indicate that disruption of the Notch signaling pathway, either
by reducing Notch Iexpression with antisense or by inhibiting Notch signaling
with ay-secretase inhibitor, reduced the self-renewal capacity of EGF-responsive
NSCs. Antisense to Notch

reduced its expression and consistently decreased

secondary neurosphere production, ameasure of NSC self-renewal. Gammasecretase inhibitor, known to reduce production of activated Notch I(Notch 1PF3) (De Strooper etal., 1999), effectively inhibited Notch signaling in EGFresponsive NSCs as revealed by an increase in Notchl-PF2 and areduction in
Notchl-PF3 after only 4 hours of treatment. Additionally, treatment of EGF-

responsive NSCs with y-secretase inhibitor reduced the production of Notch i-
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PFI, which is aproduct of the constitutive cleavage of full-length Notchi by a
furin-like convertase (Logeat etal., 1998). This result indicates areduction in the
production of Notchi. Furthermore, the culture of neurospheres in the presence
of ay-secretase inhibitor reduced the subsequent generation of secondary
neurospheres (Fig. 8). Thus, the self-renewal of EGF-responsive NSCs requires
Notch signaling.
Inhibition of Notch activation with y-secretase inhibitor would inhibit
activation of both Notch Iand Notch3. Therefore, Notch3 may also influence the
self-renewal of NSCs. Since areduction in self-renewal was observed in cultures
treated with antisenseto Notchi, the data suggest that Notch3 is not
compensating for Notchi function. Presumably, these EGF-responsive NSCs
are related to or give rise to the resident NSCs of the adult SVZ, which produce
neurons destined for the olfactory bulb (Lois and Alvarez-Buylla, 1994). The fact
that Notch

expression is found in the SVZ of the adult lateral ventricle whereas

Notch3 expression is almost absent (Irvin et al., 2001) suggests that Notch
signaling initiated through Notchi and not Notch3 functions in the maintenance of
EGF-responsive NSC self-renewal. However, the possibility that Notch3
signaling plays arole during embryonic NSC self-renewal cannot be ruled out.

111.1 .viii.2 Proliferation of EGF-responsive NSCs requires Notch siqnaling
The finding that Notchi signaling is important in the maintenance of EGFresponsive NSC self-renewal concurs with the observations of Hitoshi and

colleagues (2002) that implicated Notch signaling in the maintenance of FGF-
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and EGF-responsive NSCs. However, in contrast to their findings, Ifound that
blocking the processing of Notch l-PF2 to Notch l-PF3, using y-secretase
inhibitor, also inhibited NSCs from proliferating in response to EGF. This
suggests that Notch Iactivation is required for expansion and/or generation of
EGF-responsive NSCs. Similarly, FGFs require an intact Notch signaling
pathway to prevent the differentiation of El 0.5 neuroepithelial progenitors cells
into neurons (Faux et al., 2001). The conclusion by Hitoshi et al. (2002), that
Notch signaling is not required for the generation of NSCs, was based on their
observation that RBP-Ji' ES cells could generate primitive NSCs. However, the
lineage relationship between these ES cell-derived NSCs and in vivo generated
NSCs is unclear, as is the ES cell-derived NSC's role in neurogenesis. Indeed,
the fact that NSCs could not be isolated from RBP-Jk' or Presenhlinl';
PreseniIin2' embryos (Hitoshi et al., 2002a), concurs with my data that Notch
signaling is required for the proliferation of NSCs.

111.1 .viii.3 Requlation of NSC self-renewal by Notch siqnalinq may depend on the
liqand used to activate Notch
In Drosophila, Notch signaling can either inhibit or promote glial cell fate
depending on the progenitor population examined (Van De Bor and Giangrande,
2001; Umesono etal., 2002). NCSCs are induced to differentiate into astrocytes
after transient activation of Notch signaling by asecreted form of Deltal
(Morrison etal., 2000).

However, Grandbarbe and colleagues (2003) have

demonstrated that, in ventral forebrain embryonic EGF-responsive NSCs, the
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absence of Delta Idoes not affect the self-renewal of these NSCs. Rather it
promotes the differentiation of neurons at the expense of astrocytes and
oligodendrocytes. Given that E14 EGF-generated neurospheres express three
other ligands for Notch suggests that Delta Iis most likely not the ligand which
activates Notch signaling in the maintenance of EGF-responsive NSCs or,
alternatively, that the other ligands are compensating for the loss of Delta I.
Given that embryonic EGF-responsive NSCs are most likely the precursors to
adult EGF-responsive NSCs, the former possibility is more likely since Delta I,
Delta3, and Jagged2 are absent from the adult SVZ (Stump et al., 2002),
whereas Jaggedi is expressed. These findings imply that the regulation of EGFresponsive NSC self-renewal may require the activation of Notch Isignaling
specifically by Jaggedi.
Grand barbe and colleagues (2003) also found that activation of Notch
signaling with asoluble form of Jagged Ipromoted the differentiation of
astrocytes while inhibiting neuronal and oligodendroglial differentiation; the effect
of Jaggedi on self-renewal was not assessed. The interpretation of their results
is questioned by the observations of Hicks and colleagues (2002) that secreted
ligands for Notch can act as either agonists or antagonists for Notch signaling
depending on their oligomerization state. For example, Delta l-FC, which is a
fusion protein of Deltal and the FC portion of human lgG, requires
oligomerization induced by an anti-FC antibody in order to activate and bind
Notch (Hicks et al., 2002). If no antibody is used to induced clustering then the

ligand needs to be highly concentrated in order to induce oligomerization and
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Notch activation (Hicks etal., 2002). Unfortunately, Grandbarbe and colleagues
failed to test if their treatment of neurospheres with soluble Jagged Iactually
stimulated Notch signaling. Furthermore, they cite that conditional ablation of
Notchi in neurospheres revealed no quantitative increase in the proportion of
neurons/astrocytes produced, suggesting that the manipulation of ligands likely
affects more than just Notch signaling. Thus, although their data suggest that
Delta Imay not be involved in the regulation of NSC self-renewal, it in no way
argues against arole for Notch signaling in maintaining the self-renewal capacity
of EGF-responsive NSCs.

lll.I.viii.4 Future directions
Ihave demonstrated that Notch signaling promotes the self-renewal of EGFresponsive NSC self-renewal in vitro. The results also demonstrated that Notch
signaling was required for these NSCs to proliferate in response to EGF, and that
inhibition of Notch signaling led to premature differentiation of EGF-generated
neurospheres. Although Notchl is the most likely candidate for mediating Notch
signaling in EGF-responsive NSCs, my findings did not rule out the possibility
that Notch3 also regulates their self-renewal. In addition, which ligand activates
Notch signaling in EGF-responsive NSCs was not determined. Thus, future
experiments examining the roles of Notch3 and specific DSL ligands in
embryonic EGF-responsive NSC self-renewal would be insightful.

111.2 GPI3O REGULATION OF NOTCHI SIGNALING IN VENTRAL
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FOREBRAIN NEURAL STEM CELLS

111.2.1 Introduction
The long-term maintenance of embryonic stem cells and NSCs requires the
activation of gp130 signaling with LIF or CNTF (Smith et al., 1988; Williams et al.,
1988; Conover et al., 1993; Carpenter et al., 1999; Shimazaki et al., 2001). Our
laboratory recently reported that CNTF signaling (through the CNTF/leukemia
LIF/gp130 receptor complex) acts to maintain embryonic and adult NSCs in an
undifferentiated state by blocking NSC differentiation to glial-restricted
precursors, with no actions on NSC survival or proliferation (Shimazaki et al.,
2001). The mechanisms underlying CNTF's actions on NSC self-renewal are not
understood. Given that Notchl signaling regulates EGF-responsive NSC selfrenewal, Ihypothesized that CNTF signaling, mediated by gpl3O, acts through
the regulation of the Notch pathway in the maintenance of EGF-responsive NSC
self-renewal.

111.2.11 Embryonic forebrain germinal zone cells coexpress NOTCHI and
CNTFRa
If signaling through cytokine receptors coupled to gpl3O regulates Notch I
expression in vivo, then one might expect an overlapping expression pattern of
Notch Ireceptors and cytokine receptors. CNTFRa is specifically expressed in
the germinal zone of the developing forebrain (Ip etal., 1993) and in the

periventricular area of the adult brain (Seniuk-Tatton et al., 1995), where adult
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NSCs exist (Morshead etal., 1994). Therefore, Ifirst explored whether CNTFRa
and Notchi are coexpressed in the developing E14 ventral forebrain, the origin of
embryonic EGF-responsive NSCs. Most Notch i-expressing cells coexpressed
CNTFRa in the E14 ventral forebrain germinal zone (Fig. IOA-D), consistent with
the hypothesis of alink between CNTFRa and Notchi signaling in forebrain
NSCs.

111.2.111 CNTF specifically upregulatos Notch Igene expression in vitro
Inext examined whether activation of gpl 30 signaling with CNTF, could regulate
the expression of Notchi or Notch3 in P1 EGF generated NSC progeny.
Quantitative RT-PCR Southern blot analysis was used to examine Notch
expression in P1 neurospheres generated in EGF+CNTF (20 ng/ml) compared to
those generated in EGF. Notchi increased approximately 3-fold in IDIV
EGF4-CNTF-generated P1 neurospheres compared to EGF-generated P1
neurospheres (Fig. 11A). Notch3 expression was unaffected (Fig. 11 B). These
results suggest that gpl 30 signaling can specifically regulate the expression of
Notch Iin EGF-responsive NSCs/progeny.

lll.2.iv CNTF can regulate Notch I-PFI, -PF2, and -PF3 expression in vitro
Because increases in mRNA expression are not always concomitant with
increases in protein expression, definitive evidence that gpl 30-mediated
signaling could regulate Notchi expression was sought. Two antibodies to

Figure 10.

Notch Iand CNTFRcx are coexpressed in the E14 forebrain
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germinal zone.
(A-D) Immunofluorescence micrographs of atransverse section (8am) through
the forebrain of an E14 mouse embryo. A, Nuclei were labeled with Hoechst
33258 (blue). CNTFRa-immunoreactive cells in the ventricular zone were
visualized with cy3 (red; B) and Notch 1-immunoreactive cells were labeled with
FITC (green; C). D, amerged image of B and C where yellow staining indicates
colocalization of Notchi and CNTFRc. Box in A indicates area magnified in B-D.
Scale bars: A= 50 jim, D= 100 ltm. CTX, cortex; LGE, lateral ganglionic
eminence; LV, lateral ventricle.

Figure 11.

EGF

+

80

CNTF treatment of embryonic Fl neurospheres

specifically increases Notch ImRNA.
(A-B) Passi cells were cultured in 20 ng/ml of EGF, in the absence or presence
of 20ng/ml of CNTF and harvested after 24 hours for total RNA and RT-PCR
Southern blot analysis. Notch

expression increased significantly

(*p<0.05

vs.

EGF; t-test; n=3) after IDIV of CNTF treatment (A). CNTF treatment did not
change Notch3 expression (B). C= CNTF; E= EGF.
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Notchi were used to ensure its bona fide detection. Figure 12A shows that, in
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aWestern blot, both the 93-4 (Shawber et al., 1996b) and Santa Cruz M-20
antibodies identify increases in Notchl-PFI and Notchl-PF2 (>5 fold;

p<O.01; t

test; n=5) in 3 DIV EGF+CNTF generated P1 neurospheres compared to EGFgenerated P1 neurospheres. Furthermore, nuclear protein extracts of 3DIV
EGF+CNTF treated P1 neurospheres demonstrate an increase in Notchl-PF3
compared to EGF controls, as determined by Western Blot analysis (p<O.O1; ttest; n=4) (Fig. 12B). Together, these findings suggest that the increase in
Notch Isynthesis in CNTF stimulated EGF-generated P1 neurospheres further
results in ligand-mediated activation of Notchl signaling.

Ill.2.v CNTF signaling rapidly increases Notch Iexpression in NSCs and/or their
progeny in vitro
Although CNTF could increase Notchi expression in EGF-generated
neurospheres, Ihad yet to demonstrate that the phenomenon occurred at the
single cell level. With this in mind, and to determine whether CNTF increases
expression of Notch 1in all EGF-generated cells or rather increases the number
of Notch i-expressing cells, the expression of Notchi was examined in
dissociated primary neurospheres (P1 cells) treated for 6hours with either EGF
or EGF+CNTF. The data revealed that all the cells, in either condition,
expressed some level of immunoreactivity to Notch I(not shown). However,
addition of CNTF to the culture increased the number of cells that labeled

Figure 12.

Activation of gpl3o signaling by CNTF increases Notchi
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expression and signaling in EGF-generated neurospheres.
NSCs were cultured for 3DIV in 20 ng/ml of EGF, the absence or presence of
2Ong/ml of CNTF, and were harvested for Western blot analysis. A, Both the 934and Santa Cruz intracellular Notchi antibodies reveal increases in Notchl-PFI
and Notchl-PF2 proteolytic products in EGF+CNTF treatment compared to EGF
alone (p<0.01; ttest; n=5). B, Expression of nuclear-localized Notchl-PF3 also
increases in EGF

+

CNTF compared to EGF alone (p<0.01, ttest; n=4). SC,

Santa Cruz Notch IM20 antibody.
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compared to those that labeled weakly (small arrows; Fig. 13) for Notchi by 49%
(p<O.003; ttest; n=3) compared to EGF alone. To investigate whether CNTF
increases Notch

expression directly or indirectly within the cells, the time course

of CNTF-induced Notch Iexpression was examined. Notch Iexpression
increases in 3DIV neurospheres, in the presence of EGF, after as little as 2
hours of exposure to CNTF (Fig. 13F). These data suggest that de novo
synthesis of another protein, which would then act to increase expression of
Notch 1, is unlikely. Taken together, the results suggest that CNTF can directly
upregulate cellular levels of Notch Iexpression.

III.2.vi A NSC proliferative state is required for CNTF to increase Notch I
expression
In vitro, one can determine the effects of factors on apopulation of cells one at a
time or in combination. This is certainly not the case in the developing germinal
zone where progenitor cells are likely exposed to several factors at the same
time. Thus, to determine whether CNTF could increase Notch I-PFI expression
on its own, dissociated 7DIV primary neurospheres were stimulated with CNTF
for 6hours, in the absence or presence of EGF (Fig. I4A). In the absence of
EGF, CNTF failed to increase Notchl-PFI expression. These data suggested
that only cells receiving an EGF signal could respond to CNTF with an increase
in Notch Iexpression. An alternative possibility is that aproliferative state is
necessary for CNTF to increase Notchl expression in NSCs. Therefore, Itested

Figure 13.

CNTF rapidly increases the number of intensely Notch I
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immunoreactive cells.
Primary neurospheres were dissociated and then cultured on poly-L-ornithine
coated coverslips for 6hours in either EGF (A, B) or EGF+CNTF (C, D) and (as
described in the MATERIALS AND METHODS) the number of intensely Notchi
immunoreactive cells were counted. A and C, Nuclei were labeled using Hoechst
33258 (blue). Notch Iimmunoreactive cells were labeled with rhodamine (red; B
and D). E, Compared to cells cultured in EGF alone, cells cultured in
EGF+CNTF demonstrate a49% increase in the number that are intensely
Notch Iimmunoreactive

(*p<O.003 ;ttest;

n=3). Arrowheads indicate examples

of cells that stain intensely for Notchi and small arrows indicate examples of
cells that stain weakly for Notch 1. F, Western blot analysis reveals that Notch 1PFI expression increases as early as 2hours after CNTF treatment of 3DIV
EGF-derived P1 neurospheres (n=3). Scale bar= 20 pm.
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The CNTF-induced increase in Notch Iexpression in dissociated
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primary neurospheres is dependent on either EGF or FGF signaling.
A-B, Passi cells cultured for 6 hours in the indicated conditions reveals that
CNTF had no effect on Notch I-PFI expression in the absence of EGF (A; n=3)
and that CNTF can increase Notchl-PFI expression in the presence of either
EGF or FGF2 (B; p<O.05; ttest; n=3).
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whether CNTF could increase Notchl-PFI expression in the absence of EGF,
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but in the presence of FGF2, another principal NSC mitogen. Figure 14B
demonstrates asignificant increase in Notchl-PFI expression in asingle cell
suspension derived from 7DIV primary neurospheres cultured for 24 hours in
FGF2+CNTF, compared to those exposed to FGF2 alone. Therefore,
upregulation of Notchi expression by CNTF appears to require NSCs being in a
proliferative state.

111.2.0 CNTF can regulate Notch Iprotein expression in vivo
It has been reported that intraventricular infusion of EGF+CNTF results in a50%
increase in the number of neurospheres that could be derived from the
periventricular area of the adult brain, compared to infusion of EGF alone
(Shimazaki etal., 2001). Taken together with the data that showed that CNTF
could only induce the expression of Notchi in the presence of either EGF or
FGF2 (Fig. 14), the expression of Notchi in the forebrain periventricular area of
EGF- vs. EGF+CNTF-infused adult mice was compared. Adult CDI mice were
infused with EGF or EGF+CNTF for six days and the brains processed for
Notchi immunohistochemistry (n=3 for each treatment). The lateral aspect of the
periventricular area (the specific region that is thought to be enriched in NSCs) of
brains infused with EGF+CNTF exhibited amuch thicker and more intense area
of Notch Iexpression compared to animals infused with EGF alone (compare
Fig. 15A to 1513). In particular, whereas Notchi immunoreactivity is sporadic on

Figure 15.

CNTF enhances the expression of Notchl in vivo.
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Adult CDI mice were infused with either EGF (A, C, D), or EGF+CNTF (B, E, F)
for 6days, after which brains were processed for Notchl immunohistochemistry.
Infusion of EGF+CNTF resulted in an overall increase in Notchl staining intensity
as well as amarkedly thickened layer of Notchl expression on the lateral aspect
(arrows in A and B) of the ventricle. Furthermore, more cells in the ventricular
zone labeled for Notchl in EGF+CNTF (C, Notchl, 76±12%; D, Hoechst)
compared to EGF (E, Notchl, 39±7%; F, Hoechst) infused mice (p<O.026, ttest;
n=3). Arrows in C and F indicate Notchl unlabeled cells. Scale bars: BIOOpm,
F25pm.

the lateral aspect of the ventricle in the EGF infused brain, Notch Istaining
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appears as athick, continuous layer in the EGF+CNTF infused brain (compare
Fig. 15C and 15E). Double-blind counts were then performed on the number of
cells immunoreactive for Notch Iin the EGF and EGF+CNTF infused animals.
Seventy-six ± 12% of the cells within the expanded lateral ventricular area
expressed Notchi in animals infused with EGF+CNTF compared to 39 ± 7% in
the EGF infused animals (p<0.026; ttest; n=3). Thus, CNTF, in the presence of
EGF, can upregulate the number of Notchi immunoreactive cells in vivo.

III.2.viii gpl3O regulates NSC Notch

expression and self-renewal

Our laboratory recently reported that adult LIFR/3 heterozygotes show adecrease
in the ability to produce forebrain neurospheres (indicative of NSC number),
compared to their wild-type littermates (Shimazaki etal., 2001). To determine
whether gpl 30 upregulation of Notch Iis associated with changes in NSC selfrenewal, the expression of Notch Iprotein was assessed, using Western blot
analysis, in 3D1V LIFR/3

+1+

and L!FR/3

'

embryonic P1 neurospheres treated

constitutively with EGF or EGF+CNTF. Further, the capacity of wild-type and
mutant P1 neurospheres to produce P2 neurospheres was examined by singlesphere dissociation. In wild-type (+1+) P1 neurospheres, both Notchl-PFI and
P2 neurosphere production increased after CNTF addition, whereas no increase
in Notchl-PFI or P2 neurosphere production was observed in LIFR/3

'

P1

neurospheres cultured in EGF+CNTF (Fig. 16). gpl3o signaling through lL6R

Figure 16.

1L6

+

slL6R increases Notchi expression and P2 neurosphere

production in P1 neurospheres generated from LIFR/3

94

mice.

P1 neurospheres were generated from wild-type (+1+) or null mutant (-I-) LIFR/3
littermates, in the various conditions indicated. Neurospheres were then assayed
after 3DIV for Notch Iprotein with Western blot and after 7DIV for P2
neurosphere production by single-sphere dissociation in EGF alone. Increases
in P2 neurosphere production in wild-type (+1+) EGF+CNTF generated P1
neurospheres and in LIFR/3

'

P1 neurospheres generated in EGF+1L6+sll6R

correlated with concomitant increases in Notchl-PFI expression (inset). CNTF
had no effect on P2 neurosphere production or Notchl-PFI expression in
LIFR/3

P1 neurospheres.

**p<OOI

vs. +1+ control culture or -I- control culture,

Tukey HSD; n=5. N-PFI, Notchl-PFI.
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does not require LIFR3 and thus provides ameans to test whether gpl3O
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activation is sufficient for increasing Notch l-PFI expression and P2 neurosphere
production. Because the 1L6 receptor (1L6R) is not expressed in EGF-generated
neurospheres (Shimazaki and Weiss, unpublished), LIFR/3' P1 neurospheres
were generated in the presence of EGF and soluble lL6R (slL6R)+1L6. Activation
of gp130 signaling in LIFR/3

'

P1 neurospheres with slL6R+lL6 was sufficient to

increase their expression of Notchl-PFI and P2 neurosphere production (Fig.
16). These results suggest that activation of gpl 30 signaling is the common
element in CNTFR-, LlFR-, and lL6R-mediated increases in the self-renewal
capacity of EGF-responsive NSCs.

lll.2.ix Cell contact is not required for CNTF to induce Notch

expression, but it

is required to increase NSC self-renewal
Activation of Notchi signaling requires cell-cell contact. Therefore, CNTF
treatment in the absence of cell-cell contact should not be able to increase selfrenewal if it acts through Notch signaling. Hence, Itested if an increase in
Notch Iexpression, without its activation, was sufficient to increase the
production of P2 neurospheres. First, whether or not CNTF could, in fact,
increase Notch Iexpression in the absence of cell-cell contact was examined.
When completely dissociated primary neurospheres were cultured for 6hours in
EGF+CNTF, although there was an increase in Notchl-PFI compared to EGF
cultures, no Notchl-PF2 could be detected (Fig. 17). This suggests that CNTF,

Figure 17.

Cell-cell contact is not required for CNTF to increase Notchi
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expression, but it is required for CNTF to increase NSC self-renewal.
A, Completely dissociated primary neurospheres were cultured in EGF+CNTF for
6hours; Western blot analyses demonstrate a3-fold increase in Notchl-PFI
expression (p<O.05; ttest; n=3) compared to EGF controls. No increase in
Notch 1-PF2 could be detected. B, P1 neurospheres were generated in EGF or
in EGF+CNTF in the absence (0-24 hours) or presence (72-96 hours) of cell-cell
contact. After 7Dlv, the three different groups were assayed for the formation of
P2 neurospheres by single-sphere dissociation and culture in EGF alone (each
group was washed at 24 and 96 hours). Compared to EGF, addition of CNTF for
24 hours at 3DIV increased the formation of P2 neurospheres by 59%
(p<0.0001; Tukey HSD; n=3) whereas there was no difference in P2 neurosphere
formation when CNTF was added for the first 24 hours (p>0.58; Tukey HSD;
n3).
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in the absence of cell-cell contact, can increase Notch Iexpression but not its
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activation (n=3; Fig. 17A). P1 cells were then treated with EGF alone or with
EGF and CNTF, which was added for 24 hours at plating or for 24 hours at 3
DIV. Each group was washed at Iand 4 DIV. After 7DIV, single P1
neurospheres were dissociated to assay for self-renewal (by counting the
numbers of P2 neurospheres per P1 neurosphere). Figure 17B shows that there
was no significant increase in self-renewal of P1 neurospheres that were treated
with CNTF for the first 24 hours, whereas there was asignificant increase in the
self-renewal capacity of P1 neurospheres treated with CNTF at 3DIV for 24
hours (p<O.0001; Tukey HSD; n=3). These data suggest that cell-cell contact,
which is present in 3DIV neurospheres and almost entirely absent in plated cells
(for the first 24 hours at this concentration), is necessary for CNTF to increase
the self-renewal capacity of NSCs. Taken together, the results imply that CNTF's
actions on EGF-responsive NSC self-renewal are mediated by Notch signaling.

Ill. 2.x Genes downstream of Notch Isignaling are expressed by NSC progeny
and regulated by CNTF
Given the actions of CNTF on Notch1 signaling (this work), Iasked whether the
expression of other genes involved in or regulated by Notch signaling would
change after CNTF treatment of P1 EGF-responsive NSCs. The bHLH genes
Hesi and Hes5 are known mediators of Notch signaling (Kageyama and
Ohtsuka, 1999) and may be involved in NSC or progenitor cell maintenance
(Nakamura etal., 2000; Ohtsuka etal., 2001). In addition, Hesi can directly

downregulate Mashi expression, agene whose expression is an initial step
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in the NSC to progenitor cell transition (Chen etal., 1997; Toni et al., 1999).
Therefore, Ipredicted that gpl3o-mediated signaling, initiated by CNTF, would
increase the expression of Hesi and/or Hes5, with aconcomitant decrease in
Mashi expression. Three DIV P1 neurospheres generated in EGF+CNTF do not
upregulate Hesi expression (p>0.05; ttest; n=3) (Fig. 18A). Hes5 expression
was significantly reduced in 3DlV EGF+CNTF P1 neurospheres compared to the
equivalent neurospheres generated in EGF alone (p<O.05; ttest; n3) (Fig. 18A).
However, as expected CNTF decreased Mashi expression in 3DIV EGF+CNTF
P1 neurospheres compared to EGF controls (p<0.05; ttest; n=3) (Fig. 18B).
Mash Ihas been reported to downregulate its own mRNA expression (Meredith
and Johnson, 2000), and thus Mash Iprotein expression was also examined
after CNTF treatment. CNTF treatment significantly decreased Mash I
expression in 3DIV neurospheres (p<0.05; ttest; n=3) (Fig. 18B). Given the
decrease in Mashl expression and because it is aknown transcriptional activator
of Notch ligand expression (Casarosa et al., 1999), the expression of
Delta/Serrate genes was examined in EGF- and EGF+CNTF-generated
neurospheres. By using RT-PCR Southern blot analysis, Ifound that the
expression of De!ta3 decreased (p<0.05; ttest; n3) (Fig. 18C) in 3 DIV P1
neurospheres cultured in EGF+CNTF, compared to EGF alone. The decreases
in DeIta3 mRNA, Mash ImRNA, and protein expression are consistent with the
observation that EGF+CNTF treatment of P1 neurospheres increases Notch I
expression and signaling. Together the results suggest that signaling initiated by

Figure 18.

CNTF treatment changes the expression of genes regulated by
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Notchi signaling.
Primary neurospheres derived from the E14 striatum were grown in the presence
of EGF for 7DIV, dissociated, and then cultured (5 x104 cells/ml) in either EGF
or EGF+CNTF to generate P1 neurospheres. The cells were then harvested for
total RNA or protein at 3DIV and processed for RT-PCR Southern or Western
Blot analyses as described in the methods. A, Constitutive CNTF treatment
significantly decreases Hes5 expression, while Hesl expression in CNTF treated
P1 neurospheres does not differ significantly from 3 DIV EGF-derived P1
neurospheres. B, Mashl mRNA and protein expression are significantly reduced
in P1 neurospheres generated for 3DIV in the presence of EGF+CNTF
compared to EGF alone. C, DeIta3 expression is reduced in 3 DIV EGF+CNTF
P1 neurosphere cultures compared to EGF cultures.
C; n=3).
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CNTF upregulates Notch signaling, which consequently prevents the
differentiation of EGF-responsive NSCs to progenitor cells.

I!!. 2.xi Discussion
To understand how cytokine mediated activation of gpl 30 signaling increases
EGF-responsive NSC self-renewal (Shimazaki etal., 2001), ltested the
hypothesis that gpl3O signaling, activated by CNTF, promotes Notch

signaling.

My results demonstrate that, in EGF-responsive NSCs, gpl 30-mediated
signaling specifically upregulates Notchi expression in acontext-dependent
manner in vitro. Furthermore, activation of gpl 30 signaling could also regulate
the expression of Notch Iin vivo. The increase in Notch Iexpression was
followed by an increase in the ligand-mediated cleavage of Notchl-PFI into
Notchl-PF2 and further into Notchl-PF3. Observed decreases in Mashi and
DeIta3 are consistent with activation of gpl3o leading to an increase in Notch I
signaling. However, the results suggest that Hesi and Hes5 may not be the
critical components of Notch Isignaling that are involved in NSC self-renewal.

lll.2.xi.I Notchi may specifically be activated downstream of the gpl3Omediated increase in EGF-responsive NSCs self-renewal
The CNTF-induced increases in Notch Iobserved in this study are consistent
with the findings of Faux et al. (2001) who reported that LIF and members of the
TGFI3 family could increase the expression of Notchi in E10.5 neuroepithelial
progenitor cells. Faux and colleagues also found that Notch3 expression was

upregulated by LIF. However, Notch3 actions on self-renewal were not
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addressed, and thus its upregulation by LIF may not be related to self-renewal. It
is possible that Notch3 will help to maintain the self-renewal of the neuroepithelial
progenitors examined by Faux and colleagues (2001), but not in EGF-responsive
NSCs, which are not present in vivo at E10.5. In fact, the same study reported
that Notch signaling, activated by soluble Deltal FC, prevented FGF-responsive
NSC differentiation in agreement with the findings of Hitoshi et al. (2002),
suggesting that Notch signaling, whether mediated by Notch Ior Notch3,
regulates self-renewal of FGF-responsive NSCs. However, the lack of Notch3
(Stump et al., 2002) expression in the SVZ of adult lateral ventricles suggests
that Notch Iis the primary mediator of Notch signaling in EGF-responsive NSCs.
Thus, different Notch receptors -or combinations thereof may regulate the selfrenewal of EGF- versus FGF-responsive NSCs.

lll.2.xi.2 Requlation of NSC self-renewal may become more dependent on
qp130 signaling as development proceeds
It has been reported that the numbers of FGF-responsive El 0.5 neuroepithelial
progenitor cells were not reduced in LIFRI3 null animals (Bartlett etal., 1998).
This may be due to redundancy in the regulation of Notch gene expression, as
FGF-2 can also upregulate Notch expression in neuroepithelial progenitors (Faux
et al., 2001). Therefore, early embryonic NSC self-renewal may be regulated by
multiple factors, but become more dependent on gpl3o-mediated signaling as
development progresses. Alternatively, adecrease in the self-renewal of the

neuroepithelial progenitors might only have been observed after multiple
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passages. Such was the case for E14 embryonic EGF-responsive NSCs derived
from LIFR' animals, which did not exhibit areduction in self-renewal unless
examined over multiple passages (Shimazaki et al., 2001). In addition, our lab
found that there was adecrease in the number of NSCs residing in the SVZ of
the adult lateral ventricles of LIFR heterozygotes (Shimazaki etal., 2001). Haifa
et al. (2002), also found that signaling mediated by gpl3O prevented cortical
NSCs from differentiating into progenitors. In sum, these findings suggest that
EGF-responsive NSC self-renewal is regulated by gpl 30, but to what extent
other factors can compensate for gpl3O early in development is not known.

lIl.2.xL3 The CNTF-induced increase in Notchi expression is independent of
cell-cell contact, but self-renewal and Notchl signaling are not
Although CNTF increased the expression of Notch 1, it was possible that this
effect was indirect. My findings that CNTF enhances Notchl-PFI expression
rapidly (Fig. 13) suggest adirect action on NSCs that does not involve the
production of an intermediate protein. Furthermore, the increase of Notch I
expression was observed in the absence of cell-cell contact. This implies that
the decrease of Delta3, observed in EGF

+

CNTF cultures, did not increase

Notch Iexpression through the loss of lateral inhibition. Rather, the results
suggest that the observed decrease of Delta3 in EGF

+

CNTF cultures was a

result of increased Notch Isignaling. On the other hand, Idemonstrated that
cell-cell contact is required for CNTF to increase Notchl-PF2 and NSC selfrenewal (Fig. 17) as would be expected if CNTF regulates NSC self-renewal

through Notch Isignaling. Thus, although CNTF, in the absence of cell-cell

106

contact, can increase the expression of Notchi in EGF-responsive NSCs, cell
contact is necessary for Notch activation and the subsequent increase in NSC
self-renewal.

lll.2.xi.4 EGF and qpl3O signalinq may cooperatively promote the expression of
Notch Iin NSCs
The results of this study suggest that the gp130-mediated increase in Notch I
signaling is dependent on the state of the NSCs. CNTF only induced an increase
in Notch Iexpression in the presence of either EGF or FGF2. CNTF and EGF
may cooperate in regulating levels of Notch signaling by controlling STAT
function. Both EGF and CNTF can phosphorylate tyrosine residues on STAT3,
which is necessary for STAT3's dimerization and translocation to the nucleus
(reviewed by Akira, 1999 and Turnley and Bartlett, 2000). Additionally, it has
been reported that MAP kinase can phosphorylate dimerized STAT proteins on
serine residues, which appears to be necessary for STAT-dependent
transcriptional activation (Akira, 1999). Although the upstream 5' sequence of
mouse Notch Iis unavailable, Iexamined the genomic sequence upstream of
Drosophila Notch for the presence of STAT binding sites. The existence of two
putative STAT-element binding sites, 5'-TTCNNNGAA in Drosophila (Kwon et al.,
2000) at -954: -962 and -1035: -1043 with respect to the Notch start codon
(designated as 0), are support for the contention that gpl 30-mediated JAK/STAT
signaling may directly regulate the transcription of Notch Iin Drosophila and in
the mouse. Thus, it is plausible that EGF and CNTF signaling may co-

operatively activate the dimerization, translocation, and activation of STAT3
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proteins, which in turn act to promote Notchi expression.
EGF and gp130 mediated signaling may also cooperate to establish the
pattern of Notch Isignaling within the developing CNS. For example, cells within
the ventricular zone exposed to high levels of CNTF/LIF and EGF signaling,
would express high levels of Notch Iand through lateral inhibition "determine"
how cell-cell contact mediated signaling would allow distinction/separation of the
adjacent progenitor cell pool in the sub-ventricular/mantle zones. Thus, cells
further removed from EGF/CNTF would become progenitor cells, limited in their
capacity to self-renew and more able to express genes, such as Mash 1, involved
in the determination of restricted neural progenitor cells. Indeed, EGF

+

CNTF

decreased Mashi mRNA and protein expression in NSC cultures, as this model
would predict. A similar concept was previously suggested by Price et al. (1997),
with respect to Notch and EGFR signaling in the establishment or maintenance
of posterior follicle cell fates in Drosophila. They provide evidence suggesting
that EGFR signaling influences Notch signaling in posterior follicle cells and the
establishment of the expression levels of Delta ligand, which would, in turn, be
maintained by lateral inhibition. Thus, as reported in other systems, my results
support the contention that cell contact-mediated signaling and non-cell contact
mediated epigenetic signaling pathways are intimately linked in the establishment
of neural patterning and development.

lll.2.xi.5 Hesl and Hes5 may not maintain the capacity of EGF-responsive
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NSC to self-renewal
Conflicting results raise questions as to whether Hes genes are important in NSC
self-renewal (Ohtsuka et al., 2001; Hitoshi et al., 2002a). Ifound that
neurospheres cultured for 3DIV in EGF+CNTF demonstrate a5-fold increase in
Notchi expression compared to EGF controls. This increase in Notchl
expression is concomitant with asignificant decrease in Hes5 expression and no
change in Hesl expression. Given the decrease in the progenitor determination
gene Mashi (Fig. 18), agene whose transcription is repressed by Hesl (Chen et
al., 1997), it is surprising that there was no increase in Hes gene expression in
the CNTF treated cultures. However, these observations are not unlike those
made by Shawber et al. (1996) whereby Notchi activation, which kept C2012
myoblasts from differentiating, did not result in the upregulation of Hesl. Stable
transfection of C2CI 2myoblasts with Hesl was also unable to inhibit their
differentiation. Also, Furukawa et al. (2000) reported that overexpression of
activated Notchi in the retina increased clone size, while overexpression of Hesl
did not. Finally, there was no decrease found in the expression of Hesl in
PresenhlinV' brains (Handler et al., 2001) nor in RBP-Jt' ES cell sphere
colonies (Hitoshi et al., 2002), where there were decreases in the self-renewal of
isolated NSCs. The strongest evidence against arole for Hesl in EGFresponsive NSC self-renewal is its absence from the adult SVZ, where adult
NSCs reside, suggesting that Hesl may not mediate EGF-responsive NSC selfrenewal (Stump et al., 2002). This also suggests that Hesl may not regulate the

self-renewal of embryonic EGF-responsive NSCs, if one assumes that adult
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EGF NSCs are derived from embryonic EGF NSCs. These studies are
consistent with the notion that Hesi does not regulate EGF-responsive NSC selfrenewal.
The suggestion that Hes genes do not function primarily in NSC
maintenance is in apparent contrast to the studies by Nakamura et al., (2000)
and Ohtsuka et al.(2001), where neurospheres could be generated from embryos
null for Hesi and/or Hes5, yet arole for these factors in NSC maintenance was
suggested. In both studies, single or double mutant neurospheres were on
average smaller, however the double mutant primary neurospheres could still
produce P1 neurospheres (demonstrating self-renewal). In fact, when
normalized for total cell number, Ohtsuka et al. (2001) found that single mutants
did not show areduced number of secondary neurospheres. In our lab's
previous study (Shimazaki et al., 2001) and in my results, reduction in selfrenewal is defined as areduced number of P2 neurospheres generated from
single equivalent sized P1 neurospheres, or as apopulation normalized for cell
number. The observations of smaller primary or secondary neurospheres,
reported by Nakamura et al., (2000) and Ohtsuka et al. (2001), could as readily
be interpreted as Hesi and Hes5 functioning primarily in the maintenance of
neural progenitor cells. Indeed this was suggested by Nakamura et al. (2000),
with respect to Hesi. Furthermore, the observation that no neurospheres could
be obtained from Preseni!in1'iPreseniIin2' mice (Hitoshi et al., 2002), in
contrast to Hesl/Hes5 double null mutants, strongly supports the contention that

other factors can mediate Notchi signaling actions on NSC self-renewal.
Kondo and Raff (2000) reported that both Mash
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and Hes5 are expressed in

oligodendrocyte progenitors and both may mediate their differentiation.
Furthermore, Hes5 appears to function in later progenitors of the olfactory
neuroepithelium (Cau et al., 2000). Therefore, the marked decrease in Hes5
expression observed in 3DIV EGF+CNTF compared to EGF cultures may be the
result of an increase in NSCs at the expense of progenitor cells with alimited
self-renewal capacity. This is consistent with our labs previous findings
(Shimazaki et al., 2001) whereby CNTF supported the maintenance of NSCs by
suppressing their restriction to glial progenitors.
Two new Hes genes, Hes6 and Hes7 (Bae et al., 2000; Bessho et al.,
2001), have recently been discovered. It is plausible that ayet unidentified Hes
gene mediates the increase in Notchi signaling stimulated by CNTF. Given their
observation of neurosphere formation in the Hesl/Hes5 double mutants, Ohtsuka
and colleagues (2001) suggest that asplice variant of Hes3 (Hes3b), may
contribute to embryonal NSC maintenance. It is also possible that aSuH/RBPJK

independent pathway (non-core Notch signaling), which may not require Hes,

mediates the CNTF induced increase in Notchi signaling (Shawber et al., 1996;
Matsuno et al., 1997; Ordentlich et al., 1998). Future studies of gpl3o regulation
of Deltexl and Hes genes will likely serve to identify the protein that mediates
Notch Iregulation of NSC self-renewal.

lll.2.xi.6 Future directions
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Ihave demonstrated in this chapter that activation of gpl 30 signaling with CNTF
increases the expression of Notchi in EGF-responsive NSCs in vitro and in vivo.
Cell-cell contact leads to the ligand induced increases in Notchi signaling, which
is followed by increased NSC self-renewal. Furthermore, the CNTF-induced
increase in Notchi expression is dependent on aproliferative state. My findings
suggest that the non-core Notch signaling pathway may mediate CNTF-induced
increases in NSC self-renewal. Examination of the role that Deltex plays in
gpl3o-mediated increases in self-renewal would help clarify this issue.
Furthermore, whether Wnt signaling can regulate self-renewal may provide
another interesting avenue in NSC research.

111.3 ISOLATION OF A NOVEL PDGF-RESPONSIVE PROGENITOR FROM
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THE VENTRAL EMBRYONIC FOREBRAIN

111.3.i Introduction
The literature on the identity and characteristics of the progenitors that give rise
to oligodendrocytes during embryonic CNS development is rife with controversy.
Characterization of optic nerve 02A progenitors (Temple and Raff, 1985) and
glial-restricted progenitors (Rao and Mayer-Proschel, 1997) in the spinal cord
suggest that oligodendrocytes are produced by bipotent astrocyte/
oligodendrocyte progenitors. However, Oligl/2 knockout studies revealed that
these genes are necessary for generation of oligodendrocyte progenitors but not
astrocytes (Lu et al., 2002; Zhou and Anderson, 2002). This suggests that
astrocytes and oligodendrocytes may actually have separate progenitors in the
spinal cord. The nature of the oligodendrocyte progenitor cell in the forebrain is
unclear. Clonal analysis of forebrain NSCs found that ventral clones were more
likely to generate both neurons and oligodendrocytes than dorsal clones (He et
al., 2001), which suggests that both neurons and oligodendrocytes are initially
generated by acommon ventral progenitor. Further support for this contention
comes from the examination of DIx1/2 mutant mice where the tangential
migration of both oligodendrocytes and neurons is disrupted (Yung et al., 2002).
However, DIx2-expressing cells have been found to generate astrocytes as well
as oligodendrocytes (Marshall and Goldman, 2002). Thus, the lineage
restrictions of forebrain oligodendrocyte progenitors remain to be clearly defined.

As stated in the introduction, oligodendrocyte progenitors in the
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forebrain are thought to express PDGFRa. Therefore, Iask whether, in vitro,
embryonic ventral forebrain progenitors can proliferate in response to PDGF and
produce oligodendrocytes and neurons.

lll.3.ii PDGF induces proliferation and the subsequent generation of
neurospheres in cultures of dissociated E14 ventral forebrain
Given that PDGFRa is one of the earliest markers of oligodendrocyte progenitor
cells, and that signaling by PDGF-AA is required for generation of most
oligodendrocytes (Fruttiger et al., 1999), Ifirst asked whether stimulation of
dissociated E14 MGE or LGE with PDGF-AA or PDGF-BB would result in the
generation of neurospheres. The neurosphere assay was used because
manipulation of the primary cells is minimal compared to the immunopanning
procedures used to isolate 02A progenitors, Increasing concentrations of
PDGF-AA were tested for their ability to generate neurospheres from E14
primary cultures of dissociated MGE and LGE. PDGF-AA induced neurosphere
production in adose-dependent manner. The greatest numbers of neurospheres
were produced in 100 ng/ml of PDGF-AA (p< 0.05; 12 ± Iper 10000 plated cells;
n=3) (Fig. 19A). An example of aprimary 7DIV PDGF-AA-generated
neurosphere is shown in Figure 19B. Next, the differentiation products of the
neurospheres were examined with immunocytochemistry using antibodies
directed against GFAP (astrocytes), f3-111-tubulin (neurons), and 04
(oligodendrocytes). Figure 19C shows that after 2 DIV, in the presence of I

Figure 19.

PDGF signaling induces the generation of neurospheres from
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the E14 ventral forebrain.
A, A dose-response of PDGF-AA-induced neurosphere formation from
dissociated E14 ganglionic eminences after 7DIV revealed that the greatest
number of neurospheres were generated at aconcentration of 100 ng/ml of
PDGF-AA. B, Photomicrograph of a7DIV neurosphere generated in 100 ng/ml
of PDGF-AA. C, Six DIV neurospheres were differentiated for 2 DIV in the
presence of I% FBS and labeled for GFAP (cytoplasminc; astrocytes; blue), 3Ill-tubulin (neurons, red), 04 (oligodendrocytes, green), and nuclei (Hoechst
33258, blue). Neurons and oligodendrocytes were identified, but not astrocytes.
D, Significantly more neurospheres were generated from the MGE than the LGE,
independent of whether the cells were cultured in 100 ng/ml PDGF-AA or 100
ng/ml of PDGF-BB. (n=4, *p<O.0001; **p<O.0001 n=3; Tukey HSD). B, scale
bar= 50 gm; C, scale bar= 25 pm.
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oligodendrocytes, but not astrocytes.
Expression of PDGFRa is largely restricted to the MGE at E14 (TekkiKessaris etal., 2001). Therefore, if endogenous PDGF-responsive progenitors
are being isolated then their generation should be restricted to the MGE. Since
PDGF-AA only stimulates PDGFRa, whereas PDGF-BB can stimulate both
PDGFRcX and PDGFR, PDGF-BB was also used to determine if aprogenitor
that responds only to PDGFRP resides in either the LGE or MGE. Stimulation of
dissociated E14 MGE with PDGF-AA or FDGF-BB resulted in the generation of
11 ± Iand 10 ± Ineurospheres respectively after 7DIV (Fig. 19D). PDGF-AA
and PDGF-BB were equally efficacious in the generation of neurospheres from
the MGE and LGE (p>0.95 for the MGE and p>0.82 for the LGE; Tukey HSD;
n=3), suggesting that aprogenitor cell that only expresses PDGFRI3 does not
exist at this time. However, the MGE produced significantly more neurospheres
(>4-fold) than the LGE with either PDGF-AA or PDGF-BB (p<0.0001; Tukey
HSD; n=3). Collectively, the data suggest that bipotent neuronal/oligodendroglial
progenitors responsive to PDGF-AA reside principally in the MGE at E14.

!!L3.iii Neurospheres generated in the presence of PDGF-AA are clonallyderived
PDGF is known to have chemotaxic effects on cortical NSCs (Forsberg-Nilsson
etal., 1998). Therefore, Iasked whether PDGF-AA-generated neurospheres
resulted from clonal progenitor cell proliferation or from the directed migration of

cells along the culture dish into clumps that resemble neurospheres. This
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was tested by culturing dissociated E14 MGEs from CDI and TgN(GFPU)5Nagy
(green fluorescent protein [GFP]-expressing) mice together 1:1, at 20000
cells/ml, and in the presence of 100 ng/ml of PDGF-AA. If cell clumping
generates the majority of the neurospheres, then most should contain both GFPexpressing and non-GFP-expressing cells. However, 95 ± 11 % of the
neurospheres were not chimeric for GFP expression (n=3,

p<0.003; Tukey HSD)

(Fig. 20), and there was no difference in the number of GFP or non-GFP

-

expressing neurospheres produced (p>0.65; n=3; Tukey HSD) (Fig. 20). This
suggests that neurospheres generated by PDGF stimulation are products of cell
proliferation and are clonally-derived.

lll.3.iv Expression patterns of PDGFRA and EGFR are non-overlapping in the
AEP
The observations that PDGF-responsive progenitors reside mainly in the AEP,
and that these progenitors do not produce astrocytes, suggest that they are
distinct from EGF-responsive NSCs. Indeed, EGF can generate neurospheres
from both MGE and LGE, and these neurospheres produce neurons,
oligodendrocytes, and astrocytes (Reynolds et al., 1992). If PDGF and EGF
stimulate distinct populations to produce neurospheres, one would predict a
predominantly non-overlapping pattern of PDGF and EGF receptor expression
within the AEP. Thus, the expression of PDGFRa and EGFR was examined in
transverse sections of the E14 AEP. PDGFRa expression was predominantly

Figure 20.

Neurospheres generated by PDGFRa activation are a result of
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proliferation and not cell-clumping.
A-E, Dissociated E14 MGEs from normal CDI albino mice or TgN(GFPU)5Nagy
(GFP) mice were cultured together 1:1 at 20000 cells/ml in culture media
containing 100 ng/ml of PDGF-AA. Photomicrographs of non-GFP-expressing
(A-B) and GFP-expressing neurospheres (C-D) are shown. E, Approximately
95% of the generated neurospheres were not chimeric for GFP expression
(*p<0 .
003; Tukey HSD; n=3), whereas no difference in the number of GFP- or
non-GFP-expressing neurospheres generated was observed (p>0.65; Tu key
HSD; n=3). Scale bar= 50 .tm.
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choroid plexus (Fig. 21A). Expression of PDGFRa was found to be ventral to
that of EGFR, relative to the ventral aspect of the third ventricle (compare
distance from arrowheads to asterisks in Fig. 21 B and C). Double-labeling for
PDGFRa and EGFR revealed two populations of cells that were non-overlapping
in their expression of these receptors (Fig. 21 D). These data support the
contention that PDGFR(x progenitors are distinct from EGF-responsive NSCs.

III.3.v PDGF-responsive progenitors are distinct from EGF NSCs
The expression patterns of PDGFRa and EGFR suggest that PDGF-responsive
progenitors and EGF-responsive NSCs are distinct populations of proliferating
cells within the MGE. Tropepe et al. (1999) found that embryonic EGF and FGF
NSCs were two distinct cell populations, by virtue of their generation of
neurospheres being additive under clonal conditions. Thus, if PDGF and EGFresponsive progenitors are different populations, the generation of neurospheres
with both PDGF-AA and EGF should also be additive. To provide further
evidence for this hypothesis, Icultured cells from the LGE or MGE at 10000
cells/ml in the presence of 100 ng/ml of PDGF-AA, 20 ng/ml of EGF, or both.
The resultant primary neurospheres were counted. Figure 22 demonstrates that
MGE cultured in the presence of EGF

+

PDGF-AA produced significantly more

neurospheres than MGE cultured in either EGF or PDGF-AA alone (p<0.001;
LSD test; n=5). On the other hand, there was no difference in the number of
neurospheres produced from the LGE cultured in the presence of EGF

Figure 21.

Expression patterns of EGFR and PDGFRa in the AEP suggest
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the existence of two distinct precursor populations.
Transverse sections of the E14 forebrain were processed for
immunohistochemistry against PDGFRa and EGFR. A, Low power
photomicrograph showing PDGFRa immunoreactivity within the AEP (inset), as
well as in the primordium of the choroid plexus (arrow). PDGFRaimmunoreactivity (B; arrowheads) was localized ventral to that of EGFR
immunoreactivity (C; arrowheads; compare location of staining to the asterisks
placed at the most ventral portion of the neuroepithelium open to the third
ventricle). D, Double-labeling of PDGFRa (green) and EGFR (red) suggests that
the populations are non-overlapping. AEP, anterior entopeduncular area; DI,
dorsal thalamus; ChPl, choroid plexus; CTX, cortex; GE, ganglionic eminence;
ET, epithalamus; MT, medial thalamus; POA, anterior preoptic area ;A, inset
scale bar= 50jim; A, scale bar= 200 jim; B and C, scale bar= 50j.im; D, scale bar=
25jim.

POA

Figure 22.

Generation of neurospheres from the E14 MGE is additive in

the presence of PDGF-AA

+
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EGF.

Dissociated E14 MGE (A) or LGE (B) was cultured at 10000 cells/ml in the
presence of 100 ng/ml of PDGF-AA and 20 ng/ml of EGF or EGF

+

PDGF-AA,

and the number of neurospheres generated was counted. PDGF-AA

+

EGF

produced significantly more neurospheres from the MGE than either EGF or
PDGF-AA alone

(*p<0.0001;

Tukey HSD; n=4). There was no difference in the

number of neurospheres generated from the LGE in the presence of
EGF+PDGF-AA compared to EGF. Significantly fewer neurospheres were
generated in the presence of PDGF-AA alone compared to EGF or EGF
PDGF-AA (p<0.001; Tukey HSD; n=4).
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test; n=5). These results suggest that PDGF-responsive progenitors from the
MGE are distinct from EGF NSCs.

11L3.vi PDGF-responsive progenitors have alimited self-renewal capacity
To further examine properties of PDGF-responsive progenitors, their ability to
self-renew was examined in relation to what is known about EGF-responsive
NSC self-renewal. Single, primary EGF-generated neurospheres (or any EGFgenerated neurosphere P1, P2, etc.), when dissociated and cultured again in
EGF, will always produce many secondary neurospheres (Reynolds and Weiss,
1996). Therefore, Iasked whether PDGF-responsive progenitors had alimited
capacity for self-renewal, as would be expected for aprogenitor cell, or an
unlimited capacity for self-renewal indicative of aNSC. Table 2illustrates that
single, primary PDGF-AA-generated neurospheres could not produce any
secondary neurospheres when mechanically dissociated in 96-well plates
containing PDGF-AA (n3). However, when primary PDGF-AA generated
neurospheres were passaged into EGF, very few (3±1) secondary neurospheres
were generated. On the other hand, primary EGF-derived neurospheres
processed in the same manner, but passaged into PDGF-AA produced 26 ±5
secondary neurospheres. Thus unlike EGF NSCs, which have the capacity to
passage into EGF or PDGF-AA, primary PDGF-progenitors cannot self-renew in
PDGF-AA, and do so only rarely in EGF. These data suggest that PDGFresponsive progenitors show alimited self-renewal capacity, characteristic of a
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Table 2. PDGF-responsive progenitors are limited in their capacity for selfrenewal
Primary PDGF-AA
neurospheres
Passaging growth factor
Number of neurospheres
generated per single dissociated
neurosphere

Primary EGF
neurospheres

PDGF-AA

EGF

PDGF-AA

0

3± 1

26 ±5*

Medial ganglionic eminences (for PDGF-AA) or ganglionic eminences (for EGF)
were dissected out from E14 mouse embryos and the tissue was mechanically
dissociated. Dissociated cells were cultured at 10000 cells/ml in serum-free
media for 7 DIV in 20 ng/ml of EGF or 100 ng/ml of PDGF-AA to generate
primary neurospheres.
Individual neurospheres were then washed 3X with
growth factor free media, transferred into 96-well plates, dissociated, and
assayed for the generation of neurospheres in the passaging growth factor.
*p<.0001 vs. primary PDGF-AA and primary EGF; Tukey HSD, n=3

progenitor cell, and this further distinguishes them from EGF-responsive
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NSCs.

111.3.0 PDGF-generated neurospheres do not express Jaggedl
Our laboratory and others have previously reported that Notch signaling is
important in the self-renewal of NSCs (Hitoshi et al., 2002; Chojnacki et al.,
2003). Notch signaling can also regulate the differentiation of oligodendrocytes
(Genoud et aL, 2002; Givogri et al., 2002; John et aL, 2002) and therefore may
also play arole in E14 PDGF-responsive progenitor self-renewal. As in section
111.1, Iexamined the expression of the Notch family of receptors and their ligands
in primary PDGF-AA derived neurospheres. Similar to EGF-generated
neurospheres, primary PDGF-AA-generated neurospheres express Notch Iand 3
as well as Delta Iand 3(data not shown). However, although EGF-generated
neurospheres expressed Jaggedl, its expression was not detected in PDGF-AA
generated neurospheres (Fig. 23). The lack of Jaggedl expression by PDGFresponsive progenitor cells parallels the finding that 02A progenitors do not
express Jaggedl (Wang et al, 1998) and further distinguishes EGF-responsive
NSCs and PDGF-responsive progenitors.

lll.3.viii Differentiation of PDGF-AA generated neurospheres reveals that the
generated progeny are highly motile
The results presented above suggest that EGF-responsive NSCs and PDGFresponsive progenitors are different in the cells they generate, in their self-

Figure 23.
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PDGF-AA-generated neurospheres do not express Jaggedi.

Primary PDGF-AA generated neurospheres were harvested for total RNA and
RT-PCR was performed with primers directed against Jaggedi. No expression
of Jaggedl was detected in PDGF-AA neurospheres compared to control P1
EGF-generated neurospheres (n=3).

Jagged 1

renewal properties, and in the genes they express. To determine whether
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there were further differences in the characteristics of differentiating
neurospheres of both types, primary 6DIV EGF- and PDGF-AA-generated
neurospheres were plated for 24 hours on poly-L-ornithine coated coverslips.
Primary EGF-generated progeny rarely migrated away from the center of
differentiating neurospheres (Fig. 24A 1-A 3). In contrast, within 24 hours of
plating, PDGF-AA-generated progeny migrated great distances (over 300 jim in
some instances) from the center of neurospheres (Fig. 24 B1-B 3). The unique
manner in which PDGF-AA-generated neurospheres differentiate provides
additional evidence that PDG F-responsive progenitors and EGF-responsive
NSCs are distinct cellular populations.

111.3. ix Discussion
The results in this chapter demonstrate that either PDGF-AA or PDGF-BB can
stimulate the proliferation of cells to form clonally-derived neurospheres from the
MGE. Several lines of evidence indicate that PDGF-responsive progenitors and
EGF-responsive NSCs are different. Unlike the self-renewing and multipotent
NSCs, PDGF-responsive progenitors were found to be bipotent
neuronal/oligodendroglial progenitors with limited self-renewal capacity. The
expression patterns of EGFR and PDGFRa did not overlap in the AEP, and the
generation of neurospheres from the MGE in EGF

+

PDGF-AA was additive. In

addition, in contrast to EGF-generated neurospheres, PDG F-generated
neurospheres did not express Jaggedl and differentiated in a

Figure 24.

PDGF-AA-generated neurospheres give rise to highly motile
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cells.
Primary EGF- or PDGF-AA-generated neurospheres were cultured for 6DIV,
washed, and transferred onto poly-L-ornithine coverslips in the presence of 1%
FBS. After 24 hours, photomicrographs were taken of the differentiating
neurospheres. EGF-generated neurospheres (A 1-A 3)appeared to flatten out and
individual cells were rarely seen migrating far away from the neurosphere as to
be separated from the main cluster of differentiating cells. PDGF-AA-generated
progeny (B 1-B 3)migrated large distances away (some greater than 300
the center of differentiating neurospheres. Scale bar= I00.im.

m) from

EGFneurospheres

PDGF-AA neurospheres

highly motile manner. These findings suggest that anovel PDGF-responsive
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neuronal/oligodendroglial progenitor resides in the MGE.

lll.3.ix.1 PDGF-responsive progenitor may qenerate both neurons and
oligodendrocvtes in the ventral forebrain
In order to determine the potential that aprogenitor population possesses to
produce different cell types, one must first be confident that asingle cell
generates all the progeny of acolony of cells. Mixed cultures of GFP and nonGFP expressing cells have been used previously with success to determine
whether growth factor-generated colonies are clonally-derived (Represa et al.,
2001). Ifound that the majority of neurospheres, generated in the presence of
PDGF-AA from mixed cultures of non-GFP- and GFP-expressing MGEs, were
not chimeric for GFP expression. Thus, the culture conditions used to stimulate
progenitor cell proliferation in this study, results in the generation of mainly clonal
colonies.
My results show that primary PDGF-AA-generated neurospheres from the
MGE produce neurons and oligodendrocytes, but not astrocytes (Fig. 19). This
suggests that forebrain oligodendrocytes share alineage with neurons, but not
with astrocytes. As discussed previously, studies of the spinal cord suggest that
oligodendrocytes and motor neurons may share such alineage (Richardson et
al., 1997; Richardson etal., 2000). Recent evidence from animals lacking Oligi
and/or 011g2 reinforces this notion, since both genes are required for the
development of motor neurons and oligodendrocytes (Lu et al., 2002; Zhou and
Anderson, 2002). However, acommon progenitor that produces both

oligodendrocytes and motor neurons is yet to be identified. In the forebrain,

134

studies of Dlx gene expression and clonal analysis of ventral forebrain
progenitors suggest that one progenitor population produces GABAergic
interneurons and oligodendrocytes. Price and colleagues (1991) used retroviral
lineage analysis in vitro to identify acortical cell that could generate both neurons
and oligodendrocytes. Cells that express Dlx genes in the forebrain are
generated in the ventral forebrain and migrate to the cortex (Bulfone etal., 1993;
Anderson etal., 1997). Initial reports suggested that only the migration of
GABAergic interneurons was affected in Dlxi /2 null mice (Anderson etal., 1997).
However, when the expression of Dlx genes was examined with apan-D!x
antibody, they were also found to be expressed in oligodendrocytes (He et al.,
2001). Furthermore, the tangential migration of both oligodendrocytes and
neurons is disrupted in DIx1/2 mutant mice (Yung et al., 2002). These findings
suggest that in the ventral forebrain, acommon progenitor may generate
GABAergic neurons and oligodendrocytes. However, D!x2-expressing cells were
also found to generate astrocytes (Marshall and Goldman, 2002). This suggests
that anumber of different precursor populations may express Dlx genes. Thus,
the PDG F-responsive progenitor identified in this study may be the best
candidate for aneuronal/oligodendroglial progenitor from the ventral embryonic
forebrain.
The fact that these PDGF-responsive progenitors that Ihave identified
give rise to neurons but not astrocytes makes them unlike the 02A progenitor,
which generates astrocytes and oligodendrocytes (Temple and Raff, 1985).

However, 02A progenitor cells, on transplantation, do not give rise to
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astrocytes (Espinosa de los Monteros etal., 1993). This suggests that 02A
progenitors demonstrate an in vitro potential to produce astrocytes that may not
occur in vivo. The findings that O!ig2 is not expressed in cells of the astroglial
lineage and is required for the generation of oligodendrocytes, supports the
contention that oligodendrocytes are not produced by bipotent
astroglial/oligodendroglial progenitors in vivo (Zhou and Anderson, 2002). It is
possible that 02A progenitors do not produce neurons because they are isolated
from the postnatal diencephalon, where little neurogenesis occurs. Therefore,
the capacity of PDGF-responsive progenitors (in this study) to generate neurons
may result in part from their isolation from the MGE at adevelopmental stage at
which neurogenesis is ongoing. It is possible that postnatalli, PDGF-responsive
progenitors lose their capacity to produce neurons.
An alternative possibility is that neuronal production by PDGF-responsive
progenitors is artifact induced by in vitro culture conditions. However, the
observations that PDGF can stimulate neuronal proliferation in cortical NSC
cultures (Erlandsson etaL, 2001) and induce neuronal differentiation of cortical
neuroepithelial cells (Williams etal., 1997) suggest otherwise. This makes it
unlikely that production of neurons and oligodendrocytes from early PDGFresponsive progenitors is artifactual.

lII.3.ix.2 Miqht Notch signalinq requlate the self-renewal of PDGF-responsive
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progenitors?
Differentiation of progenitor cells often relies on cooperative environmental
factors. The differentiation of oligodendrocytes, for instance, appears to be
regulated by axonal cues (Miller, 2002). The isolation of precursor cells for
experiments in vitro effectively prevents these cells from receiving either contactmediated or soluble signals from adjacent precursors or local axon tracts.
PDGF-responsive progenitors are no exceptions to this rule, especially when all
their progeny are forced to remain together within aneurosphere. Since
oligodendroglial progenitors exhibit axonophillic migration (Ono etal., 1997), it is
possible that axonally-generated signals regulate oligodendrocyte progenitor
function.
If one were to speculate on possible signals that regulate oligodendrocyte
function, Notch would be an obvious choice. Wang and colleagues (1998)
reported that Jaggedl is expressed by retinal ganglion cell axons, and its
expression decreases as myelination progresses. Furthermore, they found that
Jagged Ior soluble Delta inhibit the differentiation of 02A progenitors, which do
not express Jaggedi. Ihave found that PDGF-responsive progenitors also do
not express Jaggedi and that their self-renewal capacity is limited. Therefore,
Jaggedi may be necessary for the progenitor to exhibit self-renewal. Indeed, the
overexpression of Hes5 in 02A progenitors inhibits their differentiation induced
by T3 or mitogen withdrawal (Kondo and Raff, 2000a). Such an explanation may
also apply to the findings of Raff and colleagues (1988), who noted that 02A
progenitor cells differentiate after afew cell divisions even in the presence of

PDGF-AA. As progenitors migrating tangentially from the MGE to the cortex
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appear to follow axon fibers (Mann and Rubenstein, 2001), it is tantalizing to
suggest that expression of Jagged Iby these axons maintains migrating PDGFresponsive progenitors in an undifferentiated, self-renewing state. The clinical
ramifications of this are evident in arecent publication (John etal., 2002), which
showed that Jagged 1is expressed by hypertrophic astrocytes in and around
multiple sclerosis plaques not undergoing remyelination, but was largely absent
from remyelinating regions. Therefore, the limited self-renewal capacity of
PDGF-responsive and 02A progenitors seen in vitro may not be an accurate
reflection of their true capacities.

lll.3.ix.3 Future directions
In this chapter, Idemonstrated that apreviously unidentified
neuronal/oligodendroglial progenitor, distinct from EGF-responsive NSCs,
resides in the MGE and proliferates in vitro in response to PDGF. Whether
PDGF-responsive progenitors can generate neurons in vivo, is an avenue that
requires further investigation. Moreover, there are other questions: is Notch
signaling important in the self-renewal of PDGF-responsive progenitors, or is this
limited capacity for self-renewal atrue property of PDGF-responsive progenitors?

111.4 REGULATION OF PDGF-RESPONSIVE PROGENITOR CELL
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PROLIFERATION AND PHENOTYPE SPECIFICATION

111.4.1 Introduction
The PDGF-responsive progenitor cells isolated in this study produce neurons
and oligodendrocytes, but not astrocytes, when differentiated in the presence of
1% FBS. However, the observation that PDGF-responsive progenitors did not
express Jaggedi suggested similarity to the 02A progenitor cell. In vitro, 02A
progenitor cells differentiate into oligodendrocytes and type-2 astrocytes but not
neurons (Temple and Raff, 1985). BMP-2 can direct 02A progenitors towards
astrocyte differentiation at the expense of oligodendrocytes (Mabie et al., 1997),
whereas T3 promotes differentiation of these progenitors into oligodendrocytes
(Barres et al., 1994). BMP signaling can also promote the neuronal
differentiation of EG F-generated neu rospheres (Bjornson and Weiss,
unpublished data). Therefore, Iask whether T3 and BMP signaling can direct the
differentiation of PDGF-responsive progenitors. In contrast to BMP-2, Shh
signaling has been found to be required for the generation of PDGFRaexpressing oligodendrocyte progenitors in the ventral forebrain and may regulate
their proliferation (Nery et al., 2001; Tekki-Kessaris et al., 2001). Therefore, I
also ask if the proliferation of PDGF-responsive progenitors is dependent on Shh
signaling.
In the previous chapter, Idemonstrated that primary EGF-responsive
NSCs could generate progenitors that proliferate in response to PDGF-AA. Iask

whether these PDGF-responsive progenitors are similar, with respect to their
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differentiation and proliferation properties, to primary PDGF-responsive
progenitors. The fact that EGF-responsive NSCs can generate PDGFresponsive progenitors in vitro, predicts alineage relationship between them in
vivo. Thus, Ifurther examine the lineage relationship between primary PDGFresponsive progenitors and EGF-responsive NSCs, as well as FGF-responsive
NSCs.

lll.4.ii BMP-2 and T3 promote neuronal and oligodendroglial differentiation of
PDGF-AA-generated neurospheres, respectively
BMP and 13 can direct the differentiation of 02A progenitors, which are similar in
some respects to the PDGF-responsive cells Ihave isolated. Therefore, Iasked
whether BMP and T3 could direct the differentiation of PDGF-AA-generated
neurospheres. Six DIV primary MGE-derived PDGF-AA-generated
neurospheres were differentiated on poly-L-ornithine coated coverslips for 2DIV,
in I%FBS, 50 ng/ml of BMP-2, 20 ng/ml of 13, or T3+BMP-2. Triple-label
immunocytochemistry for GFAP (astrocytes), 13-Ill-tubulin (neurons), and 04
(oligodendrocytes) showed an absence of GFAP expression, regardless of the
differentiation factor used (Fig. 25). In the presence of 1% FIBS, approximately
30% of the cells differentiated into 13-Ill-tubulin expressing neurons, whereas 5%
became 04 expressing; the remainder of the cells did not express either antigen
(Fig. 25A-B and Fig. 26). Compared to control experiments in 1% FIBS (n

=

3),

BMP-2 had no significant effect on the absolute number (p>0.07; Tukey HSD;

Figure 25.
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Oligodend rocyte differentiation from PDGF-AA-generated

neurospheres is promoted by T3 and suppressed by BMP-2.
Six DIV primary PDGF-AA-generated neurospheres were isolated, washed in
culture media, and plated on poly-L-ornithine coated coverslips in the presence
of I% FIBS (A-B), 50 ng/ml of BMP-2 (C-D), 20 ng/ml of T3 (E-F) or 13

+

BMP-2

(G-H). After 2DIV, neurospheres were processed for immunocytochemistry
against GFAP (cytoplasmic; astrocytes; blue), 13-Ill-tubulin (neurons; red; arrows),
04 (oligodendrocytes; green; arrowheads), and Hoechst 33258 (nuclei, blue).
Expression of GFAP was not detected in any of the conditions. Treatment of the
neurospheres with T3 (E-F) promoted oligodendrocyte differentiation and
suppressed neuronal differentiation whereas BM P-2 suppressed T3-induced
oligodendrocyte differentiation T3 (C-H). Scale bars in C, H= 50j.xm.

Figure 26.
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PDGF-AA-generated progeny are directed towards

oligodendrocyte differentiation by T3 and towards neuronal differentiation by
BMP-2.
Six DIV primary PDGF-AA-generated neurospheres were isolated, washed in
culture media, and plated on poly-L-ornithine coated coverslips in the presence
of I% FBS (n=3), 50 ng/ml of BMP-2 (n=4), 20 ng/ml of T3 (n=4) or T3

+

BMP-2

(n=4). After 2 Dlv, the neurospheres were processed for immunocytochemistry
with antibodies directed against 13-Ill-tubulin (neurons), and 04
(oligodendrocytes). Nuclei were stained with Hoechst 33258 (blue). The total
numbers of cells, neurons, and oligodendrocytes per clone were counted. Both
the absolute number (A) and percentage (B) of oligodendrocytes produced per
clone increased with T3 treatment

(*p<O.0001;

Tukey HSD). In contrast, BMP-2

treatment suppressed T3-induced oligodend rocyte differentiation, in both
absolute numbers and percentage of oligodendrocytes observed per clone
(**p<O.0001 T3 vs. T3

+

BMP-2; Tukey HSD).
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n=4) (Fig. 26A) or percentage (p>0.45; Tukey HSD; n=4) of oligodendrocytes
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produced per clone (Fig. 2613). However, BMP-2 clearly increased neurite length
in comparison to 1% FBS (Fig. 25A-B vs. 25C-D). T3 produced a5-fold increase
in the number of 04-expressing oligodendrocytes (p<0.0001; n=4; Tukey HSD)
(25A-B vs. Fig. 25E-F and Fig. 26A). It also increased 10-fold the percentage of
differentiated cells that were oligodendrocytes (p<0.0001; Tukey HSD; n=4) (Fig.
26B). BMP-2 is well-known for its ability to suppress oligodendrocyte
differentiation (Mabie etal., 1997; Mabie etal., 1999; Zhu etal., 1999a; Mehier et
al., 2000; Mekki-Dauriac etal., 2002; Yung et al., 2002). In the presence of both
factors, BM P-2 inhibited T3-induced oligodendrocyte differentiation of PDG F-AAgenerated progeny (Fig. 25E-F vs. 25G-H and Fig. 26) (p<0.001, T3 vs.
T3+BMP-2; Tukey HSD; n=4). Together, the data suggest that the PDGFresponsive progenitor is abipotent neuronal/oligodendroglial progenitor whose
progeny are inhibited from differentiating into oligodendrocytes by BMP-2
signaling and driven towards oligodendrocyte differentiation by T3.

111.4.111 T3 and BMP-2 promote the maturation of oligodendrocytes and neurons,
respectively, from PDGF-AA-generated neurospheres
Immature neurons and oligodendrocytes express 04 and J3-111-tubulin antigens,
respectively. Surprisingly, Ioccasionally observed cells with an oligodendroglial
morphology that expressed 04 and an inner ring of f3-111-tubulin (Fig. 27). These
cells were only detected in primary 6DIV PDGF-AA-generated neurospheres
differentiated in I% FIBS (Fig. 27). While these early neuronal and

Figure 27.

A rare population of primary PDGF-AA-generated cells
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expresses both 3-111-tubulin and 04.
Primary PDGF-generated neurospheres were processed for
immunocytochemistry as in Figure 26. The photomicrograph demonstrates an
example of acell with oligodendroglial morphology, 04 immunoreactivity (green),
and 13-Ill-tubulin immunoreactivity (red). This cell type was only observed when
primary PDGF-AA neurospheres were differentiated in I% FBS. Scale bar=
12.51jm.

04
p-ui tubulin
Hoechst 33258

oligodendroglial antigens may not definitively identify bona fide neurons and
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oligodendrocytes, it is probably more likely that T3 and BMP-2 direct the fate
choices of PDGF-responsive progenitors early in differentiation. Therefore, I
asked if BMP-2 and T3 could regulate the expression of bona fide, mature
neuronal and oligodendroglial antigens in differentiating primary PDGF-AAgenerated neurospheres. PDG F-AA-generated neurospheres differentiated for 2
DIV expressed neurofilament M (NFM), amature neuronal antigen, or MBP, a
mature oligodendrocyte antigen, but both were not observed in the same cell,
regardless of the differentiation conditions (Fig. 28A). T3 increased the number
of MBP-only clones compared to I% FIBS, BMP-2 or T3+BMP-2 (p<0.0001;
Tukey HSD; n=3) (Fig. 28B). In contrast, BMP-2, when present with T3,
profoundly decreased the number of MBP-only clones (p<O.0001 T3 vs.
T3+BMP-2; Tukey HSD; n=3) (Fig. 28B). 13 alone significantly increased the
number (17-fold increase) and percentage (42-fold increase) of MBP-expressing
cells produced per clone compared to 1% FIBS, BMP-2, and T3+BMP-2
(p<0.0001 T3 vs. 1% FBS, BMP-2, and T3+BMP-2; Tukey HSD; n=3) (Fig. 29AB). These data suggest that BMP-2 suppresses oligodendrocyte differentiation
but promotes neuronal maturation, whereas T3 promotes the maturation of
oligodendrocytes from PDG F-AA-generated neurospheres.

!II.4.iv PDGF-AA-generated neurons express GABA and parvalbumin
The MGE largely gives rise to interneurons that migrate out towards the cortex, in
amanner similar to oligodendrocytes (reviewed by Mann and Rubenstein, 2001).

Figure 28.

T3 promotes and BMP-2 inhibits the expression of bona fide,
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mature neuronal and oligodendroglial antigens in differentiating, primary PDGFAA-generated neurospheres.
Six DIV primary PDGF-AA-generated neurospheres were differentiated as
described in Figure 26. After 2 DIV, neurospheres were processed for
immunocytochemistry using antibodies directed against NFM and MBP. Nuclei
were stained with Hoechst 33258. A, Photomicrograph of MBP-immunoreactivity
(green) and NFM-immunoreactivity (red) in PDGF-AA-generated neurospheres
differentiated in 11% FBS. B, The percentage of clones containing cells
immunoreactive for NFM, MBP, or clones containing MBP-immunoreactive cells
and NFM-immunoreactive cells was counted in each condition. Cells
immunoreactive for both NFM and MBP were not observed. BMP-2 increased
the percentage of clones expressing NFM compared to differentiation in I% FBS
(*p.<o.oI; Tukey HSD; n=3). In contrast, T3 induced oligodendrocyte maturation
(**p<o 0001 vs. 1% FBS; Tukey HSD; n3). In BMP-2

+

T3, BMP-2 suppressed

the actions of T3 on oligodendroglial differentiation (p>0.78; Tukey HSD; n3).
Scale bar= 12.5 tm.

Figure 29. The maturation of oligodendrocytes from PDGF-AA-generated
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neurospheres is promoted by 13.
Six DIV primary PDGF-AA-generated neurospheres were differentiated and
processed for immunocytochemistry as described in Figure 28. The number (A)
and percentage (B) of MBP-immunoreactive cells were assessed per clone. In
comparison to I% FBS and BMP-2 treatment, T3 increased the number and
percentage of MBP-expressing cells per clone

(*p<0.0001;

Tukey HSD; n=3).

The 13-induced increase in MBP-immunoreactivity was suppressed by BMP-2
(**p<O .0001; Tukey HSD; n3).
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Therefore, Iasked if PDG F-generated neurons, which are MGE-derived,
expressed interneu ronal antigens. I
mmu nocytochemistry, with antibodies
directed against GABA, calbindin D, calretinin and parvalbumin, was used to

examine the phenotype of the neurons that had differentiated from 6 DIV PDGFAA-generated neurospheres, plated in the presence of I% FIBS for 2DIV. All
these antigens could be detected in E14 dissociated whole brains differentiated
for 5DIV (data not shown). However, differentiating neurons, identified by

-lll-

tubulin immunoreactivity, from PDGF-AA-generated neurospheres only
expressed GABA or pan/albumin (Figure 30A and B, respectively). These data
are in agreement with transplantation studies done by Wichterle etal. (2001),
which demonstrated that over 70% of the neurons derived from the MGE were
parvalbumin-immunoreactive GABAergic interneurons.

lll.4.v Shh signaling is required for primary PDGF-responsive progenitor cell
proliferation
Signaling by Shh is necessary for the generation of oligodendrocytes in the
mammalian forebrain (Nery et al., 2001; Tekki-Kessaris et al., 2001). Therefore,
Ihypothesized that the proliferation of PDGF-responsive progenitors may be
sensitive to Shh signaling, and used loss- and gain-of-function studies to
examine its effects. Ifirst examined the actions of Shh signaling on PDGFresponsive progenitors by growing dissociated MGE at 10000 cells/ml in 100
ng/mI of PDGF-AA alone, or together with 5gM cyclopamine, aknown inhibitor of

Figure 30.

PDGF-AA-generated neurons express GABA and parvalbumin.

153

Differentiation of 6 DIV primary PDGF-AA-generated neurospheres for 2 DIV in
the presence of I% FBS illustrates that neurons, identified by immunoreactivity
for f3-111-tubulin (green), also labeled for either GABA (A, red) or parvalbumin (B,
red). Nuclei were stained with Hoechst 33258 blue. Scale bar= 12.5pm.

Shh signaling, (Capobianco etal., 1997; Cooper etal., 1998; Taipale et aL,

155

2000). Neurospheres generated in the presence of cyclopamine were smaller
than those generated in PDGF-AA

+

DMSO controls (compare Fig. 31A to B).

Cyclopamine also reduced the number of PDGF-AA-generated neurospheres by
5-fold (p<0.003; ttest; n=3) (Fig. 31C). There were phase-bright differentiating
cells in both conditions (indicated by arrows in Fig. 31 B), suggesting that the
decrease in neurosphere numbers and size is likely not aresult of anon-specific
toxic effect.
Since inhibition of Shh signaling attenuated the proliferation of PDGFresponsive progenitors, Inext asked whether increasing Shh signaling could
increase the number of neurospheres generated in the presence of PDGF-AA.
Primary cells from dissociated MGE were cultured in PDGF-AA in the presence
or absence of 50 ng/ml of BSA (Shh carrier) or in PDGF-AA and 2pg/ml of the
19-kDa amino-terminal fragment of Shh. Additionally, the effects of BSA on its
own were also examined. Table 3shows that, although Shh had no effect on its
own, twice as many neurospheres were generated in the presence of Shh
PDGF-AA (12.25 ±0.85) compared to PDGF-AA (5 ± 1) or PDGF-AA
1) (p<0.001 for Shh

+

+

+

BSA (5 ±

PDGF-AA vs. PDGF-AA or PDGF-AA-'- BSA; Tukey HSD;

n=3). Together, these results suggest that Shh signaling is required in concert
with PDGF signaling for the proliferation of PDGF-responsive progenitors.

Figure 31.

Inhibition of Shh signaling reduces PDGF-AA-induced
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proliferation.
Primary cells from dissociated MGE were cultured in 0.1 % DMSO (A; carrier) or
5p.M of the Shh signaling inhibitor cyclopamine (B), and the number of
neurospheres produced was counted after 7DIV (C). Neurospheres produced in
the presence of cyclopamine (B) were clearly smaller than those cultured in the
presence of DMSO (A), and there was asignificant decrease in the numbers
produced (
*
p<
0.
003; ttest; n=3). The arrows in B illustrate differentiating phasebright cells, which suggests that differentiation proceeds normally in the presence
of cyclopamine and that its effects on proliferation are not due to non-specific
toxicity. Scale bar= 100p.m.
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Table 3. Effect of Shh on the generation of neurospheres by PDGF-AA

Primary PDGF-AA
neurospheres

ELPI PDGF-AA
neurospheres

MHM

0

1±1

BSA

0

2±1

Shh

0

2±1

Treatment

PDGF-AA

5±1

254 ±32

PDGF-AA+BSA

5±1

174 ±28

PDGF-AA+SSH

12±1*

450±54**

Dissociated cells from the E14 MGE or from 7 DIV LGE-derived primary EGFgenerated neurospheres were cultured at 10000 cells/ml in the indicated
conditions and the number of neurospheres generated counted after 7 DIV.
*p<0 .
0001 vs. PDGF-AA; Tukey HSD; n=3; **p<O.003 vs. PDGF-AA; Tukey
HSD; n4
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IIL4.vi Intrinsic differences in the capacity of primary EGF-responsive NSCs,
derived from the MGE and LGE, to generate PDGF-responsive progenitors
The availability of progenitor cells that primarily give rise to neurons and
oligodendrocytes is advantageous for therapeutic purposes. Primary PDGFresponsive progenitors are not self-renewing, but primary EGF-generated
neurospheres can give rise to PDGF-responsive progenitors (Table 2).
Therefore, Iasked if culturing primary EGF-responsive NSCs from either the
MGE or LGE could enrich for their production of PDGF-responsive progenitors.
For clarity, these neurospheres will be referred to asEGF-generated LGEderived Passi (ELPI) or EGF-generated MGE-derived Eassi. (EMPI) PDGF-AA
neurospheres. Primary neurospheres were generated in the presence of EGF
from either dissociated E14 MGE or LGE. The neurospheres were then
dissociated and cells plated at 10000 cells/ml in the presence of 100 ng/ml of
PDGF-AA. Ialso cultured the cells in the presence of FGF2

+

HS or EGF to

determine the relative number of P1 EGF and FGF NSCs produced by primary
EGF NSCs. Twice as many ELPI neurospheres were generated in comparison
to EMPI neurospheres (n=4, p<0.04; Tukey HSD) (Figure 32). In contrast, no
significant difference was found in the ability of FGF2 or EGF to generate
neurospheres from either MGE- or LGE-derived EGF-generated primary
neurospheres (n=4, p>0.24; Tukey HSD). These data were surprising as the
increased production of ELP IPDG F-AA-generated

Figure 32.

Primary EGF-generated neurospheres, derived from the LGE,
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are enriched for PDGF-AA-responsive progenitors compared to primary MGEderived, EGF-generated neurospheres.
Seven DIV primary neurospheres were generated from dissociated MGE or LGE
in the presence of 20 ng/ml of EGF. They were then dissociated and plated at
10000 cells/ml in 100 ng/ml of PDGF-AA (n=5),20 ng/ml of FGF2

+

2 tg/ml HS

(n=3), or 20 ng/ml of EGF (n3). The number of secondary neurospheres
generated was then counted. Significantly more PDGF-AA-generated
neurospheres were produced from LGE- than MGE-derived EGF-generated
neurospheres (*p<0 .
046; Tukey HSD). In addition, fewer secondary
neurospheres were generated from MGE-derived primary EGF neurospheres
with PDGF-AA, than with FGF2- or EGF

(**p<0.0001;

Tukey HSD). In

comparison to PDGF-AA, EGF generated more secondary neurospheres from
LGE-derived primary EGF neurospheres

(tp>0.01;

Tukey HSD).
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PDGF-AA neurospheres. Thus, the almost exclusive generation of primary
PDGF-responsive progenitors from the E14 MGE, predicts that MGE-derived
NSCs are the most likely to generate PDGF-responsive progenitors.
Subsequently, these results suggest that at E14, EGF-responsive NSCs may not
give rise to PDGF-responsive progenitors in vivo.

!II.4.vii ELPI PDGF-AA-generated progeny are bipotent neuronal/
oligodendroglial progenitors
PDGF could induce the proliferation of ELPI PDGF-responsive progenitors. To
compare these progenitors to primary PDGF-responsive progenitors, Iassessed
the differentiation potential of ELPI PDGF-AA-generated neurospheres to see if
they resembled their EGF-responsive parents or primary PDGF-responsive
progenitors. When whole ELP-1 PDGF-AA neurospheres were differentiated for
2DIV, GFAP-expressing astrocytes were not detected, regardless of the
differentiation conditions (Fig. 33A-D). BMP-2, whether on its own or in the
presence of T3, inhibited the differentiation of oligodendrocytes, both in
percentage and absolute number of oligodendrocytes produced per clone, as
compared to neurospheres differentiated in 1% FBS (p<O.02; Tukey HSD; 1%
FIBS, n=4; BMP-2, n5; 13+BMP-2 n=3) (Fig. 33A, B, and D and Fig. 34). 13
treatment increased the number and percentage of oligodendrocytes, compared
to I% FIBS (Fig. 33A and C and Fig. 34). T3 also increased the number and
percentage of cells per clone that expressed MBP, compared to either 1%

Figure 33.

T3 and BMP-2 direct the differentiation of ELPI-PDGF-AA-
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generated progeny towards oligodendrocytes and neurons, respectively.
ELPI PDGF-AA neurospheres were generated as described in Figure 32. After
6 Dlv, the neurospheres, washed and plated on poly-L-ornithine coated
coverslips in media containing I% FIBS (A), 50 ng/ml of BMP-2 (B), 20 ng/ml of
T3 (C), or T3

+

BMP-2 (D). After 2 DIV, the neurospheres were processed for

immunocytochemistry against GFAP (astrocytes; blue), f3-III-tubulin (neurons;
red; arrows), 04 (oligodendrocytes; green; arrowheads), and nuclei (Hoechst
33258, blue). T3 promoted the expression of 04 (C), but did not do so in the
presence of BMP-2 (D). In comparison to I% FIBS treated cultures, BMP-2
appeared to increase neurite length (compare A to B) Scale bar= 12.5 jim.

Figure 34.

BMP-2 inhibits and 13 promotes oligodendrocyte differentiation
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of ELPI-PDGF-AA-generated progeny.
ELPI PDGF-AA neurospheres were generated and differentiated as described in
Figure 33, and the number of neurons and oligodendrocytes per clone was
counted. The data are presented as the number (A) and percentage (B) of
neurons and oligodendrocytes per clone as determined by morphology and celltype specific antigenicity. BMP-2 decreased the number of oligodendrocytes per
clone compared to I% FIBS

(*p<O.02;

Tukey HSD), whereas there was no

difference in the percentage of oligodendrocyte per clone. T3 promoted the
number and percentage of oligodendrocytes found per clone and suppressed
neuronal differentiation (1 % FIBS vs. 13, **p<0 .
000007; Tukey HSD). In
contrast, BM P-2 inhibited T3-induced oligodendrocyte differentiation
(ttp< 0 .000008; Tukey HSD). The percentage of neurons produced per clone
was greater in the presence of BMP-2 or T3+BMP-2 compared to 1% FIBS
(tp<0.000007; Tukey HSD).
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35 and Fig. 36). ELPI PDGF-AA-generated progeny differentiated for 2DIV in
the presence of I% FIBS also expressed NFM, suggesting that cells from ELPI
PDGF-AA neurospheres could differentiate into mature neurons (Figure 37A-B).
Together, the data suggest that ELPI PDGF-responsive progeny are bipotent
neuronal/oligodendroglial progenitors similar to primary PDGF-responsive
progenitors.

111.4. viii ELPI PDGF-responsive progenitors are similar to primary PDGFresponsive progenitors in their self-renewal capacity and response to Shh
signaling
In view of the fact that ELPI PDGF-AA neurospheres were derived from EGF
NSCs, it was possible that EGF NSCs passed on their unlimited self-renewal
capacity to their PDGF-AA generated progeny. To examine their self-renewal
capacity, single ELPI PDGF-AA-generated neurospheres were dissociated in
96-well plates in the presence of PDGF-AA, FGF2

+

HS, or EGF. ELPI PDGF-

AA neurospheres generated no secondary neurospheres in the presence of
PDGF-AA and rarely produced secondary neurospheres when passaged into
FGF2+HS (0.44 ± 0.16) or EGF (0.59 ± 0.21) (Table 4). The data suggest that
ELPI PDGF-AA generated progeny are limited in their self-renewal capacity
similar to primary PDGF-AA responsive progenitors.

Figure 35.

The maturation of oligodendrocytes from ELPI-PDGF-AA-
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generated progeny is promoted by 13.
ELPI PDGF-AA neurospheres were generated and differentiated as described in
Figure 31. The neurospheres were then processed for immunocytochemistry
against MBP (oligodendrocytes; red), nuclei (Hoechst 33258; blue), and
photomicrographs were taken. T3 (C) promoted the expression of MBP in
comparison to I% FBS (A) or BMP-2 (B). Scale bar= 25

m.

Figure 36.

T3 increases the number of MBP-expressing oligodendrocytes
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differentiating from ELPI-PDGF-AA-generated neurospheres.
ELPI PDGF-AA neurospheres were generated, differentiated, and processed for
immunocytochemistry as described in Figure 35. The number of MBPimmunoreactive cells per clone was counted and the data presented as the
number (A) and percentage (B) of MBP-positive cells per clone. T3 (n=5)
increased the number of MBP-positive cells per clone in comparison to I% FIBS
(n=3) or BMP-2 (n=5) treatment

(*p<0.00002;

Tukey HSD; n=3).

A

4.5-

*

I

4.

MBP-positive cells

3.5.

3.

1.5-

I-

0.5-

0

I

1% FBS

BMP-2

T3

Differentiation treatment

B

25

I;:
0

*

CL

a-'-- 10

d.

o
C.)

I-

0

a.

I
0

1%FBS

BMP-2

T3

Differentiation treatment

Figure 37.

ELPI-PDGF-AA-generated progeny express NFM.
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ELPI PDGF-AA neurospheres were generated as described in Figure 33 and
were differentiated for 2 DIV in the presence of 1% FBS. Immunocytochemistry
using antibodies directed against NFM was performed and nuclei were labeled
with Hoechst 33258 (blue). Photomicrographs taken at low (A) and high power
(B) indicate that progeny of ELPI-PDGF-AA-progenitors express the mature
neuronal antigen NFM. A, scale bar= 25j.im; B, scale bar

12.5 pm.
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Table 4. Self-renewal of ELPI PDGF-AA progenitors
ELPI- PDGF-AA neurospheres
Passaging growth
factor
Number of neurospheres
generated per single dissociated
neurosphere

PDGF-AA

FGF2+HS

EGF

0

0.4 ±0.1

0.6 ± 0.2*

Lateral ganglionic eminences were dissected out from E14 mouse embryos and
the tissue was mechanically dissociated. Dissociated cells were cultured at
200000 cells/ml in serum-free media for 7 DIV in 20 ng/ml of EGF to generate
primary neurospheres. The neurospheres were then dissociated and cultured at
10000 cells/ml in 100 ng/ml of PDGF-AA for 6 DIV. Individual neurospheres
were washed 3X with growth factor free media, transferred into 96-well plates,
dissociated, and assayed for the generation of neurospheres in the above
growth factors. *p<002 vs. PDGF-AA; Tukey HSD; n3

Inext asked whether Shh treatment could enhance the production of ELPI
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PDGF-AA neurospheres, as it did for primary PDGF-responsive progenitors. The
production of neurospheres significantly increased after 7DIV in Shh
compared to PDGF-AA or PDGF-AA

+

+

PDGF-AA

BSA carrier (p<O.003; Tukey HSD; n=4),

whereas Shh and BSA had no effect on their own (Table 3). Thus, the
proliferation of ELPI PDGF-AA progenitors is also enhanced by Shh signaling.

IIl.4.ix The ontogeny of PDGF-, EGF-, and FGF-responsive precursors
The observation that primary EGF-responsive NSCs from the LGE could
generate more PDGF-responsive progenitors than the MGE-derived EGFresponsive NSCs was in contrast to the increased MGE production of primary
PDGF-responsive progenitors. This suggests that another NSC may give rise to
PDGF-responsive progenitors in vivo. FGF-responsive NSCs have been
reported to coexist in the forebrain with EGF-responsive NSCs (Tropepe et al.,
1999). To confirm this, Idissociated and cultured MGEs and LGEs from Eli,
E12, E14, and El embryos, as well as the entire GEs of E18 embryos (the MGE
and LGE are no longer distinguishable at this age). The cells were plated at
10000 cells/ml in 20 ng/ml of EGF, 20 ng/ml of FGF2

+

2p.g/ml of HS or in 100

ng/ml of PDGFAA. At El I, only FGF-responsive NSCs reside in the MGE and
LGE, (Fig. 38A), whereas no neurospheres were generated with PDGF-AA or
EGF stimulation, at this embryonic day (Fig. 38B and C, respectively). PDGFresponsive progenitors were the next to appear, at El 2, from the MGE, but not
from the LGE. No EGF-responsive NSCs could be derived from the MGE at

Figure 38.

The temporal and spatial appearance of FOG F-responsive
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progenitors and EGF- and FGF2-responsive NSCs in the ventral forebrain.
Dissociated MGEs or LGEs of varying embryonic ages were cultured at 10000
cells/ml in the presence of 100 ng/ml PDGF-AA, 20 ng/ml of EGF, or 20 ng/ml of
FGF2

+

2p.g/ml of HS. The number of neurospheres generated was counted

after 7DIV. A, FGF2 stimulated the generation of neurospheres from El IMGE
and LGE. B, PDGF-responsive progenitors were the next to appear at E12,
within the MGE and then appeared in the LGE at E16 and onwards. C, EGF
stimulation generated neurospheres as early as E14 and onwards. Eli: n4;
E12, n= 8for PDGF-AA, n=3 for FGF2, n=7 for EGF; E14: n= 4for PDGF-AA,
n=3 for FGF2, n=6 for EGF; E16: n=3; E18: n=4 for PDGF-AA, n=3 for FGF2 or
EGF.
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E12, and only 1.3 ± 0.3 neuropheres could be derived from the LGE. By
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E14, PDGF-responsive progenitors were still predominantly found within the
MGE, whereas EGF- and FGF2-responsive NSC were abundant in both the
MGE and the LGE (Fig. 38). Both the LGE and MGE gave rise to neurospheres
at El 6under PDGFRa stimulation, with the total number of progenitors doubling
compared to E14 (p<0.05; ttest; E14, n3, E16 n=4). The formation of
neurospheres induced by PDGF-AA closely follows the reported temporal
development of PDGFRa expression (Nery etal., 2001; Tekki-Kessaris et al.,
2001), which suggests that the culture method used isolates endogenously
produced progenitors. Furthermore, the observation that PDGF-responsive
progenitors appear after FGF-responsive NSCs, but before EGF-responsive
NSCs, suggests they may arise from the former population of NSCs.

111.4.x Discussion
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The results of this chapter demonstrate that the proliferation and differentiation of
PDGF-responsive progenitors are regulated, in asimilar fashion, by factors
previously shown to regulate oligodendrocyte progenitor development. Ifound
that the differentiation of primary PDGF-AA-generated neurospheres could be
directed towards oligodendroglial fate by T3. T3 also promoted oligodendrocyte
maturation. In contrast, BMP-2 promoted neuronal differentiation on its own and
suppressed oligodendroglial differentiation in the presence of T3. Shh signaling
enhanced the proliferation of PDGF-responsive progenitors. ELPI PDGFresponsive progenitors differentiated into neurons and oligodendrocytes, but not
astrocytes. The actions of BMP-2, T3, and Shh on their differentiation and
proliferation were similar to primary PDGF-responsive progenitors. Ialso found
that primary LGE-derived, EGF-generated neurospheres were enriched for
PDGF-responsive progenitors compared to MG E-derived, EG F-generated
neurospheres. Together with the above findings, the ontogeny of primary FGF-,
PDGF-AA-, and EGF-responsive precursors suggest that EGF-responsive NSCs
may not generate early PDGF-responsive progenitors in vivo. In sum, my
findings suggest that Shh signaling, T3, and BMP-2 are key regulators of the
proliferation and differentiation, respectively, of PDG F-responsive progenitors.

lll.4.x.1 A common progenitor for oliqodendrocytes and GABAerqic interneurons
in the forebrain
My results demonstrate that BMP-2 and T3 are powerful differentiation factors
that direct the decision of primary PDGF- and ELPI PDGF-AA-generated

neurospheres to differentiate into neurons and oligodendrocytes,
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respectively. Given the actions of BMP signaling on oligodendrocyte
differentiation previously discussed in the introduction (Mabie etal., 1997; Mabie
etal., 1999; Zhu etal., 1999a; Mehler etal., 2000; Mekki-Dauriac etal., 2002;
Yung et al., 2002), the suppression of oligodendrocyte differentiation by BMP-2
was not unexpected. Additionally, the observations that T3 promoted
oligodendroglial differentiation and maturation concurs with previous findings
(Walters and Morell, 1981; Dussault and Ruel, 1987; Rodriguez-Pena etal.,
1993; Marta etal., 1998). Since BMPs can enhance the differentiation of both
neurons and astrocytes (Mabie etal., 1997; Bartlett etal., 1998; Mabie etal.,
1999; Zhu etal., 1999a; Mehler etal., 2000), it was intriguing that BMP-2
promoted neuronal, but not astroglial differentiation. In vitro, at E16, BMP can
induce the differentiation of cortical glutamatergic interneurons and astroglial
differentiation, whereas later in development astroglial differentiation is promoted
(Mabie etal., 1999; Mehler etal., 2000). Thus, the effects of BMP signaling
appear to be temporally context-dependent. Indeed, BMP-2 enhances the
generation of pure GABAergic neuronal clones at the expense of mixed
neuronal/oligodendroglial clones from premigratory stage MGE or LGE
progenitors (Yung et al., 2002).' In addition, PDGF-responsive progenitors may
not have the potential to become astrocytes, which was recently demonstrated in
vivo by loss of function studies of Oligl/O!1g2 (Lu et al., 2002; Zhou and
Anderson, 2002). Taken together, these findings suggest that signaling by BMP-

2may determine whether neuronal/oligodendroglial, PDGF-responsive
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progenitors generate GABAergic interneurons or oligodendrocytes in vivo.
In the spinal cords of O!igl/2 mutants, Ngn2 expression is lost and
replaced by Mashi in the pMN (Zhou and Anderson, 2002). This was proposed
to account for why O!igl/2 null cells later differentiate into p2 interneurons
instead of motor neurons. Mashi is expressed in the ventral forebrain (Casarosa
etal., 1999), but Ngn2 (Math4a) is not (Gradwohl etal., 1996). This predicts
that, in the ventral forebrain, acommon progenitor for neurons and
oligodendrocytes would produce interneurons. Indirect evidence confirms that a
common ventral forebrain progenitor generates oligodendrocytes and GABAergic
cortical interneurons (He et al., 2001; Yung et al., 2002). In addition, the MGE
has been demonstrated to give rise to GABAergic, parvalbumin-expressing
interneurons (Wichterle etaL, 2001). Ifound that the PDGF-responsive
progenitor (I have isolated) does in fact generate GABAergic and parvalbumin
immunoreactive interneurons (Fig. 30). Taken together, my results strongly
suggest that GABAergic interneurons and oligodendrocytes are generated by
PDGF-responsive progenitors in the ventral forebrain.

lll.4.x.2 Notch and Shh may cooperatively regulate PDGF-responsive proqenitor
cell self-renewal
Ifound that Shh signaling is necessary for the proliferation of PDGF-responsive
progenitors. These results are in agreement with previous studies discussed in
the introduction, which have revealed that Shh signaling is vital in the generation
of PDGFRa-expressing oligodendrocyte progenitors (Pringle etal., 1996; Nery et

al., 2001; Soula etal., 2001; Tekki-Kessaris etal., 2001). Since lam
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isolating cells already specified to be "oligodendrocyte progenitors", based on
their expression of PDGFRa, my findings suggest that Shh is required for their
continued proliferation. However, Soula and colleagues (2001) suggest that, in
the chick spinal cord, the initial specification of oligodendrocytes requires Shh,
but not their ongoing generation. They blocked Shh signaling with an anti-Shh
function-blocking antibody, which may not have inactivated the activity of IHH
secreted from the dorsal gut endoderm (Bitgood and McMahon, 1995). In fact in
the absence of Shh, Wijgerde and colleagues (1995) reported that smoothened
activated Hedgehog signaling was still active in the ventral half of the spinal cord,
and they attributed this activity to IHH. However, Orentas etal. (1999) found that
Shh signaling in chick spinal oligodendrocyte progenitors was required for the
continued generation of oligodendrocyte progenitors, but not for their
proliferation. However, they generated oligodendrocyte progenitors in FGF2 and
PDGF. Therefore, when Shh signaling was inhibited, FGF-signaling may have
compensated for the absence of proliferation that may otherwise have been
detected in cultures grown only in PDGF-AA. Further studies have demonstrated
that Shh can promote the proliferation of spinal cord oligodendrocyte progenitors
(Rowitch etal., 1999; Davies and Miller, 2001).
An interesting alternative is that Shh, instead of inducing oligodendrocyte
progenitors to proliferate, cooperates with Notch signaling to prevent their early
differentiation and subsequent loss of responsiveness to mitogens. Interestingly,
Rowitch and colleagues (1999) found that at E12.5, Shh overexpression doubled

the proliferative rate in dorsal neuroepithelium. In contrast, at E18.5, Shh
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signaling prevented the differentiation of these cells even though they were
postmitotic. Thus, at later stages of development, when mitogens are no longer
plentiful, the true function of Shh may be revealed. This agrees with my findings
that Shh, on its own, did not induce proliferation, but in combination with PDGFAA, more proliferation was evident. Thus, the inhibition of PDGF-responsive
progenitor proliferation, by the Shh signaling inhibitor cyclopamine, may be due
to the premature differentiation of the progenitors.
In combination with previous findings and the observation that PDGFresponsive progenitors do not express Jaggedl, Ihypothesized that Notch
signaling maybe required for the self-renewal of PDGF-responsive progenitors
(Wang etal., 1998; Genoud etal., 2002; Givogri etal., 2002; John etal., 2002).
Intriguingly, in Xenopus, Presenilin-mediated Notch signaling stimulates the
expression of Shh in the spinal cord, and inhibition of Notch signaling reduces
Shh expression (Paganelli et al., 2001; Lopez et al., 2003). Lopez and
colleagues suggest that Shh functions downstream of Notch signaling to inhibit
primary neurogenesis. Therefore, in the absence of Shh signaling PDGFresponsive progenitors may undergo premature differentiation. Yet, the Notch
signal required for self-renewal is likely not occurring in either situation, since no
Jaggedi is expressed in primary PDGF-AA-generated neurospheres. However,
primary cultures include other cell populations that may continue to secrete Shh
and compensate for the lack of Notch-induced Shh production by PDGFresponsive progenitors. When PDGF-AA generated neurospheres are isolated,

dissociated, and then plated in PDGF-AA, this compensatory pathway is
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eliminated and could be the reason why no secondary neurospheres are
produced. Therefore, Shh might be important in the initial expansion of PDGFresponsive progenitors. However, it may not be able to prevent oligodendrocyte
progenitors from differentiating once they have migrated into the cortex, given
that retroviral-mediated overexpression of Shh in vivo does not prevent ventral
forebrain oligodendrocyte progenitors from differentiating (Nery etal., 2001).
Nevertheless, not all of the infected cells expressed mature oligodendroglial
antigens; therefore, another signal, possibly downstream of Notch, may also
determine the differentiation of oligodendrocytes. Taken together, my results
show that Shh enhances the proliferation of PDGF-responsive progenitors.
However, previous studies lead me to propose amodel in which Shh,
downstream of Notch, maintains the self-renewal capacity of PDGF-responsive
progenitors, which in the presence of PDGF-AA results in greater proliferation
(Fig. 39).

lll.4.x.3 Lineaqe of NSCs and PDGF-responsive progenitors in the forebrain
In the previous chapter, Idemonstrated that PDGF- and EGF-responsive
precursors are distinct populations. Ialso found that the vast majority of primary
PDGF-responsive progenitors were generated from the MGE and not the LGE.
However, these findings did not preclude the possibility that EGF-responsive
NSCs generate PDGF-responsive progenitors. This would predict that MGEderived, EGF-responsive NSCs should appear in the ventral forebrain before

Figure 39. A new model for the self-renewal of oligodendrocyte progenitors.
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Early oligodendrocyte progenitors migrate along axon tracts that express
Jagged I. Activation of Notch signaling by Jagged Imaintains the expression of
HesS in the progenitor. Hes5 may repress the expression of aShh
transcriptional repressor in the oligodendrocyte progenitor. Subsequently, Shh
would act in an autocrine fashion to promote the self-renewal of oligodendrocyte
progenitors. Notch signaling may also promote the expression of another protein
(factor X) that would act with Shh to maintain self-renewal capacity. As
development progresses, axons lose their expression of Jaggedi. This leads to
adecrease in Notch and Shh signaling within the progenitor and myelination.
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PDGF-responsive progenitors. The fact that more progenitors that are
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PDGF- responsive could be produced from primary LGE-derived, EGF-generated
neurospheres than from primary MGE-derived, EGF-generated neurospheres
suggests that the above prediction is not correct. Furthermore, using the
neurosphere assay, Ifound that FGF-responsive NSCs were the first to appear in
the MGE, followed by PDGF- (E12) and EGF-responsive precursors (E14; Fig.
38). This further argues against the possibility that EGF-responsive NSCs
generate early PDGF-responsive progenitors in vivo. However, ELPI PDGFresponsive progenitors are essentially identical in nature to primary PDGFresponsive progenitors (Fig. 32). Therefore, EGF-responsive NSCs may
contribute to the production of PDGF-responsive progenitors later in
development. Taken together the results suggest that EGF-responsive NSCs do
not generate early PDGF-responsive progenitors.
The results also suggest that FGF-responsive NSCs are the ancestral
mother cells of PDGF-responsive progenitors. Indeed, using clonal analyses, He
and colleagues (2001) found that ventral forebrain FGF-responsive NSCs
preferentially generate oligodendrocytes and GABAergic neurons, which express
Dix genes. They also found that FGF-responsive NSCs did not express Dlx
genes. Their observations suggest that non-DIx expressing NSCs generate Dlxexpressing oligodendrocytes and GABAergic neurons. In combination with the
findings that Dlx2-expressing cells can also differentiate into astrocytes (Marshall
and Goldman, 2002), aDlx non-expressing FGF-responsive, multipotent NSCs
may generate all three cell types in the ventral forebrain. It is worth pointing out;

however, that even El 1.5 LGE-derived FGF-responsive NSC cultures
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generated oligodendrocytes. This is curious, considering that no PDGFRa is
expressed in the forebrain at this age (Tekki-Kessaris et aL, 2001). Therefore,
whether the composition of their clones actually reflects cell-types that would
have been made by these NSCs in situ is questionable. If fact, despite the lack
of PDGFRL' in the forebrains of E13.5 Nkx2.1 null mice (Shh expression is lost in
the forebrains of these animals), cultures of the mutant brains could generate
oligodendrocytes (Tekki-Kessaris et al., 2001). This was found to be due to the
deregulation of Shh expression in vitro, given that dissociated cells derived from
mutant ventral forebrains expressed Shh and Ihh within one hour after plating.
Therefore, whether FGF-responsive NSCs truly give rise to oligodendrocytes in
situ remains to be shown.

lll.4.x.4 Future directions
Considering that primary PDGF-responsive progenitors are non-self-renewing, at
least in vitro, it is advantageous, for therapeutic purposes, that embryonic EGFresponsive NSCs can give rise to ELPI progenitors with essentially the same
proliferation and differentiation characteristics. Furthermore, large quantities of
these progenitors can be produced for biochemical analyses that cannot be done
on oligodendrocyte progenitors isolated from the optic nerve due to their small
numbers (Billon et al., 2002). Whether or not when transplanted, these
progenitors will help to alleviate the symptoms of myelin diseases such as MS is
left to be determined. However, the transplantation of 02A progenitors into

myelin lesions in the mouse spinal cord demonstrated their ability to
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remyelinate axons (Groves etal., 1993). Furthermore, transplanted oligospheres
(oligodendrocyte restricted neurospheres), derived from EG F-generated
neurospheres, generate oligodendrocytes in vivo (Zhang etal., 1998) and
suggests that PDG F-responsive progenitors may do the same.
However, embryonic sources of NSCs are not readily available and
therefore an examination into the potential that adult EGF-responsive NSCs have
with respect to the production of PDG F-responsive progenitors is prudent.
Pluchino and colleagues (2003) found that injection of adult neurospheres either
intravenously or intraventricularly vastly improved remyelination in mice with
experimental autoimmune encephalomyelitis MS. This suggests that adult NSCs
may give rise to PDGF-responsive progenitors. Therefore, it may be possible to
purify ahighly oligodendrogenic population from asmall number of adult NSCs
that may vastly improve recovery from MS. However, oligodendrocyte
progenitors also reside in adult human brains diseased with MS (Chang et al.,
2000). Therefore, addition of extra oligodendrocyte progenitors into an MS brain
may not be effective. Rather, it may be possible to purify large numbers of
oligodendrocyte progenitors from diseased brains, and use biochemical analyses
to determine whether the defects are intrinsic to the progenitors. Additionally,
exploration into the ability of these hypothetical progenitors to produce neurons
may hold promise for other neurological diseases.
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IV. GENERAL DISCUSSION

IV. I SELF-RENEWAL IN ADULT EGF-RESPONSIVE NSCS
My findings have revealed that initiation of gpl 30 signaling, by CNTF, increases
Notch Isignaling and subsequently, the self-renewal of embryonic EGFresponsive NSCs. Whether Notch signaling regulates the self-renewal of adult
EGF-responsive NSC in amanner similar to embryonic EGF-responsive NSCs is
not known. Several lines of evidence suggest that the same factors may regulate
the self-renewal of both NSCs. The number of NSCs that could be isolated in
vitro, from LIFRP heterozygous mice, was reduced by 37% (Shimazaki at al.,
2001). Shimazaki and colleagues further demonstrated that infusion of only
CNTF into the adult lateral ventricles, increased the number of neurospheres that
could be generated in vitro compared to infusion of vehicle. This may seem to be
in contrast to the effect of CNTF on embryonic NSCs, which required EGF or
FGF signaling to increase Notchi expression. However, TGFa drives the
proliferation of adult NSCs in vivo and is available to function together with CNTF
to increase self-renewal (Tropepe etal., 1997). Ifound that infusion of
EGF+CNTF increased the periventricular expression of Notch Iand the number
of cells that labeled for Notch Icompared to infusion of EGF alone. This
suggests that signaling mediated by gpl3o likely utilizes Notch
maintenance of adult NSCs self-renewal.

signaling in the

It is still unclear whether Notch signaling utilizes the Hes genes in the
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maintenance of adult NSCs. Hesi is immediately eliminated from arole in the
regulation of adult NSC self-renewal, since it is not expressed in the adult SVZ
(Stump et al., 2002). However, Hes5 is expressed in the periventricular area of
the adult lateral ventricles and may mediate NSC self-renewal downstream of
Notch Isignaling (Stump et al., 2002). Jaggedl is also expressed in the SVZ of
the adult lateral ventricles (Stump et al., 2002), suggesting that it may be
involved in the regulation of Notch signaling and self-renewal in adult NSCs.
Future experiments asking if CNTF has the same effects on Hes5 expression in
adult EGF-responsive NSCs in vitro as it does on embryonic EGF-responsive
NSC may help resolve this issue. Moreover, the SVZ of the adult lateral
ventricles has been characterized at the EM level and identified A, B and C type
cells of which type C cells are GFAP positive NSCs (Garcia-Verdugo etal., 1998;
Doetsch etal., 1999). A clearer understanding of adult NSC self-renewal, and
the environmental milieu required to maintain it, may be gained by examination of
the expression patterns of Hes5, Jaggedi, Notch 1, and CNTFRA in the context
of this model of SVZ organization.

!V.2 WHAT REGULATES THE CONTEXT-SPECIFIC EFFECTS OF NOTCH
SIGNALING ON NSCS?
The context-dependent actions of Notch signaling are very evident in NSCs. I(in
this study) and others have demonstrated that Notch signaling can maintain NSC
self-renewal in the ventral forebrain (Chambers et al., 2001; Hitoshi etal.,

2002a). In contrast, Notch signaling promotes astroglial differentiation rather
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than self-renewal in dorsal NSC populations such as cortical, neural crest, and
hippocampal NSCs (Morrison etal., 2000; Chambers et al., 2001; Tanigaki etal.,
2001). Thus, it appears that the dorsal or ventral localization of aNSC may
determine its response to Notch signaling. The most obvious pathways that may
regulate how NSCs respond to Notch signaling are the BMP and Shh signaling
pathways.
Sonic hedgehog mediates the inhibitory effects of Notch signaling on
primary neurogenesis in the neural tube of Xenopus embryos (Lopez etal.,
2003). Interestingly, Paganelli and colleagues (2001) demonstrated that
although overexpression of Presenllin could stimulate proliferation in Xenopus
spinal cord, its actions were limited to domains of Shh expression. Thus, the
effects of Notch signaling on NSCs can be modulated by Shh. However, if
ligand-mediated activation of Notch is bypassed by the overexpression of NICD
then the expression of Shh expands outside its normal limits (Lopez etal., 2003).
Lopez and colleagues (2003) added to these findings by demonstrating that
upregulation of Shh expression was dependent on Presenilin, and thus ligandmediated cleavage and activation of Notch. Therefore, one could suggest that
Shh expression defines the area in which ligand-mediated activation of Notch
can occur, perhaps by determining where Notch ligands are expressed. In
Drosophila, Hedgehog can regulate the expression of Serrate (Jagged ligands in
vertebrates) (Alexandre etal., 1999; Cho etal., 2000). In vertebrates, the vast
majority of Jaggedi expression in the spinal cord is localized below the central

canal (Lindsell etal., 1996). Thus, it may be that specific activation of Notch
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by Jaggedl, whose expression may be promoted by the ventrally restricted
expression of Shh, is required for Notch signaling to act in the maintenance of
ventral NSC self-renewal. This agrees with the ventrally restricted expression of
Jaggedl and Shh in the embryonic forebrain (Lindsell et al., 1996; Spassky et al.,
2001). Jaggedl is also the only ligand expressed in the SVZ of the adult lateral
ventricles and able to activate Notch signaling in the self-renewal of adult NSCs
(Stump et al., 2002). However, Shh transcripts are not expressed in the adult
SVZ of the lateral ventricles, and neither is the Shh receptor Patched (Traiffort et
al., 1999). On the other hand, Smoothened, which complexes with Patched to
bind Shh, is expressed in the SVZ. It is thought that Shh binding alleviates
Patched-mediated repression of this pathway (Alcedo and Noll, 1997).
Furthermore, in the absence of Patched, Smoothened can constitutively activate
the Shh pathway (Alcedo etal., 1996). Thus, adult NSCs may also utilize
signaling downstream of Shh, independent of Shh itself, in the maintenance of
their self-renewal capacities. Alternatively, another Shh-like protein might be
involved in the self-renewal of adult NSCs, or the expression of Shh transcripts
by NSCs may be undetectable by in situ hybridization. In support of this
contention, both Patched and Smoothened are expressed in the adult
hippocampus, but not Shh (Traiffort etal., 1999); however, injection of
cyclopamine into the adult hippocampus decreases the proliferation of
hippocampal progenitors by more than 3-fold (Lai et al., 2003).

Thus, Shh

signaling may restrict the domain of ligand-mediated activation of Notch by

regulating the expression of Notch ligands. Furthermore, Shh signaling itself
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may be adownstream effector of Notch signaling.
There is also evidence that Notch signaling regulates the self-renewal of
NSCs in the dorsal spinal cord and in the cerebellum. In the cerebellum,
Jaggedl activation of Notch signaling, or treatment of granule neuron precursors
with Shh, upregulates expression of Hesi and keeps the precursors in a
proliferative state (Solecki etal., 2001). In the dorsal spinal cord, BMP signaling
upregulates the expression of the Zic zinc-finger transcription factors which
positively regulate Notch and Delta expression (Aruga etal., 2002b).
Overexpression of Zic results in the upregulation of Notch and Delta and the
subsequent maintenance of neuroepithelial precursors in aproliferative state.
Shh alone can also upregulate Zic2 expression in the neural plate (Franca et al.,
1999). Zics are closely related to the g!i family of zinc finger transcription factors,
of which g!12 appears to mediate the effects of early Shh signaling (Mizugishi et
al., 2001; Bai etal., 2002). Both g!is and Zics can act cooperatively in the
regulation of transcription, depending on the cell type examined (Koyabu etal.,
2001; Mizugishi etal., 2001). Moreover, premature differentiation of the
cerebellum occurs in Zic1 or Zicl/Zic2 compound mutant mice, and as previously
mentioned, Shh and Notch signaling prevent the differentiation of external
granule cell precursors (Solecki etal., 2001; Aruga etal., 2002a). Thus, although
BMP and Shh signaling may act antagonistically in the specification of ventral cell
fate, both may act cooperatively in the regulation of Notch signaling and the selfrenewal of NSCs throughout the dorsal/ventral extent of the neural-axis. An

examination of Shh, gil, or Zic function in EGF or FGF-responsive NSCs may
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provide further insights into NSC self-renewal. Furthermore, this model may also
be applicable to hematopoletic stem cells, whose expansion is promoted by Shh,
BMP, and Notch signaling (Varnum-Finney etal., 1998; Bhatia etal., 1999;
Karanu etal., 2000; Bhardwaj etal., 2001).

IV.3 DO THE SAME SIGNALING PATHWAYS REGULATE THE SELFRENEWAL OF PDGF-RESPONSIVE PROGENITORS AND EGF-RESPONSIVE
NSCS?
Ihave demonstrated that PDGF-responsive progenitor cells are not selfrenewing. Ihypothesized that this may be due to alack of Jaggedi expression
by the progenitor cells, which may be required as an extrinsic signal to activate
Notch signaling in maintaining PDGF-responsive progenitor self-renewal. Since
overexpression of Hes5 prevents the differentiation of oligodendrocyte
progenitors (Kondo and Raff, 2000a), then Notch signaling mediated by the Hes5
gene may maintain the capacity of PDGF-responsive progenitors to self-renew.
Therefore, although the components downstream of Notch signaling may be
different in the regulation of self-renewal between PDGF-responsive progenitors
and EGF-responsive NSCs, Notch signaling may positively regulate self-renewal
in both. As stated above, several findings suggest that Shh and Notch signaling
act cooperatively in promoting the self-renewal of NSCs. Ialso suggested a
possible link between Shh and Notch signaling in the self-renewal of PDGFresponsive progenitors in section !ll.4.vi.b. Therefore, Shh and Notch signaling

may act cooperatively in the maintenance of PDG F-responsive progenitor cell
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self-renewal.
BMPs probably do not function in PDGF-responsive progenitor selfrenewal, given that BMPs have been shown to inhibit generation of PDGFresponsive cells in vivo (Mekki-Dauriac et al., 2002). In contrast to BMPs, CNTF
has been found to enhance the proliferation of optic nerve oligodendrocyte
progenitors (Barres etal., 1996). CNTF might have similar actions on PDGFresponsive progenitors. However, CNTF, when added to EGF-responsive NSC
cultures decreased both Hes5 expression (this work) and the number of
oligodendrocytes produced (Shimazaki et al., 2001). Therefore, with respect to
the generation of oligodendrocyte progenitors by NSCs, CNTF may prevent
NSCs from dividing asymmetrically to produce glial progenitors, which was
suggested to be the mechanism by which CNTF maintains the self-renewal
capacity of EGF-responsive NSCs. Hence, it would be worth determining
whether CNTF can regulate Notch signaling in PDGF-responsive progenitors
after they have been generated.
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