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Neural stem/progenitor cells (NSCs) have the capacity for
self-renewal and differentiation into major classes of central
nervous system cell types, such as neurons, astrocytes, and oli-
godendrocytes. The determination of fate of NSCs appears to be
regulated by both intrinsic and extrinsic factors. Mounting evi-
dence has shown that extracellular matrixmolecules contribute
to NSC proliferation and differentiation as extrinsic factors.
Here we explore the effects of the epidermal growth factor-like
(EGFL) and fibronectin type III homologous domains 6–8
(FN6–8) of the extracellular matrix molecule tenascin-R on
NSC proliferation and differentiation. Our results show that
domain FN6–8 inhibited NSC proliferation and promotedNSCs
differentiation into astrocytes and less into oligodendrocytes or
neurons. The EGFL domain did not affect NSC proliferation, but
promotedNSC differentiation into neurons and reducedNSC dif-
ferentiation into astrocytes and oligodendrocytes. Treatment of
NSCs with � 1 integrin function-blocking antibody resulted in
attenuation of inhibition of the effect of FN6–8 onNSC prolifera-
tion.The influenceofEGFLorFN6–8onNSCsdifferentiationwas
inhibitedby�1 integrinantibodyapplication, implicating�1 inte-
grin in proliferation and differentiation induced by EGFL and
FN6–8mediated triggering of NSCs.

Extracelluarmatrix (ECM)4molecules in the central nervous
system, are secreted fromboth neurons and glial cells and accu-

mulate in the extracellular space (1). ECM constituents play
important roles in synaptic plasticity, formation of develop-
mental compartments, and control of cell adhesion, migration,
and differentiation (2–4). Tenascin-R (TN-R) is an extracellu-
lar matrix glycoprotein, mainly expressed in the central nerv-
ous system and predominantly by differentiating oligodendro-
cytes as well as some interneurons in the spinal cord, retina,
cerebellum, and hippocampus (5–7). TN-R contains a cysteine-
rich amino-terminal region, epidermal growth factor-like
repeats (EGFL), a region consisting of fibronectin type III (FN)
homologous repeats, and a fibrinogen-like domain at the car-
boxyl terminus (Fig. 1) (8, 9). TN-R is a multifunctional mole-
cule withmultiple domains that confer different effects on neu-
ronal cell functions, such as neuronal cell adhesion, neurite
outgrowth, modulation of sodium channels, and synaptic plas-
ticity. The EGFL domain is anti-adhesive formicroglia and hip-
pocampal neurons, whereas the FN6–8 domain promotes
adhesion ofmicroglia or hippocampal neurons (10–14). In vivo
experiments have shown that in TN-R-deficient mice func-
tional recovery after spinal cord injury was better than in wild
type control littermates, and cortical and hippocampal neuro-
nal excitability were enhanced (13, 15, 16). Our previous work
has shown that TN-R plays a role in neuroprotection via
domains EGFL and FN6–8 (14). We have further shown that
TN-R is responsible for radial migration of NSCs of the rostral
migratory stream by attracting NSCs to the olfactory bulb or,
when TN-R secreting fibroblasts are transplanted into the stri-
atum, NSCs are attracted to the source of TN-R expression and
deviate from tangential migration by attraction to the TN-R
source.
The role of TN-R in NSC proliferation and differentiation

has, however, not been explored. NSCs are mainly found in the
subgranular layer of the dentate gyrus of the hippocampus and
in the subventricular zone (SVZ) of the lateral ventricles in the
adult mammalian central nervous system, where they have the
capacity for self-renewal and differentiation into major classes
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of central nervous system cell types, such as neurons, astro-
cytes, and oligodendrocytes (17–19). The most active neuro-
genic region and the richest source of NSCs is the SVZ of the
forebrain, and from the SVZ, newly generated NSCs migrate
long distances to reach their final position in the olfactory bulb
according to a well defined path called the rostral migratory
stream. Cells then shift their migration pattern from the tan-
gential to the radial orientation and finally differentiate into
neurons (18, 20–22). Much evidence has demonstrated the
existence of a “niche,” a specialized microenvironment where
stem cells are located in vivo and that contributes to NSC
migration, proliferation, and differentiation as an extrinsic fac-
tor. Niches are composed of cells that affect NSC behavior by
producing soluble factors (growth factors, chemokines, and
neurotrophins), membrane-bound molecules, and ECMmole-
cules. The developmental program of NSCs is regulated by
these extrinsic factors (23, 24). ECM molecules in the SVZ are
likely to control, at least in part, NSC behavior by instructive
cues. For instance, TN-R mediates activity-dependent recruit-
ment of neuroblasts in the adult mouse forebrain (25). In tena-
scin-C (TN-C)-deficient mice the rate of oligodendrocyte pre-
cursor cell migration increased and the rate of cell proliferation
decreased (25, 26). TN-C contributes to the generation of a
stem cell niche within the SVZ, acting to orchestrate growth
factor signaling so as to accelerate neural stemcell development
(27). However, the functions of distinct domains of TN-C or
TN-R acting as extrinsic factors on NSC behavior have
remained unclear. In particular, the molecular mechanisms of
distinct TN-R domains have not been investigated with regard to
their migration and differentiation into different neural cell types,
suchasneurons, astrocytes, andoligodendrocytes.Thus,we inves-
tigated the consequences of proliferation and differentiation of
NSCs exposed toTN-R. For this study, we chose to investigate the
EGFLandFN6–8domains, because these domains have emerged
as themost effective inmodulation of functional properties of tar-
get cell types, such as neurons, in their capacity to generate
neurites on a uniform substrate or being repelled at a bound-
ary (11, 12, 28–30). Furthermore, the EGFL domain is anti-
adhesive for microglia, whereas the FN6–8 domain pro-
motes adhesion of microglia, whereas domains FN1–2 and
FN3–5 do not affect microglial adhesion (23). Our results
show that both domains modulate NSC proliferation and
differentiation via the cell surface receptor � 1 integrin.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant EGFL and FN6–8 Domains—
Generation and purification of the recombinant EGFL and

FN6–8 domains of mouse TN-R as fusion proteins with GST
were performed as described (11), and the plasmids of pGEX-
EGFL and pGEX-FN6–8 were a kind gift of Dr. Zhi-Cheng
Xiao (Singapore General Hospital, Singapore). The fusion pro-
teins were analyzed for purity by SDS-PAGE (31) and shown to
have a purity of at least 90%.
Neural Stem Cell Culture—Sprague-Dawley rat embryos

(E13–14 days) were stripped of meninges, and coronal sections
(2 mm thick) of tissue containing the SVZ of the lateral ventri-
cles were removed under a dissectionmicroscope andmechan-
ically dissociated into single cells. Cells were seeded into a
6-well plate (Costar), and maintained in DMEM/F-12 medium
containing B27, bFGF (20 ng/ml), EGF (20 ng/ml) (all from
Invitrogen), at 37 °C in an incubator with 5% CO2. Neuro-
spheres formed within 3–5 days were dissociated mechanically
into single cells and seeded into a new 6-well plate. Neuro-
spheres from 3 to 5 passages were used for all experiments.
Cells in the neurospheres were all positive for nestin, a marker
for NSCs.
Proliferation of Neural Stem Cells—Dissociated NSCs

from neurospheres were cultured in DMEM/F-12 medium
supplemented with B27, bFGF (20 ng/ml), and EGF (20
ng/ml) in the presence of GST fusion proteins (GST, EGFL,
and FN6–8, 100 �g/ml, respectively) or seeded onto glass
coverslips precoated with 0.1% poly-L-lysine and GST fusion
proteins (GST, EGFL, and FN6–8, 100 �g/ml, respectively).
After culturing for 12 and 24 h, BrdUrd (5-bromodeoxyuri-
dine, 10 �g/ml) was added into the culture medium and cells
were continuously maintained at 37 °C in a CO2 incubator
up to 36 and 48 h, respectively. Then, cell proliferation on
coverslips was analyzed for BrdUrd incorporation by immu-
nocytochemistry. For the � 1 integrin blocking assay, after
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FIGURE 1. Domain structure of TN-R. Shown from the amino-terminal end
(small oval). The epidermal growth factor (EGF)-like repeats (rhombuses),
fibronectin (FN) homologous domains (hexagons), and the fibrinogen (FG)-
like knob (large oval). Double arrows represent the recombinant proteins pro-
duced in Escherichia coli as GST fusion proteins. B
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FIGURE 2. TN-R domain FN6 – 8 reduces proliferation of NSCs. Single cell
suspensions of NSCs were seeded onto coverslips pre-coated with poly-L-
lysine and maintained in DMEM/F-12 medium supplemented with B27, bFGF,
and EGF for 36 and 48 h. BrdUrd was added to the culture medium 24 h before
fixation of cells and immunostaining for BrdUrd (red) and nuclei (Hoechst,
blue). A, the proliferation pattern of NSCs was measured in the presence of
PBS as vehicle control (a and e), GST (b and f), EGFL (c and g), and FN6 – 8 (d and
h). Fluorescence overlay micrographs are shown. Scale bar (in h) � 25 �m.
B, percentages of BrdUrd� cells within the population of Hoechst� cells are
shown as mean � S.D. **, p � 0.01 versus PBS group; ##, p � 0.01 versus GST
group.
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pre-blocking of cells with 1% bovine serum albumin for 1 h,
NSCs seeded onto coverslips were incubated with a func-
tion-blocking � 1 integrin antibody (50 �g/ml, Pharmingen)
or rabbit IgG (50 �g/ml, Pierce) for 1 h at 37 °C before adding
GST fusion proteins into the culture medium. Three inde-
pendent experiments were performed.
Differentiation of Neural Stem Cells—Neurospheres were

dissociatedmechanically into single cells andmaintained in the
DMEM/F-12mediumwith B27 and 1% fetal calf serum (FCS) at
37 °C in the CO2 incubator for 7 days in the presence of GST
fusion proteins (GST, EGFL, and FN6–8, 100 �g/ml, respec-
tively), or GST fusion proteins (GST, EGFL, and FN6–8, 100

�g/ml, respectively) were precoated onto glass coverslips.
Then, cells were identified for marker protein expression to
identify neurons, astrocytes, and oligodendrocytes by immuno-
cytochemistry. For the � 1 integrin blocking assay, after pre-
blocking of cells with 1% bovine serum albumin for 1 h, NSCs
seeded onto coverslips incubated with a function-blocking � 1
integrin antibody (50 �g/ml, Pharmingen) or rabbit IgG (50
�g/ml, Pierce) for 2 h at 37 °C before adding GST fusion pro-
teins into the culturemedium. Three independent experiments
were carried out.
Immunocytochemistry—Cells on coverslips were washed

with PBS, fixed with 4% paraformaldehyde, blocked with 10%
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FIGURE 3. TN-R domains EGFL and FN6 – 8 affect differentiation of NSCs into neurons. Single cell suspensions of NSCs were seeded onto coverslips
pre-coated by poly-L-lysine and maintained in DMEM/F-12 culture medium supplemented with B27 and 1% FCS. After 7 days cells were immunostained for the
neuronal marker �-tubulin III, for the astrocytic marker GFAP, and for cell nuclei marker Hoechst. A, differentiation pattern of NSCs maintained in the presence
of the PBS control (a), GST (b), EGFL (c), or FN6 – 8 (d). In the fluorescence overlay micrographs �-tubulin III� cells (red), GFAP� cells (green), and Hoechst� cells
(blue) are shown. Scale bar (in d) � 25 �m. B, percentages of �-tubulin III� cells, and C, of GFAP� cells within all Hoechst� cells are shown. Values are shown as
mean � S.D. *, p � 0.05; **, p � 0.01 versus PBS group; #, p � 0.05; ##, p � 0.01 versus GST group.
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normal goat serum in PBS, and incubated with primary anti-
body in 10% normal goat serum at 4 °C overnight followed with
Cy2- or Cy3-labeled secondary antibody (1:1000, Beyotime,
China). As primary antibodies, anti-�-tubulin III (1:1000,
StemCell), anti-GFAP (1:500, DAKO), anti-NG2 (1:200,
Chemicon), anti-nestin (1:300, Chemicon), anti-BrdUrd (1:200,
Santa Cruz), and anti-� 1 integrin (1:200, Chemicon) were
used. Nuclei were labeled with Hoechst 33342 (10 �g/ml,
Molecular Probes). For the BrdUrd assay, cells were incubated
in 2 M HCl for 30 min at room temperature before blocking in
10% normal goat serum. After mounting in fluorescent mount-
ing medium (Beyotime, China), cells were visualized with an
Olympus fluorescence microscope. At least 1000 cells from 10
to 15 viewing fields per group were used to calculate percent-
ages of cells.

Oligodendrocyte Differentiation
Assay—The oligodendroglioma cell
line OLN-93 (32) was used to meas-
ure the effect of EGFL on oligoden-
drocyte differentiation (provided
kindly by Dr. Zhi-Cheng Xiao, Sin-
gapore General Hospital, Singa-
pore). Cells were cultured in
DMEM with high glucose and sup-
plemented with 10% FCS for 6 h at
37 °C in an incubator with 5% CO2.
The culture medium was then
replacedwith freshDMEMcontain-
ing 0.5% FCS, and cells were main-
tained in the presence of EGFL and
GST proteins (100 �g/ml). After 5
days, cells were lysed using 1%Non-
idet P-40 and analyzed for CNPase,
a marker of oligodendrocytes, by
immunoblotting.
Co-immunoprecipitation, GST

Pull-down, and Immunoblot Anal-
ysis—Rat brain Nonidet P-40
lysates (�200 �g) and rabbit IgG
(10 �g) were first incubated with
50 �l of protein A-agarose at 4 °C
for 1 h to reduce nonspecific bind-
ing to the beads. Cleared lysates
were then incubated with the spe-
cific anti-� 1 integrin antibody
(Chemicon) for 1 h at 4 °C and
then with 50 �l of protein A-agar-
ose beads overnight at 4 °C. Beads
were washed, bound proteins were
eluted in 50 �l of gel loading buffer,
separated by 8% SDS-PAGE, blotted
onto nitrocellulosemembranes, and
immunoblotted with anti-TN-R
antibody (1:1000, Santa Cruz). The
immunoprecipitated � 1 integrin
was checked as loading control by
anti-� 1 integrin antibody (1:1000,
Chemicon).

For pull-down analysis, GST fusion proteins (15 �g/ml)
immobilized on glutathione-agarose beads (Sigma) were
incubated with NSC lysates (200 �g of protein) at 4 °C for
16 h. Bound proteins were eluted, resolved by 8% SDS-
PAGE, and processed for immunoblotting with anti-� 1 inte-
grin antibody. GST antibody (1:200, Dragonfly Science) was
used to investigate the GST fusion proteins as loading
control.
Statistical Analysis—Datawere analyzed by one-way analysis

of variance and are expressed as mean � S.D. Significance was
set as p � 0.05.

RESULTS

FN6–8 Domain of TN-R Inhibits the Proliferation of NSCs—
Because NSCs are capable of self-renewal, we first assessed the
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FIGURE 4. TN-R domains EGFL and FN6 – 8 affect differentiation of NSCs into oligodendrocytes. Single cell
suspensions of NSCs were seeded into coverslips pre-coated with poly-L-lysine and maintained for 7 days in
DMEM/F-12 medium supplemented with B27 and 1% FCS. A, fluorescence overlay micrographs showed dif-
ferentiation of NSCs into oligodendrocytes in the presence of the PBS control (a), GST (b), EGFL (c), or FN6 – 8 (d).
Immature oligodendrocytes are identified with antibodies to NG2 (green) and more mature oligodendrocytes
are identified with antibodies to CNPase (red). Cells were counterstained with Hoechst (blue). Fluorescence
overlay micrographs are shown. Scale bar (in d) � 25 �m. Percentages of NG2� cells (B), CNPase� cells (C), and
NG2� and CNPase� cells (D) of Hoechst� cells are shown. Values are shown as mean � S.D. *, p � 0.05; **, p �
0.01 versus PBS group; #, p � 0.05; ##, p � 0.01 versus GST group.
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influence of TN-R EGFL and FN6–8 domains on NSC prolif-
eration by measuring the extent of BrdUrd incorporation into
NSCs obtained by dissociation of neurospheres. After mainte-
nance of NSCs in culture for 36 or 48 h the percentage of pro-
liferating cells as measured by incorporation of BrdUrd was
decreased by FN6–8, when compared with cells treated with
culture medium on GST or PBS (Fig. 2, A and B). EGFL did not
show a significant difference in the percentage of the BrdUrd
positive cells when compared with the culture medium and
GST controls (Fig. 2, A and B). The effects of GST fusion pro-
teins on NSCs proliferation in solution were the same as pre-
coated on coverslips (data not shown, see supplemental Fig. S1).
These results indicate that the FN6–8 domain of TN-R inhibits
the proliferation of NSCs.
TN-R Domains EGFL and FN6–8 Regulate NSC Dif-

ferentiation—We next tested whether EGFL and FN6–8
influence the differentiation of NSCs. Single cell suspensions
of NSCs were plated onto coverslips precoated with poly-L-
lysine and maintained in DMEM/F-12 culture medium sup-
plemented with B27 and 1% fetal calf serum for 7 days in the
presence of soluble proteins, with PBS as a control (Fig. 3A).
Cells were then fixed and subjected to immunocytochemis-
try using antibodies to �-tubulin III and GFAP, to label neu-
rons and astrocytes, respectively. In the presence of EGFL
the percentage of �-tubulin III-positive cells was increased

by a factor of 2, from �8 to �16%,
when compared with controls
(PBS and GST) (Fig. 3B). FN6–8
decreased the percentage of �-tu-
bulin III-positive cells from �8 to
�6%, when compared with the
controls (Fig. 3B). Differentiation
of NSCs into GFAP� cells was
slightly decreased from �80 to
70% of all cells (Fig. 3C). In the
presence of FN6–8 differentiation
into GFAP positive cells was
slightly increased (from �80 to
90% of all cells) (Fig. 3C). These
observations indicate that EGFL
enhances NSCs differentiation
into neurons at the expense of
astrocytes, whereas FN6–8
enhances NSC differentiation into
astrocytes at the expense of
neurons.
We next tested whether EGFL

and FN6–8would influence the dif-
ferentiation of NSCs into oligoden-
drocytes. Single cell suspensions of
NSCs were plated onto coverslips
precoated with poly-L-lysine and
cultured in DMEM/F-12 medium
supplemented with B27 and 1%
fetal calf serum in the presence of
PBS vehicle control and GST,
EGFL, and FN6–8 for 7 days,
when cells were fixed and sub-

FIGURE 5. TN-R domain EGFL inhibits differentiation of OLN-93 cells.
A, single cell suspensions of OLN-93 cells were seeded into plastic dishes
and maintained for 5 days in DMEM supplemented with 10% FCS (a) or
DMEM supplemented with 0.5% FCS (b). Scale bar (in b) � 25 �m. B, single
cell suspensions of OLN-93 cells were maintained in DMEM supplemented
with 10% FCS or 0.5% FCS and PBS vehicle as control, GST, or EGFL. Cells
were then harvested and the levels of CNPase in detergent lysates were
determined by Western blot analysis using antibody to CNPase and actin
as loading control.

FIGURE 6. TN-R domains EGFL and FN6 – 8 co-immunoprecipitate with �1 integrin. A, expression of � 1
integrin in neurospheres derived from NSCs is shown by double-labeling for nestin (a) and � 1 integrin (b).
The fluorescence overlay is shown in panel c. Scale bar (in c) � 25 �m. B, antibodies to � 1 integrin
co-immunoprecipitate TN-R from detergent lysates of adult rat brain. Sepharose-protein A beads and
beads coated with rabbit IgG were used as negative controls. Immunoprecipitates (IP) were resolved by
8% SDS-PAGE and immunoblotted with rabbit anti-TN-R antibody. For control, rat brain lysate was loaded
in the same gel for a comparison. C, pull-down of � 1 integrin from detergent lysates of NSCs seeded into
plastic dishes and maintained in culture medium for 7 days. Lysates were incubated with glutathione-
agarose beads coated with GST-EGFL, GST-FN6 – 8, or GST. Bound proteins were eluted from the beads,
resolved by 8% SDS-PAGE, and immunoblotted (IB) with antibodies to � 1 integrin. Rat brain lysate was
loaded in the same gel as positive control. Anti-GST antibody was used to clarify that GST fusion proteins
bind to the beads, as loading control.
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jected to immunocytochemistry using antibodies to chon-
droitin sulfate proteoglycan NG2 and CNPase to mark oli-
godendrocyte progenitor cells and more mature
oligodendrocytes, respectively (Fig. 4). EGFL increased the
percentage of NG2 positive cells from 5 to 6% in the control
to �11% (Fig. 4B), whereas it decreased the percentage of
CNPase positive cells from 5 to 6% to about 2% (Fig. 4C).
FN6–8 slightly decreased the percentage of NG positive
cells versus the controls (from 5–6% to �3%) and reduced
the percentage of CNPase-positive cells to approximately
the same level as achieved by EGFL (Fig. 4C). These obser-
vations suggest that EGFL favors the existence of NSCs in
the oligodendrocyte progenitor stage rather than the more
differentiated state. The results also show a tendency for
FN6–8 to reduce a percentage of cells in the oligodendro-
cyte progenitor state, but less so at the expense of the more
mature state than seen with EGFL. We suggest that FN6–8
reduces the differentiation of NSCs into the oligodendrocyte
lineage (Fig. 4D). The effects of GST fusion proteins on NSCs
differentiation were the same with that of GST fusion pro-
teins precoated on coverslips (data not shown, see supple-
mental Figs. S2 and S3).
To further elucidate the effect of EGFL on the differentia-

tion of oligodendrocytes, we took advantage of the oligoden-
droglioma cell line OLN-93, which proliferates when cul-
tured in DMEM with 10% fetal calf serum (Fig. 5A, panel a),

but when maintained in DMEM
culture medium with 0.5% fetal
calf serum, cells are induced to dif-
ferentiate morphologically (Fig.
5A, panel b) as previously
observed (33). To test whether
EGFL inhibits differentiation of
these cells into mature oligoden-
drocytes, EGFL was added to the
culture medium when it was
changed from the 10% fetal calf
serum supplement to the 0.5%
fetal serum supplement. After 5
days in the presence of soluble
EGFL the expression level of
CNPase was tested by immuno-
blotting (Fig. 5B). In the presence
of EGFL, CNPase expression was
indeed reduced when compared
with the PBS vehicle control and
GST. The level CNPase expression
in the presence of EGFL in 0.5%
fetal calf serum was similar to the
level of CNPase expression in 10%
fetal calf serum (Fig. 5B). These
observations support the interpre-
tation that EGFL inhibits differen-
tiation of progenitor cells into
oligodendrocytes.

� 1 Integrin Associates with
EGFL and FN6–8—To investigate
whether the effects seen with EGFL

and FN6–8 on proliferation and differentiation were mediated
by � 1 integrin, the cognate receptor for TN-R (34, 35), we first
studied the expression of � 1 integrin by NSCs using immuno-
cytochemistry. Neurospheres labeled with nestin and � 1 inte-
grin antibody showed expression of � 1 integrin (Fig. 6A). Co-
immunoprecipitation experiments using � 1 integrin
antibodies on detergent lysates of adult rat brain showed asso-
ciation of � 1 integrin with TN-R (Fig. 6B). Pull-down experi-
ments using Sepharose beads coated with GST-EGFL, GST-
FN6–8, or GST showed that both EGFL and FN6–8 interact
with � 1 integrin (Fig. 6C).
FN6–8 Inhibits Proliferation of NSCs via � 1 Integrin—We

then studied whether � 1 integrin mediates the inhibition of
NSC proliferation by FN6–8. Single cell suspensions of NSCs
were seeded onto glass coverslips precoated with poly-L-lysine
andmaintained inDMEM/F-12 culturemedium supplemented
with B27, FGF2, and EGF in the presence of FN6–8 (Fig. 7A)
under the same conditions as shown for Fig. 2. In the absence of
FN6–8 neither antibodies to � 1 integrin nor irrelevant rabbit
IgG affected NSC proliferation when compared with the PBS
vehicle control (Fig. 7B). In the presence of antibodies to � 1
integrin, the inhibition of proliferation of NSCs induced by
FN6–8was neutralized to control levels (Fig. 7B). These obser-
vations suggest that FN6–8 inhibits the proliferation of NSCs
via � 1 integrin.
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EGFL and FN6–8 Influence NSC Differentiation via � 1
Integrin—We investigatedwhether�1 integrin alsomediates the
effects of EGFL andFN6–8onNSCdifferentiationusing� 1 inte-
grin blocking antibodies (Fig. 8). � 1 Integrin antibodies were

added to the cultures of NSCmonolayers as described in the leg-
end to Fig. 3. Neurons were immunolabeled with antibodies to
�-tubulin III and astrocytes with antibodies to GFAP (Fig. 8A).
The percentage of neurons that was increased by EGFL in the
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absence of antibodies to � 1 integrin was reduced when � 1 inte-
grin antibodies were applied in the presence of EGFL (Fig. 8B).
Similarly, the reduction of differentiation of NSCs into �-tubulin
III-positive cells in the presence of FN6–8wasneutralized to con-
trol levels in the presence of antibodies to � 1 integrin (Fig. 8B).
Also, the reduction of differentiation into GFAP-positive cells by
EGFL and enhancement of differentiation into astrocytes by

FN6–8 was neutralized in the presence of antibodies to � 1 inte-
grin (Fig. 8C). The effects of EGFL and FN6–8 on the differentia-
tion of NSCs into oligodendrocyte progenitor cells and oligoden-
drocyteswere also neutralized by antibodies to� 1 integrin (Fig. 9,
A–C). These observations suggest that all effects inducedbyEGFL
andFN6–8withregard todifferentiation intoneurons, astrocytes,
and oligodendrocytes are mediated by � 1 integrin.
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DISCUSSION

In the present study we have taken the first steps toward
dissecting the functional influence of TN-R on neural stem
cell differentiation into different cell lineages with a focus on
the two major domains of TN-R, the EGFL and the FN6–8.
TN-R has been implicated in multiple cellular processes in
the central nervous system. It already acts early in neural
development in guidance of neural precursor cells of the
subventricular zone and rostral migratory stream to engage
in radial migration to the olfactory bulb, by its capacity as
chemoattractant (7, 25, 27). TN-R is present in perineuronal
nets, a feature that may be related to its capacity to bind to
voltage-dependent Na� channels and, by homology, also to
voltage-dependent Ca2� channels (36, 37). TN-R affects
neurite outgrowth in a positive manner in vitro, when coated
as a uniform substrate (10, 11), but repels growth cones in
boundary with a conductive substrate, such as laminin (29,
38). TN-R also influences oligodendrocyte and microglial
adhesion and repulsion (14, 39). TN-R acts as an intrinsic
autocrine factor for oligodendrocyte differentiation and pro-
motes cell adhesion by a sulfatide-mediatedmechanism (40),
an observation that appears relevant with regard to the local-
ization of TN-R at nodes of Ranvier where it accumulates
after termination of the myelination process (6, 41). The
immunoglobulin superfamily and L1 family member contac-
tin/F3, mainly expressed by neurons, has been described as a
receptor for TN-R on neurons (11, 12, 42). TN-R also inter-
acts with chondroitin sulfate proteoglycans that are enriched
in perineuronal nets surrounding subpopulations of inhibi-
tory interneurons (43). The involvement of these different
receptors and binding partners for TN-R in mediating its
functional properties has, however, remained largely unex-
plored. Furthermore, the question as to which domains of
this multifunctional molecule are involved in distinct func-
tions and which are the receptors for these domains are not
known.
We have investigated one aspect of TN-R function with

regard to the differentiation of NSCs in vitro by focusing on
the differential functions of the two major domains of this
molecule, namely EGFL and FN6–8, which have previously
been shown to be functionally predominant and diversely
acting domains (11, 12, 14, 28). The two domains affect the
functional status of NSCs in distinct ways: proliferation is
reduced by FN6–8, whereas differentiation into neurons is
enhanced and reduced by FN6–8 at the expense of differen-
tiation into astrocytes in a complementary manner; and the
enhancement of differentiation into neurons leads to a
reduction in differentiation into astrocytes. Vice versa,
FN6–8 reduces differentiation into neurons, but enhances
differentiation into astrocytes. Similar effects of EGFL and
FN6–8 were observed in maintenance of progenitor cells at
the expense of differentiated cells in the presence of EGFL,
being counteracted by FN6–8. Interestingly, embryonic
stem cells transfected to overexpress TN-R as a full-length
molecule enhance differentiation of precursor cells into neu-
rons as measured in a quinolinic acid excitotoxic lesion par-
adigm in the adult mouse (44). All these functions appear to

bemediated by � 1 integrin, which is well expressed by NSCs.
Both EGFL and FN6–8 interact with � 1 integrin on all three
cell types, namely neurons, astrocytes, and oligodendro-
cytes. Furthermore, proliferation of NSCs influenced by
FN6–8 is mediated by � 1 integrin. The question now arises
how � 1 integrin can mediate such diverse effects on NSCs.
We can speculate that different �-subunits associating with
� 1 integrins could be one possibility. Another possibility is
that the same �/� integrin pair interacts with distinct cell
surface receptors in the plasma membrane of one cell. Can-
didates for such interactions are the immunoglobulin super-
family adhesion molecule L1, the close homolog of L1
(CHL1), CD9, sulfatide, and others. The combinational vari-
ations in such receptor agglomerations may thus determine
signal transduction mechanisms, alternately influencing the
proliferative state and differentiation of NSCs. The question
remains how such differences arise in a progenitor popula-
tion that is homogeneous in its expression pattern. Whether
this homogeneity is indeed high is questionable, and we thus
assume that small, yet decisive heterogeneity in cell popula-
tions exist in the progenitor pool that influences the suscep-
tibility to different ligands, such as EGFL and FN6–8 on the
basis of the receptor combination at the cell surface of the
progenitor populations. The investigation of this question
and a better understanding of the signal transduction mech-
anisms of a possibly heterogeneous progenitor population
should prove useful in controlling stem cell behavior in spe-
cific areas of the central nervous system and should offer
further hopes for manipulating progenitor cells for trans-
plantation in the treatment of central nervous system disor-
ders.
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