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One main goal of stem cell biologists is to efficiently direct stem cells into particular
cell fates useful for the treatment or study of neurological disease. Towards that goal, our
laboratory has previously developed an in vitro procedure consisting of basic fibroblast
growth factor (bFGF), heparin and laminin (FHL), which directs human fetal neural stem
cells (hNSCs) to differentiate into choline acetyltransferase (ChAT) motoneurons in vitro
and after transplantation into the rodent spinal cord in vivo. However, the mechanisms
surrounding FHL-induced motoneuron differentiation of hNSCs are unknown. Thus,
the overall goal for this thesis was to further understand the molecular and cellular basis
underlying FHL-primed hNSC differentiation. As a first step, we focused upon the growth
factor bFGF. We demonstrate here that application of exogenous bFGF induced hNSCs
towards the motoneuron lineage in vitro. In particular, FHL-primed hNSCs expressed

motoneuron developmental transcription factors including Olig2, Ngn2, Isletl and Hb9.



We also found that the motoneuron determinant, Hb9, was induced in hNSCs in bFGF-
dose and time-dependent manner and that blockade of bFGF signaling reduced Hb9
expression. Furthermore, bFGF treatment did not significantly enhance cell survival and
bFGF dependent proliferation was not required for Hb9 expression.

Because astrocytes are a known producer of bFGF and are also part of the post-
transplantation environment, we further strove to understand the role of astrocytes and
astrocytic-secreted factors (including astrocytic-secreted bFGF) upon hNSC differentiation
and cell survival. In co-culture studies we found that astrocytes or astrocyte conditioned
media (ACM) enhanced hNSC viability, decreased cell death and in particular, decreased
apoptotic cell death. Interestingly, addition of astrocytes did not affect the overall neuron:
glia ratio in long-term (LT) differentiated hNSCs. However, LT survival of a specific
neuronal subtype, cholinergic neurons, was maintained in cultures with ACM but was lost
in cultures differentiated without astrocytic factors. Addition of a FGF-receptor antagonist
to ACM eliminated hNSC derived motoneurons from LT cultures suggesting that astrocyte
secreted FGFs might modulate hNSC-derived cholinergic neuronal survival.

Together these studies demonstrate for the first time that bFGF is an important
modulator of motoneuron differentiation and long-term in vitro maintenance of motoneurons

differentiated from hNSCs.
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CHAPTER 1: INTRODUCTION

Stem cells have the potential to be useful clinical tools in the treatment of many
neurological diseases including Alzheimer’s disease and amyotrophic lateral sclerosis (ALS
or Lou Gehrig’s disease), both of which are characterized by degeneration of cholinergic
neurons. In Alzheimer’s disease, cholinergic forebrain neurons are targeted; and in ALS,
a subset of cholinergic cells, spinal motoneurons, are targeted for degeneration. Currently
there are no efficacious treatments for these diseases. In regards to ALS, the average lifespan
following the appearance of clinical symptoms is less than 5 years (Motoneuron Disease

Association, http://www.mndassociation.org, 2006) and furthermore the quality of life for

these patients is very poor. Although stem cells are a promising therapeutic, in order to
adequately harness their therapeutic potentials for neurological disease treatment, we must
first understand the molecular mechanisms guiding their cell type-specific differentiation
and integration into the central nervous system.

The first objective of this dissertation is to understand the molecular mechanisms
behind a bFGF, heparin and laminin (FHL) in vitro priming step which pushes human neural
stem cells (hNSCs) towards a cholinergic phenotype (Chapter 3). After transplantation
into rodent spinal cord, FHL-primed hNSCs differentiate into cholinergic cells that make
connections with muscle targets and improve functional outcome after injury (Gao et al.,
2005;Gao et al., 2006;Wu et al., 2002;Tarasenko et al., 2006). Because the transplantation
environment is quite different from that found in the cell culture system and because bFGF
is a molecule produced within the central nervous system mostly by astrocytic cells and
is also utilized in our FHL priming procedure, my second objective was to understand
whether astrocytic secreted bFGF might also influence hNSC cholinergic differentiation

(Chapter 4).



In this chapter, I will first give a review on stem cells, including definitions and
classifications, how these cells are cultured in vitro and the processes developed to direct
differentiation of these cells particularly into cholinergic cells. Next, I will focus on
background related to the potent mitogen and morphogen, bFGF. Finally, I will examine
the role of other cell types (i.e. astrocytes) on the directed differentiation and survival of

stem cells.

STEM CELLS

DEFINITION OF A STEM CELL

Stem cells are defined as any cell within a living organism, which can self renew
indefinitely through cell division and retain the ability to differentiate into a variety of

tissues (NIH Stem Cell Primer, http://stemcells.nih.gov, 2007). Stem cells can be derived

from a variety of sources including embryonic, fetal and adult tissues. Embryonic tissues
provide the largest reservoir of stem cells with the greatest ability to differentiate into
diverse tissue types. In general, potency or the ability to differentiate into different tissues
becomes more restricted as organisms age. Totipotent stem cells are the most primitive of
cells having the unique ability to differentiate into any tissue within the body including the
extra-embryonic (placental) tissues. These cells are found only within the first few divisions
of the fertilized egg. Slightly more restricted are cells derived from the inner cell mass of
the blastocyst. These pluripotent cells can become any of the three germ layers (endoderm,
mesoderm or ectoderm) but can not form the extra-embryonic tissues. Embryonic stem
cells (ESCs) typically fall in this category. A more restricted stem cell, such as one derived
from the developing nervous system, is termed as multipotent, meaning it can develop into
any of the cells within the nervous system. The most restricted of stem cells is the unipotent

stem cell which is self-renewing but has the ability to only form one single cell type.



Cellular potency is not only restricted to age, however, location of stem cells or
microenvironment is also an important factor. Within the central nervous system two areas
retain pools of multipotent stem cells that are actively involved in neurogenesis well into
adulthood. The two main neurogenic regions are the dentate gyrus of the hippocampus
and the subventricular zone of the lateral ventricle. In addition to these neurogenic stem
cells, adult stem cells can be found in almost all tissues, including bone marrow, cornea
and retina, liver, skin, pancreas and tooth however, cells from these areas are less likely to

participate in active neurogenesis (NIH Stem Cell Primer, http://stemcells.nih.gov, 2007).

The derivation of rodent (Evans and Kaufman, 1981) and human embryonic stem
cells (mESCs and hESCs, respectively) (Thomson et al., 1998) have revolutionized our
understanding of mammalian development, in particular the development of the central
nervous system. Both rodent and human derived embryonic stem cells have been studied in
vitro as a model to understand developmental biology and used in vivo in attempts to treat
injury or disease. ES cells are the earliest form of stem cells and the only cell type which
theoretically can remain indefinitely in culture without changes in karyotype, reduction
in proliferative ability or potency changes; and when properly differentiated, can form
all other types of stem cells (McDonald, 2001). ES cells are characterized by unlimited
cellular division or self renewal in vitro while retaining expression of markers such as
Oct-3/4, Sox2 and NANOG, transcription factors found in undifferentiated cells. Further
characterization is typically done by examining cellular pluripotency via transplantation
into immunocompromised mice and examining those animals for teratomas that contain
all three germ layers. Although the ability to multiply indefinitely in culture and to form
all cell types within the organism are benefits to using ES cells, the propensity to form
tumors is one of the main problems that must be addressed when utilizing these cells in
vivo. In order to avoid tumor formation, researchers often transform ES cells with inducible

promoters or pre-differentiate cells prior to transplantation (McDonald, 2001). However,
3
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Figure 1.1: Potency of differing types of stem cells. (Figure created in Adobe Illustrator
with some images modified from http://stemcells.nih.gov/info/basics, 2007).



tumor formation is still a potential problem even with these genetic modifications. To
avoid this issue, many groups including ours, have utilized cells derived from later stage
embryos which retain multipotency but are less likely to be tumorigenic due in part to
decreased activity of telomerase, an enzyme necessary to maintain telomere length (Figure
1.1). Telomerase is high expressed in both embryonic cells as well as in cancer cells but its
activity is diminished in later derived stem cells such as neuronal stem cells (Hiyama and

Hiyama, 2007).
DIRECTED DIFFERENTIATION OF ES CELLS

Using mouse embryonic stem cells, several groups have achieved high rates of
specific neuronal differentiation. For example, Kawasaki et al. (2000) and Lee et al., (2000)
utilized sonic hedgehog (SHH) and FGF8 to differentiate mES cells into a dopaminergic cell
fate (Lee et al., 2000;Kawasaki et al., 2000). In particular, Lee et al. (2000) further enhanced
dopaminergic differentiation by adding ascorbic acid in conjunction with FGF8 and SHH.
Using this method they demonstrate that >33% of mES cells differentiate into dopaminergic
neurons, and moreover that after depolarization that these cells release significant levels
of dopamine as detected by reverse-phase-high performance liquid chromatography (RP-
HPLC). In the same study, Lee et al. (2000) also showed that using either SHH alone or
SHH with FGFS also induced mES cells to differentiate into serotonergic expressing cells
(~11%).

In regards to cholinergic cell types, sonic hedgehog and retinoic acid have been used
to induce cholinergic differentiation from mES cells (Wichterle et al., 2002) and bFGF,
sonic hedgehog and retinoic acid were utilized to derive cholinergic neurons from hES
cells (Li et al., 2005). However, induction of cholinergic phenotype was limited in both of
these studies to less than 30% (also see Table 1.1, and sub-section directed differentiation

of stem cells into MNs in vitro).



NEURAL STEM CELLS (NSCs)

Neural stem cells have been isolated from fetal (Svendsen et al., 1998;Villa et al.,
2000;Carpenter et al., 1999) and adult (Temple and Alvarez-Buylla, 1999;Palmer et al.,
1999;Reynolds and Weiss, 1992) central nervous systems. The hallmark features of these
cells are self renewal and differentiation into all three cell types of the nervous system, i.e.
astrocytes, neurons and oligodendrocytes. These features make hNSCs appealing sources
for cell replacement therapy to treat many neurological disorders.

Neural stem cells can be expanded in culture as free floating aggregates termed
neurospheres. Neurospheres are usually heterogeneous, including immature neurons,
glia and stem/progenitor cells (Steindler et al., 2003;Reynolds et al., 1992), which can be
phenotyped by specific markers such as beta tubulin type III, glial fibrillary acidic protein
(GFAP) and nestin, respectively. It has been hypothesized that cells in each neurosphere
grown in 3D undergo differentiation through a variety of stages, which may mimic cell
growth and differentiation in the developing embryo. Thus the study of neurosphere
biology could potentially reveal signals previously undiscovered during neuronal and glial
development (Steindler et al., 2003).

Neurospheres are typically expanded in vitro under serum-free conditions in basal
media supplemented with a cocktail of growth factors including epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF) and/or leukemia inhibitory factor (LIF).
Neurospheres derived from human cells have been expanded in bFGF alone (Amit et al.,
2000;Zhang et al., 2001); EGF (Reynolds and Weiss, 1996); bFGF and EGF (Caldwell
and Svendsen, 1998;Svendsen et al., 1998;Wright et al., 2003;Vescovi et al., 1999); EGF
and LIF (Wright et al., 2003) or EGF, bFGF and LIF (Carpenter et al., 1999;Wu et al.,
2002;Tarasenko etal., 2004). Many groups including ours have been able to maintain hNSCs

under these in vitro conditions without loss of expression of undifferentiated markers or



karyotype changes for many passages (Wu et al., 2002;Carpenter et al., 1999;Uchida et al.,
2000) while generating large numbers of cells potentially useful for clinical applications.
Since these growth factors have different effects that are both cell type and developmental
stage-dependent, it is not surprising that the addition of even low levels of growth factors
such as bFGF changed phenotypic outcome in stem cell culture models (Qian et al.,
1997;Gabay et al., 2003;Tsai and Kim, 2005). Thus when considering the results of any
individual study it is important to take into consideration the factors and conditions used
for cellular expansion.

In order to preserve phenotypic multipotency while maximizing expansion rate,
we previously examined hNSCs cultured with EGF, bFGF and LIF either individually or
in combination, and found that the combination of all three factors induced the greatest
proliferative rate while retaining cellular multipotency (Tarasenko et al., 2004). In particular,
cells grew faster and retained the ability to differentiate into the three cell types both in vitro
and in vivo and were able to respond to local environmental cues after transplantation into
intact and injured rodent spinal cord and brain (Wu et al., 2002;Tarasenko et al., 2006;Gao
etal.,2005;Gao etal., 2006). Confirming the effect of bFGF specifically on cellular potency,
Qian et al. (1997) eloquently demonstrated that addition of bFGF at low levels (0.1ng/ml)
was sufficient to enhance the generation of multipotent precursors from rodent cortical
derived cells and that increasing concentrations of bFGF increased the percentage of clones
that produced both neurons and glial cells from <1% at 0.1ng/ml to >60% at 10ng/ml bFGF
treatment (Qian et al., 1997). These data together suggest that bFGF is an important in vitro

factor for the maintenance of multipotency of neural stem cells.

DIRECTED DIFFERENTIATION OF NEURAL STEM CELLS

Despite the successes in the expansion of NSCs, the generation of pure neuronal

subtypes or glial populations from NSCs has proved challenging. In spite of almost a decade



of study, we still don’t completely understand how to efficiently direct differentiation of
these cells into specific neuronal or glial subtypes. In particular, which molecular and
environmental cues are necessary and at which time points to guide these cells towards
a strictly neuronal or glial fate. Toward this goal several groups have tried epigenetic or
genetic modifications followed by phenotypic analyses either in vitro or after transplanting
NSCs into animal models in vivo.

In regards to genetic modification, cell immortalization via transduction and
chromosomal integration of SV40, hTERT and v-myc have been utilized to enhance cell
survival (Roy et al., 2004;Rao and Anderson, 1997). Of particular interest are the findings
of Rao and Anderson (1997) who eloquently demonstrated that genetically immortalized
mouse neural crest cells can be efficiently directed into neurons using adherent culture
conditions (Poly D Lysine (PDL) and fibronectin) combined with dibutyrl-cyclic AMP
treatment in vitro and into glia with addition of serum (10%) and forskolin in vitro (Rao and
Anderson, 1997). Another success in directed differentiation via epigenetic modification
was reported by Wagner et al. (1999) who reported integration of a nuclear receptor (Nurrl)
into an immortalized mouse NSC line to generate approximately 80% dopaminergic
cells (Wagner et al., 1999). In a novel RNAI study, Chen et al. (2005) demonstrated that
knockdown of a newly discovered gene with unknown function (AF11609) led to 80%
neuronal differentiation of rodent neural stem cells (Chen et al., 2005). Despite the fact
that detection of neuronal differentiation in this study was performed through loss of
immunoreactivity of the stem cell marker nestin, coupled with phase contrast microscopy,
however, neuronal phenotype was not fully analyzed in this study. Thus, it is unknown
whether these cells were directed into a specific neuronal subtype.

In regards to human derived neural stem cells, the reality of directed neuronal
differentiation, particularly differentiation into specific neuronal subtypes using genetic

methods, has not yet been achieved. Nevertheless, groups are attempting this endeavor.
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For example, in an attempt to treat Parkinson’s disease, human fetal neural stem cells
transfected with tyrosine hydroxylase (TH) cDNA were transplanted into 6-OHDA
lesioned rats followed by behavioral and immunocytochemical analyses. Results of this
study, however, were disappointing as only 3-4% of cells were successfully transfected
with TH and very few of those cells survived transplantation. Interestingly though,
despite the low level of differentiation, there was a significant behavioral effect 60d post
engraftment which remained until the end of the study on day 180 (Hurley et al., 2001).
Thus in this case, genetic modification of human neural stem cells did prove therapeutic.
Finally, although promising, because genetic modification raises potential problems of
chromosomal abnormalities, in the current study we chose to use an epigenetic approach to
address the issue of directed differentiation of hNSCs.

Epigenetic modification includes the use of exogenous growth factors, morphogens,
cytokines or other molecules to activate downstream cell signaling cascades allowing for
differentiation of cells into specific phenotypes. Molecules such as neurotrophic factors
(GDNF, BDNF, NT-3, IGF-1), growth factors or morphogens (EGF, bFGF, SHH, Wnt,
retinoic acid), cytokines (LIF, IL-1, CNTF), and astrocyte or neuronal conditioned
mediums have been used alone or in combination in an attempt to direct differentiation
of stem cells into specific phenotypes. Effects of neurotrophic factors, growth factors and
morphogens and cytokines on neural stem cells are briefly summarized below, while bFGF
and astrocytes are the focuses of two other sections of this chapter.

Neurotrophic factors such as ciliary neurotrophic factor (CNTF), glial derived
neurotrophic factor (GDNF), Neurotrophin-3 (NT-3) and 4 (NT-4) and platelet derived
growth factor (PDGF) have been used to enhance cell survival and aid in directed
differentiation of stem cells with some success. Particularly well studied is the effect of
CNTF on glial fate induction (Ishii et al., 2006;Johe et al., 1996). CNTF treatment in vitro

is well known to enhance the percentage of GFAP expressing cells (Kahn et al., 1997;Johe
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et al., 1996). Consistent with this notion is the finding of Ishii and colleagues (2006) that
blocking of CNTF signaling in vivo reduced transplanted NSC glial differentiation by >20%
(Ishii et al., 2006). In contrast to CNTFs role as an inducer of glial phenotype, nerve growth
factor (NGF) or BDNF treatments have shown beneficial effects on neuronal differentiation
of neural precursor cells (NPCs) (Lachyankar et al., 1997) and treatment with NT-3, NT-
4 and PDGF have also been reported to significantly enhance neuronal differentiation of
NSCs via anti-apoptotic mechanisms (Caldwell et al., 2001). Furthermore, many groups
add neurotrophic factor cocktails to their differentiation medium to aid in cell survival,
particularly neuronal cell survival in vitro (Li et al., 2005;Vicario-Abejon et al., 1995)

Addition of other factors such as cAMP, SHH and retinoic acid (RA) have also had
some success on directed neuronal differentiation of stem cells. For example, using human
neural stem cells, Riaz et al (2001) found that addition of RA in combination with BDNF,
dopamine, GDNF, and forskolin enhanced neuronal (MAP2") and specifically, tyrosine
hydroxylase (TH) neuronal differentiation. Interestingly, BDNF, GDNF and forskolin
without RA treatment also enhanced the percentage of TH' cells suggesting that RA may
not be required for TH differentiation of hNSCs (Riaz et al., 2004;Riaz et al., 2002). It’s
also worthy to note that in the same study researchers found that the addition of serotonin,
forskolin and bFGF were sufficient to enhance serotonergic neuronal differentiation and the
authors suggest that it is the addition of the neurotransmitter of interest that allows hNSCs
to choose which phenotype to adopt (i.e. add serotonin to the culture to get serotonergic
neurons) rather than additional neurotrophic factors or morphogens. In other cellular
models such as mouse neural stem cells, the addition of bFGF, SHH and FGF-8 allowed
for serotonergic cell differentiation with a maximal differentiation of >60% after 8 weeks
in culture (Ren-Patterson et al., 2005).

Cytokines such as Leukemia Inhibitory Factor (LIF) have also been used to direct

stem cell fate. In particular, LIF treatment has been documented in both mouse and human
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cells to enhance astroglial differentiation (Koblar et al., 1998;Galli et al., 2000). In contrast
to these reports, in mouse embryonic stem cells, LIF has also been used to enhance neuronal
differentiation by ~2X as compared to mESC’s cultured without LIF (He et al., 2006).
However, in this study glial differentiation was not fully examined and LIF was further
shown to enhance proliferation, thus it is possible that glial cell number were also enhanced
upon addition of LIF to the culture perhaps through a proliferative mechanism.

In regards to specific neuronal subtypes, other groups have used cytokines such
as IL-1p to enhance dopaminergic differentiation of neural precursor cells. Using human
neural precursor cells, Storch et al (2001) demonstrated that IL-1p, LIF and GDNF were
sufficient to induce TH expression from human neural precursor cells, but limited to just
1% of the population (Storch et al., 2001). In a rat neural precursor model, Ling et al.
(1998) found that following IL-1f stimulation, addition of IL-11, leukemia inhibitory factor
(LIF), and glial cell line-derived neurotrophic factor (GDNF) increased the number of TH
immunoreactive cells to ~20-25% of the whole cell population (Ling et al., 1998). Taken
together, this data suggests that addition of cytokines have beneficial effects in regards to
dopaminergic neuronal differentiation from both rodent and human derived stem cells.

The use of neurosteroids in directing stem cell fate has also been attempted. In one
study, humanneural stem cells grown in EGF and LIF plus the steroid dehydroepiandrosterone
(DHEA) showed significantly greater proliferative capacity than those grown without
DHEA. Unfortunately, however, DHEA did not enhance neuronal differentiation but did
significantly increase GFAP expression at both the mRNA and protein level (Suzuki et al.,
2004).

Despite promising progress being made toward directing fate specification of
stem cells, thus far, no single or combination of factors has yet allowed for the directed
differentiation of neural stem cells into pure populations of neuronal subtypes such as

a purely dopaminergic or a purely cholinergic neuronal cell population. The benefits of
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developing such a system include, but are not limited to, the ability to study particular cell
type’s responses to neurotoxic agents, to examine the effects of drugs aimed to enhance
neuron survival, and to further characterize and thus better understand the developmental
steps regulating specific neuronal differentiation. With that goal in mind, I will now
focus upon the directed differentiation of stem cells into a specific subtype of cholinergic
expressing neurons, motoneurons. First I will review the development of MNs in vivo,
and then move into data regarding in vitro differentiation of stem cells into this subtype of

neurons.

DEVELOPMENT OF MOTOR NEURONS IN VIVO

MOTONEURON DIFFERENTIATION: LESSONS LEARNED FROM IN vIvo STUDIES

Cholinergic motoneuron (MN) development in vertebrates has been well
characterized in vivo, [for review see (Jessell, 2000;Briscoe and Novitch, 2007)] mainly
from chick and mouse studies. It involves three major steps, each of which are initiated
by a specific combination of different signals (morphogens) via subsequent regulation of
specific transcription factors. First, cells are directed from a stem cell fate into a neural cell
fate; second cells are caudalized; and third, cells are directed into a ventralized position
by the graded secretion of the signaling molecule sonic hedgehog (SHH) produced by the
developing notochord and floor plate (Ericson et al., 1996;Tanabe et al., 1998;Patten and
Placzek, 2000). Each stage-specific step can be identified by the expression of a set of
specific transcription factors. For example, early on, Sox1 and Nestin are highly expressed
and indicate the presence of immature neuroectodermal cells (Pevny and Placzek, 2005;Kan
et al., 2004;Dahlstrand et al., 1995). The initial formation of neural lineage is followed by
caudalization via induction of the HoxC genes (HoxC5, C6, C8 and C9) (Dasen et al.,

2003), and then SHH-induced ventralization through regulation of expression of Class
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IT transcription factors (Nkx6.1 and Nkx2.2) along with retinoic acid-activated Class I
transcription factors (Olig2 and Pax6) (Ericson et al., 1997;Briscoe et al., 2000;Zhou et al.,
2001;Briscoe and Novitch, 2007). At this stage, cells within this region of the developing
CNS are termed pre motoneurons or pMN cells.

Within the developing spinal cord, pMN cells have the ability to differentiate into
mainly two neural cell types, oligodendrocytes or motoneurons (Lu et al., 2002) and it
has been suggested that there are several factors influencing which path cells will take.
Examples of these influences include enhanced expression of the transcription factor,
Nkx2.2 in oligodendrocytic progenitors (Zhou et al., 2001;Liu and Rao, 2004) and
expression of two basic helix-loop-helix (bHLH) transcriptional regulators, Ngn2 and Olig2
in motoneuron progenitors (Lu et al., 2002;Zhou et al., 2001;Zhou and Anderson, 2002). In
particular, a high level of Olig2 expression is believed to maintain cells in a proliferative
state allowing them to remain as pMN cells or when expressed with Nkx2.2, to drive
them down an oligodendrocytic fate path. In contrast, MN progenitors co-express Ngn2
with Olig2, the ratio of which is believed to push cells towards a final round of cellular
division and a motoneuron cell fate identity (Mizuguchi et al., 2001;Lee et al., 2005). Thus,
taken together, it is not surprising that Oligl/2 knockout animals do not develop MNs or
oligodendrocytes but rather generate vast numbers of interneurons and astrocytes, while
ectopic Olig2 expression induces neuronal differentiation believed to be moderated by the
induction of Ngn2 (Zhou and Anderson, 2002;Novitch et al., 2001).

As pMNs undergo a final round of division and thus commit to becoming post-
mitotic MNss they begin to express other proneural bHLH factors such as NeuroM, and begin
to down-regulate Ngn2 expression (Lee and Pfaff, 2003). Additionally, expression of other
homeodomain (HD) transcription factors such as Isletl and Lim3 during this stage allow
for the formation of a heteromeric complex with NLI (nuclear LIM interacting protein)

(Thaler et al., 2002). Formation of this complex is believed to be necessary for activation
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of the enhancer of the post-mitotic motoneuron factor, Hb9 (Lee et al., 2005;Thaler et al.,
2002;Arber et al., 1999). Isletl and Lim3 are believed to be essential components within
this complex as knockout animals for either factor show a loss of motoneuron development
(Allan and Thor, 2003;Pfaff et al., 1996).

The homeobox gene, Hb9, was first shown to play a critical role in mammalian MN
differentiation in 1996 (Pfaff et al., 1996) and its close relative, MNR2 was discovered in
chick studies in 1998 (Tanabe et al., 1998). Similar to the chick protein, MNR2, Hb9 is a
basic protein with a molecular weight of approximately 54 kd and is highly homologous
with other homeobox containing proteins (19/21 aa) with a highly conserved DNA binding
domain (Deguchi and Kehrl, 1991). Its function is as a known transcriptional regulator
during MN development in rodent and chick, however its exact molecular role during MN
development is currently under investigation. Providing evidence for the importance of Hb9
during MN development, ectopic Hb9 expression leads to MN formation at the expense of
nearby V2 interneurons in rodents (Arber et al., 1999). Interestingly, however, removal of
Hb9 through knockout technology does not decrease MN differentiation, but rather leads
to transient expression of V2 interneuron factors and later differentiation of atypical MNs.
These MNs are not normal, though, as they show axon projection and migration pattern

problems as well as abnormal muscle innervation (Li et al., 1999;Arber et al., 1999).

DIRECTED DIFFERENTIATION OF STEM CELLS INTO MINS IV VITRO

Several agents have been used in vitro to mimic the in vivo cell signaling events
leading to MN development. The most commonly utilized are retinoic acid (neuronal
inducing agent) and sonic hedgehog (ventralizing agent) (Wichterle et al., 2002;Li et
al., 2005;Calza et al., 2003;Soundararajan et al., 2006;Lim et al., 2006) and bFGF (Wu
et al., 2002;Shin et al., 2005;Ren et al., 2006). The use of exogenous growth factors in

different paradigms has yielded some success in the directed differentiation of hNSCs. In
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particular, many groups including ours have reported an increase in neuronal phenotype
with the addition of bFGF to stem cell cultures (Vescovi et al., 1993;Qian et al., 1997;Park
et al., 2004). Notably, our group has developed an in vitro priming method which directs
differentiation of hNSCs into a cholinergic phenotype both in vitro and after transplantation
into the rat spinal cord (Wu et al., 2002). Priming consists of plating neurospheres onto
poly-D-lysine and laminin coated culture dishes in serum-free medium supplemented with
bFGF, heparin and laminin. Cells plated in this manner spread out to form a monolayer
consisting of both neurons (immunolabeled for beta tubulin type Il and MAP2) and glia
(GFAP). In particular, approximately 36% of cells plated in this manner in vitro differentiate
into immature neurons expressing cholineacetyltransferase (ChAT) (Tarasenko et al., 2004)
and 50-60% differentiate into a ChAT* phenotype after transplantation into rodent spinal
cord or medial septum (Wu et al., 2002). These data are comparable to the results reported
by others using mitogenically expanded murine NSCs (~15% ChAT") (Ito et al., 2003),
human embryonic stem cells (~21% Hb9") (Li et al., 2005) or mouse embryonic stem cells
(25-30% ChAT") (Wichterle et al., 2002) treated with various growth factors and mitogens
in vitro (See Table 1.1). Studies in our lab further demonstrated that cells primed without
bFGF do not generate significant numbers of ChAT positive cells, suggesting that bFGF is
one of the main players directing differentiation of hNSCs towards a cholinergic cell fate

which is the focus for Specific Aim #1 of this thesis.

BASIC FIBROBLAST GROWTH FACTOR

Basic FiBROBLAST GROWTH Factor (BFGF)

Basic fibroblast growth factor (bFGF) is one of twenty two identified members of
the fibroblast growth factor (FGF) superfamily (Reuss and Bohlen und, 2003;Wang and
McKedhan, 2004). Ten of these members, including bFGF (or FGF2), have been found in

15



SUOINAU JIFISUI[OYD OJUT S[[QD W)S JO UOTIBNUIIIPIP PIOAIIP JO ATewrung :[°[ 9[qeL

(wmgens $19)

VNY . LVUD ="THA ° (qu/3d S[100

(900€ “1e 10 uy) %E0FSO0 © 1) ururwe] 29 (quy8t ¢) urreday ‘(Jur/3u o7) Wd)S [eINAU JBy
THT10 Td %S CF 01 HA * %S F 0€ “THA :PLDOI . LVUD *  ADdq ‘(W/Bu0g) ADH + LTH %1 + CTANANA (orreydaouayay

UOIeNUAIdYIP LVYD 10} paimbar are unredoy pue yn,{q o (¢-1IN ‘ANAE ‘AON) 4LN $19)

(DoD F 844 %1 + ‘4D MBIPYIM (UOHBHUSIIIA S[[99 Wals

(£00T “'1e 32 011)

LHL %S 1-8~ TADA/AIN . LVYD %S 1~ TIDd/dIN+ *

(Juwy/Bu 01) T-A04+Sdd L+T 1 I INTINA: PAoID

JeInau SSNOJN

(00T

e 19 OUdSeIR],:700T

“[e1enpm)

p100 [eurds pue urerqaiog [eseq ur 1 vy %0S-0T -oala uf e
LTI POT +THA PY<,LVUD %8C~ -oH1a uf o

Lzd
UI UORHUSIIP P 01 29 P9-t (THA) uruwe|

% utreday ‘(w/3u 01) 4949 + (NINT/1dd)
213 nd dAISaYpe ojuo pajeld saroydsoinoN

S[100 Wals
[eInou uewny

[e10) SYM p~ (Py[) BIPOU [BSEq UL 91BNUAII

“[2 30 SHYIIM)

p.be1Ing %0¢-67~ LVUD “%ST~ ,69H/, 1ISI ‘o4 U] o

Vv + (AT 1) 3stuoSe Soyadpay ‘m umoid sgq

DOl BlA  LVUD 1M YUS+VI+dDA %0€-07~ (¥ (PL) 4DA9 + V¥ + yys+ ‘ozuisidAn (¢ S[[29
VI+ADd SA Xt~ % duofe 4D 0} pareduwiod se 6qH (PE) JIT+ADAG+OAISOYPE “1OPad) dAOWY (T (PL)  Wd)S OIU0AIquId
(00T “Te 12 Ulys) Jo uorssa1dxd YN Ul 9sBaIoul X8 POpIoIf YUS+vid+ADd ° 19p39 + IDAq [wy3u 4 (] :ss9001d days-nny uewny
(qus w/3u 0009
sA w/3u0Qg pue v INT  sa AT 100°0) SAW
K3ojo1sAydonosa eIA sisA[eue [euonoun, e uey} YUs pue vy Jo ouod 1omo[ 03 puodsal SHY
LLVUDA * 1VYD*,8OX0H poessaidxa osje _6qH ¢
+O69H % 1> 810} SHM G-~ "SM T
Auo YUS+ *, 69H %S$>ATU0 WY+ 6qH %12~ YUS+Vd+ * -1 10J JLN Pim uonemmey (S M [~ Auo qys+ S[[99
SNIN (F M T~ VI +UUS+ (€ M [~ VI+ (Zsym  wa)s oruoKiquid
(s00Z “Te 1R 1) donpoid 03 yyg 29 v 03 puodsar sgy d1e] jou Inq Ajey e 7~ AD4q ‘M parean sgH (1 :sseoo01d days-nny uewiny
SNIA JO SOT)SLI)OBIBYD pazimn 7iD g ON
[eo130[01SAYd01oa[9 MOYS S[[90 ISAY} A[[euonoun, e
(9002 suonoaUU09 dposnuw ondeuds Auewr ALN paammbar (pg) [eAIAIns o414 uf
“[e 10 ueleIeIBpUNOS FOOT "M OS OIYO Ojul uonejuR[dSURI) < CWIT IOM ISOIN -oald U] o
“I& 19 SIINZT00T dIN PpS 10§ (AN Z-INU00T) SI[90 W3S

JTUOAIQUId ASNOJA

(8661 & 19 1IN0OUOUY)

,azxoyd/, T18T= %09~ *,69H/, TIST =%C 1~ :S[[99 ,TI9[S] *
(11s1)

suomauiu] ‘z (L 11ST) %89-07 SNIA'[ :suone[ndod om], o

HL'AVD YYS ‘69H ‘LVYD I0j uorssardxo YNIY=VH PL-9 *

S)[NSAI JUIDJIP
SpIaIA saruedwod/saydyeq JUAIIIP WOy VY

sdop Suruey se (N1 ) VY PL 10] pajean SqW

S[100 Wals
JTUOAIqUId ASNOJA

uone))

S)MSAY

suonIpuo)) [eyudwLIddxy

WA)SAS [9POIA

Suo.InadN Surssdadxy d1313UI[0y) 03Ul S[[9)D WIS JO UONBNUIJI( PIIIIQ

16



the human central nervous system (Reuss and Bohlen und, 2003) where they are thought to
be involved in CNS development, repair processes following nerve lesions and degenerative
disorders (Reuss and Bohlen und, 2003), neuronal survival (Grothe et al., 1991), axonal
growth (Klimaschewski et al., 2004), and learning and memory (Ishihara et al., 1992) .
bFGF is synthesized primarily by astrocytes in the CNS while other FGFs are mainly
synthesized by neurons (Bean et al., 1991) and are expressed ubiquitously throughout the
brain (Ernfors et al., 1990). Members of the FGF family share a homologous core region
separated by more heterogenous sequences and are all heparin binding polypeptides (Wang
and McKedhan, 2004;0rnitz et al., 1996;Dono, 2003).

Unlike other FGF family members, bFGF has five molecular weight isoforms (18,
22, 22.5, 24 and 34 kDa) in human (Delrieu, 2000;Sorensen et al., 2006), all of which
are expressed in the CNS and shown to be differentially regulated during development.
Generation of these isoforms is through alternative start sites (Prats et al., 1989;Florkiewicz
and Sommer, 1989;Kiefer et al., 1994) and different isoforms are further compartmentalized
into separate sub-cellular locations (Florkiewicz et al., 1991;Renko et al., 1990). The
cell signaling and functional role of each molecular weight isoform is still controversial.
However, some data suggests that the high molecular weight (HMW) molecules can act as
neurotrophic factors (Sorensen et al., 2006). For example, in studies using the neurotoxic
agent 6-hydroxydopamine (Grothe et al., 2000) or high dose glutamate (Reuss and Bohlen
und, 2003), HMW bFGF isoforms were shown to be neuroprotective. Further substantiating
a neuroprotective role, the 23kd form of bFGF, has been shown to bind and activate the
survival of motoneuron (SMN) protein (Claus et al., 2003) and to FGF-2 interacting factor
(FIF), an important anti-apoptotic molecule (Van den et al., 2000). In regards to the lower
molecular weight (LMW) isoforms, the most commonly studied is the 18kDa variant of
bFGF. Like its HMW cousins, this molecule has also been shown to be important for cortical,

spinal cord and hippocampal cell survival (Otto et al., 1987;Cheng and Mattson, 1991). In
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addition to its survival role, the LMW isoforms are associated with neural progenitor cell
proliferation both in vitro (Kitchens et al., 1994;Tropepe et al., 1999;Gritti et al., 1995;Gritti
etal., 1996) and in vivo (Tao et al., 1996;Tao et al., 1997;Martens et al., 2002;Hagood et al.,
2006) as well as for the maintenance of pluripotency in human embryonic stem cells (Wang
et al., 2005;Xu et al., 2005). Interestingly, in addition to activating cell surface receptors,
the 18kDa isoform also has been shown to localize to the nucleus where it is believed to act
directly as a DNA binding factor (Sorensen et al., 2006).

Basic fibroblast growth factor is also known to be secreted by astrocytes both in
vivo and in vitro (Gray and Patel, 1992;Le and Esquenazi, 2002). In particular, during early
development stem cells express receptors only for bFGF but not for EGF and respond
to bFGF in a proliferative manner (Qian et al., 1997;Tropepe et al., 1999). Following
exposure to bFGF, cells become competent to respond to EGF and as such, up-regulate
EGF receptors (Ciccolini and Svendsen, 1998). Furthermore, bFGF has been shown to
influence stem cell decisions to develop into glia or neurons (Qian et al., 1997;Palmer et

al., 1999;Tsai and Kim, 2005;Nelson and Svendsen, 2006).

FGF RECEPTORS AND FGF MEDIATED CELL SIGNALING PATHWAYS IN THE CNS

FGFs bind with different affinities to four tyrosine kinase receptors (FGFRI-
4) located on the cell surface. Activation of these receptors is associated with many
intracellular signaling pathways including MAP kinase, PLC-gamma, and PI3 kinase
pathways among others (Jin et al., 2005;Wang and McKedhan, 2004;Reuss and Bohlen
und, 2003;Schlessinger, 2004). FGFRs are composed of three regions; an extracellular
ligand binding domain, a single transmembrane domain and an intracellular tyrosine
kinase domain (Ornitz and Itoh, 2001). To add to the complexity, the extracellular region
contains three immunoglobulin like (IgG-like) regions of which the third domain can be

alternatively spliced to create three forms of the FGF receptor in FGFRs 1-3 (e.g., FGFR1-
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[ITa, FGFR1-II1b, and FGFR1-IIlc). Each of these isoforms has unique binding properties
for the different FGF family members and is expressed in a tissue specific manner (See

Table 1.2). Although there are some exceptions, b exon (i.e. IIIb) expression is typically

Receptor subtype Binding affinity for Location
bFGF

FRFRI1 (Illa) N/S Neurons and astrocytes. Adult
(I1Ib) ++ CNS (cortex, hippocampus,
(IIc) ++++ cerebellum, retina) and kidney.

FRFR2 (Il1a) N/S Glia only. Adult CNS (cortex,
(I1Ib) + cerebellum, retina) and kidney.
(IIc) ++

FRFR3 (1lIb) + Glia only. Diffuse throughout
(IIc) +++ adult brain

FGFR4 ++++ Developmentally expressed;

retinal and kidney mainly.

(From Ornitz et al., 1996; Yazaki et al., 1994; Asai et al., 1993, Fuhrmann et al., 1999) (+ = low
affinity, ++++ = highest affinity; N/S = not studied)

Table 1.2: FGF Receptor affinities for bFGF.

restricted to epithelial lineages while ¢ forms (i.e. Illc) are restricted to mesenchymal
lineages (Ornitz et al., 1996). The only non-alternatively spliced FGFR is FGFR4.
Activation of FGFRs trigger many intracellular signaling pathways (Figure 1.2)
including MAP kinase, src, PKC, PI3 kinase as well as Ras signaling cascades (Reuss
and Bohlen und, 2003;Wang and McKedhan, 2004;Jin et al., 2005). Activation of each
signaling pathway has been associated with multiple functions. For example, FGF signaling
mediated by src is believed to be important for FGFR mediated cytoskeletal alterations
(Reuss and Bohlen und, 2003) while PI3 kinase activation is believed to mediate at least
in part, some of FGFs mitogenic properties (Jin et al., 2005). bFGF induced expression
of the MAP kinase protein, ERK1/2 has also been shown to be an important modulator of
the proliferative (Huang et al., 2004) as well as the differentiation capacity of this growth

factor (Spector et al., 2005).
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Figure 1.2: FGF signaling pathways. Image created in Pathway Builder, 2006.
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Surprisingly, the main signaling difference between FGFRs is believed to be
mediated by the strength of tyrosine kinase activation and not via differences in signaling
cascades or target proteins (Reuss and Bohlen und, 2003;Schlessinger, 2004). In fact, many
receptor tyrosine kinases (RTK) activate similar signaling pathways (Schlessinger, 2000).
For example, EGF and bFGF share most, if not all, intracellular signaling molecules.
Thus one unanswered question is how specificity is retained when intracellular signaling
is so similar. One hypothesis is that compared with other RTK’s which have direct cell
signaling effects, bFGF signaling is mediated by the assembly of a multidocking protein
complex and also involves additional layers of control both within and outside the cell
(Schlessinger, 2004). For example, FGF receptor signaling is regulated beyond a simple
phosphorylation event of a tyrosine residue on the receptor. In particular, FGFR signaling
is mediated by recruitment of an additional docking protein, FRS2, which must also be
tyrosine phosphorylated prior to recruitment of additional proteins Grb2 and Shp2. In
contrast to this, under EGF signaling, no docking molecule is required. Rather, EGFRs are
directly tyrosine phosphorylated and act as docking platforms for adaptor proteins such as
Grb2, Nck and Shc (Schlessinger, 2004). As an additional layer of control, FRS2 is also
associated with a second negative feedback loop from MAPK which is not present in EGF
mediated signaling. The lack of these additional levels of control are hypothesized to be
important for the development of cancer in EGFR over-expression models (Blume-Jensen
and Hunter, 2001).

Heparan sulfate proteoglycans (HSPGs) are also known to be important regulators
of FGFR activation (Ornitz and Itoh, 2001;Reuss and Bohlen und, 2003;Wang and
McKedhan, 2004;Caldwell and Svendsen, 1998). It is hypothesized that one FGF, one
FGFR and one heparin/heparan sulfate chain interact and then dimerize to activate the
FGF signal pathways through a prototypical receptor tyrosine kinase (RTK) formation

(Mohammadi et al., 2005). Interestingly, FGF bound to HSPG in the extracellular matrix
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(ECM) is believed to provide a store of FGF molecules which are less likely to undergo
degradation (Schlessinger, 2004;Caldwell et al., 2004) thus one can hypothesize that FGF
signaling may be maintained for longer periods of time or at a higher strength depending

upon the level of HSPGs available for storage of FGF.

BFGF’s ROLE IN VERTEBRATE CNS DEVELOPMENT

In both rodents and humans, neurons are formed earlier than astrocytes during
nervous system development (Qian et al., 2000;Dono, 2003). Correlated with neuronal
development in rodents is a rise in bFGF levels (Qian et al., 1997;Dono, 2003;Dono, 2003)
with a subsequent decrease during later developmental stages associated with the period of
astrogenesis. Moreover, ventricular injection of bFGF into adult rodents has been shown to
induce neurogenesis in hippocampus, cortex and the central canal of the spinal cord (Gage,
2000;Martens et al., 2002;Vaccarino et al., 1999a) and correspondingly, injection of anti-
bFGF antibodies decreases both proliferation and neurogenesis in rodent newborn CNS
(Tao etal., 1997). Furthermore, bFGF knockout mice show a decrease in neuronal formation
in sensory and motor cortical areas while glial cell development appears normal (Dono et
al., 1998;0rtega et al., 1998). In homozygous FGF-2 knockout mice a >50% reduction in
cell number at E10.5 followed by a significant decrease in proliferative capacity led to a
significant decrease in cortical cell number at birth as compared to wild type mice (Raballo
et al., 2000). Interestingly, some brain regions seemed to be spared in FGF-2 knockouts. In
particular, the basal ganglia of FGF-2 knockouts appeared normal while in frontal areas,
FGF-2 knockouts lacked large projection neurons suggesting that FGF-2 effects may be cell
type specific (Vaccarino et al., 1999a;Vaccarino et al., 1999b;Raballo et al., 2000). Taken
together, these data suggest a significant role for bFGF during neuronal development.

In contrastto the in vivo evidence suggesting arole for bFGF in neuronal development

and to a lesser degree during glial development, addition of exogenous bFGF has been
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shown to induce either neurogenesis or gliogenesis in stem cell culture models (Buc-Caron,
1995;Palmer et al., 1999;Qian et al., 1997;Reimers et al., 2001;Song and Ghosh, 2004;Tsai
and Kim, 2005) (For a summary of bFGF’s role in directing stem cell fate, see Table 1.3).
The addition of bFGF in combination with other growth factors such as EGF also elicits
novel effects on stem cells not seen when factors are added individually (Kitchens et al.,
1994;Vescovi et al., 1993). Further complicating the matter, concentration of bFGF appears
to be very important in directing cell fate. In particular, high concentrations of bFGF have
been demonstrated to be mitogenic and/or to induce astrogenesis or oligogenesis (Tsai and
Kim, 2005;Qian et al., 1997;Nelson and Svendsen, 2006) while lower concentrations direct
cells into a neuronal fate (Qian et al., 1997;Nelson and Svendsen, 2006). For example, in
mouse E10 ventricular derived stem cells, 0.1ng/ml bFGF stimulation for 10 days induced
an almost strictly neuronal population to develop (92% neuron only clones, 8% neuron-
glia/mixed clones, <1% glia only clones) while cells treated with 10ng/ml bFGF showed
an increase in heterogeneity with 69% of clones showing a mixed phenotype (neuron and
glia immunoreactivity) while the remaining cells showed an approximately 50:50 neuron
only:glial only clone ratio (15% total cells were neuron only, 16% glia only) (Qian et al.,
1997). Thus from this study we can conclude that higher levels of bFGF increase the total
number of glial cells in vitro from <10% (glial and neuron-glial clones together) at 0.1ng/
ml to greater than 80% at 10ng/ml. Intriguingly, it was also suggested that other factors in
addition to bFGF (i.e. astrocyte secreted factors found in astrocyte conditioned media) may
be involved in cell fate decisions within glial clones (i.e. differentiation of oligodendrocyte
or astrocytes) from these cultures (Qian et al., 1997).

In a study similar to Qian et al., (1997), Nelson and Svendsen (2006) found that low
levels of bFGF (2 pg/ml) stimulated neurogenesis while high levels (20ng/ml) maintained a
stem cell state in human neural precursor cells (Nelson and Svendsen, 2006). Furthermore,

using CREB phosphorylation as a readout of FGF receptor activation, Nelson and Svendsen
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(2006) noted that although higher concentrations of bFGF did not activate more cells, that
immunostaining for activated CREB was significantly stronger in cultures stimulated with
high concentrations of bFGF than those stimulated with low concentrations of bFGF (Nelson
and Svendsen, 2006). As suggested by Schlessinger (2004) and Reuss and Bohlen und
(2003), differences in FGF effects may be due to the strength of FGF induced intracellular
cell signaling pathways. Extrapolating back to Nelsons study, perhaps cultures stimulated
with high concentrations of bFGF might lead to maintenance of stemness via high level
activation of FGF induced intracellular cell signaling proteins while low level stimulation
might induce differentiation via activation of the same pathways at a lower level (Reuss
and Bohlen und, 2003;Schlessinger, 2004). Interestingly, addition of a bFGF neutralizing
antibody did not block neurogenesis in these cultures, suggesting that either endocrine
bFGF signaling and/or other factors may also be important for neurogenesis in hNPCs.
However, the exact mechanism behind concentration differences and differentiation or
maintenance of hNPCs has yet to be determined.

Further validating the sensitivity of cells to low level bFGF stimulation, bFGF has
also been implicated in dramatic changes in cell fate outcome at low concentrations. For
example, as little as 0.2ng/ml bFGF added to spinal cord precursor cells has been recently
shown to switch dorsal neural precursors into ventral precursors via induction of the
basic helix loop helix (bHLH) transcription factor, Olig2 (Gabay et al., 2003). Thus taken
together, it appears that even low levels of exogenous or endogenous bFGF may induce
critical cell signaling changes which modify cell fate outcome in stem cell models.

Overall, the suggestion that low level bFGF stimulation is a powerful modulator
of neurogensis in vitro is in contrast to the in vivo data suggesting that high levels of
bFGF are essential for proper neurogenesis. For example, it has been shown that during the
time of neurogenesis in rodent (E10-E18) that bFGF mRNA and protein levels rise while

during gliogenesis (E15 to postnatal), bFGF levels significantly decrease (Powell et al.,
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1991;Weise et al., 1993). One might speculate, however, that other FGF family molecules
as well as interactions with a variety of other cellular proteins in vivo may have significant
and potentially repressive effects not mimicked by the simple addition of exogenous bFGF
in vitro. Additionally, unlike in vivo where all bFGF isoforms are present, in cell culture
models, the 18kd isoform is most commonly used and is usually added in combination with
an excess of heparan to the culture medium. Because heparin stabilizes un-bound bFGF
(Caldwell and Svendsen, 1998;Caldwell et al., 2004), excess amount of heparin may allow
for extended preservation of FGF mediated signaling for significantly longer periods than
found in vivo.

Basic fibroblast growth factor has also been shown to have significant effects
on cholinergic neuron activity and cell survival. For example, bFGF has been shown to
significantly enhance choline acetyltransferase (ChAT) activity in embryonic chick or rat
ventral spinal cord (Grothe et al., 1991;McManaman et al., 1989), in septal cholinergic cell
cultures (Yokoyama et al., 1994), and to enhance the survival of enriched chick embryonic
motoneurons (Arakawa et al., 1990) and embryonic ventral spinal cord neurons (Unsicker
et al., 1987). In addition, a previous study by Gray and Patel (1992) demonstrated that
astrocyte conditioned media strongly increased ChAT activity in rodent septal neurons, the
effect of which was significantly reduced by application of an anti-bFGF antibody (Gray
and Patel, 1992) thus suggesting a role for astrocyte secreted bFGF in the regulation of the
cholinergic cell function. Moreover, in a brain injury model, Calza and colleagues (2003)
eloquently demonstrated functional recovery from cholinergic basal forebrain lesions
through osmotic mini-pump delivery of EGF and bFGF. Notably, they showed evidence for
proliferation and migration of endogenous NSCs from neurogenic regions to injured areas
and enhancement of ChAT activity in response to bFGF treatment (Calza et al., 2003).
These results suggest that exogenous growth factor treatment may control the activity of

endogenous neural stem cells aiding in brain repair. Thus in summary bFGF appears to
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induce a wide variety of effects on stem cell differentiation both in vivo and in vitro in a

concentration and stage dependent manner in the CNS.

ASTROCYTES AND STEM CELLS

The environment that stem cells are exposed to post-transplantation has a profound
impact on cell survival, maturation and differentiation. In particular, transplantation of stem
cells into the injured CNS is known to recruit several cell types to the site of grafting, the most
plentiful of which are astrocytes (Cao et al., 2002). Astrocytes used to be known as simply
the “support cells” of the nervous system, but in more recent years, they have been shown
to do more than just support neurons. In fact, astrocytes have been implicated in directing
differentiation of stem cells (Song et al., 2002a;Song et al., 2002b;Nakayama et al., 2003),
influencing cell survival (Hans et al., 2002;Engele et al., 1991;Reuss and Unsicker, 2000),
and modulating the formation and activity of synapses (Smith, 1998;Pfrieger and Barres,
1997;Ullian et al., 2004). Thus it is quite probable that astrocytes recruited to the site of
stem cell transplantation may influence the differentiation, cell survival and maturation of
transplanted stem/progenitor cells.

Several groups have used astrocytes or astrocyte conditioned media (ACM) to
direct in vitro differentiation of primate and murine derived embryonic stem (ES) cells
(Nakayama et al., 2003) and neural stem cells (Wagner et al., 1999;Song et al., 2002a;Song
et al., 2002b;Chang et al., 2003). Of particular interest to our group is the use of astrocytes
to direct stem cells into a neuronal cell fate. To this end, promising data from Nakayama
et al. (2003) showed that astrocyte conditioned medium (ACM) induced the generation of
a strictly neuronal population in mouse ES cells. Specifically, mouse ES cells cultured in
the presence of ACM and other growth factors for ten days showed enhanced expression of
phenotypic markers for dopaminergic (TH), cholinergic (ChAT) and GABAergic (GAD)
cell fates. Surprisingly, researchers found no astrocytic or oligodendrocytic differentiation
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within these cultures. Along the same line, Wagner et al. (1999) was able to generate
approximately 80% dopaminergic neurons from an immortalized neural stem cell line
exposed to ACM and induced to overexpress a nuclear receptor (Nurrl). In contrast to these
data, however, Chang et al. (2003) found that rat cortical stem cells cultured in the presence
of ACM differentiated preferentially into astrocytes while cells cultured in the presence of
neuronal derived conditioned medium (NCM) developed primarily into neurons (Chang et
al., 2003). This data would seem to indicate that astrocytes and neurons secrete molecules
that direct stem cells into an astrocytic or neurogenic cell fate, respectively.

Unfortunately, no group has been able to pinpoint which secreted factor(s) or
combination of factors was essential for directing stem cell fate in their systems. To this
end, however, Barkho et al. (2006) demonstrated that astrocytes from different regions and/
or developmental stages had differential expression of neurogenic and astrogenic genes,
suggesting that astrocytic effects on stem cell differentiation might be different depending
upon which area cells were derived from (Barkho et al., 2006). Historically, astrocytes are
known to secrete several important cell signaling molecules including bFGF (Albrecht
et al., 2002;Le and Esquenazi, 2002), ciliary neurotrophic factor (CNTF) (Rudge et al.,
1992), glial derived neurotrophic factor (GDNF) (Schaar et al., 1993), laminin (Liesi et al.,
1983;Wagner and Gardner, 2000)and cholesterol (Jung-Testas et al., 1989). Any number of
these molecules or others could account for the changes in stem cell differentiation seen in
these studies. As a whole, these data indicate that secreted factors from astrocytes play an
important cell signaling role for the differentiation and survival of stem cells.

In direct contact in vitro cell culture models, Song et al. (2002) demonstrated that
astrocytes could enhance neuronal cell fate in adult rat hippocampal stem cells. Researchers
in this study found a robust increase in neuronal differentiation (ten-fold greater than
control cultures) when stem cells were cultured directly on top of neonatal hippocampal

derived astrocytes. Co-culture with adult hippocampal derived astrocytes exhibited a
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similar phenomenon albeit not as vigorous. Interestingly, stem cells exposed to spinal
cord derived astrocytes (neonatal or adult derived) did not exhibit significant neuronal
generation (Song et al., 2002a). In an embryonic stem cell model, Bentz et al. (2006) found
that co-culture of mouse embryonic cells with cerebral astrocytes induced an astrocytic cell
fate while culture with astrocyte conditioned media induced both astrocytic and neuronal
differentiation (Bentz et al., 2006). Taken together, data from stem cells cultured with
ACM and direct co-culture models indicate that astrocytes from different areas (brain vs.
spinal cord), at different stages of development (neonatal vs. adult) and via direct or indirect
(ACM) contact can influence final phenotypic differentiation of stem cells.

In addition to their role in directing cell fate, many have proposed that astrocytes are
essential in the development of functional synapses (Pfrieger and Barres, 1997;Fields and
Stevens-Graham, 2002;Song et al., 2002a;Song et al., 2002b;Slezak and Pfrieger, 2003).
In regards to stem cell maturation and synapse formation, Song et al. (2002b) showed
that astrocytes not only enhanced neuronal differentiation but also influenced maturation
and synapse formation. They documented formation of functional synapses with active
recycling of synaptic vesicles and tetrodotoxin blocked action potentials in differentiated
neural stem cells cultured in the presence of either adult or neonatal derived hippocampal
astrocytes. Interestingly, neuronal synaptic number and synaptic strength has also been
attributed to astrocytic cell signaling (Slezak and Pfrieger, 2003). Particularly in the retina,
an increase in cytoplasmic calcium in astrocytes was shown to enhance synaptic strength in
adjacent neuronal synapses in culture (Fields and Stevens-Graham, 2002). Not surprisingly,
communication between astrocytes and neurons is not a one way street as neurons have
also been shown to communicate with astrocytes. In particular, calcium responses in
astrocytes can be seen in brain slice cultures when neurons are stimulated to fire (Fields
and Stevens-Graham, 2002;Slezak and Pfrieger, 2003). Thus, there appears to be reciprocal

communication between astrocytes and neurons both in vitro and in vivo.
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Previously, we have shown that bFGF-primed hNSCs survive and differentiate into
cholinergic neurons in rat spinal cord and make connections with the appropriate muscle
targets (Wu et al., 2002;Gao et al., 2005;Tarasenko et al., 2006). Since transplantation
surgery is known to induce astroglial infiltration into the transplantation site, one cell
type that could be directing hNSC survival and cell fate in our transplantation model
is astrocytes. In light of the evidence for astrocyte-neuron communication, particularly
the directed differentiation of stem cells and survival effects of astrocytes and astrocyte
conditioned medium, it will be interesting to determine whether astrocytes might influence

human neural stem cell differentiation and long term survival in vitro (Hypothesis 2).

SUMMARY, RATIONALE AND HYPOTHESES

Human neural stem cells (hNSCs) have the potential to be very powerful therapeutic
agents. In order to harness this power, however, we must first strive to understand how
to direct their phenotypic cell fate both in vitro and in vivo. In light of this goal, in this
dissertation I have attempted to understand the mechanism behind cholinergic phenotypic
differentiation of hNSCs exposed to a simple in vitro priming procedure consisting of
bFGF, heparin and laminin (FHL) and adhesive culture conditions. Since bFGF is a well
known cell signaling molecule and cell survival agent, a potent mitogen and a powerful
morphogen, I first targeted bFGF as the main candidate involved in FHL induced cholinergic
differentiation. To assess this, I examined bFGF’s role in driving expression of the early
marker of the motoneuron/oligodendrocyte lineage, Olig2, as well as late motoneuron
transcription factors, with particular focus on the motoneuron determinant, Hb9. Next,
I assessed the time and dose dependence of FHL-primed hNSCs and the requirement of
hNSCs for bFGF mediated cell signaling for Hb9 induction. Finally, I strove to understand
the molecular basis for cholinergic differentiation of FHL primed hNSCs by analyzing cell

survival/cell death, the potential requirement for cell proliferation and the activation of two
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mediators of the MAP kinase cell signaling pathway, ERK1/2 and JNK in FHL-primed or
unprimed hNSCs (Hypothesis 1: Specific Aims 1.1-1.5; Chapter 3).

Because bFGF is a molecule known to be secreted by astrocytic cells both in
vivo and in vitro and FHL-primed hNSCs transplanted into rodent brain and spinal cord
differentiated into cholinergic expressing cells in vivo, I next wanted to understand whether
addition of astrocytes might influence hNSC fate determination and long term cell survival
in vitro. Toward this goal, I used a co-culture system with semi-permeable membrane
inserts to separate the two cell types (i.e. astrocytes and FHL primed hNSCs), as well as
directly mixing astrocytes and FHL-primed hNSCs or adding conditioned media derived
from astrocytes to FHL-primed hNSCs. In these sets of experiments I assessed cholinergic
differentiation and long-term survival of cholinergic differentiated hNSCs in the presence
or absence of astrocytic factors using immunocytochemistry, RT-PCR analysis and cell
death/cell viability assays (LDH, WST-1 and TUNEL). I further analyzed bFGF secretion
into conditioned media by astrocytes as well as the effect of blocking bFGF-mediated
signaling on the differentiation and long-term survival of cholinergic differentiated hNSCs
(Hypothesis 2; Specific Aims 2.1-2.3, Chapter 4).

Together the data presented in this thesis strongly suggests that bFGF is a necessary
player in the differentiation of hNSCs into Hb9 and later into ChAT expressing cells in
vitro and furthermore, that astrocyte-secreted bFGF mediates, at least in part, long term in

vitro survival of cholinergic neurons derived from FHL primed hNSCs.

HyproTtHESIS 1: BFGF PLAYS A CRiTICAL ROLE IN CHOLINERGIC NEURON DIFFERENTIATION
From FHL-PrIMED HUMAN FETAL NEURAL STEM CELLS IN VITRO (CHAPTER 3).

Specific Aim 1.1: To determine if FHL primed hNSCs express markers of developing
motoneurons.

e Experiment 1.1a: To assess morphological differences between FHL, ELL

and unprimed hNSCs using phase contrast microscopy.
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Experiment 1.1b: To assess cholinergic differentiation of FHL and ELL
primed hNSCs using immunocytochemistry for choline acetyltransferase
(ChAT).

Experiment 1.1c: To assess expression of developmental motoneuron
transcription factors Olig2, Neurogenin2, Isletl, Hb9 via RT-PCR analysis
of unprimed (spheres), FHL-primed and hNSCs primed with EGF, Lif and
Laminin (ELL).

Experiment 1.1d: To thoroughly assess expression of the early motoneuron
and oligodendrocytic transcription factor Olig2 and the late, definitive
motoneuron marker, Hb9, in FHL, ELL and unprimed (spheres) hNSCs

using both semi-quantitative RT-PCR and immunocytochemistry.

Specific Aim 1.2: To determine if hNSC differentiation into Hb9 expressing cells is
time and bFGF dose dependent.

Experiment 1.2a: To assess Hb9 transcript levels in FHL primed hNSCs at
various time points from 0-96 hours and after further differentiation.
Experiment 1.2b: To assess Hb9 transcript levels in hNSCs primed for 4

days with different amounts of bFGF.

Specific Aim 1.3: To determine if blockade of bFGF signaling or proliferation
influences motoneuron induction in FHL primed hNSCs

Experiment 1.3a: To assess the level of the motoneuron transcription
factor, Hb9, using semi-quantitative RT-PCR of FHL primed hNSCs treated
with the FGF receptor antagonist, PD173074 or in the presence of a bFGF-
neutralizing antibody via semi-quantitative RT-PCR analysis.

Experiment 1.3b: To assess whether proliferation of hNSCs is necessary
for Hb9 expression of FHL primed hNSCs. This will be determined by

treating FHL primed hNSCs with two cell cycle inhibitors followed by RNA
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collection and RT-PCR analysis for Hb9. Proliferation will be assessed by

BrdU long term labeling followed by immunocytochemistry.

Specific Aim 1.4: To determine whether cell death account for differences in
transcript levels of Hb9 in primed hNSCs.

e Experiment 1.4a: To assess the level of cell death using three separate
measurements, LDH release, TUNEL immunocytochemistry and caspase 3
activity in FHL, FHL plus the FGF receptor antagonist, PD173074 and ELL
primed hNSCs.

Specific Aim 1.5: To determine if MAP kinase signaling pathways are involved in Hb9
induction following FHL priming of hNSCs.

e Experiment 1.5a: To assess by western blotting the protein level of two
MAP kinase proteins, Erk1/2 and JNK/SAPK in FHL primed, ELL primed
and FHL or ELL primed plus the FGF receptor antagonist, PD173074.

e Experiment 1.5b: To assess whether proliferation of hNSCs is necessary
for Hb9 expression of FHL primed hNSCs. This will be determined by
treating FHL primed hNSCs with two cell cycle inhibitors followed by RNA
collection and RT-PCR analysis for Hb9. Proliferation will be assessed by

BrdU long term labeling followed by immunocytochemistry.

HyproTHESIS 2: LoNG TERM SURVIVAL OF HNSCs 1S ENHANCED IN THE PRESENCE OF
ASTROCYTES OR ASTROCYTE SECRETED FACTORS (CHAPTER 4).

Specific Aim 2.1:To determine if astrocytes or astrocyte secreted factors enhance
cholinergic differentiation of FHL primed hNSCs.

e Experiment 2.1a: To examine long term neuronal or glial phenotypic
outcome of FHL primed hNSCs co-cultured under direct, indirect or in the

presence of ACM using immunocytochemistry.

33



Experiment 2.1b: To examine cholinergic differentiation of long term
differentiated FHL primed hNSCs using immunocytochemistry and RT-

PCR analysis for choline acetyltransferase.

Specific Aim 2.2: To determine if astrocytes or astrocyte secreted factors enhance
long term hNSC survival, particularly cholinergic neuronal survival

Experiment 2.2a: To examine the morphology of FHL primed hNSCs
differentiated in the presence of either primary derived spinal cord astrocytes
under direct contact or indirect (Transwell) culture or with astrocyte
conditioned media using phase contrast microscopy.

Experiment 2.2b: To assess the long term hNSC survival using LDH cell
death assays, WST1 cell viability assays and TUNEL apopototic staining of
FHL primed hNSCs differentiated in the presence or absence of astrocyte

secreted factors.

Specific Aim 2.3: To determine the molecular basis for astrocytic effects on hNSC
differentiation and cell survival.

Experiment 2.3a: To assess whether immortalized astrocytes (CRL2005)
secrete detectable levels of bFGF into the culture media which can be
preserved and detected using a bFGF ELISA.

Experiment 2.3b: To examine the role of astrocyte secreted bFGF on cell
viability following addition of the FGF receptor antagonist, PD173074 or
after addition of a bFGF-neutralizing antibody to long term cultured hNSCs
in the presence of ACM.

Experiment 2.3c: To examine the role of astrocyte secreted bFGF on long-
term cholinergic neuronal cell survival using RT-PCR analysis for FHL
primed hNSCs differentiated with ACM in the presence of the FGF receptor

antagonist (PD173074) or with a bFGF-neutralizing antibody.
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CHAPTER 2: MATERIALS AND METHODS

CELL CULTURE

HumAN FETAL NEURAL STEM CELL CULTURE

Human fetal NSCs (lines K048 and K054, generously provided by C.N. Svendsen,
University of Wisconsin) were isolated from 8- and 9-week fetal forebrains, respectively.
Cells were cultured as free-floating neurospheres in 75-cm? flasks as previously described
(Tarasenko et al., 2004). All chemicals in this study were purchased from Sigma (St. Louis,
MO) unless otherwise specified. Briefly, cells were grown in basic medium containing
DMEM (high glucose, L-glutamine)/Ham’s F12 (both from Cell-Gro) (3:1) supplemented
with 67 IU/ml penicillin/67 pg/ml streptomycin (1% Pen Strep), 15 mM HEPES, N2
(Bottenstein and Sato, 1979), 15 mM HEPES, 1.5% D-glucose and 1 mM L-glutamine. For
proliferation as neurospheres the following growth factors were added to the above basic
culture medium: 10 ng/ml recombinant human leukemia inhibitor factor (LIF, Chemicon,
Temecula, CA), 20 ng/ml each of recombinant human EGF and bFGF (both from R&D
Systems, Minneapolis, MN) and 2.5 pg/ml heparin. Cultures were maintained at 8.5%
CO,, 37°C, and a half volume of culture medium was replaced every 3.5 days. Cells were
dissociated every 7-10 days using 0.25% trypsin diluted in Dulbecco’s phosphate buffered
saline (dPBS)/glucose for approximately 10-15 mins at 37°C. To facilitate cell detachment,
spheres were periodically triturated with a 5 ml serological pipette. Following dissociation,
trypsin inhibitor diluted in conditioned media [1:100] was added, cells were counted using
a trypan blue exclusion assay and approximately 6x10° live cells were re-seeded into T75
culture flasks which had been pre-treated to prevent cell adherence with 5 ml of conditioned

media and then 10 ml of new media.
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CEeLL PrRIMING

For cell priming, ~2x10°hNSCs were plated as small spheres (3-4 days post passage,
see Figure 2.1) in T25 culture flasks pre-coated with 0.01% Poly-D-Lysine (PDL) and 1 pg/
cm? mouse laminin (Invitrogen/GIBCO; Carlsbad, CA), and incubated with either of two
priming media as follows. FHL priming media (basic medium supplemented with 10 ng/ml
bFGF, 2.5 ng/ml heparin and 1 pg/ml Laminin) (Wu et al., 2002) or ELL priming media
(basic media containing 20ng/ml EGF, 10 ng/ml Lif and 1 pg/ml Laminin). Cells were
incubated at 8.5% C0,, 37°C for 4-5 days prior to harvesting for RNA or protein extraction.
For immunofluorescent analysis, cells were plated at a density of 1-1.5x10° cells/well in
24-well plates containing PDL and laminin pre-coated German glass coverslips (Carolina

Biological Supply) and cultured in the above priming medium.

Co-CuLTURE EXPERIMENTS: PRIMARY RAT ASTROCYTES

Primary spinal cord astrocytes were generated from adult (8 weeks) Sprague
Dawley rats according to the method described by Schwartz and Wilson (1992) with
modifications (Schwartz and Wilson, 1992). Briefly, spinal cords were dissected from
adult rats sacrificed with CO, and placed immediately into calcium-magnesium free-
dPBS (CMF-dPBS) on ice. Meninges were removed under a dissecting scope (Nikon).
Cords were cut into small pieces using sterile blades and then placed into astrocyte
growth medium (AGM) consisting of DMEM supplemented with 10% FBS, 1.5% D-
glucose, 1X Fungizone/penicillin-streptomycin on ice. Cells from 3-4 spinal cords were
retrieved by mechanical dissociation using sterile fire-polished glass pipettes followed by
repeated passage through 16, 18 and 20 gauge sterile syringes. Numbers of live cells were
determined using the trypan blue exclusion assay and approximately one cord was plated
per T25 culture flask. Occasionally, cells were further purified by passage through 60 um
nylon mesh filters. Cells were maintained in a humidified incubator supplemented with
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FHL and ELL priming priming
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Proliferate cells

as free floating Plate ~2 million cells as
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Figure 2.1: Experimental paradigm for ELL vs FHL priming experiments. Human neural stem cells were
passaged every 7-10d and allowed to aggregate into small neurospheres (3-4d) prior to plating onto PDL
and Laminin coated dishes for either ELL (EGF, Lif and Laminin) or FHL (bFGF, heparin and laminin)
priming. Following 4 d of priming, cells were lysed for protein or RNA collection or fixed with 4%
paraformaldehyde and samples were further analyzed via semi-quantitative RT-PCR, immunostaining
or western blotting. Composite figure created in Adobe Illustrator. PC image courtesy of: http://www.
cedmagic.com/history/ibm-pc-5150.html. RNA image from http://images.search.yahoo.com/images)
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5% CO, for 7-14 days or until nearly confluent. At that time, cells were shaken for several
hours to remove less adherent cells (neurons, microglia and oligodendrocytes) followed by
removal of media, washed with CMF-dPBS and addition of new media. Following shaking,
cells were allowed to proliferate to confluence, at which time they were passaged using
0.25% trypsin supplemented in CMF-dPBS and plated at approximately 2x10° cells/T25.
Immunohistochemical analyses (Figure 2.2) verified that cells purified using this method
were over 94% positive for the astroglial marker glial fibrillary acidic protein (GFAP) prior
to first passage. After passaging, nearly 100% of cells plated in either FBS or serum-free

B27 medium expressed GFAP (Figure 2.2).

Cells grown in serum free medlum CeIIs grown in the presence of 10% FBS

Primary astrocytes from adult
rat spinal cord express GFAP

100
’ I I

Before P1 P1 Serum free P110% FBS

©
(=

%GFAP+ Cells
=]
=]

Figure 2.2: Astrocytes derived from adult rat spinal cord express GFAP. A and B) Nearly
100% of astrocytes grown in serum free (B27) media (A) or serum containing media (B)

were immunopositive for GFAP (GFAP shown in red; blue=DAPI nuclear counter stain).

Scale bar=10pum. C) Phase contrast image of astrocytes in culture show their unique mor-
phology. D) Quantification of GFAP expressing cells under various culture conditions.
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For direct co-culture studies, 1x10° astrocytes/cm? were plated onto PDL/laminin
coated glass coverslips, treated with 0.2 uM cytosine arabinoside (AraC) and allowed to
adhere for 24 hours. Human NSCs were then added on top of astrocytes. For indirect culture,
astrocytes were plated onto permeable inserts (Transwells; Corning-Fisher Scientific) pre-
treated with poly-L-lysine (PLL) and laminin at a similar density and allowed to adhere
for 12-24 hours. Inserts with astrocytes were then transferred to plates containing FHL-
primed hNSCs. In this co-culture, hNSCs were exposed to secreted factors from astrocytes
suspended above them in the transwells but lacked direct contact with the cells. To exclude
any serum-derived effects on hNSC differentiation and survival, co-cultures were grown
in serum-free (B27 supplemented) medium. Media were changed every 3-4 days for up to
30 days and some were collected for LDH assays at days 5, 10, 15, 20, 25 and 30. For an
outline of all co-culture experiments see Figure 2.3.

For generation of astrocyte conditioned media (ACM), 0.5X10° cells were plated
into T75 flasks in AGM for 12 h at which time half of the medium was changed to serum-
free B27 medium (B27:AGM 1:1). After a further 12 h (total time of 24 h post plating), all
media were removed and cells were washed with dPBS and incubated with 15 ml of B27.
Astrocyte conditioned medium (ACM) was then collected 24 h later. Floating cells/debris
were removed by centrifugation and media were sterile filtered through a 0.2 um filter,
aliquoted and stored at -80°C for future experiments. ACM was used at 1:1 dilution with

freshly prepared B27 media for all ACM experiments.

IMMORTALIZED RAT ASTROGLIAL CELL LINE

An immortalized type 1 astroglial cell line derived from neonatal day-1 rat
diencephalon (CRL2005-ATCC; Manassas, VA) were grown to produce astrocyte-
conditioned medium (ACM). Cells were grown in astrocyte growth media (AGM). Every

3-4 days (approximately 80% confluent) cells were dissociated by applying 0.25% trypsin:
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Figure 2.3: Experimental paradigm for co-culture studies. Small neurospheres
were plated in one of five different paradigms: 1) under FHL priming alone
2) with astrocytes under indirect culture (i.e. with astrocytes plated onto
transwells suspended above FHL primed hNSCs) 3) under direct co-culture
(i.e.with astrocytes and hNSCs plated directly on top of one another) 4 & 5)
with conditioned media from either primary astrocytes or from an astrocytic
cell line (CRL2005).
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EDTA for 5 minutes followed by trituration and addition of fresh medium. Cells were re-
plated by splitting every confluent T75 into 6-10 T75 flasks (approximately 0.5-1x10%cells/

T75). ACM was collected in the same manner as for primary astrocytes.

INHIBITORS OF CELL PROLIFERATION

Cell proliferation was inhibited using two mechanisms. First, DNA synthesis was
inhibited by adding the chemotherapeutic agent cytosine arabinoside (AraC). AraC is
known to inhibit DNA synthesis through incorporation into the DNA causing replication of
new DNA strands to terminate early. AraC was prepared in 1 mM stocks, stored at -20°C
and utilized at 1 uM concentration in fresh culture media. In order to determine whether
AraC at 1 uM concentration inhibited DNA synthesis, BrdU labeling (see BrdU labeling
below) of AraC and non-AraC treated samples was utilized. Cultures treated with 1 pM
AraC did not show any BrdU labeling while those grown in media without AraC showed
extensive BrdU incorportation. Thus 1 pM concentration of AraC was an effective mitotic
inhibitor for hNSCs.

To confirm AraC’s effects, a second mitotic inhibitor which functions through a
separate molecular mechanism was utilized. To progress through the cell cycle, a group
of proteins termed cyclins and their associated kinases, the cyclin dependent kinases
(Cdk), are required. Blockade of Cdk binding with its associated Cyclin inhibits cell cycle
progression and thus halts cells in a particular phase of the cell cycle. For our study we
chose to inhibit cells from progressing from G, to S phase by inhibiting Cdk II (type III;
EMD Biosciences). To test the efficacy of this inhibitor, a dose response curve (0.5 uM to
10 uM) was generated using a similar BrdU labeling and detection paradigm as for AraC.
In this experiment, it was found that a pulse of 2.5 uM concentration completely inhibited
cell cycle progression as judged by a lack of BrdU staining in these cultures (Figure 2.4).
Because cytotoxicity using mitotic inhibitors could be a problem, it is worthy to note that
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cells treated with this concentration also maintained healthy cell morphologies with intact

nuclei.

BRrROMODEOXYURIDINE (BRDU) PULSE LABELING

Bromodeoxyuridine (BD Biosciences, San Jose, CA) was purchased in 35mM
DMSO stock solutions and kept frozen at -80°C until use. For long term BrdU labeling,
0.2 uM BrdU was added to cell culture media on d1 and cells were allowed to proliferate
for 96 hrs at which time they were fixed for immunodetection of BrdU incorporation (see
immunofluorescent detection of BrdU). For short term pulse labeling, 0.2 uM BrdU was
added to cells 24 hours prior to fixation and detection as described under immunofluorescent

staining.

0:5 M Cdk2i |1 M Cdk2i  [2.5 pMCdk2i |5 pMCdk2i

0:5 pM CdKk2i |1 pM CdKk2i ; [2.5 pMCdK2i |5 pMCdk2i

Figure 2.4: Optimization of a CDK2 inhibitor to block hNSC proliferation. Addition
of CDK2i at 2.5 uM concentration completely blocks BrdU incorporation (lack of
red staining). Adding CDKZ2i at either the time of plating (upper plan) or daily dosing
(lower panel) does not influence efficacy. Blue=DAPI nuclear counterstain. Red=anti-
BrdU; labels proliferating cells.
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FGF RECEPTOR ANTAGONIST AND BFGF NEUTRALIZING ANTIBODY

In order to analyze the effects of bFGF, a FGF receptor antagonist, PD173074 (a
kind gift from Pfizer, New York), was utilized at 25-50 nM concentration (Bansal et al.,
2003;Mohammadi et al., 1997;Mohammadi et al., 1998). PD173074 was prepared in sterile
DMSO and stored in frozen stocks at -80°C until ready for use. To preserve effectiveness,
fresh stocks were prepared every two weeks from the original lyophilized powder. To
test the effectiveness of this inhibitor, three experiments were performed. First, a dose
response was conducted using a WST-1 cell proliferation assay on small hNSC spheres
stimulated with bFGF and different doses of PD173074. After 3d in culture, WST-1 assays
were performed and a dose response curve was generated (Figure 2.5) (see also WST-1 cell
proliferation assays below for details). From this data we chose to use 50nM concentration
of PD170374 for our future experiments. Second, a specificity test was performed using
similar methodology. Briefly, hNSCs grown either without mitogens (ctrl), in EGF and
LIF (EL), or in EGF, LIF and bFGF (bFGF) were treated with PD173074 following which
WST]1 assays were again performed after 72 hrs in culture. In this set of experiments we
found that PD173074 was an effective inhibitor of proliferation only in hNSCs grown in
the presence of bFGF (Figure 2.5). In order to verify WST-1 results, a third experiment was
performed in which FHL and ELL primed hNSCs treated with 25 or 50nM PD173074 were
lysed and Western blots were performed for a bFGF downstream target (Erk1/2). 25-50nM
were both found to effectively block activation of Erk1/2 in FHL primed hNSCs. Again
confirming PD173074’s specificity for bFGF signaling, ELL primed hNSCs treated with
PD173074 (ELL+PD) showed little difference in Erk1/2 activation as compared to ELL
primed alone (ELL) (Figure 2.6).

To further confirm bFGF’s effects on hNSC differentiation, a bFGF neutralizing

antibody (3 pg/ml working concentration) (US Biologicals, Swampscott, MA) was also
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+PD173074

WST-1

Figure 2.5: Optimization of PD173074 dose and specificity in hNSCs. A) Dose response

of PD173074 in bFGF treated hNSCs. Note that at low concentrations there are no differ-

ences versus control. Vehicle=DMSO treatment only. Ctrl=cells treated with only bFGF.
*#p<0.01 vs control, one way ANOVA. B) Specificity of PD173074 for FGF signaling.
WST-1 cell proliferation assays were performed on hNSCs grown without mitogens
(ctrl), in EGF and LIF (EL) or in EGF, LIF and bFGF (bFGF) +/- Vehicle (DMSO) or
PD173074, a FGF receptor antagonist for 3d. Only cells grown in the presence of bFGF
show a decrease in proliferation in response to PD173074. **p<0.01 vs bFGF vehicle

treated, unpaired students ¢ test.
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Figure 2.6: Western blot of
hNSCs primed with various
treatments including addition
of a FGF receptor antagonist,
PD173074. Treatment with
PD173074 blocks activa-

tion of Erk1/2 in FHL treated
hNSCs (see box). Note that
ELL primed cells treated with
PD173074 do not show down-
regulation of activated Erk1/2.



utilized to inhibit bFGF signaling. Antibody stocks were maintained at -80°C and diluted
antibody was allowed to bind bFGF in new media for 10 min prior to addition to cells. In
some experiments in order to ensure long term efficacy, neutralizing antibody was added at

several times points (every other day).

ASSESSMENT OF CELL DEATH AND CELL SURVIVAL

LAcTATE DEHYDROGENASE Assay (LDH)

The LDH cell death assay (Roche, Indianapolis, IN) was performed according
to the manufacturer’s directions. Briefly, conditioned media (CM) were collected and
immediately placed on ice in sterile microcentrifuge tubes, centrifuged at 14,000 X g
for 2 min to remove cellular debris and supernatant was transferred to clean tubes. After
vortexing, 100 ul of CM from each sample was plated in triplicate in 96-well plates
followed by the addition of 100 ul of LDH reagent/well. Plates were incubated at room
temperature in the dark for 30 min prior to reading on an ELISA plate reader set at Abs,
with a background correction of Abs, . hNSCs treated with 1% Triton X-100 were used
as positive controls for cell death and for standardizing the assay between trials, and blank

wells were used to correct for plate imperfections. [Abs Abs . ] readings were used

490nm” 630n
to calculate the degree of cell death per sample. Triplicate samples were averaged and each
treatment group was compared to the control using an unpaired Student’s ¢ test with p<0.05

considered statistically significant.

TERMINAL-DEOXYNUCLEOTIDYL-TRANSFERASE-MEDIATED DUTP Nick ENp LABELING
(TUNEL)

See immunofluorescent detection (below).
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CASPASE-3 ACTIVITY ASSAY

Caspase-3 activity was detected using a commercially available kit (EnzChek®,
Molecular Probes; Eugene, OR) per manufacturer’s directions. Briefly, 20 ug of protein
lysates were pipetted in triplicates into 96 well plates followed by the addition of a master
mix containing reaction buffer, water, DTT (final concentration 5SmM) and the fluorescently
tagged substrate, Z-DEVD-R110 (final concentration 25 puM). Z-DEVD-RI110 is a
fluorescent molecule containing the specific caspase 3 cleavage site DEVD (i.e. Asp-Glu-
Val-Asp). The fluorescent R110 tag is quenched when the molecule is intact, however, in
the presence of active Caspase-3, DEVD is cleaved releasing the R110 fluorescent tag. For
fluorescent detection, plates were read in a fluorescent plate reader with excitation 490nm,
emission 520nm every minute for at least 60 minutes. A positive control for this experiment
included treatment of hNSCs for 4 hours with the apoptotic agent, 1uM Staurosporine
(Calbiochem). Values for each triplicate sample were averaged and a linear regression of
fluorescence versus time per pg protein was generated with the slope of the line being used
to compare caspase activity between samples. A one way ANOVA with Tukey post hoc

tests were used to statistically analyze differences between the treatment groups.

WST-1 CELL SURVIVAL ASSAY

A commercially available kit was used for WST-1 cell proliferation assays
(Chemicon) as per manufacturer’s directions. Briefly, 1x10* cells /per well were seeded as
small spheres 1 day after passage into duplicate 96-well plates. After 4 days in FHL priming,
80% of medium was removed and replaced with B27 (1:50 in DMEM:F12) +/- ACM (1:1).
Cells were allowed to differentiate for 14 or 30 days during which time half of the medium
was changed every 3-4 days. On day 14 or 30, WST-1 reagent (1:10) was added and 2
hours later, OD readings were taken with an ELISA plate reader (Biotek Instruments) set

at Abs,,  with a background correction of Abs, . Wells containing medium only (no
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cells) were used to further correct for background differences. For example: [Treatment

wells containing cells (Abs Abs — [Average of wells with media only (Abs

450nm 620nm)] 450nm

- Abs,,, )]. Groups were averaged (n=16/treatment/time point) and compared using an

unpaired Student’s ¢ test with p<0.05 considered statistically significant.

MANUAL CELL Counts (TRYPAN BLUE EXCLUSION AssAy)

To determine cell numbers following priming, trypan blue cell exclusion assays
were performed after 2 and 4 days post priming. At each time point, culture media
were removed and cells were washed 1X with Calcium-Magnesium Free (CMF) dPBS,
following which 0.25% trypsin (Sigma) in dPBS/glucose (Invitrogen) was added. Cells
were allowed to incubate in trypsin/dPBS/glucose for approximately 10 min at 37°C or
until cells became loosely adherent to the bottom of the flask. At that time, trypsin inhibitor
diluted in conditioned media [1:100] (Sigma) was added, cells were aspirated several times
with a 5ml pipette and removed into a 15 ml centrifuge tube for cell counting. 5 pl of this
mixture was removed and combined with 15 pl of trypan blue, 10ul of which was pipetted
onto a hemocytometer and cells were manually counted under an upright phase contrast
microscope. For each time point, at least 3 T25 flasks were treated in this manner and the
average cell number was determined.

To determine proliferation rate, three aliquots of cells prior to cell priming (on dO
of priming) were trypsinized as above and the actual cell numbers were determined using
the same trypan blue technique with an average value determined by dividing the total cell
number in three aliquots by three. Cell proliferation was then calculated by dividing the
number of cells on d2 or d4 determined as above by the number of cells plated down on dO0.
Averages for at least 3 T25s were calculated for each group using the following formula:

AVE [# Cells =~ # Cells ,, |
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IMMUNOFLUORESCENT AND TUNEL STAINING

IMMUNOFLUORESCENT STAINING FOR CYTOPLASMIC AND CELL SURFACE MARKERS

Culture media were removed, and coverslips were washed 1X with dPBS followed
by fixation for 25 min in fresh ice-cold 4% paraformaldehyde. Coverslips were then washed
3-4X in TBS at RT and incubated with 5% normal goat serum and 0.25% Triton X-100 in
0.3% BSA/TBS for 30-60 min. Rabbit anti-GFAP [1:1000] (Chemicon; Temecula, CA) and
monoclonal anti-beta III tubulin [1:5000] (Covance) were added and allowed to incubate
overnight at 4°C. On day 2, cells were washed 3X, 10-15mins each in TBS followed by
secondary Alexa Fluor® 568 goat anti-rabbit (568 GAR) and Alexa Fluor® 488 goat anti-
mouse (488GAM) [1:300] (Molecular Probes, Eugene, OR) for 3-4 h at room temperature.
Coverslips were again washed 3X, 10-15 min each, counterstained with DAPI [1:1000] for
5 min and washed one more time prior to mounting onto glass slides with Fluoromount-
G (Fisher; Fair Lawn, NJ). For choline acetyltransferase (ChAT) staining [1:100]
(Chemicon), a similar procedure was used with the following changes: cells were blocked
with normal goat serum and Alexa Fluor® 568 donkey anti-goat (568DAG) (Molecular
Probes) secondary antibody was used for fluorescent detection. In all immunofluorescent
experiments, cells stained with secondary antibody only were used as negative controls for

each primary antibody.

IMMUNOFLUORESCENT STAINING FOR TRANSCRIPTION FACTORS

Culture medium was removed and coverslips were washed 1X with dPBS followed
by fixation in fresh 4% paraformaldehyde for 20 minutes at RT. Following several washes
in PBS, cells were post fixed for 10 minutes with ice cold 100% Methanol at -20°C. Cells
were then washed 3X in PBS, blocked with 5% normal goat serum/0.25% Triton-X/0.3%

BSA/PBS (all from Sigma, St. Louis, MO) for 30 min to 1 hr, following which a monoclonal
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anti-Hb9 antibody [1:20-50] (Developmental Studies Hybridoma Bank-DSHB, Iowa) was
diluted in PBS and allowed to incubate overnight at 4°C. Secondary antibody labeling was

done as for cytoplasmic and membrane bound immunofluroescent staining (above).

BROMODEOXYURIDINE DETECTION

For BrdU immunocytochemistry, cells previously pulse labeled with BrdU (see
Bromodeoxyuridine pulse labeling) were washed 1X with dPBS, fixed with fresh 4%
paraformaldehdye for 25 min on ice followed by 3 washes in dPBS. A second fixation
in ice cold 100% Methanol for 20 min at -20°F was then performed followed by an
additional 3 washes in dPBS. Cells were then permeabilized and DNA was uncoiled using
2N hydrochloric acid (HCI) for 20 min at 37°C. HCI was neutralized with two washes
of Borate Buffer (pH 8.5), 10 min each at RT, followed by 3 washes in dPBS. Samples
were then blocked with 1%BSA:0.5% Tween 20:5% NGS for 1 hr at RT followed by
application of a monoclonal anti-BrdU antibody [1:1000] (Sigma) for 1 hr at RT. Cells
were washed 3X with dPBS followed by either Alexa Fluor® 488 or 568 conjugated goat
anti-mouse antibodies [1:300-400] (Molecular Probes, Eugene OR). Samples were washed
3X in dPBS, nuclei were counterstained with DAPI [1:1000] and coverslips mounted in
Fluormount G (Fisher). In all experiments, cells stained with secondary antibody only and

cells that did not receive BrdU pulse labeling were used as negative controls.

TopT-MEebpIaTED DUTP Nick Enp LABELING (TUNEL)

For TUNEL staining, a commercially available kit (ApopTag® Fluorescein In Situ
Apoptosis detection kit; Chemicon; Temecula, CA) was utilized as per the manufacturer’s
directions. Briefly, cells were fixed with fresh 4% paraformaldehyde for 20 min. at RT
followed by 3 washes in PBS. Cells were then post-fixed in pre-cooled Ethanol:Acetic
Acid (2:1) at -20°C for 5 min followed by 3 PBS washes. PBS was then removed and 27 pl

equilibration buffer/well (75 pl/5 cm?) was added followed by 20 ul TdT enzyme diluted in
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reaction buffer. Cells were then allowed to incubate at RT for 1 hour followed by addition
of stop/wash buffer, 3 PBS washes and addition of anti-digoxigenen conjugated secondary
antibody for 30 min at RT. Samples were then washed with PBS, counterstained with DAPI
[1:1000], mounted with Fluoromount G (Fisher) and visualized using standard fluorescent
microscopy. TUNEL positive cells were counted and the ratio of TUNEL/total cell numbers,
the latter determined after DAPI nuclear staining, determined the % of apoptotic cells per

treatment group.

IMMUNOFLUORESCENT MICROSCOPY AND CELL COUNTING

Images were taken using a Nikon epifluorescent microscope (€8001) and MetaMorph
Software (Molecular Devices Corporation; Downington, PA). For quantitative analyses, 10
fields per treatment or at least 1000 total cells were randomly selected from 3-4 coverslips
and cells were manually counted using MetaMorph imaging software. Percentage positive
staining for any particular antibody was calculated by dividing the number of positive
cells by the total number of DAPI-stained nuclei. Statistical analyses were performed
using InStat (GraphPad Software, San Diego, CA) and SigmaStat (SPSS Inc., Chicago,

IL) programs.

PCR ANALYSIS

RNA CoLLECTION AND GENERATION OF CDNA BY REVERSE TRANSCRIPTION

Total RNA was extracted using RNAqueous-4PCR kit (Ambion; Austin, TX) as
per the manufacturer’s directions. Briefly, media were removed and cells were rinsed with
CMF-dPBS followed by the addition of 300-500 ul of lysis buffer. Cells were lysed on ice
for up to 5 min followed by lysate collection using sterile cell scrapers. Samples were then
vigorously vortexed followed by additional passage through sterile 25 gauge syringes. An
equal volume of 64% ethanol was added and lysates were applied to columns, spun down at
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10,000 x g and rinsed several times. RNA was eluted into sterile RNAse/DNAse-free tubes
and DNAse [ was added for 30 min at 37°C followed by inactivation with DN Ase inactivation
reagents. Samples were pelleted by centrifugation and supernatants were collected and
stored at -80°C. RNAs were quantified and purity-checked using a spectrophotometer with
an A260:A280 ratio between 1.9 and 2.1 being considered acceptable for further assay.
Samples with ratios outside of this range were discarded. Reverse transcription (RT)
reactions were performed using an RT kit (Applied Biosystems; Foster City, CA) as per
manufacturer’s directions. Briefly, 2 ug RNA was combined with RT buffer (10 ul), ANTPs
(4 ul), random primers (10 pul), and RNAse free water to a total volume of 80 ul. Samples
were cycled at for 10 min at 25°C and 120 min at 37°C. Following RT, cDNA was diluted
in TE buffer to yield 10 ng/pl and frozen at -20°C.

SEMI-QUANTITATIVE RT-PCR

10-20 ng of cDNA was used for each individual PCR reaction with the following
primers and cycling conditions. Olig2 Forward: 5’-AAG CTA GGA GGC AGT GGC TTC
AAG TC-3’. Olig2 Reverse: 5°’-CCG TCA CCA GTC GCT TCA TC-3’. Tm=60°C 10-20
ng cDNA, 28 cycles, product size = 312bp. Neurogenin 2 Forward: 5’-GAA GAC CCG
TAG ACT GAA GGC-3’. Neurogenin 2 Reverse: 5’-GAA AGG GAA CCC ACT AAG
GC-3’. Tm=54°C 20-40 ng cDNA, 40 cycles, product size = 537 bp. Islet-1 Forward 5’-
AGG ATG TGG AGG TAG TGA GA Islet-1 Reverse 5’-GGA GAT CTC AGT GGC TCT
T ; Tm=54°C 20-40 ng cDNA, 40cycles, product size = 356bp. Hb9 Forward 5’-AGC
TGG GCG CCG GCA CCT TCC-3’. Hb9 Reverse 5’-CCG CCG CCG CCC TTC TGT
TTC TC-3; Tm=65°C 20 ng cDNA, 37-38 cycles, product size = 348bp. ChAT Forward:
5’-AAG ACG CCC ATC CTG GAA AAG-3’; ChAT Reverse:5’-TGA GAC GGC GGA
AAT TAATGA C-3’. Tm = 61°C; 40 cycles; product size = 650 bp. GAPDH Forward: 5’-
GAA GGT GAA GGT CGG AGT C-3’;GAPDH Reverse:5’-GAA GAT GGT GAT GGG
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A PCR Cycling
Hb9
349bp
= > E S =
E B
Hb9
349bp
S O o OO
=S5S5S5kp S55kp°
- % 'Rk -9 'L
T T O T T O +
< < < < < <
- d 4 - d d
I T T Ir T T
L b W b
C 35cycles 38cycles
40+
35+
30~
R 254
I
a 20-
— 15+
10- —
54 =
0- ——

10ng 20ng 40ng 10ng 20ng 40ng

35 cycles 38 cycles

Figure 2.7: Optimization of semi-quantitative PCR parameters for Hb9. A) 20 ng of
cDNA were run in quadruplicate tubes and each were pulled from the PCR reaction after
30, 35, 40 and 45 cycles. PCR products were electrophoresed and visualized after ethid-
ium bromide (EtBr) staining. B) From A it appeared that between 35 and 40 cycles was
optimal. To test this finding, triplicate PCR reactions were set up with 10, 20 and 40 ng
of cDNA and PCR was performed for 25 and 38 cycles. PCR products were elecropho-
resed and visualized using EtBr staining. C) Densitometry of PCR products from B indi-
cate that 35 or 38 cycles of PCR are within the correct range for optimal semi-quantita-
tive PCR. Note that 40 ng cDNA generates a PCR product, which is ~2X greater than 20
ng, which is ~2 fold greater than 10 ng. [M=Molecular marker. FSC=Fetal spinal cord, a
positive control. -RT = negative control (i.e. samples run without reverse transcriptase)].
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ATT TC-3’. Tm = 52°C; 20 ng cDNA; 21 cycles; product size = 226 bp. A master mix
containing 2.5 pl Red Taq polymerase, 2.5 pl 10X buffer, 1 pl 25X dNTPs (all from
Sigma) and 1 pul each of primers were utilized for all PCR reactions. For determination of
semi-quantitative conditions, 20 ng cDNA was loaded into quadruplicate PCR reactions
and PCR was performed for 25, 30, 35 and 40 cycles. 15 ul of each PCR product was then
loaded onto 1.5% agarose gels and electrophoresed at 90V for 1.5 hrs. Gels were post
stained with ethidium bromide, imaged using a Chemi-Imager 4400 v5.5 (Alpha Innotech
Corporation) and densitometric analysis was performed using Alpha-Ease software (Alpha
Innotech Corporation). The cycle number determined to be in the middle of the logarithmic
phase of PCR was then utilized for further optimization via running triplicate PCR reactions
again this time with 10, 20 and 40 ng of cDNA and utilizing the cycle number previously
determined (Figure 2.7). Densitometry was again performed to verity that 40 ng of cNDA
yielded ~2-fold increase in PCR products as compared to 20 ng cDNA and that 20 ng was
~2-fold greater than 10 ng. For each semi-quantitative reaction hence forth, two control
samples were added: 1 with half volume of cDNA (typically 10 ng) and the second with
the double amount (typically 20 ng). Densitomtery of PCR products was verified for each
PCR reaction performed and reactions which did not show 10 ng > 20 ng densitometry

were discarded from the analysis.

REAL-TIME QUANTITATIVE RT-PCR (QPCR)

Quantitative PCR was performed by the quantitative PCR core facility (UTMB)
per established methods. Briefly, Applied Biosystems Assays-on-demand 20X assay
mixture of primers and TagMan MGB probe (FAM™ dye-labled) for the target genes (see
below) and pre-developed 18S rRNA(VIC™-dye labled probe) TagMan® assay reagent
(P/N 4319413E) for endogenous control were utilized for these assays with universal PCR

master mix reagent kit (P/N 4304437).
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Assays-on-Demand™(P/N 4331182): HLXB9

Genebank accession # Assay ID Sequence

NM_005515.2,X56537.1,AF107457.1 | Hs00232128 ml ACTTCAACTCCCAGGCGCAGTCGAA

For relative quantitation of gene expression separate tubes (singleplex) real time
PCR was performed with 30 ng cDNA for both target gene and endogenous control. Cycling
parameters for real time PCR were: UNG activation 50°C, 2min, AmpliTaq activation 95°C
for 10 min, denaturation 95°C for 15 sec and annealing/extension 60°C for 1 min (repeat
40 times) on an ABI7000 PCR machine. Duplicate C values were analyzed in Microsoft
Excel using the comparative C (AAC,) method as described by the manufacturer (Applied
Biosystems). The amount of targets (2*4°T) was obtained by normalized to endogenous

reference (18s) and relative to a calibrator (one of the experimental samples).

IMMUNOBLOT ANALYSIS

CoLLECTION OF ToTtAL CELL PROTEIN

After rinsing in phosphate-buffered saline (PBS), cells were lysed with NP-40
Lysis Buffer [1% NP-40, 20 mM Tris-HCI (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM
EDTA, 1 mM sodium orthovanadate] (all from Sigma; St. Louis, MO) with fresh 10 pug/ml
Apoprotinin and 10 pg/ml Leupeptin added just prior to cell lysis. Approximately 200-350
ul lysis buffer was used per T25 (2x10° cells) and cells were allowed to lyse on ice for
5 min prior to removal of cell lysates to microcentrifuge tubes with a cell scraper. Cells
were allowed to lyse for an additional 15-30 min rotating at 4°C prior to clarification by

centrifugation at 14,0000 X g, 4°C for 10 min and removal of supernatant to a clean tube.
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Protein lysates were quantified with a bicinchoninic acid (BCA) protein quantification kit

(Pierce; Rockford, IL), aliquoted and stored at -80°C.

ONE DIMENSIONAL GEL ELECTROPHORESIS

For electrophoresis, 20-30 pg of total protein were diluted in 4X NuPAGE® LDS
sample buffer and 10X NuPAGE® reducing agent (both from Invitrogen; Carlsbad, CA)
and heated to 70°C for 1 min. Samples were briefly vortexed, centrifuged, loaded onto 4-
12% NuPAGE® Novex Bis Tris Gels and electrophoresed at 150V for ~2 hrs. Gels were
transferred onto Hybond ECL nitrocellulose membrane (Amersham Biosciences; U.K.) by

electrophoretic transfer at 30V for 1-1.5 hr.

WESTERN BLOTTING

Membranes were blocked with 5% nonfat milk (w/v in 0.1%TBS-Tween) for either
1 hr at RT or overnight at 4°C, followed by a 1-hr incubation at room temperature with
the following primary antibodies: phospho-p44/42 (i.e. pErk1/2) (Thr202/Tyr204) [1:500];
p42/44 [1:500]; phospho-SAPK/INK (Thr183-Tyr185) [1:1000]; SAPK/JNK [1:1000] (all
from Cell Signaling Technologies; Danvers, MA), diluted in 5% nonfat milk. Membranes
were washed 6X, 5 min each, with 0.1% TBS-Tween and incubated for 1 hr at RT with
the appropriate anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary
antibody [1:5000-1:10,000] (Amersham Biosciences, U.K.). Membranes were again
washed 6X, 5 min each, and immunoreactive bands were detected using a chemiluminescent
Western blot detection kit (ECL-Amersham Biosciences, U.K.). Blots were exposed to
ECL hyperfilm (Amersham Biosciences, UK) for 5 sec - 5 min prior to developing using a
standard developer (Kodak). All blots were first probed with the phosphorylated protein of
interest followed by stripping (Restore™; Pierce Biotechnological; Rockford, IL) and re-

probing for the corresponding un-phosphorylated protein of interest and again for mouse
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anti-B-actin [1:25-50,000] (Sigma; St. Louis, MO) as a loading control using a similar

protocol.

WESTERN BLOT ANALYSIS

Films were scanned using a digital scanner connected to a PC, and densitometry
via integrated density value (IDV) analyses were performed with AlphaEase FC Software
program (Alpha Innotech). For detection of phosphorylation status, the phosphorylated
protein band value (IDV) was divided by the band from the un-phosphorylated protein (i.e.
IDV phospho Erk + IDV Erk) and then normalized using the loading control (B-actin). All
IDVs were generated using automatic background control. For other proteins, data were
normalized against B-actin alone. Statistical significance between groups was determined
using one-way ANOVA with Tukey post hoc test or for single comparisons, Student’s ¢ test

with p<0.05 considered significant.

ENZYME LINKED IMMUNOSORBENT ASSAY (ELISA)

BFGF ELISA

A commercially available bFGF ELISA was utilized to detect secreted bFGF
in astrocyte conditioned medium (bFGF DuoSet®; R&D Systems; Minneapolis, MN)
per manufacturer’s directions. ACM was generated as stated above with an additional
centrifugation step to concentrate and remove small molecular weight molecules. For
the concentration step, ACM was applied to Amicon® Ultra-15 Centricon filters with a
10,000 MWCO (Millipore) and centrifuged at 4,000 x g, 4C° for 30 mins. The volume of
concentrated ACM was measured and aliquoted for ELISA.

Briefly for ELISA analysis, 96 well ELISA plates were coated with 100 pl of a
2 ng/ml stock of bFGF capture antibody, covered with plastic tape and left to hybridize
overnight at room temperature. The next day, wells were washed 3X with 400 pl of wash
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buffer (PBS+0.5% Tween) and blocked with 300 pl of blocking buffer (1% BSA diluted
in dPBS) for at least 2h at room temperature. Blocking reagents were then removed, wells
were washed as previously and replaced with 100 pl each of bFGF standards (1000 pg/
ml to 0 pg/ml of recombinant human bFGF (rh bFGF) diluted in 1% BSA/dPBS) and
conditioned media unknowns previously concentrated (see above). Samples were allowed
to hybridize for 2-3h, shaking at 500 RPM @ RT following which all wells were washed
again as above and 100 pl of a 0.5 pg/ml stock of secondary/detection antibody was added.
Plates were again shaken at 500 RPM for 2-3h at RT after which samples were washed
3X with wash buffer. Streptavidin-HRP conjugated antibody was then added [1:200] and
allowed to hybridize for 20 mins in the dark at RT and samples were again washed 3X as
above. Following washing, 100 pl of detection reagent (A:B, 1:1) was added for 20 min
in dark and the reaction was stopped by adding 20 ul of Stop Solution (2N H,SO,) to each
well. Plates were immediately read in a standard plate reader at 450 nm with a correction
of 570 nm. For analysis, all samples were run in triplicates and bFGF standards were used

to generate a standard curve (r’=0.98) utilized for bFGF concentration determination.
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CHAPTER 3: BASIC FIBROBLAST GROWTH FACTOR INDUCES
HB9 EXPRESSION IN LONG TERM EXPANDED HUMAN FETAL
FOREBRAIN-DERIVED NEURAL STEM CELLS

ABSTRACT

Human neural stem cells (hNSCs) have the potential for use in the clinical treatment
of neurological disorders including amyotrophic lateral sclerosis (ALS). Since cholinergic
motoneurons (MNs) are targeted for degeneration in this disease, directed differentiation
of stem cells into MNs could be a very useful therapeutic measure. We previously reported
that fetal hNSCs primed with a cocktail of bFGF, heparin and laminin (FHL) pushed cells
towards a cholinergic phenotype following further differentiation. In order to determine
whether bFGF, an important developmental mitogen, was a key player in this induction,
I examined the expression of several developmental markers of motoneurons in hNSCs
primed with or without bFGF and/or treated with inhibitors of FGF signaling. In this study I
found that FHL-primed cells exhibited enhanced levels of MN developmental transcription
factors including Olig2, Isletl, Neurogenin 2 and the motoneuron determinant, Hb9.
Furthermore, induction of Hb9 was found to be both time- and bFGF dose-dependent and
inhibition of FGF signaling with either a bFGF neutralizing antibody or the FGF receptor
antagonist PD173074, significantly down-regulated Hb9 transcripts. In addition to this,
I found that proliferation was not required for Hb9 MN differentiation as blockade of
proliferation in bFGF treated cells did not block Hb9 induction. In accordance with the
inductive role of bFGF, proliferation mediated by treatment with other growth factors did
not enhance Hb9 expression. To rule out a role for selective Hb9+ cell survival in response
to bFGF, cell death assays were performed. Data from these assays demonstrated that cells
treated without bFGF survived equally well as FHL-primed cells. Furthermore, data from

western blot analysis of cell signaling pathways, Erk1/2 and JNK, did not substantiate a
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claim for the role of either MAP kinase molecules in Hb9 induction. Finally, addition of
either EGF or Leukemia Inhibitory Factor (LIF) after FHL-priming down-regulated Hb9
expression. Taken together these data suggest a novel role for bFGF as an inducer of MN

differentiation in fetal forebrain-derived and long-term expanded hNSCs.

INTRODUCTION

Cholinergic motoneuron (MN) differentiation in vertebrates has been well
characterized (for review see (Jessell, 2000;Briscoe and Novitch, 2007) and in vivo involves
three major steps, each of which are regulated by specific transcription factors. First, cells
must be directed from a stem cell fate into a neural cell fate. This is often demarcated by
expression of markers of immature neuroectodermal cells such as Sox1 and/or Nestin (Kan
etal., 2004). Second cells are caudalized, activating transcription factors such as the HoxC
genes (Dasen et al., 2003). Finally, cells are directed into a ventralized phenotype by the
graded secretion of sonic hedgehog (SHH) produced by the developing notochord and
floor plate (Ericson et al., 1996;Patten and Placzek, 2000). At this stage cells show markers
of ventral cell types such as Pax6 and Olig2 (Ericson et al., 1997;Mizuguchi et al., 2001;Lu
et al., 2002) and upon further differentiation, cells within this region begin to express
several homeodomain (HD) proteins such as Islet 1 and Lim3 (Lee and Pfaff, 2003;Thaler
et al., 2004;Thaler et al., 2002). It is after expression of these HD proteins that cells are
considered to be motor neuron progenitor cells or pre-motoneuron (i.e. pMN) cells which
have the potential to differentiate into one of two final neural cell types, oligodendrocytes
or motoneurons (Lu et al., 2002) and it has been suggested that there are several factors
influencing which path cells will take. Examples of these influences include expression of
the transcription factor Nkx2.2 in oligodendrocytic precursors (Zhou et al., 2001) and the
expression ratio of two basic helix-loop-helix (bHLH) transcriptional regulators, Ngn2 and

Olig2 (Lee et al., 2005;Mizuguchi et al., 2001) which has been suggested to drive the last
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stages of MN differentiation. Upon expression of the bHLH factors Ngn2 and Olig2 and the
HD protein Lim3, a complex is formed which stimulates transcription of the motoneuron
determinant, Hb9 (Thaler et al., 2002). Similar to two important MN determinants in
chicken, MNR2 and HLXB9, mammalian Hb9 is an essential regulator of MN induction in
rodents, the importance of which has been demonstrated through both knockout (Thaler et
al., 1999) and ectopic expression studies (Arber et al., 1999;William et al., 2003).

Several agents have been used in vitro to mimic the in vivo cell signaling events
implicated in the induction of MN’s during development. The most common utilized are
retinoic acid (caudalizing agent) and sonic hedgehog (ventralizing agent) (Renoncourt et
al., 1998;Wichterle et al., 2002;Li et al., 2005;Lim et al., 2006;Soundararajan et al., 2006),
and bFGF (Wu et al., 2002;Shin et al., 2005;Ren et al., 2006). Notably, our group has
generated an in vitro priming method consisting of plating human derived neurospheres onto
poly D lysine and laminin coated culture dishes in serum-free medium supplemented with
bFGF, heparin and laminin (FHL) which directs differentiation of hNSCs into a cholinergic
phenotype (Wu et al., 2002;Tarasenko et al., 2004). Cells plated in this manner spread
out to form a monolayer consisting of both neurons (immunolabeled for beta tubulin type
IIT and MAP2) and glia (GFAP). In particular, approximately 36% of FHL-primed cells
differentiate into neurons expressing choline acetyltransferase (ChAT) in vitro (Tarasenko
et al., 2004) and 50% of FHL-primed hNSCs differentiate into a ChAT" phenotype after
transplantation into rodent spinal cord or medial septum (Wu et al., 2002). What is currently
lacking, however, is an understanding of the molecular mechanisms responsible for driving
the differentiation of hNSCs into motoneurons. In order to further examine the mechanisms
behind FHL- priming, I began by examining the role of one factor in the priming medium,
the potent growth factor bFGF.

Basic fibroblast growth factor (bFGF) is one of 22 identified members of the fibroblast

growth factor (FGF) signaling family (for rgxéiew see (Reuss and Bohlen und, 2003). Ten



of these members, including bFGF (or FGF-2), have been identified in the human central
nervous system where they are thought to be involved in repair processes following nerve
lesions and degenerative disorders (Reuss and Bohlen und, 2003), in neuronal survival
(Otto et al., 1987;Grothe et al., 1991;Walicke et al., 1986), in axonal growth (Sapieha et
al., 2003;Klimaschewski et al., 2004) and in learning and memory (Ishihara et al., 1992). In
regards to stem cells, bFGF is also important for neural progenitor cell proliferation both in
vitro (Kitchens et al., 1994;Tropepe et al., 1999) and in vivo (Martens et al., 2002) as well as
for the maintenance of pluripotency in human embryonic stem cells (Wang et al., 2005;Xu
et al., 2005). A role for bFGF during human CNS development has been hypothesized and
is indirectly supported by the finding that changes in bFGF expression levels correlate with
neurogenesis and gliogenesis in rodents (Powell et al., 1991;Qian et al., 1997) and that
bFGF knockout animals show reduced neuron numbers by >50% (Raballo et al., 2000)
and impaired cortical development with a lack of large projection neurons (Dono et al.,
1998;Vaccarino et al., 1999;Raballo et al., 2000). Because it is virtually impossible to study
human neural development in vivo, the role of bFGF during human development is unclear.
One way to better understand early human development is through the use of in vitro
models that include human-derived stem cells.

Inferring from the in vivo and in vitro evidence above, it is likely that bFGF’s
effects on NSC differentiation are concentration, developmental stage and cell type
specific. Thus it is not surprising that bFGF’s roles in directing stem cell fate are somewhat
controversial since several models and species are utilized for the study of stem cells. For
example, Reimers et al. (2001) and Tsai and Kim (2005) both found that continuous bFGF
treatment inhibited neurogenesis in rodent neural precursor/stem cells while Palmer et al.
found that bFGF promoted neurogenesis via a re-programming of adult non-neuronal cells
into neurons (Palmer et al., 1999). One can surmise that in addition to differences in cell

handling, that differences in stage of derivaéilon (adult vs neonatal) might offer at least a



partial explanation for differences in these studies. Interestingly, though, specific neuronal
subtypes were not fully examined in these studies thus it is possible that specific neuronal
subtypes may have been influenced by bFGF treatment. In light of this, we and others have
found that bFGF treatment enhances differentiation of cholinergic expressing neurons in
both human and rodent derived neural and embryonic stem cells (Wu et al., 2002; Tarasenko
et al., 2004;Ren et al., 2006;Shin et al., 2005). Further substantiating a reprogramming
effect for bFGF, Gabay et al (2003) demonstrated that even very low concentrations of
bFGF (0.2ng/ml) induced a change in cell fate specification from dorsal to ventral cell
types in rodent derived neural precursors (Gabay et al., 2003). Taken together this data
suggests that bFGF acts as a very potent morphogen with the ability to influence cell fate
decisions in both human and rodent derived stem cells.

In this study I show that bFGF acts to direct human neural stem cells into pre-
motoneurons which express Olig2, Islet-1 and Hb9 in vitro. 1 demonstrate that bFGF-
induced Hb9 expression is concentration and time dependent and that blockade of bFGF
signaling down-regulates Hb9 expression. Furthermore, I provide evidence that enhanced
cell survival and proliferation are not mechanisms that mediate bFGF induction of Hb9
expression in hNSCs. I also demonstrate that two mediators of the MAP kinase cell
signaling pathway, ERK1/2 and JNK are not directly involved in this phenomenon. Finally,
I show that while bFGF enhances Hb9 expression that two other growth factors, Epidermal
Growth Factor (EGF) and Leukemia Inhibitory Factor (LIF), act to down-regulate Hb9
expression. Taken together these findings demonstrate that bFGF is an essential component
in the directed differentiation of hNSCs into Hb9 expressing cells in vitro. These finding
are important because a better understanding of the molecules which drive neuronal,
particularly motoneuron differentiation of human derived cells will allow researchers to

better direct neuronal differentiation in vitro. This information could lead to better cellular
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models for the study and testing of treatments for motoneuron diseases such as Amyotrophic

Lateral Sclerosis (ALS).

RESULTS

FHL-PriMING INDUCES EXPRESSION OF TRANSCRIPTION FACTORS OF THE MOTONEURON
LINEAGE

Previously, we reported that human neural stem cells primed with a cocktail of bFGF,
heparin and laminin (FHL) spread out into a monolayer of large, homogenous shaped cells
with many processes (Wu et al., 2002) (see also Figure 3.1A). In this study, I first compared
the morphological appearance between FHL-primed cells and those primed with epidermal
growth factor (EGF), leukemia inhibitory factor (LIF) and laminin (ELL). I found that ELL-
primed cells did not show vigorous migration and remain heterogeneous in size and shape
(Figure 3.1A). In particular, many ELL primed cells were spindle shaped and migrated out
from the adherent sphere along distinct tracts. ELL primed cells did not spread out into a
complete monolayer, rather, preferring to remain within the sphere structure. Interestingly,
ELL primed and differentiated cells showed significant enhancement in overall cell number/
field after just four days of priming (Figure 3.1C). In regards to phenotypic differentiation,
four days after priming and further differentiated for 14 days via withdrawal of growth
factors, many ELL primed cells exhibited small neuron-like morphology showing strong
phase bright with one (unipolar) or two processes (bipolar) (data not shown) and stained
with the immature neuronal marker, beta III tubulin (Figure 3.1 D). FHL-primed cells also
expressed markers of immature neurons (Beta III tubulin) and glia (GFAP) (Fig. 3.1E).
Morphologically, ELL and FHL-primed and differentiated cells also showed differences.
For example, many FHL-primed cells showed neurons with large cell bodies and extensive
neurites while ELL-primed neurons were smaller in size with less neurite extensions (Fig

3.1 D and E). Interestingly, both ELL and FHL-primed cells showed similar percentages
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Figure 3.1: FHL-primed hNSCs express markers of developing motoneurons. (A &

B) Phase contrast images 4 days after plating hNSCs primed with either EGF, Lif and
laminin (ELL) or bFGF, heparin and laminin (FHL) onto adhesive substrate. (C) Over-

all cells/field are increased in ELL primed cultures as compared to FHL primed cells.
**%p<0.001 vs ELL, unpaired students ¢ test. (D & E) Glial and immature neuronal dif-
ferentiation is similar between ELL and FHL primed hNSCs. Representative images of
hNSCs primed with ELL (D) or FHL (E) for 4 days followed by further differentiation via
withdrawal of growth factors for 14 days show immunoreactivity for both an immature
neuronal marker (Beta III tubulin, green) and glia (GFAP, red). Blue = DAPI, nuclear
counterstain. (F) Cell counts demonstrate that ~60% of either ELL or FHL primed hN-
SCs differentiate into immature neurons while ~40% differentiate into glia. (G & H) Only
FHL primed hNSCs show expression of cholineacetyltransferase (ChAT, in red) after 4
days of priming followed by 14 days of differentiation in basal (B27) media. Blue=DAPI
nuclear stain.. (I) Quantification of ChAT+ immunoreactive cells after ELL or FHL prim-
ing and further 14 day differentiation. ***p<0.001 vs ELL, unpaired students 7 test. Scale
bar in all images = 20 um. 64



of immature neurons and glial cells upon differentiation (Beta III Tubulin: ELL= 61 +
2.5%, FHL=56 + 3.0%. GFAP: ELL= 28 + 2.3%, FHL= 33 + 2.5%) (Figure 3.1F). In
regards to neuronal subtype, however, FHL-primed cells were the only group to show
extensive choline acetyltransferase immunoreactivity (ChAT, Figure 3.1 G -I), indicating
their cholinergic phenotype.

Because FHL but not ELL-primed cells become ChAT immunoreactive cells and
our previous studies showed cholinergic motoneuron differentiation of grafted FHL-primed
hNSCs in vivo (Tarasenko et al., 2006;Gao et al., 2005), I next sought to determine whether
FHL-primed cells in vitro expressed transcription factors known to play important roles
during motoneuron development in vivo. Semi-quantitative RT-PCR analyses demonstrated
that after four days of plating that FHL-primed hNSCs dramatically up-regulated markers
associated with motoneuron development such as Olig2, Isletl, Neurogenin2, and Hb9
(Figure 3.2) as compared to neurospheres during routine cell expansion. In contrast, ELL-
primed cells showed little or no increases in Olig2, Ngn2 or Hb9 transcript. ELL-primed
cells did show some Isletl transcript, however Isletl is also associated with interneuron
development and since ELL-primed cells do not develop into cholinergic expressing cells,

I believe these cells are becoming interneurons.

OL1G2 1S UPREGULATED IN FHL-PRIMED CELLS

Olig2 is a transcription factor associated with ventralized cell types and
developmentally found in oligodendrocytic and motoneuron precursors (Mizuguchi et al.,
2001;Zhou and Anderson, 2002). Under FHL-priming conditions, hNSCs significantly
upregulated Olig2 mRNA and protein expression (Figure 3.3). In particular, semi-
quantitative RT-PCR analysis indicated that FHL-primed cells showed a 73% increase
in Olig2 mRNA levels as compared to ELL primed and a 90% increase as compared to

cells in neurospheres. At the protein level, Olig2 was also significantly up-regulated in
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Figure 3.2: RT-PCR for early motoneuron transcription factors Olig2, Is-
letl, Neurogenin 2 (Ngn2), and Hb9 in neurospheres, ELL or FHL-primed
hNSCs. — RT = negative control without reverse transcriptase. + Ctrl =
fetal spinal cord, a positive control. GAPDH = glyceraldehyde phosphate
dehydrogenase, an internal control. Marker = molecular weight marker/
ladder.
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FHL- primed cells. Cell counts showed a greater than 120% increase in Olig2 expressing
cells in FHL-primed group when compared to ELL (FHL = 45.7 + 2.9%; ELL = 20.6 £
2.2%, unpaired Student’s ¢ test, p<0.001; n > 10 fields/group). Furthermore, many ELL
primed cells only showed weak Olig2 nuclear labeling (arrows in Figure 3.3C) suggesting
low levels of the transcription factor while most FHL-primed cells showed strong Olig2

immunoreactivity.

HBI 1s Ur-REGULATED IN FHL-PRIMED CELLS

Developmentally, two main phenotypic possibilities exist for Olig2 expressing
cells, namely an oligodendrocytic or a motoneuron cell fate. In order to distinguish
whether FHL-primed cells were going down the path to become motoneurons, I further
analyzed expression of the motoneuron transcription factor, Hb9. Hb9 is a transcription

factor well established as a motoneuron precursor marker (Arber et al., 1999). In figure
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Figure 3.3: FHL-primed hNSCs upregulate Olig2 after 4 days of priming. A) Semi-quantitative
RT-PCR for the bHLH transcription factor Olig2 in neurospheres, or hNSCs primed for 4 days with
either ELL or FHL. — RT = negative control without reverse transcriptase. + Ctrl = fetal spinal cord
RNA used as a positive control. GAPDH = glyceraldehyde phosphate dehydrogenase, an internal
control. B) Densitometrical analysis of Olig2 RNA expression (n = 3-6/group; One way ANOVA,
*p<0.05 vs spheres or ELL primed hNSCs.) All data are normalized to internal control, GAPDH
transcript levels and to spheres = 1 unit. C) Olig2 (shown in red) nuclear protein levels are de-
tected in ELL and FHL-primed hNSCs after 4 days of priming. Note that Olig2 nuclear expression
is found at a low level in many ELL- primed cells (arrows). (Blue=DAPI nuclear stain.) D) Cell
counts (>10 fields/group) demonstrate that significantly more FHL-primed hNSCs express Olig2
protein than ELL (Unpaired students # test; ***p<0.001). Scale bar =20 um.

3.4 1 demonstrate that FHL-primed cells show both mRNA and nuclear protein expression
for Hb9. In particular, semi-quantitative RT-PCR analysis indicated a greater than 8-fold
increase in Hb9 mRNA in FHL-primed cells as compared to unprimed spheres and a 15-
fold increase as compared to ELL primed cells (Figure 3.4A; FHL = 9.9 + 0.9 units, ELL
=0.61 = 0.32 units, sphere = 1 £ 0.55 units; all normalized to GAPDH. One-way ANOVA,
Tukey post hoc test; p<0.001).

To confirm semi-quantitative Hb9 RT-PCR data, real time quantitative RT-PCR

(qPCR) was also performed and indicated a similar induction of Hb9 mRNA in FHL-
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Figure 3.4: Hb9 expression is up-regulated in FHL-primed hNSCs. (A) Semi-quantitative RT-
PCR for Hb9 transcript in neurospheres, ELL or FHL-primed cultures (One Way ANOVA;
FHL vs spheres or vs ELL ***p<0.01 n=3/group). Semi-quantitative RT-PCR data are nor-
malized to internal control, GAPDH transcript levels and to spheres = 1 unit. (B) Real-time
quantitative RT-PCR for Hb9 was used to validate semi-quantitative findings in A. (One way
ANOVA; FHL vs spheres or vs ELL, ***p<0.01, n=3-6/group). Quantitative RT-PCR was
normalized to internal control, 18s RNA. (For further validation of semi-quantitative meth-
ods see supplemental materials). (C) Immunocytochemistry for Hb9 (red) and ChAT (green)
protein in ELL or FHL primed hNSCs after 4 days of priming and 14 days of differentiation.
Arrows indicate low level Hb9 protein expression in ELL-primed cells. (Blue, DAPI, nuclear
stain). Scale bar =20 pm. (D & E) Cell counts of ELL or FHL primed hNSCs immunos-
tained for Hb9 and/or ChAT protein (Students 7 test, FHL vs ELL, ***P<0.001, n>10 fields/
group).
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primed cells (Figure 3.4B). In particular, quantitative RT-PCR showed a 3-fold increase
in Hb9 mRNA as compared to spheres and a 14-fold increase as compared to ELL primed
cells (FHL = 3.9 £+ 1.1 units, ELL = 0.1125 + 0.08 units, sphere = 1 £+ 0.42 units; data
normalized to 18s RNA; one-way ANOVA, Tukey post hoc test; p < 0.001; n>3/group).
The slight discrepancies in fold change between semi-quantitative and quantitative results
are likely attributed to normalization to different control genes (GAPDH vs 18s). Further
validation of our semi-quantitative methods can be found in Chapter 2 under the PCR
section (Chapter 2, Figure 2.6). Semi-quantitative RT-PCR analysis of RNA from another
epigenetic expanded human fetal neural stem cell line (K054) confirmed an induction of
Hb9 mRNA by FHL-priming (Figure 3.5A). Furthermore, time in culture (passage number)
was found to have little effect on Hb9 induction as both early passages (<30, Figure 3.5A)
and late passages (>90, Figure 3.5B) showed similar patterns of Hb9 expression levels in
response to FHL and ELL-priming.

At the protein level, Hb9 was also significantly up-regulated in FHL-primed hNSCs.
After 4 days of FHL or ELL-priming, there was little immunoreactivity for Hb9 in either
group (data not shown). However after 4 days of priming and further differentiation in
basal media (B27) for 8 days (data not shown) or 14d, Hb9 immunoreactivity was readily
detectable in FHL-primed cells (Figure 3.4C; FHL = 39.21 + 3.4%). In contrast to the
strong nuclear staining seen in FHL-primed and differentiated cells, only 12.1 £ 2.2%
of ELL-primed cells showed very weak immunolabeling with Hb9 (see arrows in Figure
3.4C). Untreated neurospheres did not show any specific Hb9 nuclear labeling (data not
shown).

Double immunofluorescent staining of FHL-primed cells revealed that 31.9 = 1.2%
of FHL-primed and differentiated cells show double immunoreactivity for both Hb9 and
ChAT (Figure 3.4C and 3.4E), indicating their motoneuron phenotype. Approximately
13.1% of Hb9" cells did not double label g%r ChAT and are presumably at a transition



phase in their development. Also ~1.3% of ChAT" cells did not double label with Hb9 and
are likely cholinergic interneurons which would not normally express motoneuron markers
such as Hb9 (Hb9-ChAT: 31.9 + 1.2%; ChAT Only 1.3 +0.23%; Hb9 Only 13.07 + 4.6%).
Because ELL primed cells expressed extremely low levels of Hb9 mRNA and protein and

I have shown previously that ELL-primed cells do not express ChAT (Figure 3.1 and Wu
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Figure 3.5: hNSCs derived from two different cell lines show up-regulation of Hb9
transcripts in response to FHL-priming. (A) hNSCs derived from an 8-week human fetal
forebrain (cell line K048) and hNSCs derived from a 10-week fetal forebrain (cell line
KO054) both respond similarly to FHL priming by up-regulating Hb9 transcripts (One way
ANOVA, **p<0.01 vs spheres, +++p<0.001 vs ELL of same cell line. N=3/group). Simi-
lar to K048 cells, K054 hNSCs also show low level activation of Hb9 under ELL priming
conditions. (B) Early and late passage K048 hNSCs exposed to FHL priming for 4 days
both show similar up-regulation of Hb9 transcript suggesting that time in culture has little
effect on FHL priming effects. P = passage number. All data are normalized to internal
control, GAPDH transcript levels and to spheres = 1 unit.

et al., 2002), double immunolabeling of ELL primed cells with Hb9 and ChAT was not
performed.
BFGF Inpuces HB9 MRNA EXPRESSION IN A TIME AND DOSE DEPENDENT MANNER

In order to elucidate the mechanism behind Hb9 motoneuron induction in FHL-

primed cells, I monitored Hb9 mRNA expression in FHL-primed cells over time and in
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response to bFGF concentration. RNA was collected from FHL-primed hNSCs at various
time points for Hb9 mRNA expression analysis. Semi-quantitative RT-PCR revealed that
Hb9 expression was significantly up-regulated after 72 hours of FHL-priming and continued
to increase over the four day priming procedure (Figure 3.6. FHL 72 hrs = 4.7 + 0.68 units,
FHL 96 hrs = 8.2 & 0.39 units, all units normalized to GAPDH expression; p<0.05, p<0.01
respectively vs spheres; one way ANOVA, Dunnett post hoc test; n =4). Furthermore, Hb9

expression was maintained after differentiation of FHL-primed cells via withdrawal of

Hb9

W

Hb9 mRNA Expression
(normalized to GAPDH)

Sphere  FHL FHL FHL FHL
48hr 72hr  96hr 96hr+B10d

Figure 3.6: Hb9 expression is time dependent in FHL-primed hNSCs. A) Representa-
tive gel of Hb9 PCR products after semi-quantitative RT-PCR for Hb9 transcript. B)
Densitometrical analysis of multiple gels for Hb9 transcripts in spheres, or FHL primed
hNSCs after 48 hours, 72 hours, or 96 hours of FHL priming or 96 hours of FHL prim-
ing followed by further differentiation in basal (B27) media for 10 days (10d). (One way
ANOVA, *p<0.05, **p<0.01, ***p<0.001 vs spheres; n>3/group). All data are normal-
ized to internal control, GAPDH transcript levels and to spheres = 1 unit.



348bp
226bp

Sph 0 001 01 1 10 20 100 -RT +

FGF Concentration
B 15.0-
12.5+
10.04
7.5+

5.0

Relative Expression
(normalized to GAPDH & Spheres=1)

) \
& 06"2\
QQ

R S S Y P
& & O ®

) )
9\0 @t\o

& G &S

Figure 3.7: Hb9 expression is bFGF dose dependent. (A) Representative semi-quantita-
tive (SQ) Hb9 RT-PCR gel demonstrating an enhancement of Hb9 PCR product with
increasing bFGF concentrations. hNSCs were primed with increasing concentrations of
bFGF (from 0.1 ng/ml to 100 ng/ml) and RNA was collected after 4 days of priming for
SQ-RT-PCR analysis for Hb9 transcript. (B) Densitometrical analysis of Hb9 transcript
levels in hNSCs primed with increasing bFGF concentrations for 4 days (one way ANO-
VA, ***p<0.01 vs spheres; n>3/group). Data normalized to internal control, GAPDH
transcript levels and to spheres = 1 unit.
growth factors and differentiation in B27 media for 10 days (FHL 96 hr + B 10 d=10.1 +
2.4 units; One Way ANOVA, Dunnet post hoc test; p<0.01 vs sphere; n>3).

In order to understand whether FHL-induced Hb9 expression was bFGF-dependent,
I performed a bFGF dose-response analysis for Hb9 mRNA expression. Addition of bFGF
at a very low concentration (0.01 ng/ml) induced significant up-regulation of Hb9 mRNA

as compared to either spheres or hNSCs primed with only heparin and laminin (F 0 ng/
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ml) (Figure 3.7A-B). Hb9 expression continued to increase as bFGF dose increased with
a maximum effect found at 20 ng/ml. At the highest bFGF dose tested (100 ng/ml), Hb9
expression was down-regulated. In addition, I also assessed the types of FGF receptors
in hNSCs in response to FHL-priming by semi-quantitative RT-PCR analysis. I found
expression of the four known FRF receptors in all groups (spheres, ELL and FHL-primed).

Interestingly, I found significant up-regulation of FGFR2 and R3 following FHL-treatment
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Figure 3.8: hNSCs express all four FGF receptor subtypes. Semi-quantitative RT-PCR for
FGF receptor 1, 2, 3 and 4 (FGFR1-4) demonstrate that FHL primed cells have enhanced
mRNA levels for FGFR2 and FGFR3. FGFR4 was significantly down-regulated in both
ELL and FHL primed groups as compared to spheres (one way ANOVA, **p<0.01 vs
spheres; n=3). All data are normalized to internal control, GAPDH transcript levels and to
spheres = 1 unit.
as compared to either sphere or ELL-primed cells, while R1 expression was unaltered and
R4 significantly decreased (Figure 3.8).

In order to confirm that bFGF was the factor inducing Hb9 expression in FHL-
primed hNSCs, we next blocked bFGF signaling using two mechanisms. First, we blocked

bFGF signaling at the receptor level by adding a specific FGF receptor antagonist that
blocks all subtypes of FGF receptors, PD170374 (Mohammadi et al., 1998;Koziczak et
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al., 2004); and second, we blocked endogenously secreted and exogenously added bFGF
with a bFGF neutralizing antibody. After four days of FHL-priming with either the FGF
receptor antagonist or neutralizing antibody, RNA was collected and semi-quantitative RT-
PCR analysis for Hb9 was performed. The concentration of PD173074 chosen for these
experiments (25-50nM) was based upon data from the literature suggesting that high
doses of this antagonist could have antagonistic effects upon other cell signaling pathways
(Mohammadi et al., 1998;Mohammadi et al., 1997). Results of these experiments revealed
that both the bFGF neutralizing antibody and the FGF receptor antagonist, PD173074,
significantly down-regulated Hb9 expression by approximately 40% as compared to IgG-
and vehicle (DMSO) controls, respectively (Figure 3.9A-B) (FHL+DMSO =9.0 = 1.0 units
vs FHL + PD173074 = 5.1 £ 0.6 units; FHL + IgG = 8.4 + 0.5 units vs FHL + anti-bFGF =

Figure 3.9: Hb9 expression in hNSCs is
down-regulated upon blockade of bFGF
signaling. (A) Representative semi-quantita-
tive RT-PCR gel demonstrating that blockade
of bFGF signaling decreases Hb9 transcript
level in FHL primed hNSCs. (B) Statistical
analysis of semi-quantitative RT-PCR for
Hb9 in hNSCs treated with FGF signal cas-
cade inhibitors. Addition of either the FGF
receptor antagonist, 25nM PD173074 (PD)
or 3 pg/ml neutralizing-bFGF antibody (anti-
bFGF) significantly decreased Hb9 transcript
levels as compared to controls [Unpaired
Student’s t Test, *p<0.05 FHL + PD vs FHL
+ DMSO (vehicle for PD173074) or FHL +
anti-bFGF antibody vs FHL + IgG- (a nega-
tive control for anti-bFGF neutralizing anti-
body)]. Data normalized to internal control,
GAPDH transcript levels and to spheres = 1
unit.
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5.1+ 0.8 units; Unpaired Student’s ¢ test, p<0.05; n>3). Together this data suggests a novel

role for bFGF as an essential factor for Hb9 motoneuron differentiation in hNSCs.

CeLL PROLIFERATION Is NoT REQUIRED FOR HB9 EXPRESSION

Our next question was how bFGF up-regulated Hb9 expression in FHL-primed
hNSCs. In order to examine this question, I first addressed bFGF’s role as a potent mitogen
and asked whether bFGF-enhanced Hb9 expression was solely due to a mitogenic effect.
Priming with FHL and ELL for 4 days resulted in an increase of total cell numbers by
~1.3 fold and ~2 fold, respectively (Figure 3.10). Addition of the FGF receptor antagonist,
PD173074, to FHL-primed cells decreased cell # by ~20% compared to FHL-treated cells.
Continuous bromodeoxyuridine (BrdU) labeling of FHL and ELL- primed hNSCs for four
days demonstrated that both groups underwent significant proliferation with 60 + 3.1 % of
FHL and 71 £ 2.9 % of ELL primed cells showing BrdU incorporation (Figure 3.11A-B).
Addition of the FGF receptor antagonist, PD173074, down-regulated proliferation in FHL-

primed cells by more than 50% (FHL-PD = 28.4 + 4.3%) and proliferation was abolished

5= **

E-N
[

w
1

Cell # (x10°)
n

-—
[ ]

o

Spheres ELL4d FHL4d FHL+PD4d

Figure 3.10: Total cell numbers derived after 4d of FHL or ELL priming. Sphere cell counts indi-
cate the number of cells originally plated on dO. ELL primed cells proliferate to a greater degree
than FHL primed cells and FHL primed cells treated with the FGF receptor antagonist decreased
proliferation by about 20% compared to FHL alone; **p<0.01 or ***p<0.001 vs spheres, One way
ANOVA, n=3/group.
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in the presence of either the mitotic inhibitor, cytosine arabinoside (AraC) or an inhibitor
of an essential cell cycle protein, CDK2 (CDK2i) (Figure 3.11A-B).

Using the mitotic inhibitor, AraC [ 1 uM], I found that FHL-enhanced Hb9 expression
was significantly down-regulated in the presence of AraC (Figure 3.11C-D; FHL + AraC
= 3.1 £ 0.3 units vs FHL + DMSO (vehicle control) = 9.1 £ 0.72 units; one way ANOVA,
Tukey post hoc test, p<0.01; n>3). However, since AraC is known to be incorporated into
the DNA of replicating cells and inhibits both DNA and RNA polymerases, there exists
a possibility that AraC-mediated Hb9 down-regulation might be due to AraC-disrupted
DNA transcription rather than inhibition of cell proliferation per se. In order to further
determine whether FHL-upregulated Hb9 expression required cell proliferation, I sought
out a second mitotic inhibitor which utilizes a different molecular mechanism. An inhibitor
of cyclin dependent kinase 2 (CDK2), CDK2i, was thus used to halt dividing cells in G1
phase by blocking CDK2 binding to Cyclin E, which is required for cells to move from G1
to S phase. A dose response study was conducted to determine the minimal concentration
to prevent cell cycle progression (See Chapter 2, Figure 2.). The optimal dose of CDK2i
(2.5 uM) was then added during FHL-priming and RNA was collected four days later
for semi-quantitative RT-PCR analysis for Hb9 expression. Surprisingly, I found that Hb9
expression was still strongly up-regulated in FHL-primed cells even after treatment with
CDK2i (Figure 3.11C-D, CDK2i = 8.0 + 0.6 units vs FHL + DMSO (vehicle control) =
9.1 £ 0.72 units; n=4). This is in contrast to the down-regulation of Hb9 found in AraC
treated cells. Addition of the FGF receptor antagonist, PD173074 and AraC together (FHL
+ PD + AraC) did not further down-regulate Hb9 mRNA levels as compared to AraC alone
suggesting that proliferation is not required for Hb9 induction. Taken together these data do

not substantiate a critical role for a bFGF mitogenic effect on Hb9 expression in hNSCs.
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Figure 3.11: Proliferation may not be necessary for Hb9 induction in FHL-primed hNSCs. A) Repre-
sentative images of BrdU labeled (shown in red) ELL, FHL, or FHL-primed hNSCs treated with the
FGF receptor antagonist, PD173074 (FHL + PD), or mitotic inhibitors Cytosine Arabinoside (AraC) or
with a Cyclin Dependent Kinase 2 inhibitor, (CDK2i) for 4 days. B) Cell counts of BrdU+ cells show
the highest level of proliferation in ELL primed cells followed by FHL primed, FHL primed treated
with Pd173074 and an absolution of proliferation with the addition of either AraC or CDK2i. (One way
ANOVA, *p<0.05, **p<0.01 vs FHL; n>10 fields/group). Blue = DAPI, nuclear stain. Scale bar = 20
pm. C) A representative gel of Hb9 PCR products from FHL primed cells treated with either vehicle
(DMSO) or mitotic inhibitors AraC or CDK2i. -RT = RNA treated without reverse transcriptase, a nega-
tive control. + Ctrl = fetal spinal cord, a positive control. GAPDH = glyceraldehydes phosphate dehy-
drogenase, an internal control. D) Densitometrical analysis of RNAs after semi-quantitative RT-PCR
analysis for Hb9 transcript. All data are normalized to GAPDH and to spheres = 1 unit. Addition of the
mitotic inhibitor AraC significantly down-regulated Hb9 transcript levels as compared to controls (FHL
alone or FHL+DMSO). Blockade of mitosis using the cell cycle inhibitor CDK2i did not down-regulate
Hb9 transcript as compared to either FHL alone of FHL + DMSO (vehicle control). (One way ANOVA,
*#% p<0.001 vs spheres; ++ p<0.01 vs AraC; ### p<0.01 vs PD + AraC; n>3/group).
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CELL SURVIVAL IS NOT RELATED TO BFGF-ENHANCED HB9 EXPRESSION

A second possibility for bFGF-mediated Hb9 expression in hNSCs was through
a selective survival effect on Hb9-expressing cells. In order to determine whether bFGF-
mediated Hb9 expression was related to enhanced cell survival, a lactate dehydrogenase
(LDH) assay was first performed (Figure 3.12A). The premise behind the LDH assay is
through the conversion of the chemical formazan (colorless) into tetrazolium salt (red)
by LDH secreted by dead/dying cells. The level of formazan is easily detected using a
colorimetric plate reader and can be directly correlated to enzymatic (LDH) activity. LDH
assay showed that spheres proliferated in the presence of EGF, bFGF and Lif (EFL), FHL-
primed and ELL-primed hNSCs all exhibited only minimal cell death with no differences
among groups (Figure 3.12A), which is probably due to trophic effects of the growth factors.
Furthermore, FHL-primed cells treated with the FGF receptor antagonist, PD170374, did
not show significantly enhanced cell death as compared to all other groups.

Since LDH is a measure of overall cell death, I next asked whether apoptotic cell
death might be different between ELL- and FHL-primed hNSCs. To examine apoptosis, |
performed two experiments: first | measured the activity of an apopototic enzyme, caspase 3;
and second, I assessed apoptosis through TUNEL staining. Caspase 3 activity did not differ
significantly among spheres, ELL- and FHL-primed cells at both 2 and 4 days post priming
(Figure 3.12B; one way ANOVA, Tukey post hoc test, p>0.05, n=3/group). Moreover,
TUNEL staining confirmed the finding that apoptosis was minimal with all groups showing
less than 6% TUNEL+ cells. In particular, there were no significant differences in TUNEL
positive cells between spheres, ELL- and FHL-primed hNSCs (Figure 3.12C-D; sphere =
1.9 +£0.1%, ELL=2.3 £ 0.3%, FHL = 1.7 + 0.3%; one way ANOVA, Tukey post hoc test,
p>0.05; n=10 fields/group). FHL-primed hNSCs treated with the FGF receptor antagonist,

PD173074, did show a ~2-fold increase in apoptotic cells compared to FHL-primed cells
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Figure 3.12: Enhanced cell survival does not account for Hb9 induction in FHL primed
hNSCs. A) Lactate dehydrogenase (LDH), an enzyme released by dead/dying cells and
assayed as a secreted factor in culture media, indicates that all groups exhibit relatively
similar and low levels of cell death. B) A measure of apoptosis, caspase 3 activity as-
say indicates that at either 2 or 4 days post priming both ELL and FHL-primed hNSCs
exhibit similar levels of cell death. Pos Ctrl=positive control, hNSCs treated for 4 hours
with the apoptotic inducer, Staurosporine (One way ANOVA, Pos Ctrl vs all other
groups, ***p<0.001; n=6/group except for spheres, n=3). C and D) Representative
images and cell counts of another apoptotic index, TUNEL immunostaining (shown in
red) of spheres, ELL, FHL or FHL-primed plus the FGF receptor antagonist, PD173074
confirms the presence of very few (<6%) apoptotic cells under any of the culture condi-
tions tested (n>10 fields/group. One way ANOVA,***p<0.001 vs spheres, ELL or FHL-
primed hNSCs). Scale bar = 20 um.
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(FHL-PD =5.9 +0.7%; one way ANOVA, Tukey post hoc test p<0.001 vs FHL). Thus using
three measures of cell death, (LDH release, caspase 3 activity and TUNEL staining) I show
that FHL-primed cells survive similarly as ELL-primed cells or spheres. Consequently,
it seems unlikely that FHL-enhanced Hb9 expression is mediated through increased cell

survival.

AcTIVATION OF ERK1/2 AND JNK ARE NoT REQUIRED FOR BFGF-MEeDIATED HB9
EXPRESSION

Since all of the above data pointed to an essential role for bFGF in mediating
Hb9 expression in hNSCs, I next asked what molecules in bFGF signaling pathways are
responsible for bFGF-enhanced Hb9 expression. Among many molecules involved in
bFGF cell signaling, those in the MAP kinase pathway were first chosen as candidates for
this initial study. These include the extracellular signaling related kinase 1/2 (i.e. Erk1/2)
and jun N-terminal kinase (i.e. JNK/SAPK), which are both known to play important roles
in regulating gene expression and mediating growth factor signaling. Western blot analyses
revealed the presence of phosphorylated Erk1/2 protein in FHL-primed hNSCs (Figure
3.13A-B). However, the levels of phospho-Erk1/2 in FHL-primed cells were significantly
lower than those in spheres or ELL-primed, and almost completely abolished by the
addition of either the FGF receptor antagonist PD173074 (Figure 3.13A-B; Student’s ¢ test;
FHL + PD vs FHL, p<0.05; n=3) or by treatment with a bFGF neutralizing antibody (data
not shown). In contrast, hNSCs primed with ELL showed similar levels of phophorylated
Erk1/2 as compared to unprimed spheres (Figure 3.13A-B), Furthermore, Erk1/2 activation
was not down-regulated in ELL primed cells treated with the FGF receptor antagonist,
PD173074, demonstrating the specificity of this drug for FGF-mediated cell signaling.

Next I examined the activation of SAPK/JINK. FHL-primed hNSCs showed lower
levels of phosphorylated JNK as compared to either spheres or ELL-primed cells (Figure
3.13C-D; one way ANOVA, Tukey post hocg‘best; p<0.05 vs sphere, p<0.01 vs ELL; n=3).



Application of the FGF receptor antagonist did not influence activation of JINK in FHL- or
ELL- primed cells (FHL-PD vs FHL; ELL-PD vs ELL). Addition of a bFGF neutralizing
antibody also did not further down-regulate phospho-JNK levels in FHL- primed cells
(FHL vs FHL + anti-bFGF). Taken together these experiments suggest that neither Erk1/2

nor JNK are involved directly in bFGF-mediated Hb9 expression in hNSCs.
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Figure 3.13: MAP Kinase cell signaling pathways can not account for Hb9 induction in FHL-
primed hNSCs. A) Representative western blot image of spheres, ELL, FHL and ELL or FHL
primed cells treated with the FGF receptor antagonist, PD173074 (ELL + PD or FHL + PD) immu-
noblotted for activated Erk1/2 (phosphorylated at Thr202/Tyr204), total Erk1/2 and loading control,
B- actin. B) Densitometrical analysis of phosphorylated Erk1/2 levels in primed hNSCs indicate
that FHL and FHL + PD primed hNSCs have decreased levels of activated Erk1/2 protein levels as
compared to spheres (** p<0.01), ELL (+ p<0.05) or ELL + PD (#p<0.05) (One way ANOVA; n=3/
group). For analysis, pErk1/2 is normalized to loading control and further to overall Erk1/2 protein
levels. Note that ELL + PD treated cells show no difference in activated Erk1/2 protein from ELL
alone samples indicating the specificity of the PD173074 inhibitor for FGF mediated cell signaling.
C) Representative western blot of activated JNK (phosphorylated at Thr183-Tyr185) in primed or
unprimed (spheres) hNSCs. D) Densitometrical analysis of activated JNK protein levels normal-
ized to overall INK levels and further normalized to loading control, f-actin (One way ANOVA,
*p<0.05 vs spheres, +p<0.05b vs ELL, #p<0.05 vs ELL-PD). IDV=Integrated density value.
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EGF anp/or LIF RePRESS BFGF-MEDIATED HB9 EXPRESSION

Because both unprimed spheres and ELL-primed hNSCs showed very low levels
of Hb9 expression and both are cultured in the presence of EGF and LIF, I next questioned
if EGF and/or LIF down-regulated or repressed Hb9 expression (Figure 3.14). To test this
hypothesis, hNSCs were exposed to FHL-priming conditions for four days followed by
either continuation with FHL-priming for an additional 2 days or by withdrawal of FHL and
replacement with EGF, LIF or EGF and LIF together (total time of priming = 6 days). As in
our previous experiments, hNSCs primed for four days with FHL showed significant Hb9
up-regulation, which was maintained following 2 more days of FHL treatment (i.e. Hb9
expression in FHL 6d ~ FHL 4d). In contrast, cells exposed to FHL for 4 days followed by
withdrawal of FHL-priming and replacement with EGF or EGF plus LIF for an additional
2 days showed an approximately 65% or 78% down-regulation of Hb9 mRNA levels,
respectively (Figure 3.14B FHL4d= 8.5 £ 1.3 units; FH4d + E2d= 3.0 £ 0.6 units; FHL4d
+ EL2d= 1.9 + 0.5 units; one way ANOVA, Tukey post hoc test vs FHL4d; n=3). Thus it
appears that Hb9 expression is reversible by application of the growth factors EGF and/or

Lif.

DISCUSSION

In this study I found that addition of the growth factor bFGF in conjunction with
heparin and laminin and adherent culture conditions induced Hb9 motoneuron differentiation
of fetal brain derived human neural stem cells (hNSCs). /n vitro bFGF has been shown to be
an essential factor for the maintenance of undifferentiated embryonic stem cells (Wang et
al., 2005;Xu et al., 2005), to act as a potent mitogen for neural stem/progenitor cells (Gritti
et al., 1995;Gritti et al., 1996;Kitchens et al., 1994) and to influence cell fate decisions (Tsai
and Kim, 2005;Vicario-Abejon et al., 1995;Ostenfeld and Svendsen, 2004;Palmer et al.,

1999). In particular, bFGF has demonstrated the ability to induce a dorsal to ventral switch
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Figure 3.14: EGF inhibits Hb9 induction in hNSCs. A) hNSCs primed with FHL for 4
days show strong Hb9 RNA transcript levels while those exposed to FHL for 4 days fol-
lowed by two days of either EGF alone or EGF + Lif treatments show a down-regulation
of Hb9 transcript. A representative gel is shown here with duplicate samples, however

for analysis, 3 samples/group from 3 independent experiments were analyzed. B) Den-
sitometrical analysis of Hb9 mRNA in hNSCs primed with FHL for 4 days +/- 2 days of
treatment with varying growth factors. Addition of EGF or EGF + Lif significantly down-
regulated Hb9 transcript as compared to FHL 4 days (**p<0.01) or FHL4d + FH 2d (total
of 6 days of FHL treatment). Addition of Lif alone after the 4 day FHL treatment (FHL4d
+ Lif 2d, vertical striped bar) had little effect on Hb9 transcript however, the combination
of EGF and Lif significantly down-regulated Hb9 RNA levels (+p<0.05, ++P<0.01 vs
FHL4d+Lif2d) suggesting that EGF may be the main factor down-regulating Hb9 expres-
sion. All data are normalized to GAPDH, an internal control.
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in cell fate in rodent derived neural stem cells (Gabay et al., 2003), and a re-programming
of adult derived non-neurogenic cells into neurons (Palmer et al., 1999). Furthermore in
vitro, bFGF has been shown to have dual roles, as that of a glial induction factor (Tsai and
Kim, 2005;0stenfeld and Svendsen, 2004) or as a neuronal induction factor (Buc-Caron,
1995;Wu et al., 2002;Ren et al., 2006;MacDonald et al., 1996). Differences in cell type
(rodent vs. human for example) and culture method (i.e. addition of other growth factors,
neurosphere vs. adherent growth conditions, concentrations of bFGF, etc.) and stage of
cell (embryonic vs. neonatal vs. adult) as well as region of cell derivation are all likely
to play large roles in the specific effects of bFGF on stem cell differentiation. In order to
better understand the role of bFGF in combination with heparin and laminin in a unique
cell priming procedure developed in our lab (i.e. FHL-priming), I conducted experiments
designed to test the hypothesis that bFGF was a required factor for hNSC motoneuron

differentiation in vitro.

BFGF DRrivEs HNSC DIFFERENTIATION INTO HB9 EXPRESSING CELLS

In our first set of experiments I found that hNSCs primed with FHL for 4 days
showed robust increases in expression of transcription factors Isletl, Olig2, Ngn2 and
Hb9, which are all known to be important factors in motoneuron development. In contrast,
cells either unprimed (neurospheres) or primed with a cocktail consisting of EGF, LIF and
Laminin (ELL) did not show up-regulation of these factors. Taken together these results
suggest that adherent culture in combination with bFGF and likely withdrawal of EGF and
Lif are required for motoneuron differentiation of hNSCs in vitro.

To further understand this phenomenon, I next examined expression of the bHLH
transcription factor Olig2 in FHL, ELL and unprimed hNSCs. Four days of bFGF treatment
significantly up-regulated Olig 2 mRNA and protein expression as compared to both
unprimed and ELL primed hNSCs. Olig2 up-regulation in response to bFGF has been
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reported in multiple cell types both in vivo and in vitro (Naruse et al., 2006;Dromard et al.,
2007;Kessaris et al., 2004;Gabay et al., 2003) and has also been associated with a dorsal
to ventral cell type switch in rodent neural progenitor cells (Gabay et al., 2003). It has
been reported that at the time of Olig2 expression in spinal cord development, however,
cells have the choice of two distinct cell fate pathways: that of oligodendrocytes or of
motoneurons (Lu et al., 2002;Zhou and Anderson, 2002). In order to further understand
whether hNSCs treated with bFGF were capable of choosing a motoneuron fate, I next
examined expression of the motoneuron lineage marker, Hb9, and found that the priming

procedure including bFGF did significantly enhance Hb9 expression in hNSCs.

HB9 ExPRESSION 1S TIME AND BFGF DOSE DEPENDENT

In order to better understand the mechanism behind FHL-induced Hb9 expression,
I next performed a bFGF dose and time response study for the motoneuron transcription
factor, Hb9. In this set of experiments I found that even low levels of bFGF for four days
(0.0Ing/ml) induced significant Hb9 up-regulation and that higher levels of bFGF (10ng/
ml) but for shorter time periods (48 hrs for example) also significantly up-regulated Hb9
expression. Together these data suggest that higher concentrations of bFGF can substitute
for longer periods of time in culture with low levels of bFGF. Interestingly, hNSCs primed
with very high concentrations of bFGF (100ng/ml) showed a down-regulation of Hb9
suggesting that receptor saturation and/or receptor endocytosis in response to high levels
of growth factor may also be an important modulator of bFGF induced Hb9 expression.

It is also important to stress that a switch from free floating neurosphere culture
to adherent culture is required for this phenomenon as differing concentrations of bFGF
in neurosphere culture has little effect on Hb9 expression within neurospheres (data not
shown). As has been reported by others (Caldwell et al., 2001;Steindler et al., 2003), most
cells within neurosphere cultures in our laboratory remain undifferentiated and express
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high levels of the neural precursor marker, Nestin (data not shown) and differentiation of
hNSCs into cholinergic expressing cells requires adherent culture conditions (Wu et al.,
2002). Furthermore, it is interesting to note that neurospheres in our laboratory are grown in
the presence of multiple growth factors (EGF, LIF and bFGF), and that withdrawal of EGF
and LIF and maintenance of bFGF levels for a period of time (4 days) in combination with
heparin and laminin appear necessary for Hb9 induction. Thus it is possible that long term
exposure to bFGF during cell expansion may also be important to maintain the capacity
of hNSCs in vitro for later proper MN differentiation. In light of this, no other group has
shown that long term bFGF treatment in either neurosphere or adherent cultures induced

up-regulation of motoneuron determinants such as Isletl or Hb9.

BFGPF 1s REQUIRED FOR HBY INDUCTION

In order to confirm that bFGF was the driving force for Hb9 differentiation of FHL-
primed hNSCs I utilized two separate inhibitors of bFGF signaling in conjunction with
FHL-priming. First I chose the FGF receptor antagonist, PD173074, which has previously
been shown to specifically inhibit activation of all FGF receptors and thereby block FGF
mediated cell signaling (Mohammadi et al., 1997;Mohammadi et al., 1998;Bansal et al.,
2003a). Unlike other FGF receptor antagonists such as SU5402, PD173074 shows little
affinity for the PDGF receptor (Bansal et al., 2003b). Furthermore, our data also confirms
that PD173074 is specific for FGF mediated signaling as addition of PD173074 to EGF
and LIF treated samples had no effect on activation of downstream targets JNK or Erk1/2.
Addition of PD173074 during FHL- priming significantly down-regulated Hb9 mRNA
levels as compared to FHL+DMSO (vehicle) or FHL alone suggesting that bFGF is a
potent mediator of Hb9 expression in hNSCs.

In order to confirm bFGF’s role as an inductive factor for Hb9 differentiation, I
also blocked bFGF mediated signaling using a bFGF neutralizing antibody. As was the
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case with PD173074, blockade of bFGF signaling with anti-bFGF antibody treatment also
significantly down-regulated Hb9 mRNA expression. Interestingly, both Hb9 transcript
and activation of Erk1/2 were repressed ~40% by either PD173074 or bFGF neutralizing
antibody treatment. This similar level of down-regulation may be more than coincidental,
however, further study of Erk1/2 activation is required in order to show a direct role for
this protein in Hb9 induction in hNSCs. Further complicating the story, other MAP kinase
proteins (such as p38) which were not examined in this study as well as interaction(s)
between these signaling molecules may also be important mediators of this phenomena.
Alternatively, other possibilities also exist for why complete Hb9 inhibition did not
occur under conditions when bFGF signaling was down-regulated. First, bFGF could be
produced but not secreted by hNSCs in culture. Endogenous non-secreted bFGF would not
be inhibited by either FGF receptor blockade nor by neutralizing antibody treatment. It is
also known that bFGF has a second mechanism of action outside of FGF receptor activation
via nuclear localization and cell signaling through direct binding to DNA (Sorensen et al.,
20006), effects of which would not be affected by either FGF blocking treatment. Furthermore,
other studies have shown that nuclear localized bFGF has the ability to radically effect
differentiation [for review see (Sorensen et al., 2006)]. For example, Sherman et al. (1993)
eloquently demonstrated that nuclear bFGF induced trans-differentiation of avian neural
crest-derived schwann cells into a melanocytic cell fate (Sherman et al., 1993). A role for
nuclear bFGF in hNSC differentiation however, remains to be clarified and is the focus of
future studies in the lab. Another possibility for incomplete Hb9 repression under bFGF
signaling inhibition is that additional factors besides bFGF may also play a role in Hb9
cellular differentiation from hNSCs. In this scenario, Hb9 up-regulation by bFGF may be
a combinatorial effect whereby bFGF interacts with other proteins or indirectly regulates
other proteins necessary for Hb9 induction. This hypothesis, however, remains to be

examined. g7



ProLIFERATION IS NoT REQUIRED FOR HB9 INDUCTION

Other groups have reported that a final round of division is necessary for neuronal
differentiation of hANSCs (Ostenfeld and Svendsen, 2004). To examine whether cell division
was required for Hb9 expression by FHL-priming, I utilized two mitotic inhibitors, AraC
and an inhibitor of the cell cyclin dependent kinases, CDK2i. AraC was chosen because it
is a well established, potent mitotic inhibitor first developed as a chemotherapeutic. One of
its known mechanisms of action is through incorporation into the DNA thereby disrupting
the DNA-DNA polymerase interaction and causing early strand termination (Momparler,
1982). Addition of AraC to FHL-primed hNSCs completely blocked proliferation and
dramatically decreased Hb9 expression by approximately two fold as compared to FHL
alone. Such negative effects of AraC on FHL-induced Hb9 expression might be explained
as a requirement of bFGF-mediated proliferation for Hb9 expression. However, it is also
possible that Hb9 reduction is the consequence of ArcC interfering gene transcription through
its inhibition of RNA polymerase (Chuang and Chuang, 1976) and DNA incorporation
(Momparler, 1982).

To further examine whether proliferation was required for Hb9 induction, we utilized
a second mitotic inhibitor (CDK2i) that has a separate molecular mechanism from AraC
and inhibit an essential cell cycle protein, CDK2. To progress from G1 to S phase, CDK2
is a required molecule. Addition of CDK2i potently inhibited cell cycle progression as
determined by a lack of bromodeoxyuridine incorporation in the presence of this molecule.
Surprisingly, hNSCs primed with FHL and treated with CDK2i showed similar mRNA
expression of Hb9 as FHL-primed cells treated with vehicle (DMSO). Thus, unlike the
AraC experiments, it appears from CDK2 inhibition experiments that proliferation is not
a requirement for Hb9 induction. We hypothesize that the differences in Hb9 expression

between AraC and CDK2i treated FHL-primed cells are due to the inhibition of transcription
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by AraC incorporation or cytotoxic effects of AraC. The exact mechanism behind these

differences, however, has yet to be determined.

BFGF MEDIATED CELL SURVIVAL AND HB9 INDUCTION

bFGF is a well established neurotrophic factor both in vivo and in vitro (Unsicker
et al., 1987;0tto et al., 1987;Walicke, 1988;McManaman et al., 1989;Gray and Patel,
1992;Albrecht et al., 2002). Application of bFGF has proved beneficial in many injury
models including ischemic injury (Watanabe et al., 2004), neuronal cultures from
deafferentated spinal cord (Yin et al., 1994), and axotomy induced cell death (Blottner
and Herdegen, 1998). Furthermore, bFGF has been shown to be neuroprotective against
the neurotoxic effects of 6-hydroxydopamine (Grothe et al., 2000) and glutamate induced
cell death (Reuss and Bohlen und, 2003). In order to understand whether bFGF may be
promoting cell survival in our system I examined total cell death using an LDH assay
and apoptotic cell death using both TUNEL staining and a caspase 3 enzymatic activity
assay. All three assays indicated that FHL-primed cells survive similarly as both ELL and
undifferentiated cells (spheres). These results suggest that under our culture conditions,
bFGF does not exert a potent neurotrophic effect that is higher than ELL-priming or EFL
proliferation conditions. Thus it is highly unlikely that enhanced general cell survival can
account for the potent 8- and 16-fold Hb9 induction seen in FHL-primed hNSCs compared
to spheres and ELL primed hNSCs, respectively.

To further examine whether bFGF-enhanced Hb9 expression is due to a selective
survival effect on Hb9-expressing cells, I also analyzed cell death in FHL-primed cells
treated with the FGF receptor antagonist, PD173074 (FHL-PD). PD treatment did not
increase overall cell death nor caspase 3 activity as compared to FHL-treated samples
alone. On the other hand, TUNEL staining showed that apoptotic cell death was enhanced
by approximately 2 fold in FHL-PD treated cells (total of 6%) as compared to FHL-primed
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alone (2%). Thus this data suggests that FGF signaling seems to prevent hNSCs from
apoptotic cell death during priming. However, whether bFGF’s trophic effect accounts for
Hb9 induction is questionable. First, PD reduces bFGF-mediated Hb9 mRNA expression
by only 40% at the end of the 4-day priming, which is not correlated with its 2-fold increase
in apoptotic cell death. Second, the number of PD-mediated apoptotic cells at the highest
only counts for 6% of the total population, and this does not match the percentage of Hb9
immunoreactive cells, 45%, following the withdrawal of bFGF and further differentiation.
Although a trophic role of bFGF for Hb9 enhancement cannot be ruled out completely, our
accumulated data suggested that bFGF acts as an inducer for Hb9 expression in fetal brain-

derived and long-term expanded hNSCs.

MAP KiNASE PATHWAYS AND BFGF INnpUCED HB9 EXPRESSION

bFGF is a known activator of several MAP kinase cell signaling molecules including
Erk1/2, INK/SAPK and p38 (Schlessinger, 2000). I first chose to analyze Erk1/2 activity in
primed andunprimed hNSCs. Erk1/2 has previously been shown to be an important modulator
of both cell proliferation and differentiation. For example, bFGF induced phosphorylation
of Erk1/2 has been shown to enhance proliferation of rodent stem cells via activation of
Flk1 in co-operation with another growth factor, VEGF (Xiao et al., 2007). In other in vitro
models, such as in an osteoblast differentiation model, bFGF signaling mediated by Erk1/2
is essential for proper cellular differentiation (Spector et al., 2005). In rat PC12 cells, FGF
treatment induces neuronal differentiation mediated through FGFR1 and Erk1/2 activity
(Hayashi et al., 2001;Lin et al., 1996). Interestingly, bFGF induced Erk1/2 activity has also
been shown to be enhanced at the expense of p38 activity in erythroid progenitors (K2562
cells) (Huang et al., 2004). This suggests that multiple cell signaling molecules may be co-
regulated and furthermore that individual cell signaling molecules may even influence the

activity of other molecules leading to specific cell signaling events. Along these lines, it has
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been suggested that specificity of signaling by receptor tyrosine kinases (RTKs) is in fact
mediated by multiple cell signaling pathways. In particular, it is still unclear why activation
of RTKs by FGF result in cell proliferation in fibroblasts and yet activation of the same
RTKSs in neuronal cultures induces differentiation (Schlessinger, 2000)?

In order to understand whether FHL-priming also activated MAP kinase cell
signaling events I began by analyzing activity of two of these molecules: Erk1/2 and
JNK/SAPK. Interestingly, I found that hNSCs exposed to 4d of FHL-priming showed a
down-regulation of both phosphorylated Erk1/2 and JNK as compared to neurospheres
and ELL primed cells. Addition of the FGF receptor antagonist, PD173074, further down-
regulated activated/phosphorylated Erk1/2 (i.e. pErk) by about 40% but had no effect on
JNK/SAPK phosphorylation (i.e. pJNK). Notably, FHL+PD treatment also reduced Hb9
expression by 40% as compared to FHL-priming, indicating the possibility of Erk1/2
pathway involvement in bFGF-mediated Hb9 expression. On the other hand, Erkl1/2
proteins were highly activated in unprimed spheres and ELL-primed hNSCs, yet these
cells showed minimal Hb9 expression. Taken together, our data suggests that the Erk1/2
MAPK pathway may be involved in bFGF-induced Hb9 expression but at a very tightly
controlled level of activation, possibly through other auto-inhibitory mechanisms of the
bFGF signaling pathway (Schlessinger, 2004). Further studies need to be done to confirm
the exact role of Erk1/2 in bFGF’s effect. Alternatively, Erk1/2 may not be directly involved
in bFGF-induced HbY expression and other pathways of bFGF signaling, including p38

and phospholipase C gamma, need to be explored.

HgB9 InpucTioN IN HNSCs 1s Sonic HEpDGEHOG (SHH) INDEPENDENT

In vivo, SHH is a well characterized, required molecule for dorsal-ventral pattern
formation and in particular, for the proper induction of MNs within the developing spinal

cord ((Briscoe and Ericson, 1999;Liem, Jr. et al., 2000). Also for a review of SHH during
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pattern formation see (Briscoe and Novitch, 2007)). Data supporting the necessity of SHH
signaling in vivo comes from mutant models where either SHH or SMO (a G-protein
coupled receptor and an essential SHH signaling molecule) were mutated leading to a
neural tube lacking ventral cell types (Chiang et al., 1996;Zhang et al., 2001). Furthermore,
SHH signaling has been implicated in proper homeodomain transcription factor expression
leading to MN formation in vivo (Briscoe etal., 2000). In vitro, Lietal. (2005) and Wichterle
et al. (2002) found that human and mouse ES cells, respectively, did not differentiate into
Hb9 expressing cells without exogenous SHH stimulation (Li et al., 2005;Wichterle et al.,
2002). In contrast to the situation found in ES cells, under our in vitro priming conditions,
bFGF appears sufficient for Hb9 MN induction from hNSCs.

Recently, it has been suggested that in vivo SHH may be a required molecule for
proper spatial regulation within the developing spinal cord rather than for the induction of
specific progenitor domains (Briscoe and Novitch, 2007). There are at least two reasons
why SHH may not be essential in our system. First, hNSCs, derived from 8-wk forebrain
and expanded in EGF, bFGF and LIF in vitro, may be refractory to SHH stimulation due
to lack of receptors and/or temporal regulation of molecules within the SHH signaling
pathway. Secondly, spatial cues that are essential in vivo may not be required in vitro. In
support of the first idea, within the developing spinal cord, early SHH expression induces
up-regulation of factors such as Nkx 6.1 and Pax 6 which allow for Olig2 expression
and finally for activation of homeodomain proteins such Lim3 and Isletl (Briscoe and
Novitch, 2007). If hNSCs cultured in vitro follow in vivo MN development, then it would
not be surprising that SHH is not required for MN development from hNSCs because Olig2
is already expressed at high levels within cultured neurospheres. Thus it is possible that

hNSC within neurospheres are already past the early essential SHH signaling phase.
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CONCLUSIONS

In summary, I found that bFGF is a required factor for motoneuron differentiation
of hNSCs in vitro. I demonstrate this through both semi-quantitative and quantitative RT-
PCR and immunocytochemistry for the motoneuron lineage transcription factor, Hb9.
Furthermore, we show that this phenomenon is not solely due to bFGF’s ability to act as a
neurotrophic nor as a mitogenic factor. Finally, I show that the Erk1/2 MAP kinase pathway
may be involved in this induction process. This information furthers our understanding of
human neuronal development and may also be important in drug screening of neuroprotective

compounds to treat neurological diseases.
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CHAPTER 4: ASTROCYTES ENHANCE LONG-TERM SURVIVAL
OF CHOLINERGIC NEURONS DIFFERENTIATED FROM HUMAN
FETAL NEURAL STEM CELLS

ABSTRACT

Establishment of an in vitro model of human cholinergic neurons is highly desirable
to understand and develop treatment for Alzheimer’s and motoneuron diseases. Previously
we reported that the combination of basic fibroblast growth factor (bFGF), heparin and
laminin directs human fetal neural stem cells to form cholinergic neurons. One problem,
however, is that long term in vitro survival of these cells is low. My goal for this study
was to determine whether astrocytes or their secreted factors enhance differentiation and
survival of cholinergic neurons under long-term differentiation conditions. I demonstrate
here that astrocytes or conditioned media did not enhance cholinergic differentiation but
did increase the long-term survival of differentiated human neural stem cells, particularly
cholinergic neurons. I further show that astrocytes protected long-term differentiated stem
cells from apoptotic cell death, which is at least partially mediated by astrocyte-secreted
bFGF. My findings indicate that long-term survival of human stem-cell derived cholinergic
neurons requires trophic factors from non-neuronal cells. This data may provide insights
into the development of an in vitro model of long-term cultured human cholinergic neurons
useful for the understanding of the mechanisms of cholinergic differentiation and developing

treatments for neurological diseases.
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INTRODUCTION

Alzheimer’s disease and amyotrophic lateral sclerosis (ALS) are both
neurodegenerative diseases which target cholinergic neurons. Currently we have limited
treatments for these diseases. One reason is because we lack in vitro models necessary
for the study of cholinergic neurodegeneration. The benefits of such a model are many.
For example, a cholinergic cell in vitro model derived from human cells could be used
for pathologic studies of cholinergic neuron degeneration and associated screening of
neuroprotective drugs.

Several groups reported previously the generation of cholinergic neurons from
embryonic stem cells with a maximum yield of ~15-20% (Wichterle et al., 2002;L1 et
al., 2005). Similarly, using human fetal neural stem cells (hNSCs) we have shown that
approximately 28% of hNSCs primed with a cocktail of bFGF, heparin and laminin
differentiate into cholinergic cells in vitro (Wu et al., 2002). These cholinergic neurons,
however, were not fully mature, as they did not show extensive neurite and axonal
outgrowths and exhibited only single spike action potentials in vitro. Furthermore, many
differentiated hNSCs did not survive for more than two weeks when cultured in vitro (W,
unpublished observation). However, if transplanted into medial septum or spinal cord, not
only did these cells survive, but 50-60% differentiated into cholinergic neurons and many
made connections with muscle targets (Wu et al., 2002;Tarasenko et al., 2006;Gao et al.,
2005a). Thus the discrepancies between the in vitro and in vivo systems seem to indicate
that the host provides essential cues guiding the differentiation, maturation and survival of
grafted hNSCs that we are lacking in our in vitro cultures.

One likely source of host cues are the non-neuronal support cells. Astrocytes were
chosen as a likely candidate to provide these cues for several reasons. First, astrocytes
improve neuron viability in injury models by taking up excitotoxic amino acids and
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providing neurotrophic factors (Rosenberg and Aizenman, 1989;Rao et al., 2001;Yamagata
et al., 2002;Zhao et al., 2004;Albrecht et al., 2002). For example, astrocytes and/or
astrocyte-secreted molecules protect neurons against a variety of insults, including energy
impairment (Ohgoh et al., 2000), hypoglycemic damage (Cheng and Mattson, 1991),
excitotoxicity (Mattson and Rychlik, 1990) anoxia (Vibulsreth et al., 1987) and axotomy
(Zhao et al., 2004;Yin et al., 1994). Second, astrocytes improve neuronal differentiation,
maturation and synapse formation of rodent cells in vitro (Song et al., 2002a;Barkho et al.,
2006). Despite this wealth of information in rodent systems, however, astrocytic effects on
the differentiation and survival of human NSCs are yet to be elucidated.

The aim of this study is thus two fold: First, to determine whether the addition of
astrocytes or their secreted factors improve cholinergic differentiation from primed hNSCs;
and second, to determine whether astrocytes enhance long term survival of hNSC-derived
cholinergic neurons in vitro. I report here that astrocytes do not enhance the proportion of
hNSCs which differentiated into a cholinergic phenotype, but the addition of astrocytes or
astrocyte conditioned media does significantly improve long-term (up to 30 days) survival
of hNSC-derived cholinergic neurons. This survival effect is shown to be at least partially
mediated through astrocyte secretion of bFGF.

Enhancement of long term in vitro survival of human derived cholinergic neurons
may prove beneficial for drug screening of compounds for neuroprotective properties. In
the future, this may lead to the development of better therapeutics for neurodegenerative
diseases which target cholinergic cells. Furthermore, information presented here may be
useful in the derivation of a more accurate in vitro model to study cholinergic cell pathology
in response to neurotoxic stimuli, thus leading to a better understanding of causes of

neuronal cell death.
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RESULTS

ASTROCYTES IMPROVE HNSC SURVIVAL DURING LONG-TERM DIFFERENTIATION IN VITRO.

To determine the efficacy of astrocytes for improving long-term survival of
differentiated hNSCs and to mimic the rat central nervous system environment into which
hNSC were grafted in our earlier studies (Wu et al., 2002;Gao et al., 2005b;Tarasenko
et al., 2006;Tarasenko et al., 2006), we used two types of astrocytes: primary cultured
spinal cord derived astrocytes from adult rats and an immortalized rat astroglial cell line.
Initially, we co-cultured FHL-primed hNSCs with primary rat astrocytes, either under direct
contact with FHL primed hNSCs plated on top of an astrocyte feeder layer or under indirect
co-culture with astrocytes plated in transwells suspended above primed hNSCs. Primed
hNSCs cultured in B27 differentiation media alone served as controls, which showed cells
with blebbing that had detached from other cells as well as increased debris in media over
time (Fig. 4.1A-C). These became particularly apparent when cells were seeded at lower
cell densities (data not shown). In contrast, the addition of primary rat astrocytes, either
under indirect contact (i.e. with astrocytes plated onto transwells suspended above hNSCs),
or direct contact improved hNSC viability (Fig 4.1 D&E; G-I). Overall, co-cultures of
astrocytes and hNSCs showed preserved cells with a healthy morphology and diminished
cell debris as compared to cultures without astrocytes.

Since direct and indirect hNSCs cultured together with astrocytes showed a similar
survival phenotype, I hypothesized that secreted molecules may aid in stem cell survival.
In order to further examine the effects of astrocyte-secreted factors, I tested the effects
of supplementing our cultures with astrocyte conditioned medium (ACM). Long-term
differentiated (30 day) hNSCs survived better when cultured in ACM collected from

immortalized CRL2005 astrocytes (Fig. 4.1F) or from a primary cell line (data not shown).
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Figure 4.1: Cell morphology of hNSCs cultured with astrocytes or astrocyte conditioned
medium (ACM). Phase contrast images of FHL-primed hNSCs differentiated in B27
alone (A-C), in the presence of primary adult rat spinal cord astrocytes through indirect
co-culture (D-E), or with astrocyte conditioned media (F) or directly co-cultured with
primary astrocytes (G-I). Images were taken at 14d (A, D, G), 19d (B, E, H) or 30d (C,
F). The inset in G is shown enlarged in . Scale bar =20 um.

This cell-protective effect was further confirmed by quantitative analyses using both WST-
1 cell viability and LDH cytotoxicity assays (Fig 4.2). The WST-1 assay gives a read out
of mitochondrial enzymatic activity via the conversion of a tetrazolium salt (colorless) to
formazan (red). The amount of formazan can be directly correlated to the increase in red color
and further to the number of healthy cells. As shown in Fig. 4.2A, hNSCs differentiated for
either 14 or 30 days in the presence of ACM from an immortalized astrocyte cell line showed

enhanced mitochondrial function and cell survival by approximately 28% as compared to
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those without ACM (B27 alone) (d14: B=1.464 £0.1708, BACM =2.022 £ 0.8512; d30:
B=0.9811+0.054, BACM = 1.368 £+ 0.04986). Similar results were obtained using ACM
from primary cells (data not shown). Lactate dehydrogenase (LDH), an enzyme released
by dead/dying cells, was measured using a similar chemical assay. In this assay, LDH
enzymatic activity was assessed through the conversion of tetrazolium salt to formazan
with an increase in dead cells correlated to an increase in LDH enzymatic activity. In figure
4.2B I show that the addition of ACM significantly decreased LDH release from early
(d5) and late (d30) but not middle (d15) time points of culture (Fig. 4.2B). Taken together,
this data indicate that astrocytes enhanced the survival of long-term differentiated hNSCs

through the secretion of trophic factors.
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Figure 4.2: Cell survival of hNSCs differentiated in astrocyte-conditioned medium
(ACM). (A) WST-1 cell survival assay of hNSCs differentiated in B27 alone (B) or

B27 plus ACM (BACM). At both 14 and 30 days, cultures differentiated with ACM

show enhanced cell survival (n = 16; students t test, **p<0.01, ***p<0.001) (B) Lactate
dehydrogenase (LDH), an enzyme released by dead cells, was measured and quantified.
hNSCs differentiated in the presence of ACM showed significantly less cell death at early
(day 5) and late time points (30 days) ( n = 6; Students t test, **p<0.01, ***p<0.001).
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ASTROCYTES ENHANCE THE LONG-TERM SURVIVAL OF HNSC-DIFFERENTIATED
CHOLINERGIC NEURONS IN VITRO

I then asked whether astrocytes protected or facilitated specific type(s) of cells
differentiated from hNSCs. Immunostaining with specific neuronal (BIII-tubulin) and
glial (GFAP) markers showed that although the total cell number was greatly enhanced
in the ACM group as compared to the control (BACM=106.3+£7.88 cells/0.148mm? vs
B=71.55+4.825 cells/0.148mm?), the relative percentage of astrocytes and neurons remained
the same regardless of the addition of ACM (Fig. 4.3). In particular, ACM-treated and B27
control cells both exhibited approximately 40% neuronal differentiation (B=37.1£2.8%,
BACM=38+2.7%) and 55% astroglial differentiation (B=54.4+2.7%, BACM+53+3.2%)
after 30 days of culture. The remaining 5% of cells were unlabeled and may possibly

represent oligodendrocytic cells.

Figure 4.3: Phenotypes of hNSCs differentiated
for 30 days in B27 alone (B) or B27 plus
astrocyte conditioned medium (BACM). hNSCs
differentiated in B27 (A) or B27 with ACM (B)
40- 0 showed similar percentages of neurons (Beta III
tubulin, green) and astroglia (GFAP, red). Blue,
nuclei counterstained with DAPI. Scale bar =
204 20 um. (C) Manual cell counts (n = 10 fields/
treatment) indicate that the relative percentage
of cells positive for each marker did not change
between culture conditions.

% cells/phenotype

Beta Ill Tubulin+ GFAP+
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To determine whether astrocytes facilitated and/or protected hNSC-differentiated
cholinergic neurons, hNSCs co-cultured with astrocytes or treated with ACM were
subjected to immunostaining with a choline acetyltransferase (ChAT) antibody. hNSCs
plated in direct contact with astrocytes for 19 days formed “island” like clusters of cells
with the stem cells located in the center and the feeder astrocytes surrounding the outside
of the island (Fig. 4.4A-D). Cells within the center of this island stained strongly for ChAT
with elongated neurites (red in Fig. 4.4A and D). Indirectly co-cultured hNSCs also showed

ChAT positive staining (Fig. 4.4E). Cell counts demonstrated that ~10-20% of hNSCs

Astrocyte direct 19d

Astrocyte indirect 19d B Alone 19d

Figure 4.4: Cholinergic differentiation of hNSCs. hNSCs differentiated for 19 days
under direct contact with primary astroglia from adult rat spinal cord (A-D) show strong
immunoreactivity for choline acetyltransferase (ChAT, red). A human specific antibody,
LAMP?2 shown in green (B), was used to distinguish between hNSCs and rat-derived
astrocytes. (D) Merged images of A-C. hNSCs differentiated under indirect astrocyte co-
culture conditions (E) or without astrocytes (F) also show ChAT immunoreactivity. Red =
ChAT. Green = LAMP2. Blue = nuclei counterstained with DAPI. Scale bar in B =20 um
for A-D. Scale bar in F =20 um for E and F.
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cultured directly or indirectly with astrocytes for 19 days differentiated into a cholinergic
phenotype. Surprisingly, hNSCs differentiated without astrocytes for 19 days showed a
similar level of ChAT positive cells (~17%) (Fig. 4.4F). Overall, this is a lower yield of
cholinergic neurons than we have reported previously (~28% cholinergic differentiation,
Wu et al. 2002) however, in this study, lower cell density likely led to a slightly decreased
cholinergic differentiation potential.

Because both direct and indirect co-cultured astrocytes differentiated into a
cholinergic phenotype, I next asked whether astrocytes might aid in long term cholinergic
survival. After 30 days of culture, approximately 29% of hNSCs differentiated in the
presence of astrocyte secreted factors maintained a cholinergic phenotype as detected
by immunostaining with a ChAT antibody (Figure 4.5B). In contrast, less than 1% of
hNSCs differentiated without ACM for 30 days demonstrated ChAT immunoreactivity
(B=0.61+0.252%, BACM=29.4£3.0%). Furthermore, only 30 day cultures differentiated
with ACM exhibited a detectable ChAT transcript (Figure 4.5A). Taken together this data
suggests that astrocyte-secreted factors aid survival of hNSC-differentiated cholinergic

cells under long-term in vitro culture.

ASTROCYTES IMPROVE LONG-TERM SURVIVAL OF HNSCs By DECREASING AroprTOTIC CELL
DEATH

Since many of the dying hNSCs after long-term differentiation in basic B27
medium showed apoptotic morphology such as cell shrinkage, blebbing and detachment
from healthy cells, I next asked whether astrocyte-secreted factors decreased apoptosis.
Using a measurement of apoptosis (TUNEL), we observed that a significant number of
hNSCs were TUNEL positive in 14-day and especially 30-day cultures with B27 media
alone (Fig. 4.6). In contrast, in the presence of ACM derived from the CRL2005 astroglial

cell line there were significant decreases in hNSC TUNEL staining of approximately 70%
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A Figure 4.5: hNSCs
ChAT . cultured long term with
650bp astrocyte conditioned

_ Gty

cholinergic phenotype. (A)
ChAT transcripts in hNSCs
differentiated with or without
astrocyte conditioned
medium (ACM). RNA was
collected after 30 days of
differentiation from hNSCs
cultured with ACM (BACM)
or without ACM (B). RNA
was reverse transcribed and
semi-quantitative RT-PCR
was performed for detection
of ChAT mRNAs. Neg

RT, RNA without reverse
+B 30d — |+BACM 30d transcriptase (negative

control). FSC, fetal spinal cord (positive control). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase (internal control). (B-C) Cholinergic differentiation of hNSCs with

or without ACM for 30 days. Cells differentiated in B27 alone (B) show diminished
immunoreactivity for choline acetyltransferase (red, ChAT) as compared to those
differentiated in the presence of ACM (BACM). Blue = DAPI, nuclear counterstain.
Scale bar =20 pm.

BACM
Neg RT
FSC

for both 14-day (d14: B = 15.3 + 2.705, BACM = 4.6 = 0.3728) and 30-day cultures of
hNSCs (d30: B =37 +4.183, BACM = 10.2 + 4.93). The addition of ACM derived from
primary rat spinal cord astrocytes affected cell survival similarly as CRL2005 ACM (data

not shown).

ASTROCYTES IMPROVE LONG-TERM SURVIVAL OF HNSCS THROUGH ASTROCYTE-SECRETED
BFGF

Under our culture conditions, hNSCs express all four FGF receptors (Wu and

Jordan, see chapter 3) and respond to bFGF (Tarasenko et al., 2004;Wu et al., 2002). In
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Figure 4.6: Apoptosis in differentiated hNSCs. hNSCs differentiated in B27 alone for

30 days (top panel in A) show extensive TUNEL labeling (red) while cells differentiated
with ACM (lower panel A) show few TUNEL positive cells. Blue, nuclei counter stained
with DAPI. Scale bar = 20 um. (B) Quantification of manual cell counts (n = 10 fields/
treatment) of TUNEL positive cells after 14 and 30 days of differentiation (Students t test,
**p<0.01, ***p<0.001).

addition, bFGF has been shown to have neurotrophic effects both in vivo and in vitro
(Cheng and Mattson, 1991;Engele and Bohn, 1991;Caldwell et al., 2001;Grothe et al.,
1991) . To determine whether bFGF plays a role in astrocyte-improved survival of long-
term differentiated hNSCs in vitro, 1 first performed a bFGF ELISA to test secreted bFGF in
ACM. As shown in Fig. 4.7A, approximately 122 pg/ml of bFGF was detected in ACM (n
= 4) that was collected from 24-hr cultured astrocytes. To test whether bFGF within ACM
had any effect on hNSC long-term survival, WST-1 cell survival assays were performed
on hNSCs cultured with or without an FGF receptor antagonist, PD173074, which
specifically blocks the tyrosine kinase activity of all four FGF receptors (Mohammadi
et al., 1998;Koziczak et al., 2004). PD 173074 had little influence on ACM-improved

hNSC survival at an early time point (d14) (Fig. 4.7B). However, after 30 days in culture,
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the addition of the FGF receptor antagonist significantly blocked ACM-enhanced hNSC
survival and decreased cell survival to similar levels as found in B27 control treated cells
(Fig. 4.7B). Not surprisingly, hNSCs differentiated with PD173074 (i.e. without FGF
signaling) for 30 days also did not show a ChAT transcript (Fig. 4.7C). In summary, we find
that bFGF secreted by astrocytes and preserved in ACM aids in hNSC cholinergic survival

during long-term in vitro differentiation.
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Figure 4.7: Astrocyte-secreted bFGF contributes to long-term survival of hNSC-derived
cholinergic neurons. (A) Conditioned media (ACM) generated from a rat astrocytic cell line
(CRL2005) was collected and subjected to a bFGF ELISA at various passages (p, passage
number). (B) WST-1 cell survival test of hNSCs differentiated in the presence of ACM plus
the FGF receptor antagonist, PD173074 (n = 16, Students t test, ***p<0.001). (C) Semi-
quantitative RT-PCR of hNSCs differentiated for 30 days with ACM (BACM) or with ACM
plus the FGF receptor antagonist (BACM+PD) for ChAT transcripts. Neg RT, RNA treated
without reverse transcriptase (negative control). FSC, fetal spinal cord (positive control).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase (internal control).
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DISCUSSION

The objective of this study was to examine whether astrocytes can enhance
cholinergic neuron differentiation and survival from long-term cultured fetal human neural
stem cells in vitro. Previously we reported that an in vitro cell priming procedure consisting
of bFGF, heparin and laminin in addition to adhesive culture pushed hNSCs towards a
cholinergic fate. In this study I found that adding astrocytes or astrocyte conditioned
media did not increase overall neuronal differentiation but did improve long-term survival
of differentiated hNSCs in general and specifically, cholinergic neuron survival. Such
a neurotrophic effect is shown to be mediated through an anti-apoptotic mechanism,
presumably by astrocyte-secreted bFGF.

Astrocytes play an important role in protecting mature rodent neurons from various
insults, including energy impairment (Ohgoh et al., 2000), excitotoxicity (Mattson and
Rychlik, 1990) and anoxia (Vibulsreth et al., 1987). Our finding of astrocyte-mediated
maintenance of healthy human NSC-differentiated neurons for over 30 days indicates that
astrocytes may also be crucial during development and maturation of human neurons from
these stem cells.

Besides survival effects, I also tested whether rat astrocytes affected hNSC fate
determination, particularly neuronal differentiation. I found that the addition of primary
astrocytes derived from adult rat spinal cord or an immortalized astroglial cell line either
through a direct contact co-culture or through secreted factors in conditioned medium did not
influence the relative percentage of differentiating glia or neurons when compared to hNSC
differentiation without astrocytes or ACM. This is in contrast to previous reports by several
groups showing that astrocytes can direct or enhance in vitro neuronal differentiation of
primate and murine embryonic stem (ES) cells (Nakayama et al., 2003) and rodent neural
stem cells (Song et al., 2002a;Song et al., 2002b; Wagner et al., 1999). Of particular interest
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are the findings of Nakayama et al. (2003) showing that conditioned medium from mouse
fetal cerebral astrocytes induced the generation of a strictly neuronal population in mouse and
primate ES cells. Specifically, ES cells cultured in the presence of ACM and growth factors
for ten days showed enhanced expression of phenotypic markers for dopaminergic (TH),
cholinergic (ChAT) and GABAergic (GAD) cell fates. Surprisingly, there was no astrocytic
or oligodendrocytic differentiation within these cultures suggesting that ACM may actually
inhibit glial cell fate in favor of neuronal cell fate. In a similar study, Wagner et al. (1999)
was able to generate approximately 80% dopaminergic neurons from an immortalized
mouse neural stem cell line (C17.2) exposed to ACM, but this had to be combined with a
genetic modification of the NSCs through over-expression of a nuclear receptor (Nurrl).
Song et al. (2002), also reported that astrocytes derived from neurogenic regions (adult
or newborn hippocampus or newborn spinal cord) promoted neuronal differentiation of
rodent adult neural stem cells (but limited to 20%) while astrocytes derived from non-
neurogenic regions (adult spinal cord) promoted glial differentiation (Song et al., 2002). In
contrast to the studies suggesting that ACM is neurogenic, Chang et al. (2003) found that
rat E14.5 cortical neural stem cells cultured in the presence ACM from rat postnatal day
1 brain derived astrocytes differentiated mainly into astrocytes while cells cultured in the
presence of neuronal derived conditioned medium (NCM) developed mainly into neurons
(Chang et al., 2003). Further complicating the story, astrocytes derived from different
regions (neurogenic vs. non-neurogenic) or different developing stages (e.g. neonatal vs.
adult) may produce either neurogenic or gliogenic effects. Along this line, Barkho et al.
(2006) recently reported, using microarray technology, that astrocytes found in different
CNS regions at various developmental time points have very different gene expression
patterns which may influence their effects on rat neural stem cell differentiation. More

specifically, astrocytes from neurogenic vs. non-neurogenic regions have different levels
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of neurogenesis promoting factors (such as IL-1B and IL-6) and neurogenesis-inhibiting
factors (such as IGF-1 binding protein 6 and decorin) (Barkho et al., 2006). Admittedly,
differences in species, cell type, developmental stage and in vitro culture condition of
any given stem cell line may also affect differentiation. However, taken together, these
studies suggest that various factors may mediate the astrocytic influence on stem cell fate
determination.

Although astrocytes or ACM did not increase overall neuronal differentiation from
long-term differentiated fetal hANSCs, we did find that cholinergic neurons were maintained
in long-term differentiation (30 days) with ACM but were lost in cultures without ACM.
While we did not look at other neuronal phenotypes besides ChAT, one can speculate that
perhaps there might be differences in the specific neuronal subtypes maintained in the
presence of astrocytes or astrocyte secreted factors.

Together this data suggest that astrocytes likely protect long-term differentiated
hNSCs and cholinergic neurons through an anti-apoptotic mechanism. This is based on the
nature of the long-term culture conditions, which do not impose a strong insult to cause
necrosis but rather trigger programmed cell death, possibly due to lack of survival signals.
Correspondingly, many apoptotic features were observed under long-term differentiation
of hNSCs without astrocyte co-culture or conditioned medium, including cell shrinkage,
membrane blebbing and DNA degradation detected by TUNEL. Astrocytes and their
conditioned medium were found to block these apoptotic features and maintain hNSC in
a healthy state. However, at this point we can not completely exclude a possible necrotic
cell death occurring in long-term differentiated hNSCs without astrocytes, and the role of
necrotic cell death remains to be determined.

Since both astrocytes and ACM protect long-term differentiated hNSCs, 1

hypothesized that astrocyte-secreted factors played an important role in their neuroprotective
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effects. Astrocytes are known to secrete several important cell signaling molecules
including bFGF (Hatten et al., 1988;Le and Esquenazi, 2002), ciliary neurotrophic factor
(CNTF) (Rudge et al., 1992), nerve growth factor (NGF) (Yamakuni et al., 1987), glial
derived neurotrophic factor (GDNF) (Schaar et al., 1993), laminin (Liesi et al., 1983) and
cholesterol (Jung-Testas et al., 1989). I focused on bFGF as a first step to dissect possible
mechanisms underlying astrocyte-mediated long-term survival of differentiated hNSCs.
In this study I found that the astrocyte cell line CRL2005 secreted significant amounts
of bFGF. Blockade of FGF receptor signaling using the specific receptor antagonist
PD173074 inhibited the cell survival effect of ACM. Furthermore, ACM maintained ChAT
expression in 30-day differentiated hNSCs while cells treated with ACM plus PD173074
did not show ChAT transcripts. These findings correlate well with a previous study by
Gray and Patel (1992) who found that ACM strongly increased ChAT expression in
rodent subcortical neurons, the effect of which was significantly reduced by application
of an anti-bFGF antibody (Gray and Patel, 1992). Albrecht et al. (2002) also reported that
astrocyte-mediated motoneuron survival was enhanced by stimulating secretion of bFGF
from astrocytes (Albrecht et al., 2002). Taken together, astrocyte-provided bFGF seems to
play an important role in maintaining cholinergic neurons both during normal development
and after injury. However, given that many factors other than bFGF are also expressed and
released from astrocytes, it is likely that any effects seen in co-culture or ACM studies on
stem cell differentiation and survival are due to the presence or absence of several secreted
factors. Further studies are required to explore other astroglial factors that are involved in
mediating long-term survival of differentiated hNSCs.

In summary, astrocytes and astrocyte conditioned media enhanced the overall
survival of long-term differentiated human neural stem cells. While not increasing neuronal

differentiation, astrocytes had a particular protective effect on hNSC-derived cholinergic
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neurons. Such neuroprotective effects are mediated through an anti-apoptotic mechanism
and at least partially through astrocyte-secreted bFGF. Further studies to understand the
interaction between astrocytes and hNSCs may be useful in order to establish a human
motoneuron in vitro model, which could be beneficial for drug screening towards

development of treatments for motoneuron diseases.
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CHAPTER 5: CONCLUSIONS, CAVEATS AND FUTURE
DIRECTIONS

The overall objective of this study was to examine the roles of exogenous bFGF
and astrocytes on human neural stem cell differentiation and survival. In the previously
described experiments I found that addition of exogenous bFGF induced hNSCs towards
the motoneuron lineage in vitro expressing transcription factors associated with that
phenotype, including OLIG2, Ngn2, Isletl and Hb9. Furthermore, I found that Hb9
induction in hNSCs was both bFGF dose and time dependent and that blockade of bFGF
signaling reduced but did not completely eliminate Hb9 expression. bFGF treatment did
not significantly enhance cell survival when compared to other growth factors (EGF and
LIF) under our in vitro conditions and bFGF dependent proliferation was not required for
Hb9 expression. Finally, treatment of hNSCs with other growth factors (EGF and LIF) did
not induce Hb9 expression; actually addition of EGF and/or LIF following bFGF treatment
down-regulated Hb9 expression, suggesting that bFGF is a required factor for not only
induction but also for maintenance of Hb9 transcript levels.

In the second set of studies, I examined the role of astrocytes and astrocytic factors,
including astrocytic-secreted bFGF, on hNSC survival and neuronal differentiation. In
co-culture studies I found that the addition of astrocytes or astrocyte secreted factors (in
astrocyte conditioned media (ACM)) enhanced overall cell viability and decreased overall
cell death and in particular, decreased apoptotic cell death. Interestingly, addition of
astrocytes or ACM did not affect the overall neuron:glia ratio in long-term differentiated
hNSCs. However, long-term survival (>30 days) of a specific neuronal subtype, cholinergic
expressing cells, was maintained in ACM while that phenotype was lost in cultures
differentiated without astrocytic factors. These data suggested that secreted factors from

astrocytes promoted survival of a specific subtype of neurons, cholinergic neurons. Finally,
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I found that addition of the FGF-receptor antagonist, PD173074, eliminated cholinergic
expressing cells from long-term cultured hNSCs suggesting a role for FGF in cholinergic
differentiation and survival of hNSCs. To follow up on that finding, I performed a bFGF
ELISA using ACM and found that astrocytes secreted significant levels of bFGF which
was maintained in ACM and potentially could be involved in cholinergic long-term cell

survival.

SPECIES AND CELL TYPE DIFFERENCES IN RESPONSES TO GROWTH FACTOR STIMULATION
AND TRANSCRIPTION FACTOR ACTIVITY

Many different paradigms exist for the culture of stem cells in vitro. For example,
cells may be grown as a monolayer under adherent culture conditions or as free floating
neurospheres, with various single growth factors (EGF, LIF or bFGF being the most common)
or in combinations of those factors (i.e. EGF+LIF, EGF+bFGF+LIF). Cell handling can
also radically affect the differentiation potential. Cumulatively, the variability in culture
conditions coupled with individual handling differences can make data interpretation
challenging.

Our currentunderstanding of motoneuron development derives mainly from classical
studies conducted in the chick embryo. Using this technology, scientists have identified
many transcription factors and inductive agents (i.e. SHH and RA) necessary for proper
MN development. Many of these factors appear to be essential in rodent MN development
as well, suggesting that there may be few interspecies differences. For instance, both chick
and rodent MN developmental studies indicate that MN differentiation requires concurrent
NGN2 and OLIG2 activity (Mizuguchi et al., 2001;Lee et al., 2005). This line of logic has
been further extended to human and rodent stem cell studies. For example, both hES and
mES cells require SHH and RA for efficient MN differentiation (Wichterle et al., 2002;Li1
et al., 2005).
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Despite the similarities, however, it is likely that inter-species differences also exist,
especially in the spatiotemporal regulation of transcription factor activity. For example,
rodent or human homologues to the chick essential MN transcription factor MNR2 have
yet to be identified. It has been speculated, however, that another pre-MN transcription
factor, OLIG2, may substitute for MNR2 in these species (Novitch et al., 2001;Briscoe
and Novitch, 2007). OLIG2 shares many of the same characteristics of MNR2 in chick,
including activation of the MN determinant, ISLET 1/2 (Novitch et al., 2001). The MN
determinant, HB9, is also expressed only post-mitotically in chick while in rodent it appears
prior to the final cellular division (Thaler et al., 1999). These findings together suggest that
there may be some inherent species specific differences in MN development. In humans,
primarily due to ethical issues, there has been little progress in MN developmental studies.
However, with the derivation of human derived MNs from immortalized human spinal
cords (Li et al., 2000), embryonic stem cells (Li et al., 2005) and neural stem cells (Ren
et al., 2006;Wu et al., 2002), it may be possible now to better understand human MN

development as well.

Sonic HEDGEHOG INDEPENDENT DIFFERENTIATION OF HNSCS INTO MOTONEURONS

Because MNs and oligodendrocytes share a common developmental ancestor, we
can glean insights into MN development from the knowledge surrounding the development
of oligodendrocytes and vice verse. Interestingly, during oligodendrocyte development two
separate developmental pathways have been described; one in which SHH is essential and
one in which bFGF can substitute for SHH (i.e SHH independent). In early studies of the
pMN and oligodendrocytic transcription factor OLIG2, expression of OLIG2 was believed
to be regulated by SHH indirectly and both SHH and OLIG2 were thought to be essential
components of oligodendrocytic development (Lu et al., 2000). Recently, however, it

was found that bFGF can substitute for SHH during oligodendrocyte development and
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thus that a SHH-independent pathway also exists for oligodendrocyte formation. In order
to demonstrate this finding, in a series of in vivo studies, Naruse et al. (2006) micro-
injected bFGF into the forebrain of developing rodents (E13) intra-utero and looked at
the development of oligodendrocytic precursors (OLPs). At E15.5, they found enhanced
numbers of OLP’s (labeled with OLIG2 and PDGFR-a) in the bFGF treated group as
compared to controls. Furthermore, induction of SHH receptors, Patched (PTC) and
Smoothened (SMO), were not seen in bFGF-treated animals. When explants were taken
from these embryos and cultured for several days in the absence of growth factor, mature
oligodendrocytes also developed from both groups. SHH receptors were not induced during
explant culture, thus it appeared that a SHH independent but bFGF dependent pathway also
existed for oligodendrocyte differentiation. Confirming this finding, addition of a SHH
antagonist, cyclopamine, during micro-injection of bFGF (i.e. bFGF+Cyclopamine) did
not down-regulate OLP formation suggesting that exogenous bFGF could substitute for
SHH within the developing rodent brain (Naruse et al., 2006).

Supporting this bFGF effect, it was previously shown in neurosphere cultures from
rodent E14 spinal cord derived neural stem cells that bFGF could also induce OLP formation
in the absence of exogenous SHH as well as in conjunction with the SHH antagonist,
cyclopamine (Chandran et al., 2003). These findings were further corroborated in NSCs
derived from SHH knockout mice, in which again bFGF induced OLP formation in the
absence of both exogenous and endogenous SHH (Chandran et al., 2003).

Further substantiating a role for SHH independent oligodendrocyte formation is the
work of Cai et al. (2005) who demonstrated a second wave of oligodendrocyte formation
from dorsal spinal cord derived cells, which occurred around E14.5 (~2d after the ventral
wave from pMN cells). Since dorsal cells typically do not receive much SHH signaling,
it is not surprising that this second wave of oligodendrocytic differentiation was SHH-

independent. Furthermore, in this study researchers also used mES cells derived from
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SHH receptor knockout mice (SMO™) to demonstrate that in vitro, SHH was dispensable
for oligodendrocyte formation. This was shown through immunostaining for the
oligodendrocytic marker, GalC, which was found to be similarly expressed between SMO-
~and WT cultures. Although the exact signals inducing dorsal oligodendrocyte formation
are currently unknown, the authors speculate that FGFs, and particularly bFGF, might be
important modulators (Cai et al., 2005). Thus, during oligodendrocyte development, at least
two separate developmental pathways exist: One in which SHH is an essential component
and the other, in which bFGF can substitute for SHH.

Because of the similarities in development between oligodendrocytes and MN’s, I
speculated that a SHH independent pathway may also exist for human MN development.
Contrary to this notion, others have shown that sonic hedgehog (SHH) is an essential
component of rodent MN development in vivo (Chiang et al., 1996;Tanabe et al., 1995)
and in both rodent and human embryonic stem cells in vitro (Wichterle et al., 2002;Li et al.,
2005). In contrast to these findings, however, Novitch et al. (2003) found that concurrent
application of FGF and retinoids could substitute for SHH activity in neural precursor cells
allowing for MN differentiation in vitro (Novitch et al., 2003). Similarly, in our hands, the
development of cholinergic motoneurons from human neural stem cells in vitro does not
require exogenous sonic hedgehog application. As such, studies in our lab indicate that
FHL priming with or without SHH induces approximately 28% of cholinergic MNs in
vitro and 50-60% after transplantation in vivo (SFHL = FHL) (Wu et al., 2002;Tarasenko
et al., 2004). Trial experiments in our lab, however, have shown that ELL, FHL and
undifferentiated (spheres) cultured using our methods do express detectable mRNA levels
of SHH receptor, PTC, and downstream SHH effectors, GLI 1 and 2 (Ojeda and Wu,
unpublished observations). These data suggest that perhaps long-term expanded hNSCs
produce and secrete endogenous SHH or have an activated SHH pathway, which might

act in conjunction with bFGF, heparin and laminin to push hNSCs towards a MN cell fate.
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Levels of SHH following transplantation are unknown, however, one can speculate that
perhaps in vivo, FHL primed hNSCs which express SHH receptors might be influenced by
endogenously produced SHH within the animal. Supporting this hypothesis is the finding
of Traiffort et al. (1999) that adult rats produce significant levels of SHH within both the
brain and spinal cord (Traiffort et al., 1999). Furthermore, SHH could potentially also be
produced by hNSCs in culture and could either be secreted or act via an autocrine/non-
secretory pathway to activate SHH signaling in vitro. SHH protein production by hNSCs,
however, has yet to be verified and is one of the future focuses of this laboratory.

An alternative to SHH production from hNSCs is that bFGF might substitute for
SHH as was the case for the development of oligodendrocytes (Chandran et al., 2003;Cai
et al., 2005;Naruse et al., 2006). However, a definitive role for SHH signaling during FHL

priming and in MN development from hNSCs has yet to be thoroughly investigated.

FGF vs EGF AND RECEPTOR TYROSINE KINASE MEDIATED CELL SIGNALING PATHWAYS

In this study I demonstrated that both EGF, LIF and laminin (ELL) and bFGF,
heparin and laminin (FHL) primed hNSCs activate three MAP kinase proteins (ERKI,
ERK2 and JNK) at different levels. In particular, hNSCs primed with FHL for 4 days
showed a lower level of activation of these MAP kinase proteins than did cells primed with
ELL for 4 days or cells which were unprimed (neurospheres). Interestingly, addition of
the FGF receptor antagonist (PD173074) to FHL-primed cells did decrease Erk1/2 protein
levels but had little effect on JNK activated protein amount detectable via western blot
as compared to FHL primed cells alone. Assuming that bFGF induced JNK or ERK1/2
were involved in Hb9 activation, one would expect that both ELL and FHL-PD treated
cells, which both show low or no expression of Hb9 mRNA, would show similar levels
of these proteins. What we found instead was that ELL primed groups showed high levels

of both phosphorylated ERK1/2 and phosphorylated JNK while FHL-PD primed groups
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showed low to no activity and FHL-primed showed intermediate levels of activity. Thus,
ELL and FHL-PD treated cells exhibited opposite effects on JNK and Erk1/2 activated
protein amounts. There are several explanations for this unexpected finding and ways we
could further understand the involved cell signaling pathways better in the future.

First and foremost, we must remember that in utilizing these types of molecular
techniques that we are looking at one snapshot of the cellular milieu at one time point. In
order to really delve into the cell signaling pathways involved in Hb9 induction in response
to bFGF treatment, we need to examine multiple time points after plating into the various
treatment groups. In this case, a secondary assay, such as the SEAP assay (mentioned
below) might be highly beneficial.

Secondly, using western blot analyses we are examining a whole population of cells,
not just the Hb9 positive cells. Thus, any changes in protein expression within specific cell
populations may be difficult to discern using this technique. In order to circumvent this,
in the future we could transfect hANSCs with a GFP reporter gene driven by a specific Hb9
promoter, sort the cells based on GFP expression and then perform protein analysis in
GFP* vs GFP- cell populations. Potential problems with this approach include difficulty
in efficiently transfecting hNSCs while maintaining their cellular potency, and that the
addition of GFP to the cells may change their ability to respond to FHL-priming. In regards
to GFP expression, we currently transduce hNSCs to express GFP via a recombinant adeno-
assicated viral vector (AAV) technology for cell tracing after transplantation. Yet even with
this relatively mild treatment, cells do not respond to growth factor treatment and proliferate
well long-term in vitro (Ojeda and Wu, unpublished findings). Thus maintenance of long
term expression of GFP may also be potentially difficult. Furthermore, FACS analysis can
be harsh on the cells and cell viability following cell sorting may be low. In particular the
cells we are most interested in (neurons) are unlikely to withstand this treatment well as we

have shown previously that simple cell dissociation and cell plating following dissociation
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kills many neurons (Gao and Wu unpublished findings). At this time, other members of the
lab are currently investigating the possibility of establishing a Hb9 promoter-controlled
GFP-expressing hNSC line and this technology will prove highly beneficial if it becomes
feasible in the future. Finally, another alternative would be to perform immunostaining for
Hb9 in conjunction with staining for activated ERK or JNK proteins (double labeling) at
different time points during FHL priming. However, due to the difficulty in utilizing the
single commercially available Hb9 antibody, it is likely that we would need to generate our
own antibody which could be cost prohibitive.

Cellular location of each protein of interest could also yield interesting
insight into hNSC differentiation. In regards to this, it may be beneficial to look at the
compartmentalization of each protein (i.e. cytoplasmic vs mitochondrial vs nuclear). To
simply state that a protein is phosphorylated does not mean that it is in a cellular compartment
where it may be able to perform its function. Compartmentalization within cell organelles
is one way in which cells regulate signaling effects and could potentially be involved in
FHL-induced Hb9 induction in hNSCs. In order to further understand if this is occurring
in our system, immunostaining coupled with fluorescence microscopy for phosphorylated

MAP kinase members could be highly beneficial.

SrecIFICITY OF FGF AND EGF CELL SIGNALING PATHWAYS

EGF and FGF activate a very similar complement of cell signaling proteins. This
brings about the question as to what governs the differences in cell signaling behavior if the
same intracellular signaling pathways are evoked with different growth factor treatments?
Or how about in the case of the converse of this (i.e. that treatment with the same factor
induces different effects in different cell types?) For example, stimulation of FGFR1 in
fibroblasts leads to cell proliferation while stimulation of FGFR1 in neuronal cells induces

cell survival and differentiation (Schlessinger, 2000). How can these very different effects
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be induced by treatment with the same molecule coupled with activation of the same
receptor? One explanation is that different cell types express different sets of cell-type
specific effector proteins that mediate their differential effects. Because receptor tyrosine
kinases (RTKs), including EGF and FGF, recruit many different molecules to the RTK-
receptor complex, it is quite feasible to imagine that recruitment may be more efficient in
one cell type versus another, or alternatively that recruited molecules may be more readily
available in certain cell types than in others. These types of subtle changes would likely
be undetectable using western blot analysis. It has also been hypothesized that different
cell types might express antagonistic molecules which could compete for protein binding
and thereby inhibit activation of certain effector molecules as well. In this case, detection
of specific proteins would not indicate that they were functional. Furthermore, it is highly
likely that signaling pathways are intertwined in a very complex pattern and that activity of
a single molecule may regulate activities (both inhibitory and stimulatory) of many other
molecules involved in its own, as well as other seemingly unrelated pathways.

Finally, it is worthy to note that cellular differentiation is a highly regulated and
complex process. To believe that only one cell signaling pathway, much less only one
effector molecule within that pathway, is involved in such a complicated biological process
is unrealistic. Indeed, an entire network of cell signaling molecules, all differentially
regulated and probably compartmentalized, are likely involved in this very complex cellular
phenomenon. Furthermore, it is highly probable that critical cell signaling pathways are
also prone to regulation via multiple mechanisms. This theme of cellular redundancy
has been shown to be important in other cell models. For example, in the EGF system it
has been demonstrated that when EGFR is activated, it recruits the adaptor protein Grb2
directly and indirectly via two cell signaling molecules (Shc and Gabl). Thus, in EGFR
mutatnts, despite the inability of EGFR to induce Grb2 binding directly, EGFR mutants

are still capable of recruiting Grb2 indirec‘ilffgresulting in activation of the MAP kinase



signaling cascade (Schlessinger, 2000). Therefore, despite knocking out one important
cellular function (i.e Grb2 binding), the cell is still able to utilize a secondary mechanism
to compensate for that loss.

Inregards to hNSC differentiation, it is quite possible that compensatory mechanisms
are also at play in the complex differentiation of these cells into Hb9 expressing neurons.
For example, blockade of FGF-signaling via treatment with the FGF- receptor antagonist,
PD173074, does not fully block bFGF mediated differentiation into an Hb9 expressing
phenotype. However, endogenous and non-secreted bFGF, which could act at the nuclear
level, would not be influenced by PD 173074 treatment and indeed, blockade with PD173074
reduces Hb9 transcript levels, but does not completely eliminate Hb9 expression. Thus the
possibility remains that endogenous bFGF may also be playing a role in bFGF induced
Hb9 expression. In addition to this, treatment of FHL-primed hNSCs with a neutralizing
antibody against bFGF also did not completely eliminate Hb9 transcript. Together these
two findings suggest a role for nuclear or non-secreted bFGF, or for other compensatory
mechanisms, during FGF signaling blockade in the induction of an Hb9 phenotype from
FHL-primed hNSCs. To further understand the importance of endogenous bFGF and/or
nuclear localized bFGF on hNSC differentiation, one could utilize siRNA technology
against bFGF, and/or apply exogenous mutant bFGF protein which does not activate nuclear
signaling components (Sorensen et al., 2006). Utilization of these techniques would further
our understanding of the molecular mechanism surrounding bFGF-induced Hb9 expression

in hNSCs.

HNSCSs AND ASTROCYTES: EFFECTS OF ASTROCYTES AND ASTROCYTE SECRETED FFACTORS ON
HNSC DIFFERENTIATION

In my second set of studies, I found that co-culture of hNSCs with astrocytes
improved hNSC long term survival, particularly survival of cholinergic expressing cells. I

further demonstrated that this enhancement in cell survival was through an anti-apoptotic
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mechanism mediated by astrocyte secreted factors and suggest that one factor, bFGF,
preserved in ACM may be involved in this long term neuronal survival.

My first question for this study was whether astrocytes could enhance cholinergic
neuronal differentiation and survival from fetal human neural stem cells in vitro. Using
either indirect or direct contact co-culture studies with astrocytes or through the application
of astrocyte conditioned media, I demonstrated that the addition of astrocytes to FHL-
primed hNSCs did not increase overall neuronal or glial differentiation. Rather, after long
term (30d) differentiation, I saw a similar percentage of glia and beta III tubulin positive
neurons in groups treated with astrocyte secreted factors and those treated without (~40%
neurons, 60% glia). These findings were in contrast to previous reports by several groups
showing that astrocytes can direct or enhance in vitro neuronal differentiation of primate
and murine embryonic stem (ES) cells (Nakayama et al., 2003) and rodent neural stem
cells (Song et al., 2002a;Song et al., 2002b;Wagner et al., 1999).

In particular, Song et al. (2002) reported that astrocytes derived from neurogenic regions
(adult or newborn hippocampus or newborn spinal cord) promoted neuronal differentiation
of rodent adult neural stem cells (but limited to 20%) while astrocytes derived from non-
neurogenic regions (adult spinal cord) promoted glial differentiation. However, in other
studies, Chang et al. (2003) demonstrated that rat E14.5 cortical neural stem cells cultured
in the presence ACM from rat postnatal day 1 brain astrocytes differentiated mainly into
astrocytes while cells cultured in the presence of neuronal derived conditioned medium
(NCM) developed mainly into neurons (Chang et al., 2003). Taken together, these studies
suggest that various factors affect the final outcome of astrocytic influence on stem cell fate
determination: i.e. either neurogenesis or gliogenesis. From the perspective of stem cells,
this may be influenced by differences in species, cell type, developmental stage and in vitro
culture condition of any given stem cell line. Under our in vitro conditions I did not test the

ability of astrocytes from various regions or1 %%es on hNSCs differentiation. Thus, in light



of other researchers findings, it would be highly beneficial and interesting to know if there
are differential effects depending upon region of derivation (i.e. brain vs spinal cord for
example), age of animal utilized (i.e. embryonic vs. neonate vs. adult) and culture method

chosen (i.e. direct vs. indirect vs. utilization of conditioned media).

ASTROCYTES PROTECT LONG-TERM DIFFERENTIATED HNSCs

Given that the relative percentage of total neurons was unchanged between hNSCs
co-cultured with astrocyte conditioned media or without, I next wanted to assess whether
specific subtypes of neurons may be influenced by the presence of astrocytes. In light of
this question, I examined cholinergic neuronal differentiation and found that at early time
points, cholinergic cells were present in both culture conditions (i.e. hNSCs =+ astrocytes),
but at late time points (d30), cholinergic cells were only found in groups differentiated
in the presence of ACM. This suggested that astrocytes and/or astrocyte secreted factors
aided in the survival/maintenance of cholinergic expressing neurons under long term in
vitro culture conditions. This type of neurotrophic effect is not surprising since astrocytes
are known to aid in the survival of many other cell types and to aid in cell recovery after
injury. For example, astrocytes are known to play an important role in protecting mature
rodent neurons from various insults, including excitotoxicity (Mattson and Rychlik, 1990),
energy impairment (Ohgoh et al., 2000) and anoxia (Vibulsreth et al., 1987). This finding
of astrocyte-mediated maintenance of healthy human NSC-differentiated cholinergic
neurons for over 30 days indicates that astrocytes may also be crucial during development
and maturation of human neurons. Granted, I did not examine hNSC differentiation into
other neuronal subtypes besides ChAT expressing cells, thus it is possible that astrocytes or
astrocyte secreted factors may also influence neuronal differentiation into other neuronal
subtypes as well. To further elucidate astrocytic effects on hNSC differentiation, it would be

beneficial to perform immunostaining for neuronal subtypes such as GABA, Glutamatergic
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or Dopaminergic neurons in hNSCs differentiated in the presence or absence of astrocytic

factors.

ASTROCYTES AND HNSC SURVIVAL: THE POTENTIAL ROLE OF ASTROCYTE SECRETED BFGF

Throughout these studies I also noticed that although the relative percentages of
glia and neurons did not differ in the presence or absence of astrocytes, that the overall
cell number per microscopic field was greater in the ACM group as compared to the non-
ACM group. This suggested that either hANSCs differentiated in the presence of ACM were
proliferating to a greater degree or that relatively more of those cells were surviving during
long term in vitro differentiation. To test this hypothesis, I next examined cell survival and
proliferation in the presence or absence of ACM. Cell survival was measured using several
parameters including WST-1 cell viability assays, TUNEL immunostaining and LDH
release. Results from WST-1 experiments indicated that cell viability was improved at all
time points tested with the addition of ACM. Furthermore, BrdU pulse labeling confirmed
that this effect was due to an enhancement in cell survival and not due to cell proliferation
as proliferation was not significantly enhanced in ACM treated groups. Cell survival was
further confirmed as a mediator of enhanced cell number verified through decreases in
both TUNEL staining and LDH release in hNSC cultures differentiated in the presence of
astrocytes or astrocyte secreted factors.

Because both ACM and direct cultures with astrocytes protected long-term
differentiated hNSCs, I next hypothesized that astrocyte-secreted factors might play a
neuroprotective role in the long-term survival of hNSC-derived cholinergic neurons. This
role would not be unexpected since astrocytes are known to secrete several important cell
signaling molecules including bFGF (Sensenbrenner et al., 1987;Hatten et al., 1988), ciliary
neurotrophic factor (CNTF) (Rudge et al., 1992), nerve growth factor (NGF) (Yamakuni et
al., 1987), glial derived neurotrophic factor (GDNF) (Schaar et al., 1993), laminin (Liesi et
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al., 1983) and cholesterol (Pfrieger and Barres, 1997). Because our cells have previously
been shown to respond to bFGF which is a known neurotrophic factor (Wu et al., 2002;
Tarasenko et al., 2004), I focused on bFGF as a first step to dissect possible mechanisms
underlying astrocyte-mediated long-term survival of differentiated hNSCs.

Using a bFGF ELISA, I found that astrocyte conditioned media contained
significant amounts of bFGF which could be preserved even after freeze-thaw and further
refrigeration of ACM. Furthermore, I found that this secreted bFGF may be important
for long-term cholinergic neuronal survival because blockade of FGF-receptor signaling
inhibited the cell survival effect of ACM. Furthermore, I found that treatment with ACM
alone maintained ChAT and Islet-1 expression in 30-day differentiated hNSCs while cells
treated with ACM plus FGF receptor antagonists did not show ChAT nor Islet-1 transcripts.
These findings correlate well with a previous study by Gray and Patel (1992) who found
that ACM strongly increased ChAT expression in rodent subcortical neurons, the effect of
which was significantly reduced by anti-bFGF antibody treatment (Gray and Patel, 1992).
Along these lines, Albrecht et al. (2002) also reported that CNTF enhanced astrocyte-
mediated motoneuron survival by stimulating secretion of bFGF from astrocytes (Albrecht
et al., 2002). Taken together, astrocyte-provided bFGF seems to play an important role
in maintaining cholinergic neurons both during normal development and after injury.
However, given that many factors other than bFGF are also expressed and released from
astrocytes, it is likely that any effects seen in co-culture or ACM studies on stem cell
differentiation and survival are due to the presence or absence of several secreted factors,
one of which is likely to be bFGF.

In light of these findings, the hypothesis that astrocytic secreted bFGF might
mediate hNSC derived cholinergic neuron long term cell survival could be strengthened by
application of low levels of exogenous bFGF (i.e. in the range of ACM ~100pg/ml) over

the 30d differentiation period followed by irrhmunostaining for choline acetyltransferase



and/or collection of RNA for RT-PCR for this enzyme. The number of ChAT+ cells and/
or level of ChAT transcript could then be compared between cultures with ACM, with
basal media+low level bFGF stimulation and those without any treatment. However, as
mentioned above, it is unlikely that bFGF is the only secreted factor involved in long
term hNSC derived cholinergic cell survival, thus I would expect that addition of bFGF
alone would not suffice to prevent cholinergic cell death. In order to determine the factors
present in ACM that might also be involved in cholinergic long-term survival, it would
be interesting to subject ACM to an entire panel of ELISAs against many growth and
neurotrophic factors. This could lead insight into potential factors necessary to direct hANSC
differentiation and long term survival of cholinergic neurons in vitro.

In summary, astrocytes and astrocyte conditioned media enhanced the overall
survival of long-term differentiated human neural stem cells. While not increasing neuronal
differentiation, astrocytes demonstrated a protective effect on hNSC-derived cholinergic
neurons mediated through an anti-apoptotic mechanism and at least partially through
astrocyte-secreted bFGF. Long term in vitro cholinergic neuronal survival is an important
finding which may be beneficial for the development of models to test treatments for various
neurological impairments which affect cholinergic expressing cells including Alzheimer’s
Disease or those which affect a subset of cholinergic cells, (i.e. cholinergic motoneurons)

such as Lou Gehrigs Disease.

Cavears: He9 InpuctioN viA FHL TREATMENT

In the first study I demonstrate motoneuron differentiation in response to FHL-
priming via induction of the homeodomain factor, Hb9 in hNSCs. From these analyses, I
found that Hb9 mRNA and protein were up-regulated after 4d of FHL priming of hNSCs.
Interestingly, hNSCs treated with only heparin and laminin alone (i.e. no exogenous bFGF)

showed some Hb9 induction (Figure 3.7) as compared to hNSCs grown as neurospheres or
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to ELL primed cells. However, because hNSCs up-regulate Hb9 in a dose responsive manner
to bFGF treatment, this suggested that hNSCs might secrete low levels of endogenous
bFGF. This hypothesis is not unexpected as astrocytic cells are known producers of bFGF
(Sensenbrenner et al., 1987;Hatten et al., 1988) and astrocytes are a known cell type which
differentiate from hNSCs after FHL-priming (Figure 3.2). Furthermore, in my second
study, I found that astrocytes secreted pictogram levels of bFGF which was maintained
in conditioned media (Figure 4.8). In preliminary experiments I also found that hNSCs
expressed bFGF transcript which suggested that the cells could potentially secrete the
growth factor as well and/or utilize it in an autocrine fashion (Jordan and Wu, unpublished
observations). In order to test the hypothesis that bFGF is secreted by hNSCs following FHL
priming, conditioned media from primed hNSCs could be utilized for a bFGF ELISA. One
potential problem with this assay would be that since bFGF is “sticky” it may be difficult
to remove exogenously applied bFGF completely from the culture prior to collection for
ELISA and thus detection of secreted bFGF versus exogenously added bFGF (i.e. in FHL
priming) could be problematic. Furthermore, any bFGF which was not secreted externally,
but rather remained internally within the cell would not be detectable using this method.
Finally, cells may pick up secreted bFGF quickly from the CM, thus accurate detection of
bFGF levels might potentially be a problem as well.

For the majority of the first study, I utilized semi-quantitative and quantitative RT-
PCR for Hb9 transcript following FHL priming. Although I present sufficient evidence to
show that bFGF is an inductive factor for Hb9 expression in hNSCs, in order to further
validate that bFGF is acting as an inductive signal and that Hb9 is not only present but is
active, utilization of a secondary assay such as a SEAP (secreted alkaline phosphatase)
transcription factor activation assay would be beneficial. In particular, this assay could
utilize SEAP as a reporter gene under the control of the Hb9 promoter. Thus, when activated,

Hb9-driven SEAP would be secreted, the amount of which could be directly correlated
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to transcription factor (such as Hb9) activity. Furthermore, SEAP is easily assayed from
conditioned media, following which cells can be harvested for protein or RNA analysis.
This method, therefore, would allow for simultaneous analysis of protein or RNA levels
and transcription factor activity within the same samples. Utilization of such a system
would also be highly useful for checking transcription factor activity (especially at low
levels) at different time points in culture as well as identifying other factors which might be
important in activation of the Hb9 promoter. Although I did examine a time course of Hb9
activation in FHL-primed hNSCs (48hrs to 96 hrs after FHL priming, Figure 3.7), a SEAP
assay would allow for a more sensitive detection of transcription factor activity and might

lead insight into earlier events (prior to 48 hrs) that were undetectable using RT-PCR.
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