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Summary

Stem cells in the embryonic mammalian CNS are initially which normally promote and inhibit acquisition of the EGF
responsive to fibroblast growth factor 2 (FGF2). They then receptor, respectively. Tenascin C-deficient mice also have
undergo a developmental programme in which they altered numbers of CNS stem cells and these stem cells have
acquire epidermal growth factor (EGF) responsiveness, an increased probability of generating neurones when
switch from the production of neuronal to glial precursors  grown in cell culture. We conclude that tenascin C
and become localized in specialized germinal zones such ascontributes to the generation of a stem cell ‘niche’ within
the subventricular zone (SVZ). Here we show that the SVZ, acting to orchestrate growth factor signalling so
extracellular matrix molecules act as regulators of this as to accelerate neural stem cell development.
programme. Tenascin C is highly expressed in the SVZ,

and transgenic mice lacking tenascin C show delayed

acquisition of the EGF receptor. This results from  key words: Tenascin C, Growth factor, Proliferation, Differentiation,
alterations in the response of the stem cells to the growth Neurogenesis, Gliogenesis, Stem cell, Central nervous system,
factors FGF2 and bone morphogenic protein 4 (BMP4), Neurosphere

Introduction important not only because of their central role in CNS

As development proceeds and the CNS becomes a complgvelopment but also because an understanding of the
three-dimensional structure, the neural stem cells that generdf¢chanisms underlying the expansion and differentiation of
all three major cell lineages in the CNS, neurones, astrocyté@ural stem cells is important for therapeutic strategies based
and oligodendrocytes, become restricted to specialise®f? Cell replacement. _ _
germinal zones. These constitute the ventricular zone (VZ) in At the present time, the best-studied factors regulating
embryonic development and the sub-ventricular zone (SVZ) ipeural stem cell behawc_)ur'are the growth factors. Epidermal
later embryonic and postnatal CNS, with the latter persistir;?rOWth factor (EGF), basic fibroblast growth factor (FGF2) and
throughout adult life (Altman and Bayer, 1990a; Altman andfansforming growth factor alpha (T@} are mitogens for
Bayer, 1990b; Gates et al., 1995; Doetsch et al., 1997). Withi#eural stem cells both in vivo and in vitro (Richards et al.,
these regions, which are analagous to the stem cell nich&§92; Kilpatrick and Bartlett, 1993; Gritti et al., 1996; Gritti
described in other tissues (Whetton and Graham, 1999; Wt al., 1999). Other growth factors including bone morphogenic
and Hogan, 2000), stem cells divide either to increase the sipgoteins (BMPs), platelet-derived growth factor, ciliary
of the neural stem cell pool or to generate committed precursgurotrophic factor and brain-derived neurotrophic factor can
cells for neural or glial cell lineages. These different daughteiegulate stem cell differentiation (Gross et al., 1996; Johe et
cell populations appear to be generated largely sequential§l., 1996; Benoit et al., 2001). The timing of growth factor
with an expansion phase followed by neurogenesis and thé@sponses reflects a changing pattern of growth factor receptor
gliogenesis (Temple, 2001). At the same time, the cellulagxpression during neural stem cell development, driven, at least
identities of the neural stem cells themselves appears to part, by the growth factors themselves. Early embryonic
change, and are currently thought to be found within a lineageeural stem cells respond only to FGF2 whereas late
encompassing neuroepithelial cells, radial glial cells ang@mbryonic and adult neural stem cells are responsive to both
astrocytes, all of which show stem cell properties at differenffGF2 and EGF (Reynolds and Weiss, 1992; Kilpatrick and
developmental stages (Alvarez-Buylla et al., 2001; DoetscHBartlett, 1995; Burrows et al., 1997; Qian et al., 1997; Alvarez-
2003). However, the mechanisms that regulate these stem cBliylla and Temple, 1998), with the acquisition of EGF-
developmental programmes within the microenviroments ofesponsiveness stimulated by FGF2 and inhibited by BMP4
the VZ and SVZ are incompletely understood, and aréLillien and Raphael, 2000). The BMPs have been shown to
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promote proliferation, apoptosis or terminal differentiation of(Sigma)/50% Ham’'s-F12 (Sigma) medium with B27 supplement
neural stem cells into either neurons or glial cells afGibco) in the presence of 0.2 to 20 ng/ml FGF2 (Peprotech) or 0.2 to
progressively later stages of embryonic development (Grahag® ng/ml EGF (Calbiochem). For all experiments with FGR2g/nl

et al., 1996: Gross et al., 1996; Furuta et al., 1997: Li et alleparin (Sigma) was added. Where appropriate, human recombinant
1998, Panchision et al., 2001). During the expansion phase BMP4 (R&D Systems) at 10 ng/ml or TNC purified from neonatal

neural stem cell development, precursor cells expreégouse brains by immuno-affinity column chromatography (Faissner

BMPRIA and fespond o BMP by prolfferation and by ana K14, 1990) was also added. For the clonal densiy experimens,

upregulation of a second BMP receptor, BMPR1B. This

receptor triggers mitotic arrest once levels exceed that @mplification of TNC mRNA by reverse transcription-

BMPR1A, so initiating the differentiation phase of neural sterrpolymerase chain reaction (RT-PCR)

cell development (Panchision et al., 2001). RNA from wild type or TNC null neurospheres was isolated using the
The soluble and diffusible properties of growth factors maké&Neasy Mini kit (Qiagen) and reverse-transcribed using First-Strand

them capable of signalling over a long range. The restricteéPNA synthesis kit (Pharmacia Biotech). PCR reactions were then

localization of neural stem cells in embryonic and postnatdterformed with 10 pmol of oligonucleotides hybridizing to therid

development, and their developmental regulation independentgf the fifth and the '3end of the sixth conserved fibronectin type-Ii|

: : ain of mouse TNC (BCAC GTG TGA AGG CAT CCA CG-3
adjacent regions of the CNS, therefore suggests the presenc ag)g]S-TAT CCT TCG GAG AAC CCA TGG C-3, with a 5 minutes

”.‘eCh"’!”'SmS whose role is to_ restrlct or ampl_lfy growth faCtOEIenaturation step at 95°C followed by 35 cycles of 1 minute at 95°C,
signalling. One such mechanism is the secretion of short-rangeminutes at 60°C, and 2 minutes at 72°C and a final extension step
inhibitory factors such as the BMP inhibitor, noggin. Theat 72°C for 10 minutes.

production of noggin by ependymal cells prevents adjacent

neural stem cells from responding to the gliogenic properties &ferial dilution assays to measure neural stem cell

BMPs in the adult mouse SVZ, so generating a restricte@umbers

neurogenic environment (Lim et al., 2000). Another potentiaSeria}l_dilution analysis to analyse neural stem _ceII numbers in a
mechanism is the distribution of extracellular matrix (ECM)SPecified number of cells was performed according to Bellows and
molecules. One of these, tenascin C (TNC), is highly express bin (Bellows and Aubin, 1989) with minor modifications from

s : ropepe et al. (Tropepe et al., 1999). Cells isolated from PO cortical
\ivgglsn th%\?(\:/Z througho:Jt POStrrlat%l ind .adUIt tl)lfetrfGatg_S ettlal'and striatum using papain and mechanical dissociation were plated in
)- can control ce ehaviour - bo INCIFECHY 96._well microwell plates containing either EGF (20 ng/ml) or FGF2

by binding other matrix components and also directly by ng/mi), with 4000 cells per well in 400 of media. Serial
interactions with specific cell surface receptors (Jones and Jonggutions were then made to obtain final cell numbers from 2000
2000). We have recently shown that TNC null mice show a lowedelis/well to 1 cell/well in 20Qul media. After 7 days the number of
level of oligodendrocyte progenitor proliferation as a result obpheres (nsph) per well was quantified and plotted against the number
reduced sensitivity to the mitogen PDGF (Garcion et al., 20019f cells plated (ncp) per well. The slope of the regression line obtained
This evidence that TNC normally amplifies the mitogenic rolgor each cell population reflects the proportion of neurosphere forming
of PDGF during the development of myelin-forming cellsCells (stem cells) present in the entire original cell suspension. For the

suggests that TNC and other ECM molecules present in germirgf22? B P22 TR ey U B8 Ve B0 o e fom the.
zones of the CNS could play a role in restricting or amp“fquiissociation was serially diluted in a 96-well plate in twofold steps

grpvvth factor responses in. neural stem C.e”S' Hereﬁ we exami h a final volume of 20Qul. Growth media contained FGF2 (20
this hy_pothe5|s_ _by analysing the behawour_of \_Nlld-type angig/ml) and Heparin (fig/ml) or EGF (20 ng/ml). After 7 days the
tenascin C-deficient neural stem cells both in vivo and wheRighest dilution at which one or more neurospheres was observed in
grown in cell culture as neurospheres. the culture well was determined.

Materials and methods Immunohistpchemistry and Westerh blotting _ .
) Frozen sections from snap frozen tissues were thawed and fixed in 4%
Animals paraformaldehyde (PFA) in PBS for 10 minutes, then incubated for 1
TNC null mice were derived from the original stock described by Saghour in blocking solution containing 10% normal goat serum (Sigma),
et al. (Saga et al., 1992) with age-matched wild-type mice having t% bovine serum albumin (BSA, Sigma) and 0.1% Triton X-100
same C57BI/6dCBA background, or (for the immunostaining (Sigma) in PBS. For EGF receptor immunostaining, a rabbit
experiments) from mice backcrossed onto a 129 background for pblyclonal anti-EGF receptor (sc-03, Santa Cruz Biotechnology) at
least 14 generations as described previously (Kiernan et al., 1999)Y100 dilution in 4% BSA and 0.1% Triton X-100 in PBS was used
The genotype was determined by PCR analysis of genomic DNA fromvernight at 4°C followed by a biotin-conjugated anti-rabbit antibody
tails using the following primers (Sigma-Genosys}G&RAA GTC (Vector, 1/100 dilution) and TRITC-conjugated streptavidin
ACT AGA AAC TAG TGG ACA ACT C-3 and 3-AAG ATG CCT (Amersham, 1/100). For detection of radial glia, the RC2 monoclonal
GGC AGT AGC CAG GTC AC-3(TNC); and 5CTC CAT GCT  antibody (Edwards et al., 1990) was used at 1/100 dilution followed
TGG AAC AAC GAG CGC AGC-3(lac2). LacZ expression in by FITC-conjugated anti-mouse IgM secondary antibody (Sigma,
sections was detected by X-gal staining solution [containing 2 mM/100). The antibody was obtained from the Developmental Studies
MgCl2, 5 mM KsFe(CN)}, and 5 mM 0.02% NP-40, and 1 mg/ml X- Hybridoma Bank developed under the auspices of the National

gal (5-bromo-4-chloro-3-indolyl-D-galactoside)] (Sigma). Institute of Child Health and Human Development (NICHD) and

] ) maintained by the University of lowa, Department of Biological
Cell culture of primary embryonic and postnatal neural Sciences (lowa City, IA, USA). Slides were finally counterstained
stem cell-derived neurospheres with DAPI (1/1000, Sigma) and mounted in ImmunoFloure mounting

Telencephalic vesicles from E10.5 embryos, and striatum and/or cortexedium (ICN). For Western blotting we used the polyclonal
from E12.5 embryos or newborn animals (plug day designated E@abbit anti-EGF receptor at 1/500 and a polyclonal donkey
were dissociated and neurosphere forming cells grown in 50% DMEMorseradishperoxidase-linked anti-rabbit at 1/2000 (Amersham).
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After 3-7 days culture, neurospheres were washed with cell wasshown that TNC is expressed during CNS development from
buffer (50 mM Tris-HCI pH 7.5, 0.15 M NaCl, 1 mM CaCl mM  E10 onwards (Sheppard et al., 1991; Kawano et al., 1995; Gotz
MgCl2) and lysed on ice for 30 minutes in extraction buffer (cell washet al., 1997). To confirm expression in the embryonic SVZ, we
buffer plus 0.5% NP40, 2 mM PMSF,@/ml leupeptine, 2ig/ml performedB-galactosidase staining on sections from TNC null
aprotinin, 1pg/ml pepstatin A, 2 mM sodium fluoride, 2 mM sodium ice \which were created by the insertion deZ cassette
vanadate and 4 mM sodium pyrophosphate). After clarification b)Ovithiryl the TNC gene. We found transgene expression within

centrifuging at 16,00@ for 10 minutes at 4°C, the sample Iysatesth itheli t st duri hich .
were then adjusted to 1@ of protein per lane and run on SDS-PAGE € neuroepithelium at stages during which neurogenesis

gels under reducing conditions. Proteins were transferred and detec@gcurs (E14.5, not shown) and also within the SVZ at later

using ECL (Amersham). stages during which gliogenesis occurs (E17.5) (Fig. 1A,B).
o To examine the hypothesis that TNC within the VZ and SVZ
Cell proliferation assay regulates the response of neural stem cells to growth factors

Proliferation within neurospheres grown for 7 days in the presence @fe examined the timing of the acquisition of EGF receptors
FGF2 or EGF was assessed by measuring bromodeoxyuridine (BrdKEGFRs) in the embryonic CNS in vivo by comparing TNC-

incorporation after addition to the culture medium for 2 hours. Tojeficient mice with their heterozygote littermates. Previous
count labelled cells, neurospheres were dissociated with trypsifgo . has established that EGFR expression first occurs
EDTA (Sigma), plated onto poly-D-lysine-coated slides and fixed NHetween E11 and E14 (with the plug date being considered E1)

ethanol 95%/acetic acid 5% for 20 minutes at —20°C, following ) . .
which cells could be immunolabelled for BrdU using an (Burrows et al., 1997; Kornblum et al., 1997; Kalyani et al.,

immunofiuorescence assay kit (Roche) as previously described?99; Tropepe et al, 1999) and is promoted by FGF2
(Garcion et al., 2001). After counterstaining with propidium iodide@nd inhibited by BMP4, both of which are present in the
(P1, 1/1000, Sigma), the number of BrdU+ cells as well as the numbgleveloping CNS (Lilien and Raphael, 2000). Using

of PI+ cells were counted in at least five different fields usirngta  immunohistochemistry, we found that EGFR expression was
objective (corresponding to more than 500 cells) in at least thregelayed in TNC null mice as compared with their normal

independent experiments for each condition. littermates. At E12.5 (with the plug date being considered EO
- in all our experiments) EGFR immunostaining was evenly
Radial glia assay distributed in the developing cortex of heterozygous mice (Fig.

The radial glia assay was performed as described previously : ; .
Hartfuss et al. (Hartfuss et al., 2001). In brief, telencephalic vesiclé%.Whereas no labelling was observed in TNC null littermates

were dissected out and dissociated. For E10.5 and E13.5 whaig'9: 2). EGFR_ |mmun0react|V|ty was, however, observed in
vesicles were pooled together, whereas for E18.5 and PO striatum ait T NC null mice at later time points from E17.5 to postnatal
cortex were treated separately. Cells were resuspended in 1098y (P)17. The distribution was similar in both heterozygous
FCS/DMEM and plated on PDL slides for 2 hours followed by a 10and null littermates (Fig. 2), becoming restricted to the
minute fixation in 4% PFA/PBS. After this, immunocytochemistry dorsolateral part of the SVZ (Fig. 2) where TNC mRNA and
was performed using the RC2 monoclonal antibody to detect radi@rotein is also expressed.

glia cells (Edwards et al., 1990). The proportion of RC2+ cells was To confirm the differences in the timing of EGFR expression
calculated in at least three animals at each age, and significange neural stem cells suggested by the expression data in the
calculated using Studentsest. TNC-deficient mice, we performed cell culture experiments in
Neurosphere-derived cell differentiation assay which telencephalic cells from E10.5 mice were grown at

After seven days of culture, neurospheres derived from cortex &Ional density .to. genera}te neurospheres. These are aggregates
striatum were plated onto poly-D-lysine-coated slides withouOf cells comprising a mixture of the stem and precursor cells
mitogens in 50% DMEM/50% F12 medium with B27 supplement andound in the germinal regions of the CNS (Reynolds and Weiss,
0.5% horse serum, and allowed to adhere for 6 days. During this tin%92) that derive from single neural stem cells when
cells migrate out of the sphere and differentiate. For the rescudissociated cells are grown at clonal density (as described in
experiments using exogenous TNC, immunopurified mouse TNC wadlaterials and methods). As a consequence, the number of
added throughout both stages of the culture at a concentration ofnkurospheres obtained in these clonal density cultures provides

Hg/ml. The cultures were then fixed in 4% PFA and processed fof measure of neural stem cell number in the cell population.
immunofluorescence as previously described (Garcion et al., 2001).

The following antibodies were used: mouse monoclonal (HHti-
tubulin (33-tub, 1/500, Sigma), rabbit polyclonal anti-glial fibrillary
acidic protein (GFAP, 1/750, DAKO), rat polyclonal anti-myelin A
basic protein (MBP, 1/100, Serotec) and mouse monoclonal ant _?
galactocerebroside-C  (Gal-C, 1/50, Sigma). Slides wer¢ B v, V
counterstained with DAPI (lug/ml, Sigma) and mounted in SVZNE
Immunofloure mounting medium (ICN). Quantification of each cell v ¥ N AL,
type (neurons f3-tub+, astrocytes - GFAP+ and oligodendrocytes i 5 ol
Gal-C or MBP+) was assessed in three independent experiments < |
analysing 10 different fields within the rim of migrating cells using a — —}
x40 objective and OpenLab software (Improvision).
Fig. 1. Expression of tenascin C (TNC) in subventricular zone (SVZ)
cells revealed biacZ expression from the transgene in TNC
Results heterozygous mice. This was observed within the regions
. S surrounding the ventricle (V) at E17.5, shown in A. (B) The higher
Regulation of EGFR acquisition in neural stem cells level oflacZ expression in the SVZ as compared with the ventricular
by TNC zone (VZ) immediately adjacent to the ventricle. Scale barsp250
Immunohistochemistry and in situ hybridization studies havin A; 40pm in B.
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TNC is essential for the timely expression of the EGFR in
neural stem cells, and is sufficient to rescue the abnormality
seen in neural stem cell development in the TNC null mice.

Taken together, the experiments above show that the
expression of the EGFR in neural stem cells is delayed by the
absence of TNC. Previous work has shown that EGF receptor
expression is stimulated by FGF2 and inhibited by BMP4
(Lillien and Raphael, 2000). If, as we have hypothesised, TNC
regulates neural stem cell development by modulating growth
factor signalling then we would predict changes in the response
to the effects of FGF2 and/or BMP4 in the TNC null cells. We
therefore examined neural stem cell proliferation and EGFR
expression in response to FGF2 and BMP4, respectively in
wild-type and TNC-deficient cells. As shown in Fig. 4A-B,
E12.5 and PO cells from wild-type mice proliferate more than
TNC null cells in response to FGF2, showing that TNC
enhances FGF2 signalling in neural stem cells.

We investigated the effect of TNC deficiency on BMP4
signalling by examining EGF receptor expression in response
to FGF2 in the presence or absence of exogenous BMP4. With
E12.5 cells (as opposed to the E10.5 cells examined earlier),
EGFR expression was detected in both wild-type and TNC-
deficient cells after 3 days of culture in response to 20 ng/ml
FGF2 and after 7 days of culture in response to 2 ng/ml FGF2
(Fig. 4C). Similar results were obtained with PO neural stem

ells (Fig. 4C). Unlike the experiments performed with E10.5
in tenascin C (TNC) null brains. At E12.5, note the absence of EGF eural stem cells, no differences in the expression of EGF

immunostaining in the TNC null mice (K/O, B), whereas EGFR is receptors were foun.d in response to FGF2 be.tW?e” W"‘?' type
present in their heterozygous littermates (+/—, A). At later stages ~ and TNC null cells in E12.5 and PO cells. This is consistent

(E17.5, C,D; P17, E,F), similar patterns of EGFR immunolabelling With our immunocytochemical experiments showing normal
are observed in homozygous and heterozygous animals. Similar EGFR expression at later embryonic stages in TNC null mice

results were observed in three sets of littermates. Scale bajsm100
in A,B; 200um in C,D; 80um in E,F.
=1 [ mwT B 4. 1INC
w{ T [2K/O 0 10 0 10 pg/ml
I % n‘ v ‘-‘ﬂ

170 kDa EGF receptor

Fig. 2. Acquisition of the epidermal growth factor receptor (EGFR —
shown in red with nuclei counterstained in blue) by NSCs is delaye

>

We observed that neurospheres grew in FGF2 in simile
numbers from wild type and TNC null mice (Fig. 3A). In the

7507

presence of EGF small numbers of neurospheres could also |
obtained from wild-type cells, consistent with previous work =1 —d i T
showing that the EGF-responsive neural stem cell populatic 250 . B-actin

is present at this stage of embryonic development, but is mut -

smaller than the FGF-responsive population. However, n

neurospheres formed from TNC-deficient cells at this stag FGF-2 EGF

(Fig. 3A), confirming that the EGF-responsive neural stem CeFig 3. (A) Numbers of neurospheres from E10.5 rostral
Pnoi(p:)éllatlon Is not yet present at this stage in the TNC_deﬂc'eltelencephalic vesicles of wild type (WT) or tenascin C (TNC) null

. mice (K/O) grown for seven days in the presence of either fibroblast
To show that the failure to express the EGFR and r('3"':’p0rgrowth factor (FGF2) or epidermal growth factor (EGF) (20 ng/ml).

to EGF at E10.5 was caused directly by the loss of TNC, Wte the lack of EGF-responsive neural stem cells in TNC null cells
performed rescue experiments by adding back exogenous Thas demonstrated by the absence of neurosphere formation in EGF.
to cultures of telencephalic cells. To detect the earliesResults represent mesme.m. of three independent experiments
responses in the TNC-deficient cells we used a biochemic(Student's-test: #<0.001). (B) E10.5 neurospheres were grown for
endpoint for these experiments (expression of the EGFS days from heterozygous (+/~) or TNC null (-/-) cells in the
detected by Western blotting) rather than subsequeiPresence of FGF2 (20 ng/ml) and O ondml TNC as indicated.
neurosphere formation in the presence of EGF. Heterozynghe Figure shows 4 gel lanes from the same Western blot analysis of
E10.5 cells expressed EGFR in response to FGF2 (Fig. 3B) neurosphere proteins using antibodies against the EGFR, Wlth a Io_ng
described previously for wild-type cells (Ciccolini and’ exposure required to visualise the low levels of EGFR protein at this

I -~ ~ developmental stage. Note that EGFR is detected in heterozygous
Svendsen, 1998; Lillien and Raphael, 2000). TNC'def'C'encells either with or without added TNC (lanes 1-2). By contrast,

cells did not express the EGFR after 5 days in FGF2, but ttrGE2 alone was not sufficient to induce EGFR expression in the null
addition of exogenous TNC to the culture over this timecells after 5 days (lane 3), and that EGFR expression was rescued by
rescued EGFR expression, although levels were still lower théthe addition of exogenous TNC for the duration of the experiment

in the heterozygous cells (Fig. 3B). This result confirms tha(lane 4).

Neurospheres/20000 cells
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BMP-4

A C Cx St Cx St

wt kio wt ko wt kio wt kio

Fig. 4.(A) BrdU uptake in E12.5 neurosphere
cells in response to fibroblast growth factor
(FGF2) (20 ng/ml). (B) BrdU uptake in PO
neurosphere cells to increasing concentration of
E125 FGF2. Note the reduction in cells stained for
(3 days) | 2 BrdU in the tenascin C (TNC) null neurospheres
oy mfgmn i at both ages. Results represent msaam. of
three independent experimentB<9.05,
B *** P<0.001, using Studenttstest.
PO (C) Expression of epidermal growth factor

- -0 receptor (EGFR) in neurospheres grown in FGF2
B on assessed by Western blotting. One of three
i independent experiments is presented, with all
0 PO three giving the result shown. Cells lacking TNC

2};:? :&G (7 days) show enhanced sensitivity to the inhibitory
el effects of bone morphogenic protein 4 (BMP4),
as discussed in the main text.

e w— 20

o
ocnacnh B

% of BrdU positive cells

E 125
(7 days)

% of BrdU positive cells
*
W
3

170 kDa EGF receptor

and that the lack of TNC therefore delays but does not prevergduced in the absence of TNC, the consistent increase in
EGFR expression. However, at both ages we observesphere numbers suggests that the TNC-deficient CNS (and
enhanced potency of inhibitory BMP4 signalling in the TNCTNC-deficient neurospheres) may contain a higher number of
null cells. For E12.5 cells grown for 7 days in 2 ng/ml FGF2neural stem cells. To quantify this we used a serial dilution
BMP4 inhibited EGFR expression in both wild-type and nullassay based on that described originally by Bellows and Aubin
cells. However, for E12.5 or PO cells grown for 7 days in 2qBellows and Aubin, 1989) and modified by Tropepe et al.
ng/ml FGF2, inhibition of EGFR expression by BMP4 was(Tropepe et al., 1999) to assay the neurosphere-forming
only seen in the absence of TNC (Fig. 4C), from which wepotential of newborn cell populations. These assays were
conclude that TNC normally functions as an inhibitor of BMP4performed in two ways. First, we used as the starting
signalling and so enhances EGFR expression. population a fixed number of cells (4000) obtained from
dissociated newborn cortex and striatum. The use of both

Regulation of neural stem cell differentiation by TNC regions ensured that all the SVZ was included. Cells were

Having established a role for TNC in the acquisition of EGFRyrown in either FGF2 or EGF, and the number of neurospheres

expression by neural stem cells, we 1~
examined the consequences of TNC defici
on neural stem cell development
differentiation. To do this, we examined
embryonic and newborn TNC-deficient m
the numbers of FGF2- and EGF-respon
neural stem cells, the morphology and num
of radial glial cells and the ability of the net
stem cells to form neurones and glia.

To count neural stem cells in the mice
used neurosphere-forming assays. In ir
experiments plating cells at clonal density
the presence of FGF2, we observed r
neurospheres in cultures prepared from
newborn TNC-deficient mice although

c EGF

0.246+0.025
0.24310.007

150

1001

501

0.058+0.016
0.165%£0.017

0 100 200 300 400 500

ncp ncp

spheres from the TNC mice were smaller t
wild-type spheres (Fig. 5A). The same incre
in sphere number and reduction in size

also seen in the populations of secon
neurospheres that grew from single ¢
replated at clonal density following dissociat
of the primary neurospheres (not shown).
excludes the possibility that the initial sma
spheres seen with the TNC-deficient ¢
represented clusters of precursor cells, as

would not generate secondary neurospf
following passaging. While the smaller size
the spheres could reflect a reduced numb
precursor cells, whose proliferation rate

Fig. 5.(A) Phase contrast micrographs of neural stem cell-derived neurospheres from
PO wild type (upper panel) and PO tenascin C (TNC) null mice (lower panel) - note that
null spheres are smaller and more numerous. As discussed in the main text, these
differences were also observed in secondary passages of the neurospheres. Scale bar:
80 um. (B-C) Clonal analysis of fibroblast growth factor (FGF2) (B) and epidermal
growth factor (EGF)-responsive (C) neural stem cell numbers in the brain of newborn
TNC null mice using a serial dilution neurosphere assay. The slope of the line reflects
the proportion of cells plated that form neurospheres; i.e. have stem cell properties.
Note that the TNC null cells (broken lines) contain more stem cells that respond to
FGF2 than wild-type cells (solid line). This is shown by the steeper gradient of the
null-cell line in B. In contrast, the number of stem cells that respond to EGF is not
increased in the TNC null cells (C). Linear regression values calculated from analysis
of three independent experiments are shown within each graph as meansts.e.m. of wild
type (upper Figure) and null (lower Figure) cells. The differences between wild type
and null cells grown in FGF2 are significaR0.001 using Studenttstest.
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formed at different dilutions counted as described in Materialaumber of EGF-responsive NSCs was seen, with the dilution
and methods. As shown in Fig. 5B, the percentage of cells witlactor being 14.6+0.6 for both TNC-deficient and wild-type
the ability to form neurospheres (indicated by the slope of theells.
line when the number of spheres formed is plotted against the As another method to analyse the effect of TNC deficiency
number of cells plated) was significantly greater in the TNCen neural stem cell populations, we also examined radial glial
deficient cells when cells were grown in FGF2. In contrast, ngells. These cells, which represent a subset of the total stem
differences between TNC-deficient and wild-type cells wereell population in the embryonic CNS (Hartfuss et al., 2001;
observed in EGF, showing that the differences in the numbekseins et al., 2002), were identified using the RC2 antibody
of EGF-responsive neural stem cells seen at E10.5 are i(Bdwards et al., 1990). No changes in morphology were seen
longer present at birth. at either of the ages examined (E13 and PO0), with processes
The results from the clonal density and serial dilutionremaining straight and lacking the sharp turns as seen, for
experiments suggest that the TNC-deficient CNS containexample, in the Pax6 mutant cortex (Gotz et al., 1998).
more FGF2-responsive neural stem cells than wild-type CN$owever, the intensity of RC2 labelling was diminished in the
However, interpretation is complicated by the possibility thaffNC-deficient CNS (Fig. 6A-D). To determine whether this
the TNC-deficient CNS, or TNC-deficient neurospheres, mighteflected a reduction in the number of radial glia we performed
contain fewer precursor cells in addition to any changes in tHeC2 immunocytochemistry on acutely dissociated cell
stem cell population. This could result from the reducedgopulations (Fig. 6E). We found a reduction in RC2+ cells at
proliferation observed in the precursor population secondary #©13.5, E18.5 and PO, demonstrating a reduction in radial glial
the loss of TNC (Garcion et al., 2001). Consequently, the fixedumbers in the TNC-deficient CNS. At E10.5, at which stage
number of TNC-deficient cells used in these experiments mighiRC2 labels neuroepithelial cells prior to the development of
contain relatively more stem cells simply because there weradial glia (Malatesta et al., 2003), no differences were seen
fewer precursors in the starting population. The result woultbetween the genotypes.
then be that stem cell numbers in both FGF2 and EGF would To measure the formation of neurones and glia in the
be artificially elevated. To address this concern, we used @esence or absence of TNC, spheres were plated onto poly-
second dilution assay in which we dissociated and plated thH2-lysine substrates under which conditions they flatten, with
entire cortex/striatum from newborn wild-type or TNC- adherent cells on the substrate now differentiating into
deficient mice, and counted the number of cells able to formeurones, astrocytes and oligodendrocytes (Reynolds and
spheres at progressively lower plating densities. This assdyeiss, 1992; Zhou and Chiang, 1998). To confirm the presence
now estimates the absolute, rather than relative, number of TNC in the neurospheres we performed RT-PCR analyses
neurosphere-forming cells in the TNC-deficient and wild-typeof spheres from wild-type or TNC null mice. We found TNC
CNS. We observed one or more neurospheres at greaexpression in cells derived from wild-type but not TNC-
dilutions in the FGF2 experiments with TNC-deficient cellsdeficient mice (Fig. 7A). This shows that the TNC producing
(18+1.7 serial twofold dilutions as compared with 13+1 forcells were either part of or derived from the neural stem cell
wild-type cells,P<0.02,n=3 animals of each genotype). This population and that a comparison of the behaviour of neural
confirms the presence of a greater number of FGF2-responsisteem cells within spheres from wild-type and transgenic mice
NSCs in the CNS of newborn TNC-deficient mice, asis a valid test of the effects of TNC on neurogenesis and
suggested by the experiments above. In contrast, and againgiiogenesis. We observed the generation of all three neural cell
keeping with the previous experiments, no increase in thiypes from spheres grown from the cortex or striatum of either
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Fig. 6.(A-D) RC2 immunostaining on coronal sections of mouse telencephalic vesicles at E13 and PO. (A,C) Heterozygous animals; (B,D)
Tenascin C (TNC)-deficient animals. A reduction in the intensity of RC2 staining is observed in the brains of TNC null einatheégas,

but note the normal morphology of the processes at PO. (E) The percentage of RC2-positive cells in dissociated cell fropulations
heterozygous and homozygous animals during different stages of CNS development. Note the decrease in the proportion®frR@e+ cel
homozygous animals at later stages, showing a reduction in the number of radi&<fli@5* c, cortex; s, striatum; lv, lateral ventricle.
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EGF FGE2 Discussion _
A WTKO WTKO M Although the fundamental properties of self-renewal
and multipotency are retained by stem cells within
the CNS throughout life, these cells undergo a
developmental programme which results in their
localization to a specific region of the CNS, the
SVZ, and a switch in the major cell type produced
by the stem cells from neurons to glia (Kilpatrick
and Bartlett, 1995; Qian et al., 2000; Alvarez-Buylla
et al.,, 2001; Sun et al., 2001). This developmental
T EGF2 EGF programme of the neural stem cells appears to be
regulated by both intrinsic and extrinsic factors. The
observation that single stem cells grown in micro
culture give rise first to neurons and then later to glia
in sequential cell divisions points to intrinsic timing
mechanisms regulating the fate of the daughter cells
(Qian et al., 1998; Qian et al., 2000). Conversely, the
finding that FGF2 and BMP4 will promote and
inhibit respectively the expression of the EGF
receptor on neural stem cells points to the existence

. i o . of extrinsic mechanisms (Ciccolini and Svendsen,
Fig. 7. (A) Tenascin C (TNC) gene expression in neurospheres from PO wild-ty, L
(WT) and PO TNC null mice (K/O) grown for seven days in either epidermal pf998’ L'."'en and Raphael,_ 2000)'. Together, the_se
growth factor (EGF) or fibroblast growth factor (FGF2) (20 ng/ml) assessed by mechanisms ensure that gliogenesis follows a pgrlod
RT-PCR. Note the band corresponding to TNC mRNA in WT but not null of neurogenesis in CNS development whilst
neurosphereg-actin mRNA is detected as a loading contfehj, and sizes maintaining a population of stem cells in the
shown on the right are in bp. (B-E) Six days after growth factor withdrawal, =~ developing CNS that will subsequently persist
neurosphere cells differentiate into oligodendrocytes, as shown by Gal-C stainitigroughout adult life (Alvarez-Buylla and Temple,
in red (B, WT cells; C, TNC null cells), and neurones, as shovwgilbyubulin 1998; Alvarez-Buylla et al., 2001). Here we provide
staining in green (D, WT cells; E, TNC null ceIIs). The increased number of evidence that ECM molecules expressed in the SVZ
neurones in the absence of TNC can be seen by comparing D (WT) and E (TNGsq contribute to this developmental programme by
lnuII), an? is(;quadntified asa percentagﬁ of th(e: totﬁl ce”II rzgr)nbers in F. Nzte arl]soé %Wing that TNC is an extrinsic regulator of neural
onger oligodendrocyte processes in the TNC null cells as compared with t : - s
WT cells (B). Cells were counterstained by DAPI (blue). (F) More neurones hﬁem C.e” behawqur. This _ConCIu_S|0n IS _based on
develop from TNC null striatal neural stem cells. The graph shows the increase![}f€€ lines of evidence. F.'rSt’ mice_lacking TNC.
neurogenesis from TNC null cells in either FGF2 or EGF. Results represent ~ showed a delayed expression of the EGF receptor in
mearts.e.m. of three independent experiment®<0.01, using Studentistest. cell populations containing neural stem cells both in
(G) The addition of exogenous TNC to neurosphere cultures from TNC-deficieritivo and in vitro. In the cell culture experiments this
animals (—/-) reverses the increased neurogenesis to a level not significantly failure of normal EGF receptor expression could be

-

% of plll- tubulin+ cells/
DAPI positive nuclei

]

DAPI positive nuclei

% of Blil- tubulin+ cells/

different from that seen in heterozygous littermate controls (+/-). Results rescued by the addition of exogenous TNC. Second,
represent meas.e.m. of three independent experimenis;0.05, using TNC-deficient mice have altered numbers of
Student's-test. Scale bars: 3@ in B,C; 60um in D,E. different neural stem cell populations. Third, neural

stem cells from TNC-deficient mice show increased

levels of neurogenesis.
wild-type or TNC null animals. No quantitative differences Neural stem cell development is accompanied by changes in
were observed in the relative number of glial cells within theesponse to growth factors such as FGF, BMPs and EGF as
adherent cell population, although qualitative differences werembryonic development proceeds (Burrows et al., 1997;
observed as oligodendrocytes from null cells had longe€iccolini and Svendsen, 1998; Kalyani et al., 1999; Tropepe et
processes than wild-type cells (Fig. 7B,C). However, wal., 1999; Lillien and Raphael, 2000; Ciccolini, 2001). We and
observed a significant increase in the relative number aifthers have shown previously that TNC can alter the response
neurones in striatum-derived spheres from TNC-deficienof cells to mitogenic growth factors, and our results here
animals (Fig. 7D-F). This increase was seen in spheres grovguggest that this provides a mechanism by which TNC
in either EGF or FGF2 (Fig. 7F). Cortex-derived spheres frorfacilitates normal stem cell development. In this model (Fig.
the TNC-deficient animals also showed increased), TNC modulates the sensitivity to the two growth factors,
neurogenesis, but only when grown in EGF (not shown)FGF2 and BMP4, that regulate EGF receptor expression so as
Rescue experiments in which exogenous TNC was added to promote EGF receptor acquisition. TNC enhances
the cultures grown in FGF2 reversed the increasedensitivity to FGF2, and the reduced sensitivity to FGF2 in the
neurogenesis seen in the spheres derived from TNC-deficiechRNC null mice may contribute to the reduced level of
animals (Fig. 7G). We conclude, therefore, that TNC camproliferation we have previously noted in the SVZ of postnatal
inhibit neurogenesis in cells derived from either EGF- ofTNC-deficient mice (Garcion et al., 2001). However, the fact
FGF2-responsive neural stem cells without altering the numbéhat we observe an increase rather than a decrease in FGF2-
of glial cells. The overall effect of TNC is therefore to shift theresponsive stem cells in the absence of TNC emphasizes that
balance of neural stem cell differentiation towards a glial fatehe predominant effect of TNC on cells in the SVZ is
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TN-C Raphael, 2000; Panchision et al., 2001). Once these receptors
reach a threshold level, signalling is initiated and the transition
to the next developmental stage is made. Neural stem cells
from TNC null mice show reduced sensitivity to the effects of

bFGFj— BMP FGF2. As we have shown, this reduced sensitivity inhibits
n n EGFR expression and entry into the EGF-responsive stem cell

J- compartment. We propose that this in turn expands the number
of FGF2 stem cells left undergoing self-renewing divisions
(which require lower levels of FGF2 signalling) in their

compartment, although contributions by other mechanisms

low EGFR high EGFR such as enhanced sensitivity of the FGF2-responsive NSCs to
TN-C the proliferative as well as the inhibitory effects of BMPs in
Early stem cel» Late stem cell the absence of TNC, are obviously not excluded. Eventually,

the development of the increased numbers of FGF2-
Fig. 8. A model to explain the effect of tenascin C (TNC) on stem  responsive cells is sufficient to correct the deficit in the EGF-
cell quelO'pmer!t., based on the modula_tion of growth factors responsive neural stem cell number’ even though the
previously identified as regulators of epidermal growth factor (EGF) yropapility of an individual neural stem cell transiting from
receptor expression (Lillien and Raphael, 2000), as discussed in th ne compartment to the next may remain diminished. The
main text. . . . .

reduction in the numbers of radial glial cells, a subset of

the neural stem cell population that appears within the
the regulation of developmental progression rather thaneuroepithelium at E13 (Hartfuss et al., 2001; Heins et al.,
proliferation. In contrast to FGF2, TNC decreases th&002), also confirms that alterations of neural stem cell
sensitivity to BMP4, as we observed in the TNC-deficient micelevelopment are present throughout embryogenesis. Although
an increase in the inhibitory effects of BMP4 on EGF receptothe precise relationships between radial glia, neurosphere-
expression. Several potential mechanisms exist by which thefmming cells and EGF-responsive neural stem cells are
effects of TNC could be mediated. An extracellular interactiorunknown, radial glia do develop from the original
of the growth factor with TNC could inhibit or potentiate its neuroepithelium so their reduction in the TNC-deficient mice
effect, as seen with the interaction between FGF and heparaould also be consistent with a role for TNC in promoting the
sulphate proteoglycans (Yayon et al., 1991; Nurcombe et abdevelopmental progression by which the neural stem cells of
1993; Brickman et al., 1995; Caldwell and Svendsen, 1998jhe neuroepithelium alter both growth factor sensitivity and
Alternatively, TNC could interact with a specific cell surfacecellular identity.
receptor, and intracellular components of the signalling In this model a critical function for TNC is therefore the
pathway downstream of this TNC receptor could then interacicceleration of the feed-forward mechanism and this may be
with growth factor receptor signalling pathways (Jones andne role for the observed maintenance of expression of TNC
Jones, 2000), as we have shown for oligodendrocyte precursar the postnatal SVZ (Gates et al.,, 1995), so providing an
cells in the TNC null mouse (Garcion et al., 2001). Finallyenvironment that facilitates the production and differentiation
TNC could regulate intracellular signalling by the interactionof precursor cells when required in response to injury or cell
with cell surface phosphatases such as members of thess. In addition, the expression of TNC by the radial glial cells
receptor-like protein tyrosine phosphatase family, which coulthemselves (Gotz et al., 1998) and the observation from gene
then in turn regulate the activity of intracellular kinases (Milevexpression profiling studies that TNC is very highly enriched
et al., 1997). In keeping with this we observed increased levels 8-day-old neurospheres (Ramalho-Santos et al., 2002) shows
of Smadl phosphorylation in cells from TNC-deficient animalghat TNC is produced by neural stem cells or their progeny,
(E.G., unpublished). Smad1l is a downstream target of BMPand will therefore provide an autocrine/paracrine factor in a
(Kretzschmar et al.,, 1997) and increased phosphorylatiopositive feedback loop for neural stem cell development. A
(reflecting increased signalling activity in this pathway) in theconsequence may be the generation of a community effect
absence of TNC points to an inhibitory effect of TNC on BMP4within the germinal zones of the CNS. This effect was
signalling. originally defined as a mechanism dependent on cell-cell

Why are the numbers of FGF2-responsive neural stem celisteractions that ensured coordinated fate specification in

increased in the TNC-deficient mice? We hypothesize that thideveloping cell populations (Gurdon, 1988), and cell-cell
increase results from the accumulation of neural stem cells interactions have been shown to sharpen the boundaries
the FGF2-responsive compartment as a result of their delayefl dose-response thresholds Kenopus mesoderm fate
exit into the next, EGF-responsive compartment. The delay determination (Green et al., 1994; Wilson and Melton, 1994).
consistent with a ‘feed-forward’ model of neural stem cellCommunity effects have also been shown to influence cell fate
development (Panchision et al., 2001) in which the transitiodecisions in response to TBy neural crest progenitors, with
to successive stem cell developmental stages is a consequeritber neural fates or apoptosis obtained within narrow ranges
of signalling by the growth factor to which the stem cellsof increasing levels of TGF when cells were present in
within the previous stage are responsive. In this way, BMP anclusters (Hagedorn et al., 2000). Similar effects of cell-cell
FGF2 have both been shown to promote proliferation of @teractions based on the production of TNC within the
particular stage of NSC development and the expression of tigerminal zones of the CNS may ensure the coordinated
next growth factor receptor in the developmental progressiomievelopment of neural stem cells at appropriate FGF2
the BMPR1B receptor and the EGFR, respectively (Lillien andtoncentrations, so providing the extracellular matrix with a role
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in both the spatial and temporal regulation of neural stem celGarcion et al., 2001). The ability to correct final cell numbers

development. in this way could also correct any consequences of alterations
TNC also appears to inhibit neurogenesis, as TNC nuih precursor numbers resulting from any changes in stem cell

neurospheres show a relative increase in the numbers dévelopment. We would predict, however, that the ability of the

neurones when grown in conditions that allow differentiationCNS to respond to injury or perturbations of development

This result is surprising in light of the reduction observed inwould be compromised by these abnormalities in the stem cell

radial glia numbers in TNC-deficient animals. Radial gliacompartment.

generate neurones during embryonic development driven, at

least in part, by the transcription factor Pax6 (Heins et al., E.G. was supported by a grant from GlaxoSmithKline, and A.H. by
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