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Abstract

Oligodendrocyte progenitor (OP) cell differentiation is a critical process of developmental
myelination, tumor formation, and remyelination in the CNS. Activation of the fibroblast growth
factor 2 (FGF2) or notch pathway can inhibit differentiation of OP cells. The current study examines
the interaction of FGF2 and notch signaling components in regulating OP differentiation. Cultured
neonatal rat brain OP cells were used for transfection-based promoter assays and for infection with
retroviruses expressing a GFP reporter to monitor OP differentiation into oligodendrocytes or
astrocytes. FGF2 treatment resulted in a 4-fold increase of transcriptional activity from the promoter
region of Hesb, a notch pathway target gene. FGF2 inhibition of OP differentiation into
oligodendrocytes was perturbed by retroviral expression of a dominant negative construct for
mastermind-like 1, which is an important co-activator of transcription for notch target genes. OP
differentiation into oligodendrocytes was reduced by co-culture with fibroblasts expressing Jagged1,
aligand for notch receptors. This Jagged1 inhibition of OP differentiation was not altered by retroviral
expression of adominant negative FGF receptor construct. Constitutive activation of notch signaling,
by retroviral expression of the Notchl intracellular domain, greatly reduced OP differentiation into
either oligodendrocytes or astrocytes and did not require FGF2 signaling. These findings indicate
that inhibition of OP differentiation through the Notchl pathway was not influenced by FGF2
signaling. However, FGF2 signaling may interact with down stream components of the notch
signaling pathway, including mastermind-likel and Hes5, to inhibit OP differentiation into
oligodendrocytes.
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Introduction

Differentiation of neural stem cells and progenitor cells must be regulated precisely to generate
appropriate numbers of distinct cell populations during CNS development and repair, while
aberrant differentiation can result in dysplasia or tumor formation. Differentiation of
oligodendrocyte progenitor (OP) cells into myelinating oligodendrocytes is regulated by a
balance of positive and negative signals that coordinate myelination relative to axonal
maturation and integrity. Inhibition of OP differentiation is necessary for spatial and temporal
regulation of oligodendrogenesis during development but may also be detrimental for efficient
remyelination and so has emerged as an area of interest for modulating endogenous cell repair
of demyelinating diseases. To better understand how inhibition of OP differentiation is
regulated, the current study examines the interaction of signaling components of two inhibitors
of OP differentiation, fibroblast growth factor 2 (FGF2) and Notch1.

Our work in FGF2 null mice demonstrated that FGF2 inhibits differentiation of
oligodendrocyte progenitor (OP) cells into myelinating oligodendrocytes during both
development and remyelination [3,14,15]. Importantly, FGF2 limits effective remyelination
following chronic demyelination [2]. FGF2 inhibition of OP differentiation in vivo occurs
through direct activation of fibroblast growth factor receptor (FGFR) signaling in
oligodendrocyte lineage cells and may predominantly occur through FGFR1 [25].

Notchl potently inhibits OP differentiation and myelination during CNS development [21].
Mice with Notchl inactivation in oligodendrocyte lineage cells have abnormalities of the
spatial and temporal regulation of OP differentiation resulting in accelerated and/or ectopic
myelination [6,7]. Pharmacological disruption of notch signaling promoted remyelination in
mice with demyelination from experimental allergic encephalomyelitis [9]. Notch1 receptors
on OP cells may be activated by cell-cell interaction with astrocytes expressing Jagged1 ligand
as indicated from the pattern of expression of these notch signaling components during
development and in non-remyelinating areas of multiple sclerosis lesions [8,21].

FGF2 and Notch1 signaling may interact in regulating neural cell development. FGF2 can
induce Notch1 expression in neuroepithelial precursor cells and in a cell line with an immature
oligodendrocyte phenotype [4,5]. Conversely, Notchl signaling can increase responsiveness
to FGF2 in telecephalic progenitors [24]. To more specifically examine the interaction of FGF2
signaling with the notch pathway in OP cells, we used the well characterized in vitro system
of neonatal rat OP cell differentiation to modulate ligand and receptor activity of both pathways
as well as down steam components of the notch signaling cascade. Jagged1 activation of
classical Notchl signaling is transmitted by means of cleavage of the Notchl intracellular
domain (Notch1IC) which then translocates to the nucleus to bind CSL (CBF-1/RBP-jx, Su
(H), Lag-1), an interaction that is stabilized by binding of mastermind-like 1 (Maml1) co-
activator of transcription. Targets of notch transcriptional regulation include the basic helix-
loop-helix transcription factors, Hes1 and Hes5. Hes5 is an important inhibitor of myelin gene
expression that is progressively down regulated during OP differentiation [11,12,21] yet
elevated in demyelination associated with failed remyelination [8]. Our analysis of FGF2 and
notch pathway interactions in regulating OP differentiation shows that the Notch1 pathway
was not influenced by FGF2 signaling. In contrast, FGF2 signaling may interact with down
stream components of the notch signaling pathway, including Maml1 and Hes5, to inhibit OP
differentiation into oligodendrocytes.
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Rats were handled as approved by the USUHS Institutional Animal Care and Use Committee
to promote health and minimize pain or discomfort. OP cultures were prepared from neonatal
rat brains [1] and grown in defined medium [DMEM containing high insulin (5 ug/ml), T3
(Triiodothyronine; 30 nM), and 0.5% fetal bovine serum (FBS) (all from Sigma, St. Louis,
MO)] to induce differentiation into mature oligodendrocytes. The defined medium was
supplemented with mitogens, platelet-derived growth factor AA (PDGF; 10 ng/ml) and FGF2
(10 ng/ml)(both from R&D Systems, Minneapolis, MN) to promote OP proliferation and
prevent differentiation. To induce OP differentiation into astrocytes, cultures were grown in
DMEM with 10% FBS.

Retrovirus generation and infections were performed as previously described [16,25]. Dr.
Kitamura (Tokyo University) provided the PMXs replication-incompetent retroviral vector
containing a multiple cloning site followed by an internal ribosome entry site (IRES) sequence
and enhanced GFP [10]. In this vector, the inserted gene is transcribed first followed by GFP
in a single transcript so that GFP expression can estimate viral transduction of both genes.
FGFRdn plasmid, (PMXs with a dominant negative form of FGFR2 that heterodimerizes with
all FGFR isoforms) has been characterized previously [25]. Notch1IC, from Dr. Nye
(Pharmacia; Kalamazoo, MI) [17], was inserted into PMX to create Notch1lIC-PMXs. MSCV-
Maml1dn plasmid, containing a dominant negative form of Maml1, was a gift from Dr. Aster
(Brigham and Women's Hospital; Boston, MA) [22]. Maml1dn relevance in OP cells was
demonstrated by immunostaining for endogenous Maml1 in non-infected OP cultures using
anti-Maml1 polyclonal antibody (Chemicon). OP cultures were incubated with retrovirus for
6 hrs (approximately 3000 CFU/well which typically resulted in GFP expression among the
majority of cells). The cells were maintained for 2 days in defined medium with PDGF and
FGF2, and refed medium to promote differentiation (see above) over 3 days prior to fixation
and immunostaining [16,25].

For co-culture experiments, OP cells were infected with PMXs (control virus) or FGFRdn
retrovirus, as above. The following day, control fibroblasts (parental L cell line) or Jagged1-
expressing fibroblasts were added at a ratio of 1.6:1 (fibroblasts:OP) [19]. Co-cultures were
then grown for 72 hrs in defined medium without mitogens or in DMEM with 10% FBS.

Cultures were immunostained for O1 or glial fibrillary acidic protein (GFAP) to monitor
differentiation of infected OP cells into oligodendrocytes or astrocytes, respectively [16]. To
estimate cell proliferation, bromodeoxyuridine (BrdU; 2 uM; Sigma) was added for 20 hrs of
culture prior to fixing and immunostaining cells to detect BrdU incorporation [16,25]. The Chi-
square test with the Mantel-Haenzel subgroup analysis was used to compare immunostaining
results among retrovirally labeled cell populations.

Transcription activity assays—~Plasmids with the firefly luciferase gene under control of
the promoter for Hes1 (pHes1; —467 to +46) and Hes5 (pHes5; —800 to +73) were gifts from
Dr. Kageyama (Kyoto University) [18]. OP cells were co-transfected with pHes1 or pHes5
along with pRL-CMV (SV40 promoter drives expression of Renilla luciferase; Promega) to
estimate transfection efficiency [16]. After incubation overnight (16 hrs), the cells were then
transferred to defined medium with or without FGF2 (10 ng/ml) and grown for 10 hrs.
Transcriptional activity was evaluated using the Dual-Luciferase Reporter System (Promega).
The relative luciferase units (RLU) were calculated from firefly luciferase values divided by
the Renilla luciferase values to normalize for transfection efficiency [16]. The Student's t-test
was used to compare relative luciferase values.

Neurosci Lett. Author manuscript; available in PMC 2008 June 21.
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Infection of OP cells with replication-incompetent retroviral vectors was used to directly
monitor OP differentiation into oligodendrocytes (Figure 1). This approach targets integration
of genes-of-interest, including a GFP reporter, to cycling OP cells within the cultures and those
genes then continue to be expressed by the initial cell and its progeny. Immunostaining for O1,
an oligodendrocyte marker, in combination with GFP detection then demonstrated
differentiation of infected OP cells into mature oligodendrocytes (Figure 1 A, C). To examine
the potential interaction between FGF2 and notch signaling components in OP differentiation,
truncated gene constructs were inserted into the retroviral vectors to modulate activity of
relevant receptors or downstream signaling components. Each vector included a GFP reporter
to monitor viral transduction. FGFR signaling was attenuated by expression of a dominant
negative form of FGFR (FGFRdn; Figure 1 A) [25]. Activity of the notch pathway was
potentiated by expression of the Notch1 intracellular domain (Notch1IC; Figure 1B) which is
constitutively active [17], or alternatively, was perturbed by expression of a dominant negative
form of Maml1 (Mamlldn; Figure 1 C) [22]. In addition, each pathway was tested in the
presence or absence of relevant ligands, either by addition of exogenous FGF2 to the defined
medium and/or by co-culture of OP cells with fibroblasts expressing the Jagged1 ligand for
Notchl.

OP differentiation and acquisition of O1 immunostaining among GFP+ cells was reduced by
co-culture with Jagged1-expressing fibroblasts (Figure 1 D, a). This reduction did not require
FGF2 treatment and was not altered by expression of FGFRdn to disrupt FGFR signaling.
Therefore, although FGF2 has been shown to increase Notchl expression [4,5], Notchl
expression may already be sufficient so that FGF2 treatment does not regulate Jagged1
inhibition of OP differentiation in this context. Conversely, FGF2 treatment markedly reduced
01 acquisition among GFP+ cells in OP cell cultures or among OP cells co-cultured with
Jagged1-expressing fibroblasts (Figure 1 D, b and ¢; 1 E). This FGF2 inhibition of O1
acquisition was partially perturbed by expression of Mamlldn (Figure 1 F), indicating an
interaction of FGF2 signaling with this co-activator of transcription of notch target genes. The
most potent inhibition of OP differentiation into oligodendrocytes was observed with OP
expression of Notch1IC to strongly activate the notch pathway (Figure 1 E). These results using
01 acquisition to assess OP differentiation into oligodenddrocytes are supported by the
characteristic cell morphologies (Figure 1) and similar results in preliminary studies assessing
differentiation with in situ hybridization for proteolipid protein mMRNA (data not shown).

To further examine whether FGF2 may interact with downstream components of the notch
pathway to inhibit OP differentiation, we assessed transcription of notch target genes with and
without FGF2 treatment. Hes1 and Hes5 were chosen as relevant Notch1 target genes involved
in glial differentiation. Hes1 activity favors differentiation along the astrocytic pathway over
the oligodendrocytic pathway [23]. Hes5 inhibits differentiation along both astrocytic and
oligodendrocytic pathways [23]. Cultured OP cells were transfected with the promoter region
for Hes1 or Hes5 driving expression of luciferase as a measure of transcriptional activity
(Figure 2). FGF2 treatment induced an approximately 4-fold increase in relative transcription
from the Hes5 promoter but did not alter Hes1 transcriptional activity.

OP cells are bipotential with the ability to differentiate into oligodendrocytes in defined
medium, as in the above conditions, or into astrocytes in medium containing 10% FBS [16,
20]. Therefore, we used retroviral infections to monitor OP differentiation into astrocytes
relative to modulation of relevant FGF2 and notch signaling components. Astrocytic
differentiation of OP cells was indicated by cytoskeletal immunoreactivity for GFAP [20] in
cells expressing the GFP retroviral reporter. In contrast to OP differentiation into
oligodendrocytes (Figure 1 A, D), co-culture with Jaggedl-expressing fibroblasts did not alter
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OP differentiation into astrocytes (Figure 3 A, B). We next compared OP differentiation into
astrocytes in conditions parallel to those of Figure 1E to examine the effect of FGF2 and the
Notch1IC domain (Figure 3 C, D). Growth in medium with 10% FBS served as a positive
control and resulted in detectable GFAP immunostaining in the majority of GFP+ cells infected
with the control retrovirus. In defined medium with FGF2 a much smaller proportion of cells
infected with the control retrovirus had detectable GFAP, indicating that FGF2 did not shift
OP differentiation toward an astrocytic fate. Expression of the Notch1IC domain dramatically
reduced OP differentiation into astrocytes among GFP+ cells grown in medium with 10% FBS.
Notch1IC expression also resulted in a very low frequency of GFAP acquisition among GFP
+ cells grown in defined medium with FGF2. Therefore, Notch1IC expression potently blocks
OP differentiation along both lineages (Figures 1, 3).

To determine whether the FGF2 signaling with notch pathway components was restricted to
OP differentiation as distinct from OP proliferation, BrdU was added to cultures of infected
OP cells. BrdU incorporation was similar among GFP+ cells infected with either control or
Notch1IC retroviruses with cultures grown in defined medium (control 19.9 + 0.9%, NotchlIC
21.8 £ 1.7%). Since FGF2 is a potent mitogen for OP cells, BrdU incorporation was greatly
increased with FGF2 treatment but was not significantly different among cells infected with
the control retrovirus (51.4 + 6.4%) or the Notchl1IC retrovirus (46.9 £ 3.7%). Furthermore,
BrdU incorporation was also not significantly altered by Notch1IC transduction using PDGF
as the mitogen (control 54.7 + 5.1%; Notch1IC 49.3 + 1.9%). Therefore, FGF2 may interact
with notch pathway components to have a similar effect on OP differentiation but FGF2 and
notch pathways have distinct effects on OP proliferation.

Discussion

The current results demonstrate that FGF2 signaling can interact with down stream components
of the notch pathway, including mastermind-likel and Hes5, to inhibit OP differentiation into
oligodendrocytes. This interaction of FGF2 with downstream notch pathway components may
suggest a point of dissociation of FGF2 inhibition of OP differentiation as distinct from
induction of OP proliferation. Clearly, simply preventing OP differentiation is not sufficient
to result in high levels of OP proliferation since Notch1IC expression potently inhibited OP
differentiation but did not alter OP proliferation. Furthermore, previously proposed
mechanisms of FGF2 and notch signaling synergism in neural stem cells [24] may not apply
directly to interactions regulating of OP cell responses.

Expression of FGF2 and notch pathway components in the developing and regenerating CNS
are consistent with a potential signaling interaction in vivo. Notchl receptor is expressed on
OP cells while Jagged1 ligand is found on axons prior to myelination [21]. FGF2 expression
increases postnatally in the CNS and can inhibit OP differentiation through activation of
FGFR1 [14,25]. Similarly, Notchl and FGFR1 expression is increased in demyelinated lesions
along with Jaggedl and FGF2 [2,8,13,15]. Notch1 and Jagged1 expression in multiple sclerosis
lesions correlated with areas of poor remyelination consistent with inhibition of OP cells into
remyelinating oligodendrocytes [8]. Furthermore, pharmacological inhibition of notch
signaling may enhance remyelination [9]. Our analysis of FGF2 null mice indicated improved
remyelination associated with removal of FGF2 inhibition of OP differentiation, while we did
not find evidence of an FGF2 effect on OP proliferation in vivo [2,3,15].

FGF2 interaction with notch pathway components may be critical for the intricate spatial and
temporal regulation of OP differentiation and myelination relative to axonal signals during
CNS development. Insights into the mechanisms of FGF2 and Notch1 inhibition of OP
differentiation are also relevant to understanding the limited remyelination of chronic lesions
in demyelinating diseases.

Neurosci Lett. Author manuscript; available in PMC 2008 June 21.
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Figure 1. OP differentiation into oligodendrocytes

OP cells were infected with retroviral constructs to modulate receptor and ligand elements of
the FGF2 and notch signaling pathways. OP differentiation into oligodendrocytes was
monitored by O1 immunostaining. A: OP cells infected with retrovirus expressing a dominant
negative form of fibroblast growth factor receptor (FGFRdn) and green fluorescent protein
reporter (GFP; green). After 3 days of co-culture with Jagged 1 expressing fibroblast cells (not
fluorescently labeled) many of the retrovirally labeled cells have immature characteristics
(green; asterisks) in contrast to the differentiated oligodendrocyte (arrowhead) with highly
branched processes and immunolabeling for O1 (red). Scale bar = 50 um. B: OP cell infected
with retrovirus expressing the intracellular domain of Notch 1 (Notch1IC), a constitutively
active form, and GFP (B, green) has an immature morphology and lacks O1 immunoreactivity
(red absent). Scale bar = 15 um. C: OP cells infected with a retrovirus expressing a dominant
negative form of mastermind-likel (Maml1dn), a co-activator of notch target genes, and GFP
(green) exhibit elaborate processes and O1 immunoreactivity (red), indicative of differentiation
into mature oligodendrocytes. Scale bar = 50 um. D, E, F: Quantitation of the proportion of
O1 immunolabeled cells among retrovirally infected cells identified by expression of the GFP
reporter. D: OP cells infected with retrovirus and then co-cultured with a fibroblast line
expressing Jaggedl (+) or the parental L cell line (). Cells were grown in defined medium
with (+) or without (=) FGF2. Co-culture of OP cells with fibroblasts expressing Jagged1
decreased the proportion of OP cells that developed O1 immunoreactivity (a; p < 0.01). FGF2
severely reduced O1 acquisition (b; p <0.001), which was abrogated by FGFRdn transduction.
FGF2 further decreased O1 acquisition as compared to co-culture with Jaggedl expressing
cells (c; p <0.001). E: Notch1IC transduction strongly inhibited OP differentiation (p<0.001),
compared with control retrovirus, and was not further reduced with FGF2 treatment. F: Upper
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panel shows immunostaining for endogenous Maml1 expression in OP cells. Scale bar = 50
um. Lower panel shows that FGF2 inhibition of OP differentiation was significantly perturbed
by Maml1dn transduction (p < 0.05 vs control virus). Values (mean * standard error of the
proportion) are from three independent experiments with at least 300 GFP+ cells counted for
each condition.
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Figure 2. FGF2 enhances Hes5 promoter activity in OP cells

OP cells were transfected using plasmids with luciferase reporter transcription driven by the
promoter region for Hes1 or Hes5. On the following day, the cultures were transferred to
defined medium with (+) or without (=) FGF2 for 10 hrs and transcription activity was then
measured as relative luciferase units (RLU). FGF2 treatment increased the Hes5 promoter
activity approximately 4-fold (*p < 0.001) but did not alter Hes1 promoter (p > 0.05). Values
(mean + standard error of the mean) are from duplicate wells of three independent experiments.

Neurosci Lett. Author manuscript; available in PMC 2008 June 21.
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Figure 3. OP differentiation into astrocytes

OP cells were infected with retroviral constructs to modulate receptor and ligand elements of
the FGF2 and notch signaling pathways (see Figure 1 legend). OP differentiation into astrocytes
was detected by GFAP immunostaining. A, B: OP cells were infected with control retrovirus
expressing only the GFP reporter or FGFRdn virus. Fibroblasts expressing Jagged1 or the
parental fibroblast line were then added to establish co-cultures with the OP cells. Co-cultures
were maintained in medium containing 10% fetal bovine serum (FBS) for 3 days to induce
astrocytic differentiation. A: OP cells infected with FGFRdn expressing retrovirus (green) and
immunolabeled for GFAP (red; arrows) indicative of differentiation into astrocytes during co-
culture with fibroblasts (not fluorescently labeled) expressing Jagged 1. Scale bar = 50 microns.
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B: Quantitation of GFAP immunolabeling among retrovirally infected cells expressing GFP.
OP differentiation into astrocytes was not altered by co-culture with fibroblasts expressing
Jagged1, as compared to the parental fibroblast line. In addition, FGFRdn transduction did not
alter acquisition of GFAP among the infected cells co-cultured with either fibroblast line. C,
D: OP cells infected with the Notch11C retrovirus grown in medium with 10% FBS or in defined
medium with (+) or without (=) FGF2. C: OP cells infected with Notch1IC retrovirus
expressing GFP (green) with immunostaining for GFAP (red) following growth in defined
medium with FGF2. Scale bar =50 microns. D: Quantitation of GFAP immunolabeling among
retrovirally infected cells expressing GFP. The proportion of infected cells that acquire GFAP
immunoreactivity is significantly decreased with Notch1IC transduction (p <0.001 in DMEM
with 10% FBS and p < 0.001 in defined medium with FGF2). B, D: Values (mean + standard
error of the proportion) are from three independent experiments with at least 300 GFP+ cells
counted for each condition.
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