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SUMMARY

The extracellular matrix glycoprotein tenascin-C is widely  regions of the CNS. Levels of programmed cell death were

expressed in the vertebrate central nervous system (CNS)
during development and repair. Despite multiple effects of
tenascin-C on cell behaviour in culture, no structural
abnormalities of the CNS and other organs have been found
in adult tenascin-C-null mice, raising the question of
whether this glycoprotein has a significant role in vivo.
Using a transgenic approach, we have demonstrated that
tenascin-C regulates both cell proliferation and migration
in oligodendrocyte precursors during development.
Knockout mice show increased rates of oligodendrocyte
precursor migration along the optic nerve and reduced rates

reduced in areas of myelination at later developmental
stages, providing a potential corrective mechanism for
any reduction in cell numbers that resulted from the
proliferation phenotype. The effects on cell proliferation are
mediated via the avp3 integrin and an interaction with
the platelet-derived growth factor-stimulated mitogenic
pathway, emphasising the importance of both CNS
extracellular matrix and integrin growth factor interactions
in the regulation of neural precursor behaviour.
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INTRODUCTION downregulated during further differentiation (Bartsch et al.,
1992; Bartsch et al., 1994; Crossin, 1996; Crossin et al., 1989;
Correct development of the central nervous system (CNSJotz et al., 1997; Joester and Faissner, 1999; Mitrovic et al.,
requires the migration, proliferation and survival of precursof994). In the adult CNS, expression remains in a few specific
cells for neurones and glia. Extracellular matrix (ECM)cell populations, including those adjacent to areas of active
molecules and their integrin cell surface receptors araeurogenesis, such as the hippocampus, the borders of the
important regulators of these aspects of cell behaviour, arglibventricular zone and the rostral migratory stream used by
genetic studies using naturally occurring mutants or transgenatfactory neurone precursors en route to the olfactory bulb
mice have revealed essential roles in development for some @artsch et al., 1992; Bartsch et al., 1994; Gates et al., 1995;
the ECM glycoproteins and integrins expressed in the CNSankovski and Sotelo, 1996; Miragall et al., 1990). TN-C is
Mutations in reelin (D’Arcangelo et al., 1995) and anosmin lalso re-expressed in the adult brain at sites of injury (Crossin,
(Ballabio and Camerino, 1992), as well as in the laminirl996; Deller et al., 1997; Gates et al., 1996; Laywell et al.,
receptor alpha 3 integrin (Anton et al., 1999), causd992). These expression patterns suggest important roles for
abnormalities of neuronal migration and cortical laminationTN-C in the modulation of cell behaviour during periods of
Mutations in another laminin receptor, alpha 6 integrinactive CNS modelling and plasticity. In support of this, studies
(Georges-Labouesse et al., 1998), cause excessive numbersising either neurones or glia have revealed that TN-C can
neurones in ectopias on the cortical surface. With other ECMignificantly alter CNS cell behaviour, often in a cell type-
glycoproteins expressed in the CNS, however, studies apecific manner. TN-C has been reported to deflect growth
knockout mice have been surprising in that they have natones of embryonic mesencephalic neurones, embryonic
revealed obvious roles in development. A good example iBippocampal neurones and postnatal cerebellar neurones
provided by tenascin-C (TN-C), a glycoprotein assembledCrossin et al., 1990; Faissner and Kruse, 1990; Faissner and
from six monomers via disulphide bridges to form a hexameriSteindler, 1995; Taylor et al., 1993), as well as inhibiting the
protein (Erickson and Inglesias, 1984). TN-C is widelymigration of oligodendrocyte precursor (OP) cells (Frost et al.,
expressed at early stages of CNS development and is th&896; Kiernan et al., 1996). At the same time, TN-C promotes
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neurite outgrowth (Crossin et al., 1990; Faissner and Steindlemd age-matched wild-type mice were C57BIKIBA Fi. For
1995; Husmann et al., 1992; Lochter and Schachner, 199Btermate experiments heterozygous and homozygous TN-C-null
Lochter et al., 1991; Taylor et al., 1993) and stimulates granulgice were obtained from a cross between heterozygous and
cell migration (Chuong et al., 1987; Husmann et al., 1992). homozygous TN-C-null breeding pairs with either a C57BI/6J/CBA
Given the pattern of expression and the multiplicity ofPackground or a 129 background, as described previously (Kiernan et

: : - al., 1999). The genotype was determined by PCR analysis of genomic
effects '.n C?" culture, the . observation .that TN-C-null DNA from tails digested in lysis buffer (10 mM Tris, pH 8.0, 50 mM
transgenic mice show no obvious abnormalities (Forsberg 'RFaCI, 100 mM EDTA, 0.5% SDS, 0.4 mg/ml proteinase K) for 14-

al., 1996; Saga et al., 1992) was unexpected. More recef§ hours at 56C. Genomic DNA was isolated and amplified by PCR
studies have revealed behavioural abnormalities, alterations iRing the following primers:'835AA GTC ACT AGA AAC TAG

neurotransmitter levels in the adult CNS (Fukamauchi et alTGG ACA ACT C-3 and 3-AAG ATG CCT GGC AGT AGC CAG
1996; Kiernan et al., 1999) and alterations in the pattern dfTC AC-3 (directed against the gene for TN-C); ane€CFC CAT
glomerulonephritis that occurs after administration of renalsCT TGG AAC AAC GAG CGC AGC-3(corresponding to thiacZ
toxins (Nakao et al., 1998); all these are dependent on tis€quencejacZexpression in sections from the TN-C transgenic mice
genetic background of the mice. Changes in the architectuV@}it%isﬁggﬁ?aiﬁfngga'gcrgad&zecéc“g'%&et}?g}:e&gwy);(r‘]ga'sSrt]f"\'/fl“”g
?éif?;ntgs-%?an;useim:{ julnggg)n gﬁ\éiuglhsothk;eseen vssrsecngeEFe(CN)s, in PBS 1X pH 7.4, plus 0.01% sodium deoxycholate,

. . > ’ - 0.02% NP-40, and 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-D-
confirmed in a separate study (Moscoso et al., 1998), Wh'ig!alactoside)).
may also reflect genetic background effects (see Kiernan et al.,
1999 for discussion). However, the phenotype as currentlyDGFaR in situ hybridisation
described includes none of the CNS abnormalities that migltiptic nerves were removed from heads immersed in 4%
be expected from previous work. There are two possiblparaformaldehyde (PFA) in phosphate buffer saline pH 7.4 (PBS),
explanations for this result. Either TN-C is a largely redundangmbedded in Tissue-Tek OCT compound (Agar Scientific), frozen on
protein, which seems unlikely given the degree of evqutionargry ice and stored aB80°C until use. Coronal serial cryostat sections
conservation (Erickson, 1993a; Erickson, 1993b; Fassler et a{1>Hm) were obtained by cutting the optic nerves from the retinal to
1996). Alternatively, TN-C does have specific and importan{le chiasmal end. In situ hybridisation using a 163E&gRI cCDNA
roles during early stages of development but late ragment encoding most of the extracellular domain of mouse PDGF

d | tal t for the | f TN receptor (PDG&R) cloned into Bluescript KS (a kind gift from W.
evelopmental processes can correct for the 1oss o “Richardson, University College, London) was then performed as

function. An example of such developmental correction igjescribed (Kiernan et al., 1999). Average cell numbers/section were
provided by transgenic mice that express high levels ofalculated at different distances from the retina. This method will

platelet-derived growth factor (PDGF). These mice showglightly overestimate the actual cell numbers, as discussed by Guillery
increased OP proliferation that increases precursor cell numband Herrup (Guillery and Herrup, 1997), but does allow a direct

well above normal levels, although final oligodendrocytecomparison between wild-type and knockout animals that can be used
numbers are normal as a result of increased cell death (Calverdetermine the position of the leading edge of cell migration along

et al., 1998). It follows that defining a role for potentially the nerve.

important ECM glypoproteins within .the CNS may re.quireCeII migration assays

developmental studies of knockout mice, in which one is abl ell migration studies using rat oligodendrocyte precursors migrating

to analyse different aspects of precursor cell behaviour W'th'R{jt of agarose drops on astroglial matrix derived from either wild-

the ‘intact CNS, rather than an examination of the adulipe or TN-C-deficient mice were performed as described previously
phenotype. We now report such an analysis for TN-C knockoyhyiiner et al., 1996).

mice. To examine precursor cell behaviour we focused on the o _ _ _
OP cells that give rise to myelin-forming oligodendrocytes BrdU incorporation in vivo and immunohistochemistry
These cells arise within the germinal zones and then shofnimals received two injections of BrdU (1Q@/g body weight) at
phases of migration, proliferation and target—dependerﬂt hqgr intervals. Qne hour after the !ast injection, animals were
programmed cell death that are characteristic of precursor cefigcrificed, the brains snap frozen in isopentane cooled by liquid
in the developing CNS (Calver et al., 1998; Levison et al.k B3 (500 B 800 A o e acetic acid 5%
. H . H 0, 0
1993: Leylson and Goldman, .1993’ Levison and Gold_ma br 20 minutes at20°C, then washed in PBS and incubated for 1 hour
1997; Levison .Et "’.II" 1999). This developmental analysis he}ﬁ blocking solution containing 10% normal goat serum (Sigma) and
revegled contrlbutlonsl of TN-C that are not apparent.fron@z% gelatin (Sigma) in PBS. For BrdU immunostaining, a BrdU
studies of the adult mice. We have confirmed the role in ORetection kit (Roche) was used, with BrdU-labelled cells revealed
cell migration suggested by the cell culture studies, havesing a mouse monoclonal anti-BrdU antibody followed by an anti-
demonstrated a novel role in the regulation of neural precursarouse FITC-conjugated antibody. For BrdU/NG2 double staining
cell proliferation and provide evidence that reduced levels ofxperiments, fixed and blocked sections were first stained for NG2;
programmed cell death provide a corrective mechanism thégsues were incubated with a rabbit polyclonal anti-NG2 antibody

by a biotin-conjugated anti-rabbit antibody (Vector, 1/100 dilution in

0.2% gelatin for 1 hour at room temperature) and finally incubated
with TRITC-conjugated streptavidin (Amersham, 1/100 in PBS for 1

MATERIALS AND METHODS hour at room temperature), with PBS washes between each step. All
. slides were finally mounted under coverslip in ImmunoFloure
Animals mounting medium (ICN). For quantitation of BrdU and NG2

TN-C-null mice were derived in a C57BI/6J and CBA backgroundabelling, BrdU-positive and NG2-positive cells were counted in
from the original stock described by Saga et al. (Saga et al., 1998¢ven adjacent fields of 5@@n x 500 um each in the subventricular
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zone (SVZ). For the corpus callosum, the whole structure in one &€57BL/6J x CBA backcross designed to match the genetic
both hemispheres was counted. For the cortex, a region of at ledsckground of the original TN-C knockout animals.

seven adjacent fields of 5@ x 500pum at the external edge of both  To examine OP migration we chose to study the optic nerve.
cerebral hemispheres was counted. For the striatum, an area of seygp cells start to enter the optic nerve from the chiasm at birth
fields of 500um x 500 um each was counted. and then migrate toward the retina (Bartsch et al., 1994). Cell
Cell culture migration is responsible for all the OP cells within the nerve,

Purified oligodendrocyte precursors from mouse and rat wergnd ,bOth, the single source of cells and the unlfprm dlreptlon
obtained by the mechanical dissociation method from cultures Relj mlgrqtlon alon_g a narrow Uact makes the optic nerve |(_jea|
cerebral cortex as originally described (McCarthy and Vellis, 1980f0r studies on migration in vivo. To compare the distribution

with minor modifications (Milner and ffrench-Constant, 1994). of OP cells in wild-type and TN-C-deficient nerves, we serially
- o sectioned the nerve for 1.8 mm from the retinal end towards
Cell proliferation assay in vitro the chiasm and counted the number of PRBFMRNA-

Freshly purified OP from either wild-type or TN-C-null cultures positive cells in sections at different distances from the retina
were plated onto either wild-type or TN-C-null astroglial matrix g5 described in the Materials and Methods. In wild type

(prepared from the basal monolayer in the described brain culturggsyhorn (PO) animals very few PDGR mRNA-positive cells

by washing with distilled water for 40 minutes) in SATO medium,, oo getectable in the optic nerves and were all restricted to

(Milner and ffrench-Constant, 1994) in the presence of varyin gions greater than 1.2 to 1.8 mm from the retina (Fig. 1, PO).

concentrations of PDGF. Proliferation of OP was assessed S'l)ﬁ ; . 2"
measuring BrdU incorporation for 6 hours af@77.5% CQ using contrast, in the knockout animals, PDIGFMRNA-positive

an immunofluorescence assay kit (Roche) as previously describ&glls were seen between 0.9 and 1.2 mm from the retina, with
for in vivo experiments. Before mounting in ImmunoFloure significantly more cells found in the nerve than in wild type
mounting medium (ICN), slides were incubated for 10 minutes i(Fig. 1B,C, PO0). In postnatal day 2 (P2) animals, the number
propidium iodide (2Qug/ml) in PBS, in order to allow evaluation of of PDGFtR mRNA-positive cells and the distance travelled
the ratio of BrdU-positive cells to the total cell population. For thefrom the chiasm increased in both wild-type and knockout
TN-C rescue experiments, TN-C purified from neonatal mousgnice and cells positive for PD@R mRNA were first found
Erams bf/gérg)muno-af?mtydcolun}r:\l cgrorrl]lato%raplhy (Fals.sne; ?Q%OO pm from the retina (Fig. 1, P2). However, the number of
ruse, was placed on TN-C-null astroglia matrix a L o .
concentration of 1Qug/ml in PBS and incubated overnight atG7 ?B_%Tﬁn Tnigﬁr-lpg;ga/ ?e;%:fo\;v?ﬁe Solg’[ilglﬁzr;\tg (I%Egaierplg)

before washing and cell plating. For tb&B3 function blocking . . .
experiments, rat OP cells were used instead of mouse cells, BY P5, the density of PD@R mRNA cells had increased still

discussed in the text. OP cells were plated on LabTek chamber slidigther in each region of the optic nerve (Fig. 1, P5) and, in
(Nunc) either precoated with PDL alone (control) or PDL followedagreement with previous studies, the OPs had now reached the
by an overnight incubation at 32 with purified TN-C at 1qug/ml retinal end of the optic nerve (Bartsch et al., 1994). We did not
in PBS. OP cells were grown for 18 hours in SATO medium infind any differences in cell numbers between TN-C-null mice
different concentrations of PDGF, with or without the F11 mouseand wild-type mice at this (Fig. 1D,E, P5) and later stages (Fig.
monoclonal ant3 antibody (a kind gift from M. Horton, London) 1 p12 and adult). However, from P12 to adult, the number of
at 20 pg/ml, before incubation in BrdU and processing for thecg|is containing PDG#R mRNA decreased and, in contrast to
proliferation assay as previously described. earlier developmental stages, the PBGFmMRNA-positive
TUNEL labelling in vivo cells in the adult optic nerve were now unifqrmly distrjbuted
Cryostat sections (1Qum) of cortex and corpus callosum were @0ng the different segments. At all stages in both wild-type
prepared as above and labelled using the termina®nd knockout mice, no PD@R mRNA-positive cells entered
deoxyribonucleotide transferase-mediated dUTP nick end labellinghe part of the optic nerve immediately adjacent to the retina,
method, using a commercially available kit (ApopTag, Intergen, NY)although a few cells were occasionally seen between 250-300
according to the instructions. Labelled cells were counted in tweum from the retina (Fig. 1).
separate frontal anterior brain sections. For the corpus callosum, theThese results show that in TN-C knockout mice OP cells
whole region was counted and for the cortex, an area of seven ﬁe'ﬂf}pear sooner in the optic nerve than in wild-type animals and
0f 500um x 500um at the external edge of both cerebral hemispherege then found at points nearer the retina as OPs migrate along
was counted as for the studies on cell proliferation. the nerve. To exclude the possibility that this result reflected
differences in age and genetic background between litters,
rather than differences in TN-C expression, we next compared

RESULTS heterozygous and homozygous null littermates generated by
. o backcross experiments. The original TN-C-null mice were

Oligodendrocyte precursor migration in TN-C- crossed into the F1 C57BL/8JBA background, as described

deficient mice in Materials and Methods, and the serial sectioning and in situ

To investigate the effect of TN-C deficiency on migration ofhybridisation analysis repeated. As in our first set of
OP cells in vivo we localised OP cells at differentexperiments, we found that PDGR mRNA-positive cells
developmental stages by in situ hybridisation using cRNAvere found at points nearer the retina and were present in
probes complementary to PDGR mRNA. This marker is greater numbers at all distances from the retina in the
restricted to the oligodendrocyte lineage (Pringle et al., 1992)omozygous mice at PO and P2 (Fig. 2, PO and P2). To further
and has been used in previous studies to determine tkenfirm this result on an inbred genetic background we used
distribution of migrating OPs (Bartsch et al.,, 1994). Wel29 mice in which the TN-C deficiency had been bred back
initially compared TN-C deficient mice (as described by Saganto a parental 129 line for 10 generations, so providing an
et al., 1992) with age-matched wild type mice from ja Falmost completely pure 129 background. Once again, when
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Fig. 1.Increased OP cell migrationin A retina *

the optic nerve of TN-C-null mice. chiasm

(A) Schematic representation Cmgoo pum

illustrating how optic nerves were 4 2 3 4 5 & B c
serially sectioned for 1.8 mm from the =<

retinal end towards the chiasm, and 30

analysed in six adjacent segments (1 to 0 wr PO

6) of 300pum each by counting 2

PDGFoR mRNA-positive cells in 15 @ T™N-C-

pm sections. The average cell number

per section in each optic nerve segmeng 20
is expressed as meants.e.m. The sem'g_
guantitative method allowed us to S
compare the number of OP cells in each
optic nerve segment in the wild-type & -
and TN-C-null mice. Six mice at PO-
P12 and four adult mice of each
genotype were analysed. Note that at 5-
early stages of postnatal development
(PO and P2), more PD@R mRNA-
positive cells were found in each
segment of the optic nerves from TN-C-
null mice when compared with wild- 30 30
type mice (Student’stest: **P<0.01,
*** P<0.001). At later stages (P5 to 25 | 25 |
adult), no differences between
genotypes were found. (B-E) Examples
of in situ hybridisation experiments for g
PDGFaR mRNA on optic nerve £
sections obtained from the sixth 2
segment (A, arrow) are shown for wild%
type mice (B,D) or TN-C-null mice O
(C,E) at PO (B,C) and P5 (D,E). Note
the increased number of cells in the PO
TN-C-deficient nerve. Scale bar:
100pm.
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we compared heterozygous
homozygous null littermates
found that PDGER mRNA-
positive cells were found at poil
nearer the retina at P2 (Fig. 2) in
null mice. This confirms that tl
different  distribution of OF
associated with a lack of TN-C
not restricted to a single gene
background.

Adult

25 -

20 -

15 -

Cell number
Cell number

10

Migration of OP cells in vitro

The in vivo experiments above sh
that environments lacking TN
promote faster OP migration.
determine whether this effect wa
direct consequence of TN-C loss, we next performed in vitrguggests that the enhanced migration on the null matrix is
migration assays using an agarose drop assay (Milner et ahediated by indirect effects of TN-C deficiency on the ECM,
1996), using rat OP and astroglial matrix substrates preparéu addition to the loss of any direct effects of TN-C that we
from either wild-type or knockout mice. As expected, OPhave described previously using purified TN-C substrates
migration at 1 and 2 days was significantly greater over th@-rost et al., 1996; Kiernan et al., 1996).

matrix that lacked TN-C (Fig. 3). However, the addition of ) ) o

purified TN-C at 10 or 4@ig/ml to the substrate for 18 hours Proliferation of OP cells in TN-C-null mice in vivo

before the assay (Fig. 3), or at i@/ml in solution for the Although a role for TN-C in the proliferation of neural cells
duration of the assay (not shown), did not reduce the migratidms not been shown previously, TN-C has been shown to
rate of cells on TN-C deficient matrix to wild-type levels. Thisstimulate proliferation of other cell types in vitro (Jones and




Fig. 2.Increased OP migration in the optic
nerve of homozygous TN-C-deficient mice
when compared with heterozygous litterma
OP migration analysis was performed as
shown for Fig. 1. Data were obtained from
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experiments at both PO and P2, with three
heterozygous and four homozygous null
animals with a C57BI6J/CBA background &
from an experiment at P2 with three
heterozygous and three homozygous null
animals with a 129 background. At both PC *
P2, more PDG&R mRNA-positive cells wer I [ T
found in each segments of the optic nerves Ll T J_
homozygous TN-C-deficient mice when
compared with heterozygous litermates 0=
(Student’s test: *P<0.05, **P<0.01,

** P<0.001).
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Jones, 2000). We therefore next asked whether TN-C we 15
involved in cell proliferation within the developing CNS in P2
vivo. The original TN-C-null mice (Saga et al., 1992) and
matched same age wild-type mice (C57BL/6J-CBA F1) wert
used for in vivo BrdU labelling to analyse cell proliferation 10
during postnatal development. For these studies in ear
postnatal mice, we used two injections of BrdU 1 hour apar
with the rationale that any increase in cell cycle time associate
with a reduced rate of cell proliferation would be revealed by
a reduction in the percentage of labelled cells. A potentic
shortcoming of this protocol is that it assumes the length of
phase remains constant as the OP cell cycle time lengthel
A recent study using cumulative labelling in embryonic
development suggests that this may not be the case, and t 0-
lengthening of S phase is also seen (van Heyningen et &
2001). However, any lengthening of S phase in the TN-C-nu
mice would increase the labelling index, and so diminish rathe
than exaggerate the sensitivity of our protocol in the detectio
of reduced rates of proliferation in these mice. in the corpus callosum, cortex and striatum of these littermates.
During early postnatal development, forebrain OP cells arBifferences in the numbers of BrdU-positive cells were found
generated from pre-progenitor cells in the SVZ surroundingn the cortex and the striatum at P7 and P10, with fewer BrdU-
the lateral ventricles (Levison et al., 1993; Levison andabelled cells seen in homozygous mice when compared with
Goldman, 1993; Levison and Goldman, 1997; Luskin andheterozygous mice (Fig. 4A). We also found a reduced amount
McDermott, 1994). Consequently, our first experiment was aof BrdU-positive cells in the corpus callosum at P7 but not at
analysis of BrdU incorporation in this area between PO to P1P10 (Fig. 4).
We found a significant reduction at all ages in the number of We also compared the levels of cell proliferation between
BrdU-positive cells in the SVZ of TN-C-null mice when heterozygous and TN-C deficient homozygous littermates in
compared with wild-type controls (Fig. 4A). This reductionthe 129 genetic background. Once again we found reduced
remained significant even after the overall number of BrdUlevels of BrdU labelling in SVZ and cortex at both P7 and P10
positive cells decreased later in development in the P17 SVand in corpus callosum at P7 (Table 1). This result confirms
(Fig. 4A). It was most apparent in the dorsolateral part of théhat the reduced cell proliferation associated with TN-C
SVZ (see Fig. 4B,C,E), an area in which TN-C is normallydeficiency is present on at least two genetic backgrounds.
highly expressed, as evidenced by the expressitatafrom In order to examine OP proliferation directly, we used the
the transgene in sections taken from TN-C-null mice (Figl29 mice and performed double immunostaining for BrdU and
4D). NG2 chondroitin sulfate proteoglycan, a marker for OP cells
To confirm these results using age and genetic backgrouniivivo (Levine and Stallcup, 1987; Levine et al., 1993), which
matched littermates, we performed a second set of experimeiigscolocalized with the PDGR (Nishiyama et al., 1996). As
using TN-C-deficient heterozygous and homozygous micshown in Fig. 5, a significant number of the BrdU-positive cells
crossed into the F1 C57BL/63 CBA background. We in the cortex were also NG2 positive, while in the SVZ, very
examined these mice at P2, P7 and P10, and once again few of the BrdU-positive cells were NG2 positive. In all cases,
found a significant decrease in the number of BrdU-positivlowever, there was a significant reduction in the number of
cells at all ages in the SVZ of the homozygous mice, ilNG2-positive cells that were BrdU positive at either or both P7
comparison with the heterozygous mice (Fig. 4). In addition tand P10 (Table 1, Fig. 5), showing directly that deficiency of
the SVZ, we also compared the number of BrdU-positive cell§N-C reduces OP proliferation in the CNS.

Cell number

129
littermates
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Fig. 3.Increased OP cell migration on TN-C-
null astroglial ECM substrate. Measurements
of rat OP migration from the edge of an

agarose drop show that after 1 and 2 days, the

distance moved by the cells is greater on the
TN-C-null astroglial substrate than on the
wild-type astroglial substrate (Studertttest:

** P<0.01, **P<0.001). Note that the
addition to the substrate of purified TN-C at
pag/ml before the assay does not reduce OF
migration on the TN-C-null substrate. Resul
shown represent meanzs.e.m. from three tc
independent experiments (WT, wild typé+,
null).

Fig. 4.Reduction in cell proliferation of TN-C-
null mice. Proliferating cells were identified b
BrdU uptake in vivo at ages from PO to P17 i
the SVZ of wild-type (WT) and TN-C-nul(-)
animals with the original genetic background
described by Saga et al. (Saga et al., 1992),
from P2 to P10 in the SVZ, the cortex, the
striatum and the corpus callosum of
heterozygous (+) and homozygous TN-C-nu
(=/-) littermates with a C57BI6J/CBA
background. (A) The reduction in BrdU-posit
cells in the TN-C null animals, as described i
the text; note that for some values the error t
are too small to see at this scale (Studemgst:
*P<0.05, *P<0.01, **P<0.001). (B) A
schematic representation of a frontal section
the anterior part of the mouse brain with the
boxed area showing the region of the SVZ in
which BrdU-positive cells were counted.

(C) The extensive BrdU labelling at P10 in th
dorsolateral part of the SVZ of heterozygous
animals. (D)acZ expression in the SVZ,
derived from the transgene in the TN-C-null
mice, in the region shown in C,E (boxed are
(E) BrdU labelling of the dorsolateral part of |
SVZ in homozygous TN-C-null littermates of
those shown in C; note the reduction in
labelling. V, ventricle. Scale bars: 4Qf in D;
100pm in C,E.

Number of BrdU

Number of BrdU

positive cells

positive cells

Proliferation of OP cells on astroglia extracellular

matrix lacking TN-C

The experiments above confirm a role for TN-C in the
regulation of OP proliferation in vivo. OP proliferation is also
driven by the mitogen PDGF in vitro (Pringle et al., 1989) and
in vivo (Calver et al., 1998; Fruttiger et al., 1999). We therefore
next examined the interaction between PDGF and TN-C in OP
proliferation. These experiments were performed using either
wild-type or TN-C-deficient OP cells grown in culture on
astrocyte-derived matrix from either wild-type or TN-C-
deficient mice. The proliferation index of OP cells was
determined after two days of plating by exposure to BrdU for
6 hours. As shown in Fig. 6A, in the absence of PDGF, the
basal level of proliferation of OP cells was only 3-4%. In
control experiments using wild-type OP cells on wild-type
matrix, there was a significant proliferative response to both 1
and 10ng/ml PDGF, in agreement with previous studies
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Fig. 5.Reduction in cell proliferation of OPs in the CNS of TN-C-null mice with a 129 genetic background. BrdU (green)/NG2 (red) doubl
staining experiments at P7, in the SVZ (A) and in the cortex (B) of an heterozygous animal and in the cortex of a TN-©zaygbbem

animal (C). Very few BrdU-positive cells were NG2 positive in the SVZ, while in the cortex, the OP (NG2-positive) populatieents

about a third of the proliferative (BrdU-positive) cells (B). Note that in TN-C-null homozygous animals (C), fewer doubtbesthénvere

found in the cortex in comparison with heterozygous littermates (B). Scale han.50

(Pringle et al., 1989). However, in the absence of TN-C (i.e.
knockout OP cells on knockout matrix) there was no response
at either concentration (Fig. 6A). Experiments in which either
the OP cells or the matrix were TN-C deficient revealed that
T * TN-C--OPon WT ECM the PDGF response was more dependent on the genotype of
—* TN-C--OPonTN-C--ECM the cells than the substrate. The response of wild-type cells on
T knockout matrix was greater than that of knockout cells on

. ]pw.oz} wild-type matrix (Fig. 6A). However optimal responsiveness

0.01

A. = WT OP on WT ECM
¢ WT OP on TN-C -/- ECM

=
a1

=
o

to PDGF required both sources of TN-C, with the response of
}Koom the wild-type cells on knockout matrix significantly less than
- :|p<0-02 ' that of the same cells on wild-type matrix (Fig. 6A).
L In order to confirm that a lack of TN-C is directly
0 . . . responsible for the loss of PDGF responsiveness in the OP
0 0.1 1.0 100 cells, we repeated these experiments adding purified TN-C (see
PDGF (ng/ml) Materials and Methods) at a concentration ofug@dml. This
exogenous TN-C was able to restore the response to PDGF of
both TN-C-deficient and wild-type OP cells grown on TN-C-
B. B WT ECM B WT ECM deficient substrates. As before, however, wild-type OP cells
WTOP B TN-C-- ECM TN-/-OP H TN-C-- ECM were more responsive to the mitogenic effect of PDGF, with
0. BTNC/LECM+TNC 5o, B TN-C-ECM+ TN-C approximately twofold greater BrdU labelling after the
addition of exogenous TN-C (Fig. 6B).

% of BrdU positive cells

151 Involvement of avf3 integrin in TN-C mitogenic
functions in OP cells

The experiments above show that TN-C is required for the
T T mitogenic response of mouse OP cells to PDGF in cell culture.
In order to investigate the mechanism by which TN-C interacts
with PDGF signalling pathways, we focussed on ¢wf3
] integrin. This integrin is an established TN-C receptor that has
1.0 10.0 1.0 10.0 been shown to mediate TN-C growth control effects in other
PDGF (ng/ml) PDGF (ng/ml) cell types and to mediate interactions between integrin and
growth factor receptor signalling pathways (for a review,
Fig. 6. The mitogenic response of OP cells to PDGF requires TN-C.see Jones and Jones, 2000). Additionally, we have shown
(A) Response of wild-type or TN-C-deficient OP cells to increasing previously that avB3 integrin is expressed during OP
concentrations of the mitogen PDGF (0 to 10 ng/ml) when grown ongjifferentiation and regulates OP proliferation (Blaschuk et al.,
wild-type or TN-C-deficient astroglia matrix substrates. Results 2000; Milner and ffrench-Constant, 1994; Milner et al., 1997).
shown represent meants.e.m. from at least three independent e 1 arefore performed proliferation assays in vitro in which

experiments (WT, wild type:/—, null; P value was obtained using : . . . .
Student’s test). Note the lack of response of TN-C-null OP cells to BrdU incorporation into OP cells was determined in the

PDGF at all concentrations on the TN-C-null substrate. (B) The lackPr€Sence or absence of a function-blocking33 antibody,
of proliferative response to PDGF in the absence of TN-C is rescueither on control substrates (PDL) or on substrates containing
by the addition of exogenous purified TN-C {i@ml) to the TN-C-  purified TN-C (PDL+TN-C at 1Qug/ml, see Materials and
null astroglia substrate (Student®st: *P<0.05). Methods). In the absence of any well-characterised blocking

104
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Table 1. Decreased rate of NG2-positive cells
O F11() incorporating BrdU in the CNS of TN-C-null mice with a
20- H Fii(+) 129 genetic background
* % of BrdU-positive
T cells in the
o 254 & Total number of NG2-positive
> Region Age Genotype BrdU-positive cells  cell population
o 204 svz P74+ 695.33+29.74 28.62+1.17
> T =/ 546.67+66.71* 20.41+3.16**
G P10 ++ 266.67+16.12 23.10+£2.16
8_ 154 T —/- 215.67+17.51* 21.71+0.69
o) ° Cortex P7 +H 166.00+£25.16 18.79+1.05
B 104 T J_ o /- 102.00+£12.53* 14.31+1.43**
o T . T P10+ 54.67+7.09 13.38+1.76
o J_ T /- 38.67+5.51* 6.89+1.68***
S 54 l Striatum P7 119.33+19.21 15.43+0.92
- —/- 128.67+4.16 9.99+0.37***
0 P10 +~ 72.00+15.10 16.30+0.43
TN tb o oGy o -I- 67.3311.29 6.71:0.94%*
Corpus callosum P7 +/ 43.67+4.16 19.03+0.65
=/ 34.33+£3.54* 14.18+2.82*
+ -
PDL PDL + TN-C P10 ++ 25.67+4.93 15.2046.13
Fig. 7. Requirement of thav3 integrin for the potentiation by TN- =I- 23.00+8.19 12.37+5.56

C of PDGF mitogenic effects. Rat OP cells were plated on PDL
substrata or on PDL substrata with exogenous purified TN-C
(PDL+TN-C) in the presence (F11(+)) or absence (FAIf a3

Proliferating cells in SVZ, cortex, striatum and corpus callosum were
identified by immunostaining for BrdU after incorporation in vivo.

. : . . Quantitation of BrdU-positive cells and NG2-positive/BrdU-positive cells was
function-blocking monaclonal antibody. Cells were then grown in performed as described in Materials and Methods, with cells counted in two

the pr.esence of Qiﬁerent (?oncentratiolns of PDGF (1, 4, 7, 10: 0 separate sections from three different littermate animals of each genotype
ng/ml; 2, 5,8, 11: 1 ng/ml; 3, 6, 9, 12: 10 ng/ml) for 18 hours before 4/ heterozygous micej—, TN-C-deficient homozygous mice). Student's
the addition of BrdU for 6 hours. Results represent meanzs.e.m. of test: #7<0.05; **P<0.02; and ***P<0.01.

three independent experiments (Studernest: *P<0.001,
comparison between PDL and PDL+ TN-@<0.001, comparison
between F11(+) and F19)).

difference at earlier developmental times in corpus callosum,
while very few dying cells were seen in the normal or TN-C-
antibodies against mous&/33, we used rat OP cells and the deficient cortex after P5.
monoclonal anti-rativB3 antibody F11 (Helfrich et al., 1992).
Initial experiments established that, as in the mouse cells, the
mitogenic response of rat OP cells to PDGF was enhanced BYSCUSSION
exogenous TN-C (Fig. 7). The F11 antibody blocked this TN-
C-mediated effect, but had no effect on control PDL substrateé3ur results show an important role for the extracellular matrix
on which PDGF was still able to stimulate OP cell proliferatiormolecule TN-C in the regulation of neural precursor cell
(Fig. 7). These data therefore demonstrate that TN-C acts vimoliferation and migration, as revealed by reduced proliferation
one of its receptorgyvf3 integrin, to enhance the mitogenic of SVZ cells and OP cells in transgenic mice that lack TN-C
effects of PDGF in OP cells. (Saga et al., 1992). These mice have previously been reported
) - ) as normal (Saga et al., 1992). Although subsequent studies have
Cell death in the CNS of TN-C-deficient mice revealed changes in behaviour (Fukamauchi et al., 1996;
The reduction on OP proliferation in the corpus callosum an&iernan et al., 1999) and neurotransmitter levels (Fukamauchi
cortex of the TN-C deficient mice would be expected to resukt al.,, 1996) in the CNS, as well as abnormalities of
in a reduced number of oligodendrocytes available foneuromuscular junction architecture (Cifuentes-Diaz et al.,
myelination in these areas. However, as we have describd®98) and repair in the kidney (Nakao et al., 1998), no
previously, the architecture of the myelinated tracts is normalevelopmental abnormalities have been described previously.
in these mice (Kiernan et al., 1999). Many newly formedOur results are therefore important in that they demonstrate for
oligodendrocytes undergo programmed cell death, unless théye first time a significant role for TN-C in the basic processes
establish appropriate axonal contact (for a review, see Barre$ cell growth control during normal development.
and Raff, 1999). One potential mechanism to explain the The reduction in cell proliferation in the TN-C-deficient
normal myelination in the TN-C-deficient mice would animals was revealed by BrdU studies in vivo, with double
therefore be a compensatory reduction in the level ofabelling experiments showing directly that there was a
programmed cell death in these tracts during development. Teduction in OP proliferation. Cell culture studies using cells
examine this, we performed TUNEL labelling to determine theobtained from either wild-type or knockout animals show that
levels of cell death during myelination in corpus callosum andhe effect on cell proliferation reflects a change in the
cortex. As shown in Fig. 8, we found significantly reducedsensitivity of the OP cells to the mitogen PDGF. Cells that lack
levels of TUNEL labelling in the TN-C-deficient mice at P17 TN-C and are grown on an astrocyte-derived extracellular
in corpus callosum and P5 in cortex. There was no significambatrix also derived from TN-C-deficient animals show almost
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CORPUS CALLOSUM CORTEX factors present in the lesion environment (Crossin, 1996; Deller
et al., 1997; Gates et al., 1996; Laywell et al., 1992).
Short-range ECM signals could either derive from adjacent
301 cells or the OP cells themselves. Our own data point to a direct
[ autocrine role for TN-C in OP proliferation. First, we have
201 T found previously that purified OPs are immunoreactive for TN-
ok C in vitro (Kiernan et al., 1996). Second, we observed in the
present study that the sensitivity to PDGF was more dependent
on the genotype of the cells than on the underlying matrix. We
interpret this to mean that cells respond more efficiently to TN-
1

40
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O TN-C -/

TUNEL positive cells
TUNEL positive cells

;1
10 | 1
N

5 10 7 C that they themselves have synthesised and secreted. An

Days Days autocrine role for tenascin-R has also been suggested

Fig. 8.Reduced cell death in the postnatal brain of TN-C-null previously (Pesheva et al., 1994; Probstmeier et al., 1999). Our

transgenic mice. At P5, P10 and P17, TUNEL-positive cells were present work therefore suggests the hypothesis that autocrine

counted in the corpus callosum and the cortex of wild-type (WT) angffects may be a general property of the tenascin family, and
TN-C-null mice (TN-G-/-) in two separate brain sections from three further studies to examine the synthesis of TN-C in vivo are

different animals of each genotype, and shown as mean#s.e.m. Noteequired to determine the relative contributions of astrocytes
the decrease in cell death at P17 in the corpus callosum and at P5 iand OP cells to the TN-C present in the developing CNS.
the cortex of TN-C-null mice (Student'sest: **P<0.02; Three receptors for TN-C that might regulate cell
% P<0.01). proliferation in OP cells have been described. First, RBTP-
(Milev et al., 1997; Ranjan and Hudson, 1996), a protein-
no response to PDGF. Importantly, this response is restored byrosine phosphatase that could alter signalling downstream of
the addition of exogenous TN-C, confirming that this moleculeghe PDGF receptor as previously described for another protein-
is necessary for the mitogenic effect of PDGF on OP cells. Ayrosine phosphatase, SHP-2 (Zhao and Zhao, 1999). Second,
experiments using transgenic mice expressing different levetmnexin Il (Chung and Erickson, 1994), which has been shown
of PDGF have shown that this mitogen is limiting for OPto mediate a mitogenic effect of TN-C on endothelial cells
proliferation in vivo (Calver et al., 1998; Fruttiger et al., 1999),(Chung et al., 1996). Third, the integarv33 (Yokoyama et
any alteration in the sensitivity of the precursor cells to PDGRI., 2000), previously shown to modulate the EGF-driven
should alter cell proliferation. We propose, therefore, that thgrowth responses of smooth muscle cells (Jones et al., 1997)
observed changes in the transgenic mice reflect a partial loaed also to stimulate cell proliferation in colon cancer cells
of response to PDGF in three areas of the CNS where TN-Cdgsown on TN-C substrates (Yokosaki et al., 1996). Our
expressed during development: the SVZ, cortex and whitexperiments demonstrate a role fovpB3, as a well-
matter tracts (Bartsch et al., 1992; Bartsch et al., 1994; Crossicharacterised antibody against this integrin will block the
1996; Crossin et al., 1989; Gates et al., 1995; Gotz et al., 199%timulatory effect of exogenous TN-C on OP cell proliferation.
Jankovski and Sotelo, 1996; Miragall et al., 1990; Mitrovic etAn association betweemvp3 and PDGF signalling has been
al., 1994). described previously, as activated PIBGieceptor will co-
TN-C has been shown to stimulate cell proliferation in ammunoprecipitate witluv3 and ligand binding tavp3 will
number of other non-neural cell types in vitro (Jones et alenhance PDGF signalling responses (Schneller et al., 1997).
1997; Ohta et al., 1998; Seiffert et al., 1998), and one previol$owever, the association betweenp3 and the PDG#R
study has also described reduced cell proliferation in vivo isuggested by our work has not been shown previousp3
association with a model of renal glomerulonephritis (Naka@ontributes to the regulation of OP cell proliferation in cell
et al., 1998). Interactions such as we document here betweenlture, and we have previously suggested a model in which
TN-C and growth factor signalling have been described ithe sequential signalling ofv1, avp3 andavf5 regulates OP
these studies for PDGF, epidermal growth factor (EGF) anthigration, proliferation and differentiation, respectively
basic fibroblast growth factor (bFGF; for a review, see Jone®laschuk et al., 2000; Milner et al., 1996; Milner and ffrench-
and Jones, 2000) and we have recently found that the respor@enstant, 1994; Milner et al., 1997). Our demonstration here
of neural stem cells to FGF is also TN-C dependent (E. Gthat TN-C acts through thevp3 integrin to potentiate PDGF
unpublished). Taken together with our results presented hemjtogenic activity in OPs adds significant support to this
this suggests that regulation of growth factor responsivenesgypothesis. It emphasises the rolegf3 in OP proliferation,
represents a general mechanism by which TN-C regulates cdiémonstrating the association with PDGF signalling pathways
proliferation. As a consequence of these interactions, celkinown to regulate OP proliferation in vivo (Calver et al., 1998;
proliferation will be regulated both by long-range signals fromFruttiger et al., 1999) and identifying an essential role for an
diffusible growth factors and short-range signals from théeCM ligand ofav3, which is known to be expressed in the
ECM. This dual regulation may be an important mechanismpathways of OP migration during development (Bartsch et al.,
for the maintenance of a proliferating stem/precursor cell992; Bartsch et al., 1994).
population in the SVZ and rostral migratory stream, as TN-C We have also examined OP migration during postnatal
expression persists in these areas of the adult brain (Gatesdetelopment in the TN-C-deficient mice, as TN-C has been
al., 1995; Jankovski and Sotelo, 1996; Miragall et al., 1990shown to inhibit OP migration and adhesion in cell culture
Equally, the upregulation of TN-C by astrocytes in response tfFrost et al., 1996; Kiernan et al., 1996). Our studies show that
injury may be an important component of the repair responsePs, as identified by the expression of the PBEFhave
by enhancing the sensitivity of precursor cells to the growtimigrated further along the optic nerve at PO and P2 in the
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absence of TN-C, so confirming for the first time a role for TN-cell death we observe at the final stages of myelination (at
C in the regulation of inhibition of migration in vivo. Based onwhich time axonal targets would normally be limiting) would
cell culture studies, the inhibition of OP migration by TN-Ccorrect the phenotype. These corrective cellular mechanisms
has been proposed as a mechanism to limit the movementarke quite distinct from compensatory molecular mechanisms
OPs in vivo and so prevent myelination in two areas of théhat may operate within individual cells as has been shown, for
CNS, the retina and the molecular layer of the cerebellunexample, in the MyoD knockout where Myf5 can compensate
High concentrations of TN-C produced by astrocytes at théor the loss (Rudnicki et al., 1993). They may represent an
optic nerve head and at the border of the molecular layer haimportant cause of the apparent normality of many transgenic
been proposed to act as barriers during development (Bartsotice. Correction may, however, be inadequate in the presence
et al.,, 1992; Bartsch et al.,, 1994). Although we showeaf other genetic or environmental perturbations of development
previously that adult mice lacking TN-C showed no change imnd this may provide the selection pressure required to explain
the pattern of myelination at the optic nerve head anthe high degree of conservation seen for TN-C across a range
cerebellum (Kiernan et al., 1999), we could not exclude thef vertebrate species.

possibility that OPs enter these regions during development but
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The present developmental study argues that this is not th&renza Ciani, Holly Colognato and Jodo Relvas for helpful
case; even in the optic nerves that lack TN-C, cells arrivingmments on the manuscript. We also thank Janet Ferguson for

; naging the mice colony. E. G. was supported by the Multiple
prematurely at the optic nerve head were never seen to en Clerosis Society of Great Britain and Northern Ireland and C. ff.-C.

the r.etlna. TN'C IS not therefor.e (equwed for the barrlerhoIdsaWeIIcome Trust Clinical Research leave fellowship. Funding
function of this region, and our finding that OPs also nevepy he Centre National de la Recherche Scientifique (CNRS) and the
entered the molecular layer of the cerebellum (E. G.German Research Council (DFG, SBF 317/A12) to A. F. is gratefully
unpublished) shows that TN-C is also not required as a barrigtknowledged. A. F. was recipient of a H.-L.-Schilling Professorship
to OP migration in this structure. for Neuroscience during part of this work. The collaboration was also

In contrast to the experiments examining proliferation insupported by the British Council via the British-German Academic
which the addition of purified TN-C to the in vitro assaysResearch Collaboration Program.
restored OP proliferation to wild-type levels, the addition of
exogenous TN-C to our migration assays, either to the substrate
or in solution, did not reduce the level of migration. This wasREFERENCES
surprising given our previous finding that purified TN-C
substrates inhibit OP migration (Kiernan et al., 1996), andnton, E. S., Kreidberg, J. A. and Rakic, P(1999). Distinct functions of
points to additional indirect effects of TN-C loss mediated by g'rpgifzaat?gnﬂ??ﬁévge'r”etﬁ?;:"c{,?;iﬂfrfn'2”2”57”§°z"§s'; ioration andlfaminar
Changes e!ther in the levels or in the Orgam_satlon Of_ oth alla?bio, A. and Camerino, G.(1992). The gene for .X—Iinked Kallmann
molecules in the ECM. As we have also described previously, syndrome: a human neuronal migration def€ctrr. Opin. Genet. De2,
the inhibition of OP migration by TN-C is substrate dependent 417-421.

(Frost et al., 1996) and we suggest that the changes in the TRires, B. A. and Raff, M. C.(1999). Axonal control of oligodendrocyte
C-deficient ECM render the cells insensitive to the direct, development). Cell Biol.147 1123-1128. .
iy L . arres, B. A, Hart, |. K., Coles, H. S., Burne, J. F, Voyvodic, J. T.,

effects of purified TN-C. TN-C interacts with a number of “riciordson. W, D. and Raff, M. C. (1992). Cell death in the
other ECM molecules (Jones and Jones, 2000) and theoligodendrocyte lineagd. Neurobiol 23, 1221-1230.
reorganisation of the matrix associated with TN-C deficiencyartsch, S., Bartsch, U., Dorries, U., Faissner, A., Weller, A., Ekblom, P.
could therefore alter the 3D architecture and the interactionsand Schachner, M.(1992). Expression of tenascin in the developing and
of cels with these other molecules. This is an importany, 244 crebelar coriod Newosola raoTal L
conclusion, as it emphasises that the effects of deficiencyand schachner, M.k1§94). Tenascin demarcates the byou.ry1dary between the
deduced from the phenotype of null mice reflect both direct myelinated and nonmyelinated part of retinal ganglion cell axons in the
and indirect effects of the loss of any one molecule, with in developing and adult mous&. Neuroscil4, 4756-4768.
vitro experiments, such as those performed here, helpful ffaschuk, K. L., Frost E. E. and ffrench-Constant, C.(2000). The
distinguishina these possibilities. regulation of proﬂln‘erat_lon and differentiation in oligodendrocyte progenitor

ng g p . ) ) . cells by alphaV integrindDevelopmeni 27, 1961-1969.

Given the roles for TN-C in proliferation and migration calver, A. R., Hall, A. C., Yu, W. P., Walsh, F. S., Heath, J. K., Betsholtz,
demonstrated by this present study why, as we have describe@. and Richardson, W. D.(1998). Oligodendrocyte population dynamics
previously (Kieran et al., 1999), is the final pattern 01EChaunndgthéJ r\?lea?;iPEDricé‘Ifs:)nnVIl\-/!MF?l(Jlrggi()l ?ZGeSI)I_Esgﬁff.ace annexin Il is a high
mye“natlon normal In.TN-C-defICIent gnlmals? Our results affini’ly r.ec.eptor for the alyterr.lat.ively sbliced segment of tenascih-Cell
showing a decrease in TUNEL labelling suggest that this gjg|. 126 539-548.
reflects the presence of corrective mechanisms during normahung, C. Y., Murphy-Ullrich, J. E. and Erickson, H. P. (1996).
development. Overproduction of OPs normally occurs, with as Mitogenesis, cell migration, and loss of focal adhesions induced by tenascin-

many as 50% of neWIy formed oIigodendrocytes subsequentlygsi?[‘_tgégc“”g with its cell surface receptor, annexinMal. Biol. Cell 7,

undergomg progrqmmed cell death. (B."?‘rres et al, lgg?{)huong, C. M., Crossin, K. L. and Edelman, G. M.(1987). Sequential
regulated, at least in part, by the availability of axonal targets expression and differential function of multiple adhesion molecules during
for myelination (for a review, see Barres and Raff, 1999). the formation of cerebellar cortical layeds.Cell Biol. 104, 331-342.
Variations in the numbers of OP cells in different regions oF“;‘:J;n;esL'D"\aj‘lir‘;\-;vs\g'a'\SACOrAEdameggt'i‘t?“DF- Qalgooﬁdoghr?ééﬁiral\?lheLt.’
the CNS that reflect changes In prollferat|on and migration al. (1998). The peripheral nerve and the neuromuscular junction are affected
could therefore be corrected at a later stage of development. Iy the tenascin-C-deficient mous@ell Mol. Biol.44, 357-379.

the case of reduced proliferation, the reduction in the level dfrossin, K. L. (1996). Tenascin: a multifunctional extracellular matrix protein



Glial precursor behaviour in tenascin-C knockout mice 2495

with a restricted distribution in development and diseds€ell Biochem.  Joester, A. and Faissner, A(1999). Evidence for combinatorial variability of

61, 592-598. tenascin-C isoforms and developmental regulation in the mouse central
Crossin, K. L., Hoffman, S., Tan, S. S. and Edelman, G. M(1989). nervous systeml. Biol. Chem274, 17144-17151.

Cytotactin and its proteoglycan ligand mark structural and functionalones, F. S. and Jones, P. L(2000). The tenascin family of ECM

boundaries in somatosensory cortex of the early postnatal nizesseBiol. glycoproteins: structure, function, and regulation during embryonic

136, 381-392. development and tissue remodelibgev. Dyn.218 235-259.

Crossin, K. L., Prieto, A. L., Hoffman, S., Jones, F. S. and Friedlander, D.  Jones, P. L., Crack, J. and Rabinovitch, M(1997). Regulation of tenascin-
R. (1990). Expression of adhesion molecules and the establishment of C, a vascular smooth muscle cell survival factor that interacts with the alpha
boundaries during embryonic and neural developnieqi. Neurol 109, 6- v beta 3 integrin to promote epidermal growth factor receptor
18. phosphorylation and growtl. Cell Biol.139, 279-293.

D’Arcangelo, G., Miao, G. G., Chen, S. C., Soares, H. D., Morgan, J. I. Kiernan, B. W., Gotz, B., Faissner, A. and ffrench-Constant, C(1996).
and Curran, T. (1995). A protein related to extracellular matrix proteins  Tenascin-C inhibits oligodendrocyte precursor cell migration by both
deleted in the mouse mutant reelature374, 719-723. adhesion-dependent and adhesion-independent mecharéohs.Cell.

Deller, T., Haas, C. A.,, Naumann, T., Joester, A., Faissner, A. and Neurosci.7, 322-335.

Frotscher, M. (1997). Up-regulation of astrocyte-derived tenascin-C Kiernan, B. W., Garcion, E., Ferguson, J., Frost, E. E., Torres, E. M.,
correlates with neurite outgrowth in the rat dentate gyrus after unilateral Dunnett, S. B., Saga, Y., Aizawa, S., Faissner, A., Kaur, R. et 1999).
entorhinal cortex lesiorNeuroscienc81, 829-846. Myelination and behaviour of tenascin-C null transgenic mioer. J.

Erickson, H. P.(1993a). Gene knockouts of c-src, transforming growth factor Neurosci.11, 3082-3092.

beta 1, and tenascin suggest superfluous, nonfunctional expression ladywell, E. D., Dorries, U., Bartsch, U., Faissner, A., Schachner, M. and

proteins.J. Cell Biol.120, 1079-1081. Steindler, D. A. (1992). Enhanced expression of the developmentally
Erickson, H. P.(1993b). Tenascin-C, tenascin-R and tenascin-X: a family of regulated extracellular matrix molecule tenascin following adult brain
talented proteins in search of functio@urr. Opin. Cell Biol.5, 869-876. injury. Proc. Natl. Acad. Sci. US89, 2634-2638.
Erickson, H. P. and Inglesias, J. L(1984). A six-armed oligomer isolated Levine, J. M. and Stallcup, W. B.(1987). Plasticity of developing cerebellar
from cell surface fibronectin preparationdature311, 267-269. cells in vitro studied with antibodies against the NG2 antideNeurosci.
Faissner, A. and Kruse, J.(1990). Jl/tenascin is a repulsive substrate for 7, 2721-2731.
central nervous system neurohkeuron5, 627-637. Levine, J. M., Stincone, F. and Lee, Y. S(1993). Development and
Faissner, A. and Steindler, D(1995). Boundaries and inhibitory molecules  differentiation of glial precursor cells in the rat cerebell@ii 7, 307-321.
in developing neural tissueSlia 13, 233-254. Levison, S. W. and Goldman, J. E.(1993). Both oligodendrocytes and
Fassler, R., Georges-Labouesse, E. and Hirsch, #996). Genetic analyses astrocytes develop from progenitors in the subventricular zone of postnatal
of integrin function in miceCurr. Opin. Cell Biol.8, 641-646. rat forebrainNeuron10, 201-212.

Forsberg, E., Hirsch, E., Frohlich, L., Meyer, M., Ekblom, P., Aszodi, A.,  Levison, S. W. and Goldman, J. E.(1997). Multipotential and lineage
Werner, S. and Fassler, R(1996). Skin wounds and severed nerves heal restricted precursors coexist in the mammalian perinatal subventricular

normally in mice lacking tenascin-@roc. Natl. Acad. Sci. US83, 6594- zone.J. Neurosci. Regl8, 83-94.

6599. Levison, S. W., Chuang, C., Abramson, B. J. and Goldman, J. [E1993).
Frost, E., Kiernan, B. W., Faissner, A. and ffrench-Constant, C(1996). The migrational patterns and developmental fates of glial precursors in the

Regulation of oligodendrocyte precursor migration by extracellular matrix: rat subventricular zone are temporally regulatedvelopmentl19, 611-

evidence for substrate-specific inhibition of migration by tenasciDed. 622.

Neurosci.18, 266-273. Levison, S. W., Young, G. M. and Goldman, J. E§1999). Cycling cells in
Fruttiger, M., Karlsson, L., Hall, A. C., Abramsson, A., Calver, A. R, the adult rat neocortex preferentially generate oligodendraglideurosci.

Bostrom, H., Willetts, K., Bertold, C. H., Heath, J. K., Betsholtz, C. and Res.57, 435-446.
Richardson, W. D. (1999). Defective oligodendrocyte development and Lochter, A. and Schachner, M.(1993). Tenascin and extracellular matrix
severe hypomyelination in PDGF-A knockout mibevelopmen126, 457- glycoproteins: from promotion to polarization of neurite growth in viiro.
467. Neurosci.13, 3986-4000.

Fukamauchi, F., Mataga, N., Wang, Y. J., Sato, S., Youshiki, A. and Lochter, A., Vaughan, L., Kaplony, A., Prochiantz, A., Schachner, M. and
Kusakabe, M. (1996). Abnormal behavior and neurotransmissions of Faissner, A. (1991). Jl/tenascin in substrate-bound and soluble form

tenascin gene knockout mouBéochem. Biophys. Res. Comm#281, 151- displays contrary effects on neurite outgrowthCell Biol.113 1159-1171.
156. Luskin, M. B. and McDermott, K. (1994). Divergent lineages for
Gates, M. A,, Thomas, L. B., Howard, E. M., Laywell, E. D., Sajin, B., oligodendrocytes and astrocytes originating in the neonatal forebrain

Faissner, A., Gotz, B., Silver, J. and Steindler, D. A(1995). Cell and subventricular zoneGlia 11, 211-226.
molecular analysis of the developing and adult mouse subventricular zorddcCarthy, K. D. and de Vellis, J.(1980). Preparation of separate astroglial
of the cerebral hemispherek.Comp. Neurol361, 249-266. and oligodendroglial cell cultures from rat cerebral tisSu€ell Biol.85,

Gates, M. A, Fillmore, H. and Steindler, D. A(1996). Chondroitin sulfate 890-902.
proteoglycan and tenascin in the wounded adult mouse neostriatum in vitrMilev, P., Fischer, D., Haring, M., Schulthess, T., Margolis, R. K., Chiquet-
dopamine neuron attachment and process outgrawieuroscil6, 8005- Ehrismann, R. and Margolis, R. U.(1997). The fibrinogen-like globe of
8018. tenascin-C mediates its interactions with neurocan and phosphacan/protein-

Georges-Labouesse, E., Mark, M., Messaddeq, N. and Gansmuller, A. tyrosine phosphatase-zeta/betaBiol. Chem272, 15501-15509.

(1998). Essential role of alpha 6 integrins in cortical and retinal laminationMilner, R. and ffrench-Constant, C. (1994). A developmental analysis of
Curr. Biol. 8, 983-986. oligodendroglial integrins in primary cells: changes in alpha v-associated

Gotz, M., Bolz, J., Joester, A. and Faissner, A1997). Tenascin-C synthesis beta subunits during differentiatioDevelopmenfi20, 3497-3506.
and influence on axonal growth during rat cortical developnieumt. J. Milner, R., Edwards, G., Streuli, C. and ffrench-Constant, C.(1996). A
Neurosci.9, 496-506. role in migration for the alpha V beta 1 integrin expressed on

Guillery, R. W. and Herrup, K. (1997). Quantification without pontification: oligodendrocyte precursord. Neuroscil6, 7240-7252.
choosing a method for counting objects in sectioned tissbe€omp. Milner, R., Frost, E., Nishimura, S., Delcommenne, M., Streuli, C., Pytela,
Neurol. 386, 2-7. R. and ffrench-Constant, C.(1997). Expression of alpha vbeta3 and alpha

Heifrich, M. H., Nesbitt, S. A. and Horton, M. A. (1992). Integrins on rat vbeta8 integrins during oligodendrocyte precursor differentiation in the
osteoclasts: characterization of two monoclonal antibodies (F4 and F11) to presence and absence of axdbka 21, 350-360.
rat 3. J. Bone Min. Res/, 345-351. Miragall, F., Kadmon, G., Faissner, A., Antonicek, H. and Schachner, M.

Husmann, K., Faissner, A. and Schachner, M(1992). Tenascin promotes (1990). Retention of Jl/tenascin and the polysialylated form of the neural
cerebellar granule cell migration and neurite outgrowth by different domains cell adhesion molecule (N-CAM) in the adult olfactory bulbNeurocytol.
in the fibronectin type Il repeat3. Cell Biol. 116, 1475-1486. 19, 899-914.

Jankovski, A. and Sotelo, C.(1996). Subventricular zone-olfactory bulb Mitrovic, N., Dorries, U. and Schachner, M. (1994). Expression of the
migratory pathway in the adult mouse: cellular composition and specificity extracellular matrix glycoprotein tenascin in the somatosensory cortex of the
as determined by heterochronic and heterotopic transplantati@omp. mouse during postnatal development: an immunocytochemical and in situ
Neurol. 371, 376-396. hybridization analysis]. Neurocytol23, 364-378.



2496 E. Garcion, A. Faissner and C. ffrench-Constant

Moscoso L. M., Cremer, H. and Sanes, J. R1998). Organization and Ranjan, M. and Hudson, L. D. (1996). Regulation of tyrosine
reorganization of neuromuscular junctions in mice lacking neural cell phosphorylation and protein tyrosine phosphatases during oligodendrocyte

adhesion molecule, tenascin-C, or fibroblast growth factdr-Bleurosci. differentiation.Mol. Cell. Neurosci7, 404-418.
18, 1465-1477. Rudnicki, M. A., Schnegelsberg, P. N., Stead, R. H., Braun, T., Arnold, H.
Nakao, N., Hiraiwa, N., Yoshiki, A., Ike, F. and Kusakabe, M.(1998). H. and Jaenisch, R(1993). MyoD or Myf-5 is required for the formation

Tenascin-C ~ promotes healing of Habu-snake venom-induced of skeletal muscleCell 75, 1351-1359.
glomerulonephritis: studies in knockout congenic mice and in cukkume.  Saga, Y., Yagi, T., lkawa, Y., Sakakura, T. and Aizawa, §1992). Mice
J. Pathol.152, 1237-1245. develop normally without tenasci@enes Dev6, 1821-1831.
Nishiyama, A., Lin, X. H., Giese, N., Heldin, C. H. and Stallcup, W. B.  Schneller, M., Vuori, K. and Ruoslahti, E. (1997). Alphavbeta3 integrin
(1996). Co-localization of NG2 proteoglycan and PDGF alpha-receptor on associates with activated insulin and PDGFbeta receptors and potentiates the

O2A progenitor cells in the developing rat bralnNeurosci. Regl3, 299- biological activity of PDGFEMBO J.16, 5600-5607.

314. Seiffert, M., Beck, S. C., Schermutzki, F., Muller, C. A., Erickson, H. P.
Ohta, M., Sakai, T., Saga, Y., Aizawa, S. and Saito,M1998). Suppression and Klein, G. (1998). Mitogenic and adhesive effects of tenascin-C on

of hematopoietic activity in tenascin-C-deficient mi&ood 91, 4074- human hematopoietic cells are mediated by various functional domains.

4083. Matrix Biol. 17, 47-63.

Pesheva, P., Probstmeier, R., Skubitz, A. P., McCarthy, J. B., Furcht, L. T.  Taylor, J., Pesheva, P. and Schachner, M1993). Influence of janusin and
and Schachner, M.(1994). Tenascin-R (J1 160/180 inhibits fibronectin-  tenascin on growth cone behavior in vitloNeurosci. Res35, 347-362.

mediated cell adhesion—functional relatedness to tenascin-Cell Sci. van Heyningen, P., Calver, A. R. and Richardson, W. 032001). Control of
107, 2323-2333. progenitor cell number by mitogen supply and demé@nuir. Biol. 11, 232-
Pringle, N., Collarini, E. J., Mosley, M. J., Heldin, C. H., Westermark, B. 241.

and Richardson, W. D. (1989). PDGF A chain homodimers drive Yokosaki, Y., Monis, H., Chen, J. and Sheppard, D{1996). Differential

proliferation of bipotential (O-2A) glial progenitor cells in the developing effects of the integrins alpha9betal, alphavbeta3, and alphavbeta6 on cell

rat optic nerveEMBO J.8, 1049-1056. proliferative responses to tenascin. Roles of the beta subunit extracellular
Pringle, N. P., Mudhar, H. S., Collarini, E. J. and Richardson, W. D(1992). and cytoplasmic domaing. Biol. Chem271, 24144-24150.

PDGF receptors in the rat CNS: during late neurogenesis, PDGF alph¥ekoyama, K., Erickson, H. P., lkeda, Y. and Takada, Y.(2000).

receptor expression appears to be restricted to glial cells of the Identification of amino acid sequences in fibrinogen gamma-chain and

oligodendrocyte lineag®evelopment 15 535-551. tenascin C C-terminal domains critical for binding to integrin alpha v beta
Probstmeier, R., Michels, M., Franz, T., Chan, B. M. and Pesheva, P. 3.J. Biol. Chem275, 16891-16898.

(1999). Tenascin-R interferes with integrin-dependent oligodendrocyt&Zhao, R. and Zhao, Z. J. (1999). Tyrosine phosphatase SHP-2

precursor cell adhesion by a ganglioside-mediated signalling mechanism. dephosphorylates the platelet-derived growth factor receptor but enhances

Eur. J. Neuroscill, 2474-2488. its downstream signallinddiochem. J338 35-39.



