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Summary

Sonic hedgehog (SHH) and fibroblast growth factor 2 maintains a basal level of phosphorylated MAPK that is
(FGF2) can both induce neocortical precursors to absolutely required for the OLIG2- and OLP-inducing
express the transcription factor OLIG2 and generate activities of SHH. Stimulating the MAPK pathway with a
oligodendrocyte progenitors (OLPS) in culture. The activity — retrovirus encoding constitutively active RAS shows that
of FGF2 is unaffected by cyclopamine, which blocks the requirement for MAPK is cell-autonomous, i.e. MAPK
Hedgehog signalling, demonstrating that the FGF is needed together with SHH signalling in the cells that
pathway to OLP production is Hedgehog independent. become OLPs.

Unexpectedly, SHH-mediated OLP induction is blocked by

PD173074, a selective inhibitor of FGF receptor (FGFR)

tyrosine kinase. SHH activity also depends on mitogen- ey words: FGF, SHH, MAPK, Embryonic neural stem cells, Cell
activated protein kinase (MAPK) but SHH does not itself  fate specification, Neural development, Oligodendrocyte progenitors,
activate MAPK. Instead, constitutive activity of FGFR  Mouse

Introduction including the cerebral cortex (Tekki-Kessaris et al., 2001).

Sonic hedgehog (SHH) is required during development of thehere might also be local production of OLPs within the
spinal cord for specification of ventral neurons (Briscoe et allammalian cortex (Gorski et al., 2002) (but not avian cortex:
2001; Wijgerde et al., 2002) and oligodendrocyte progenitors€€ Discussion). If so, cortical OLP production must begin
(OLPs) (Orentas et al., 1999). SHH secreted from the floor plafiter E17 in the mouse because significant numbers of OLPs
induces transcription of the basic helix-loop-helix transcriptior@™® Not found in the cortex before then, whereas OLPs are
factors OLIG1 and OLIG2, which are initially expressedge”erated in large numbers in the ventral forebrain as early as
throughout the ventral half of the embryonic cord but lateE13- If cortical precursor cells are removed and cultured at
become restricted to a subdomain of the ventral ventricular zorfel 3, they do not generate OLPs for at least four days in vitro
(VZ) known as pMN (Lu et al., 2000; Takebayashi et al., 2000(DIV4) (Tekkl-Kess_arls et al., 2001). However, E_13_neocort|cal
Zhou et al., 2000) (reviewed by Kessaris et al., 2001; RowitcRrecursors can be induced to generate OLPs within a couple of
et al., 2002). Neuroepithelial precursors in pMN generate motéfays of SHH treatment in vitro (Tekki-Kessaris et al., 2001;
neurons followed by OLPs, which migrate throughout theAlberta et al., 2001; Murray et al., 2008)lig genes are also
spinal cord before differentiating into myelin-forming expressed and required for oligodendrogenesis in the ventral
oligodendrocytes (Richardson et al., 2000). Specification dPrebrain, becaus@lig1/2 double-knockout mice lack OLPs
both motor neurons and OLPs requires OLIG function, becaud@ the forebrain, and indeed anywhere else in the central
Olig2 null mice lack both motor neurons and OLPs in the spinahervous system (CNS) (Zhou and Anderson, 2002).
cord (Lu et al., 2002; Rowitch et al., 2002; Takebayashi et al., In addition to SHH, fibroblast growth factor 2 (FGF2) also
2002; Zhou and Anderson, 2002). Neuroepithelial precursors igtimulates the generation of oligodendrocytes from cultured
the dorsal spinal cord are believed not to generate OLPs in vi@®rtical precursors (Qian et al., 1997; Hall, 1999). Since SHH
(Pringle et al., 1998; Pringle et al., 2002) but they can band FGF2 share this property, the question arises whether SHH
artificially induced to do so by culturing dorsal explants orand FGF2 use some of the same intracellular signalling
dissociated cells with SHH in vitro (Poncet et al., 1996; Pringlgpathways or operate along entirely independent lines. This is
et al., 1996; Orentas et al., 1999). the main question addressed by the work described here. FGF2
SHH is also expressed in the ventral forebrain where is routinely added to neural stem cell (neurosphere) cultures
induces formation of neurons (Ericson et al., 1995) and OLPgerived from embryonic or adult forebrain, so understanding
(Nery et al., 2001; Tekki-Kessaris et al., 2001). The OLPs thethe interactions between FGF and other factors will help us to
appear to migrate into all parts of the developing forebraimnderstand the behaviour of stem cells in these cultures.
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FGF proteins often act as mitogenic growth factors but caRGFR-TK. Infection of cultures with a retrovirus encoding
also signal cell survival and differentiation (reviewed byconstitutively active RAS protein demonstrated that SHH
Yamaguchi and Rossant, 1995; Ornitz and Itoh, 2001). SHKignalling and MAPK activity were required in the same cells
was originally identified as a morphogen and cell fatdor OLP induction. Our results raise the possibility that
determinant (Roelink et al., 1995) but more recently has bearooperation with receptor or non-receptor TK pathways might
shown to influence axonal outgrowth (Charron et al., 2003he a more general requirement for cell fate specification by
cell survival and proliferation (Teillet et al., 1998; Ahlgren andSHH.

Bronner-Fraser, 1999; Marcelle et al., 1999; Rowitch et al.,

1999; Yu et al., 2002; Thibert et al., 2003). Moreover, over; .
activity of the Hedgehog signalling pathway is associated wit}l1\/|ater"'JIIS and methods

tumour growth (Oro et al., 1997; Dahmane et al., 2001). SHMeocortical cultures

is now known to be a mitogen for neural precursors fronCerebral hemispheres from E13.5 mouse embryos were dissected in
several regions of the CNS including cerebellum (DahmanBepes-buffered minimal essential medium (MEM-H) (Invitrogen).
and Ruiz i Altaba, 1999; Wechsler-Reya and Scott, 1999dYleningeal membranes were removed mechanically following gentle
Kenney and Rowitch, 2000) and retina (Jensen and Wallackeatment with 1 mg/ml dispase (Roche) and the neocortical
1997). neuroepithelial cells were dissociated by incubation in 0.0125% (w/v)

; ; ; i ; rypsin in Earle’s balanced salt solution (EBSS, Invitrogen) for 30
The biochemical basis for these activities of SHH is poorl)}minutes at 37°C in 5% COThe cells were mechanically dissociated

understood. .SHH blnds_ tp_the trapsmembrane receptor Patd)fqhe presence of DNasel and seeded onto 13 mm poly-D-lysine-
(PTC), causing disinhibition of its co-receptor Smoothenedyated coverslips in a 50 droplet of Dulbecco’s modified Eagle’s
(SMO), a seven-pass transmembrane G-protein couplgfedium (DMEM, Invitrogen) containing 4% (v/iv) FCS at a density
receptor (GPCR). IrDrosophilg this eventually promotes of 3x1CP cells/coverslip. The cells were allowed to attach for
nuclear translocation of a proteolytic fragment of the30 minutes, then 350l of defined medium (Bottenstein and Sato,
transcription factor Cubitus interruptus (Ci). The mammaliaril979) was added (diluting the FCS to 0.5%) and incubation continued
equivalents of Ci are the GLI proteins, which areat 37°C in 5% C@ Human recombinant FGF2, FGF8, FGF9 and
transcriptionally activated as a result of SHH signalling. ThéGF10 were purchased from ImmunoKontact. The small molecule
downstream targets of Ci/GLI proteins includge &nd S-phase 2gonist of Hedgehog signalling (Cur-0188168 or SHH-Ag1.2) (Frank-
cyclins (Kenney and Rowitch, 2000; Duman-Scheel et al.Kamenetsky et al., 2002) was provided by Curis Inc. U0126, a specific

A inhibitor of MEK1/2, and LY294002, a Pl 3-kinase inhibitor, were
2002) and N-MYC (Kenney et al., 2003; Oliver et al., 2003)’purchased from Calbiochem. Tyrphostin A9 was purchased from

linking directly to the cell cycle machinery. FGF (of which sigma-aldrich. Cyclopamine and the FGFR inhibitor PD173074 were
there are >20 known mammalian family members) triggers agindly provided by Wiliam Gaffield and Stephen Skaper,
entirely different set of early signalling events. FGF binds taespectively. The extracellular domains of human FGHRIE) and
one of four closely related receptors (FGFR1-4) at th&GFRB(llic) fused to human IgG1l Fc were purchased from R&D
extracellular surface, causing receptor clustering an&ystems. Unless otherwise stated, the working concentrations of
autophosphorylation of their intracellular tyrosine kinase (TK)eagents were as follows: FGF2, 10 ng/ml (~0.6 nM); SHHAg1.2, 100
domains. The phosphorylated receptor then acts as a nucleat[@y; _cyclopamine, 1uM; PD173074, 100 nM; U0126, 20M;
centre for signalling molecules, which bind either directly or-Y294002, 10 5"\’: F(?]FR?“(”'C)/FGFRIB(”'C) extracellular
indirectly to individual phosphotyrosine residues. The mairfomains. 600 ng/ml; tyrphostin A9, Q.64.
pathways that are activated by FGFR include the mitogerfarget specificity of PD173074
activated protein kinase (MAPK) pathway, phosphoinositol 3pp173074 has been described as a selective inhibitor of FGFR1
kinase (Pl 3-kinase) pathway, phospholipage@ elevation (Skaper et al., 2000) but it probably blocks all four high-affinity FGF
of intracellular calcium (reviewed by Klint and Claesson-receptors (FGFR1-4). It might conceivably inhibit other closely
Welsh, 1999). Despite their apparently divergent signallingelated RTKs or non-RTKs as well. PD173074 inhibits FGFR1 at ~25
mechanisms there is evidence of intracellular cross-talRM but does not inhibit PDGR EGFR or SRC significantly at this
between Hedgehog and FGF signalling pathways. Fdoncentration (Dimitroff et al., 1999). Skaper et al. (Skaper et al.,
example, the GLI proteins seem able o integrate SHH and FGRA) S, S8 0 fart B oo o oot ganglion
signalling |_n .some c[rcumstances (Brewster et al., 2000ﬂeurons at nM concentrations, but had no effect on the activities of
Molreover,. |t.|s established that receptor TKs can be tran nsulin-like growth factor 1, nerve growth factor, brain-derived
activated inside cells by GPCRs (Schwartz and Baron, 1999 rotrophic factor or ciliary neurotrophic factor.
Ferguson, 2003; Wetzker and Bohmer, 2003), raising the The concentration of PD173074 required for half-maximal
possibility that SMO might be able to trans-activate FGFR. inhibition of SHH-induced NG2 expression was ~25 nM, similar to
Here, we investigate the signalling pathways used by SHlthat reported for inhibition of FGFR1 itself. This strongly suggests
in cell fate specification and lineage progression of embryonithat the target of PD173074 in our experiments was indeed FGFR, not
neocortical precursors. Our starting point was the appareapother related kinase. As an additional test of specificity we wanted
connection between SHH and FGF2 biology. We searched & Conf'rlmhthat PD173(()'Zg g‘%‘:‘; not InhllleIt;he p!?‘te'e(t)'l(_jg“"ed growth
_ but found no evidence of — trans-activation of EGER HHgctor alpha-receptor (PL since -positive S express
inbgért(i)cualdcelc;s(.a I—?c?wg\?ecr), W(gadiz ?ltr;ltd ?rt]gt tﬁe scilaregyOSLP- DGFRx and proliferate in response to PDGFAA (Hall et al., 1996;

. . o . .~ Fruttiger et al., 1999). We cultured E13 ventral forebrain cells in
inducing activities of SHH and FGF2 involve OVerlapp'ngdeﬁned medium plus recombinant PDGFAA (10 ng/ml) and either

intracellular signals. Notably, SHH has a requirement for a lowp173074 or tyrophostin A9 (a selective inhibitor of PDGFR-TK)
basal level of MAPK phosphorylation that results fromevitzki and Gilon, 1991) for 48 hours before immunolabelling with
constitutive FGFR signalling — since both basal MAPK activityanti-NG2 and counting OLPs. In the presence of PDGFAA alone,
and SHH activity could be blocked by a selective inhibitor ofthere was a large increase in the number of NG2-positive OLPs (not
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shown). Tyrphostin A9 effectively neutralised PDGF-driven OLP control
proliferation (not shown) but PD173074 had no significant effect A
Thus, PD173074 selectively inhibits FGFR over the closely relatel

PDGFRu.

Chick neural tube cultures

Chick neural tubes from Hamburger-Hamilton stage 11 (E2) embryc
(Hamburger and Hamilton, 1951) were isolated in MEM-Hepes
following a gentle treatment with 1 mg/ml dispase to remove
surrounding tissues. Using a flame-sharpened tungsten needle -
neural tube was divided into dorsal and ventral halves. Approximatel
100um3 explants were cultured in three-dimensional collagen gels a
previously described (Guthrie and Lumsden, 1994) in defined mediul
(Bottenstein and Sato, 1979) lacking transferrin but containing
concanavalin A, 0.25% (v/v) foetal calf serum (FCS) and antibiotics

Retroviral vectors

To identify transfected cells we used the pBird retroviral vector, whict -
encodes enhanced green fluorescent protein (eGFP) driven by t i
cytomegalovirus (CMV) promoter. The pBird-R&3 vector co- 10 ng/ml FGF2
expresses eGFP and a constitutively active form of RAS (Tang et a E

2001). Recombinant retroviruses were produced and concentrated
described previously (Kondo and Raff, 2000). Neocortical culture:

were infected for 3 hours with concentrated retroviral supernatan
starting 1 day after plating the cells. Infected cells were identified b

eGFP fluorescence.

50 ng/ml FGF2

-o-FGF2
10000 —— FGF8

1000 . / -x-FGF9

100 - FGF10
e

. 10 f’// %

Immunocytochemistry T T

Cells on coverslips or explants were lightly fixed in 4% (wiv) 0 e 9

paraformaldehyde (PFA) in phosphate-buffered saline (PBS) fo 0 25 50 75 100

5 minutes at room temperature and washed in PBS. The followin [FGF] ng/ml

primary antibodies were used: anti-NG2 rabbit serum (1:350 dilution

Chemicon) or monoclonal anti-NG2 (clone N11.4) (Levine and F

Stallcup, 1987; Stallcup and Beasley, 1987), monoclonal antibody C 1 25/27

(Sommer and Schachner, 1981), anti-OLIG2 rabbit 1gG (DF308 51758

1:4000 dilution, a gift from David Rowitch) and monoclonal anti-

MAPK (diphosphorylated ERK1/ERK2; Sigma-Aldrich, 1:200

dilution). For OLIG2 staining, the cells were made permeable witt

0.1% (v/v) Triton X-100 in PBS. Primary antibody treatments were

for 1 hour or overnight in a humid chamber at 4°C. Fluorescen

secondary antibodies (Perbio Science, UK) were applied for 6

minutes at room temperature. Following staining of the nuclei witt [

Hoechst (Sigma) the cells were post-fixed for 5 minutes in 4% (w/v : -

PFA in PBS and mounted on slides in Citifluor (City University, UK). control FGF2 FGF2

NG2+ cells/10 fields

% O4+ explants

00 4
75
50 1
25 4
0/32
0 T

cyc
Results Fig. 1. FGF2 induces OLPs through FGFRL1. (A) Dissociated cells
_ ) o from mouse E13.5 neocortex (boxed region) were cultured in defined
Oligodendrocyte progenitor cell specification by medium in the presence or absence of different FGFs for 3 days in
FGF2 acting through FGFR1 vitro (DIV). (B-D) The cultures were fixed and immunolabelled with

We first confirmed that FGF2 can cause neocortical precursdp§lyclonal anti-NG2. Control cultures lacked NG2 immunoreactivity
to differentiate along the oligodendrocyte pathway b B). Numerous NG2-positive cells developed in 10 ng/ml FGF2 (C)

establishing dense cultures of dissociated cells from E13§éngog%/ﬂoF$gr2egjt)léi)tgg%x:mﬁzrnsﬂtﬁ Iﬁglezndsuucgegdegzng

mouse cerebral cortex and incubating them in defined mediumat the inducing activity is mediated via FGFR1. NG2-positive cells
plus 0.5% foetal calf serum (FCS), with or without FGF2. Weyere counted ingmore t)rqan 10 randomly selected fieldspon each of
scored OLPs by immunolabelling with anti-NG2 proteoglycaniwo coverslips ¥63 microscope objective). At least two independent
At three days in vitro (DIV3) there was a striking dose-experiments gave similar results, one of which is illustrated.
dependent induction of NG2-positive OLPs by FGF2(F) Dorsal spinal cord explants from chick Hamilton-Hamburger
(Fig. 1A-D), followed by O4-positive OLPs about 24 hoursstagel2 (E2) developed O4-positive OLPs when cultured in the
later (data not shown). OLP induction by FGF8, 9 or 1(resence of FGF2, even in the presence of cyclopamine

was 100-1000 times lower (Fig. 1E). The different binding(FGF2+CyC)- The number of O4-positive explants and the total
specificities of these FGF isoforms for the three FGF receptof&MPer of explants are shown above each bar.

found in the CNS (FGFR1-3) suggests that the effect is

mediated predominantly through FGFR1 (MacArthur et al.2001). The OLP-inducing effect of FGF2 was also observed
1995; Ornitz et al., 1996; Belluardo et al., 1997; lgarashi et alwith E15.5 rat neocortical cultures (Hall, 1999) (and data not
1998; Beer et al., 2000; Ohuchi et al., 2000; Ford-Perriss et akhown) and in explant cultures of chick dorsal spinal cord
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Fig. 2. Induction of OLPs by the Hedgehog agonist 2 B ,’é/‘ sl
SHHAg1.2.Mouse E13.5 neocortical neuroepithelial cells were © 0 !
cultured in the presence or absence of SHHAg for 4 DIV. The 0 50 100
cultures were fixed and immunolabelled with polyclonal anti-NG2. Time (hours)

(A) Control cultures lacked NG2 immunoreactivity. (B) Numerous ) o ) )
NG2-positive cells developed in the presence of 100 nM SHHAg1.2.Fig. 3. Rapid induction of OLIG2 by SHHAg or FGF2. Neocortical
(C) The dose-response curve shows induction of NG2-positive cellsPrecursors from E13.5 mice were cultured in the presence or absence
at a half-maximal concentration of SHHAg1.2 of ~25 nM. of FGF2 or SHHAgQ and assayed for OLIG2 immunoreactivity at
different times. OLIG2-positive nuclei appeared within the first
20 hours in both FGF2-treated (C,F) and SHHAg-treated (B,E)
(Fig. 1F). FGF2 also induced ISL1/2-positive neuronsgcultures. The experiment was quantified (G) by counting OLIG2-
presumably motor neurons, in chick dorsal spinal cord explang$sitive cells in more than 10 randomly selected fields on each of
(not shown). (Note that this activity of FGF2 was not inhibitediWo separate coverslipsg3 microscope objective) and are displayed
significantly by the Hedgehog inhibitor cyclopamine (Fig. 1F).2S Means.d.
This is discussed in more detail below, in the section entitled
‘FGF2 dependent induction of OLPs...".) added FGF2 or SHH did not develop any OLIG2-positive cells
In parallel experiments we showed that the SHH agonidor at least 70 hours (Fig. 3G).
Cur-0188168 (ShhAgl.2, hereafter referred to simply as . . . )
SHHAgQ) (Frank-Kamenetsky et al., 2002) can inducé=GF2-mediated induction of OLPs is SHH
neocortical precursors to generate OLPs in a dose-dependéiiependent: SHH requires FGFR
manner (Fig. 2). This confirms previous studies with full-lengthThe fact that either SHH or FGF2 can induce OLPs raises the
recombinant SHH (Tekki-Kessaris et al., 2001; Alberta et al.question: do these different factors act sequentially in the same
2001; Murray et al., 2002). induction pathway or in separate, parallel pathways? As an
As we showed previously (Tekki-Kessaris et al., 2001)example of sequential action, FGF2 might stimulate cells in the
cortical cultures maintained in defined medium eventuallycortical cultures to synthesise SHH or a related Hedgehog
generate NG2-positive OLPs if left long enough (DIV5-6)protein, which could secondarily induce OLPs. If so, one would
even without added growth factors. However, most of thigxpect to be able to block FGF2 activity with cyclopamine, an
endogenous activity can be neutralised by cyclopaminénhibitor of Hedgehog signalling (Cooper et al., 1998; Incardona
demonstrating that it derives mainly from Hedgehog proteinst al., 1998). Alternatively, SHH might stimulate synthesis or
made by the cultured cells (Tekki-Kessaris et al., 2001). In theelease of FGF. In that case one would expect to block SHH-
experiments reported here we used concentrations of FGR2ediated induction by PD173074, which inhibits signalling
(10 ng/ml, ~0.6 nM) or SHHAg (100 nM) that induced NG2- through FGFR (Dimitroff et al., 1999; Skaper et al., 2000). If,
positive OLPs by DIV3-4, well ahead of endogenouson the other hand, SHH and FGF2 trigger independent, parallel

Hedgehog activity. pathways, one would not expect to block the SHH effect with
o . PD17074, or the FGF2 effect with cyclopamine.
Rapid induction of OLIG2 by FGF2 or SHH To test these predictions we cultured E13.5 neocortical

Activation of NG2 expression is a relatively late event inprecursors at high density in the presence of FGF2 or SHHAg,
oligodendrocyte lineage progression, an earlier lineage markaith or without cyclopamine or PD173074, and looked for
being OLIG2. We looked at induction of OLIG2 expression ininduction of OLIG2 at DIV2. We found that the OLIG2-
response to FGF2 or SHHAg. OLIG2-positive cells firstinducing activity of FGF2 (10 ng/ml) was strongly inhibited by
appeared within 20 hours of either FGF2 or SHHAg treatmenBD173074, as expected, but was unaffected by cyclopamine
peaking around 48 hours (Fig. 3). Control cultures withou(Fig. 4A,B). Moreover, cyclopamine did not inhibit the OLP-
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A and not shown). The concentration of PD173074 required for
B 1000 Olig2 half-maximal inhibition of SHHAg was ~25 nM, similar to that
& a0 - reported for FGFR1 itself (Dimitroff et al., 1999) (Fig. 4C). We
g 600 also determined that PD173074 does not inhibit the closely
o related PDGFR (see Materials and methods). Our data suggest
g 400 NG2 that SHH ultimately relies on activation of FGFR, either directly
< 200 ; . or indirectly, for its OLIG2- and OLP-inducing abilities.
§ 0. We tried to determine whether FGFR activation in SHH-
Q St v ggg«g treated cells requires extracellular FGF, by sequestering FGF

s 4+ - - . - %+ . . PDI7T3074 outside cells with recombinant, extracellular fragments of
- -+ .« - . -+ cyclopamine FGFR1. We used a mixture of FGFRIc and FGFRBIlIc

B 250 - alternative splice isoforms, which can bind FGF2 and other
S FGFR1-binding isoforms at high affinity. These reagents
& 200 - effectively prevented induction of OLIG2 by added FGF2 but
= 150 had no effect on OLIG2 induction by SHHAg (Fig. 4B). Taken
@ together, our data suggest that SHH activity requires ligand-
T 100 independent activation of FGFR. Perhaps the G-protein-
& coupled SHH receptor SMO trans-activates FGFR inside cells.
2 S0 Alternatively, SHH might not itself trans-activate FGFR, but
© 0 - [ might rely on a basal level of FGFR activity that is constitutive

-+ + 4+ - - - - - SHHAg in our cultures.
- e - e . -+ o+ o+ o+ FGF2
CtLooooro o DI Induction of OLIG2 expression by SHHAg or FGF2

c 2 -+ - - - -+  cyclopamine requires MAPK activity
S 400 If SHH and FGF both act through FGFR as implied above, one
& 300 would expect them to trigger the same intracellular signalling
Z pathways. FGFR activation leads to autophosphorylation of the
= 200 TK domains, which in turn can initiate MAPK and pathways
$ 100 and elevation of intracellular calcium. We investigated the
) 0 — . . involvement of MAPK and PI 3-kinase signalling pathways,
=

using synthetic drugs that inhibit MEK1/2 (U0126) or PI 3-
kinase (LY294002).

We found that induction of OLIG2 by either FGF2 or
Fig. 4.OLP induction by SHH requires FGFR. (A) E13.5 mouse =~ SHHAg was strongly inhibited by U0126, but not by
neocortical cells were cultured for 2 DIV in the presence or absencel Y294002, at either DIV1 (Fig. 5A) or DIV2 (not shown),
of FGF2 or SHHA_g, \_Ni_th or without ’_[he FGFR inhibitor PD173074 indicating that the MAPK pathway but not the PI 3-kinase
or the Hedgehog inhibitor cyclopamine. The cultures were assayed pathway is crucial for this first step of lineage specification. We
for OLIG2 immunoreactivity at DIV2 or NG2 immunoreactivity at visualised MAPK activation directly by immunofluorescence

DIV4. Induction of both OLIG2-positive and NG2-positive cells by - . . . ;
SHH was inhibited by PD173074. The inducing activity of FGF2 microscopy with an antibody that specifically recognises the

was unaffected by cyclopamine. (B) Cortical cells from mouse E13.9nosphorylated form of the protein. Within 1 hour of FGF2
embryos were cultured in the presence or absence of SHHAg or ~ €xposure there was a marked increase in MAPK
FGF2, PD173074, a combination of FGERIc and FGFRBIIIc immunolabelling over control (compare Fig. 5Ba with Bk).
extracellular domains (SFGFR1) or cyclopamine. The inducing effecSurprisingly (given the data of Fig. 5A), we could detect no
of FGF2 was inhibited by both PD173074 and sFGFR1 but not by increase in MAPK immunolabelling after SHHAg treatment
cyclopamine. The effect of SHH was inhibited by PD173074 but not(compare Fig. 5Ba and 5Bg).
by sSFGFR1, suggesting that SHHAg activity requires ligand- ~ \We confirmed these findings by looking directly at p42/p44
independent activation of FGFR. (C) Dose-response curve showing \APK) activation by western blotting with an antibody
inhibition of OLP induction by SHHAg in the presence of increasing gjre cted against the phosphorylated forms of p42/p44 (Fig. 5C).
concentrations of PD173074 at DIV4. Half-maximal inhibition As expected. FGE2 dal . in the level of
occurs at ~25 nM PD173074, as described for inhibition of FGFR1 pected, - Caused a large Increase n the level o
itself (Dimitroff et al., 1999). MAPK phosphorylation within 1 hour (compare lanes 1 and 3).
SHH did not cause significant MAPK activation at one hour
(compare lanes 1 and 2). After 18 hours incubation with FGF2
there was a small residual increase in phosphorylated MAPK
inducing activity of FGF2 in dorsal spinal cord culturescompared with control (compare lanes 4 and 7). However SHH
(Fig. 1F). In contrast, the OLIG2-inducing activity of SHHAg still had no effect on MAPK (lanes 4, 5).
in cortical cultures was strongly inhibited by both cyclopamine o o .
(Fig. 4B) and PD173074 (Fig. 4A,B). We also looked atFGFR maintains a constitutive Iowllgvel of active
induction of NG2-positive OLPs at DIV4, with analogous MAPK that is required for SHH activity
results, i.e. NG2-induction by FGF was blocked by PD17307Zhe inability of SHHAg to activate MAPK argues against
(not shown) but not by cyclopamine (Fig. 4A), whereastrans-activation of FGFR, since direct stimulation by FGF2
induction by SHHAg was sensitive to both reagents (Fig. 4Acauses robust MAPK activation. What, then, is the essential

0 50 100 150 200
[PD173074] nM
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Fig. 5.OLP induction by SHH depends on activation of the MAPK
pathway by FGFR1. (A) Neocortical neuroepithelial cells cultured
for 24 hours in the presence of the MEK1/2 inhibitor U0126 and
either SHHAg or FGF2 fail to develop Olig2-positive cells. The
inhibitor of PI 3-kinase, LY294002, has no effect on the inducing
activities of either SHHAg or FGF2. (B) To assess whether FGF2
and/or SHH activate the MAPK pathway we cultured E13.5 cortical
cells in the absence (a-f) or presence of either SHHAg (g-j) or FGF2
(k-n), together with PD173074 (c,i) or cyclopamine (e,m) for 1 hour
oL L FGE> prior to immunolabelljng with an anti;phospho-ERKl/Z antibody and
& s s U0126 Hoechst dye (b,d,f,h,j,l,n). FGF2 by itself caused strong activation of
- 4 - -+ LY294002 MAPK. SHH failed to activate MAPK above endogenous levels
(compare a, g) and all MAPK activity was abolished by PD173074
(c,i). (C) Protein lysates from cortical cultures incubated with FGF2
or SHHAg and PD173074 or cyclopamine for 1 hour or 18 hours
were separated by PAGE, and analysed for the presence of
phosphorylated ERK1/2 (p42/p44) by western blot. SHHAg failed to
activate MAPK above control levels, and PD173074 abolished all
MAPK activity even in the presence of SHH.

>

Olig2+ cells / 10 fields

[+ . |
(= =]
o o

500 -
400 +
300 A
200 -
100

o

+ + + = =~ -«  SHHAg

control

phosphorylation is required in neocortical cultures for the
+ PD173074 + cyclopamine OLP-inducing activity of SHH but did not distinguish between

: a direct or indirect effect of MAPK. For example, MAPK
might stimulate release of a diffusible factor that acts
secondarily on neighbouring cells to render them responsive to
SHH. Alternatively, MAPK might be required within the same
cells that respond to SHH.

We addressed this question by infecting neocortical
precursors with a retrovirus vector encoding a mutated form of
RAS that constitutively activates the MAPK pathway. The
retrovirus also encodes the enhanced green fluorescent protein
(eGFP) so that infected cells can be positively identified using
the fluorescence microscope. Unsurprisingly, we found that
constitutively active RAS was not by itself sufficient to activate
1 2 3 4 5 & 7 8 OLIG2 expression in the absence of SHH signalling (added
- cyclopamine; Fig. 6Ab-d). However, in the presence of SHHAg

| phospho and PD173074 (to block MAPK activation via FGFR) the only
. - 2 cells that expressed OLIG2 were those that also expressed
| activated RAS (Fig. 6Af-g,B). Note that not all cells that

| expressed active RAS also expressed OLIG2 (Fig. 6Af-h).
_* B tubulin These observations allow us to conclude, (1) the MAPK
T— L L . pathway is necessary but not sufficient for OLIG2 induction as

ShhAg1.2

+ PD173074

FGF2

+ cyol@pamine

-+ - - 4+ + - - SHHAg SHH signalling is also required, and (2) MAPK activation is
- - + - - - 4+ + FGF2 required cell-autonomously, i.e. it acts directly in the SHH-
x & = - - 4+ - - PD173074 targeted cells.

- - - - - - - +  cyclopamine
Two stages of OPC induction (OLIG2, NG2) with
different signalling requirements

role of FGFR in the activity of SHH? In the absence of addellVe investigated the requirement for MAPK and PI 3-kinase in
SHH or FGF2 there is a background of active MAPK in ourthe later transition from OLIG2-positive, NG2-negative
cultures (Fig. 5Ba and 5C lanes 1, 4), but this background @LIG2*, NG2) to (OLIG2", NG2") OLPs. We first allowed
abolished by adding PD173074 (Fig. 5Bc). Even in thgOLIG2*, NG2) cells to develop until DIV2 under the
presence of SHH, the basal level of active MAPK is obliteratethfluence of FGF2 or SHHAg, then added the MAPK and/or
by PD173074 (Fig. 5Bi, and lane 6 in C). Therefore, it seemPBI 3-kinase inhibitors for a further 2 days (until DIV4) before
likely that the steady-state level of active MAPK in our culturesmmunolabelling with anti-NG2. We found that NG2
is caused by low, constitutive FGFR activity and that this basaxpression was inhibited strongly by both drugs (Fig. 7),
activity is absolutely required for OLIG2 induction by SHH. indicating that both the MAPK and PI 3-kinase pathways are

) o important during this later stage of oligodendrocyte lineage
Cell-autonomous requirement for MAPK activation progression. Thus, there are different signalling requirements
in SHH-responding cells for the initial specification event (MAPK only) compared to
The experiments described above showed that MAPHater lineage progression (MAPK and PI 3-kinase).
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Fig. 6. Cell-autonomous activation of the MAPK pathway is required for OLIG2 induction by SHH. (A) Cultured neuroepithelial cells from
E13.5 mouse embryos were infected with a control retrovirus (pBird) encoding GFP alone (a,b,c,d) or a retrovirus encodihg GFP a
constitutively active form of RAS (pBird-R¥%) (e,f,g,h). Cells were then cultured for 48 hours in the presence of SHHAg. At DIV3, the
cultures were assayed for OLIG2 immunoreactivity (c,g) and labelled with Hoechst dye (a,e). In control virus-infectedechltyddshere
were no OLIG2-positive cells. However, in activated RAS virus-infected cultures, SHHAg induced OLIG2 expression in a Gibset of
positive cells (e,f,g,h). (B) The number of OLIG2- and GFP-positive cells was counted and is presented as the perceGtBBepoiitiie

cells. In RAS virus-infected cultures in the presence of SHHAg, 17.0+1.3% of GFP-positive cells expressed OLIG2. No OIN&2qbissit
were induced by either in the absence of active MAPK (added U0126), or in the absence of SHHAg (added cyclopamine)rés all cultu
PD173074 was added to block MAPK activation via FGFR.

2 300 seems that the signalling requirements for SHH activity are
o) different in the ventral spinal cord and forebrain, where OLPs
2 00 are generated endogenously, compared to its mode of action in
= the dorsal spinal cord or neocortex.
T 100 - I
-+ . .
8 M Ml —m Dlscussmn” |
z -+ + + - - . SHHAg Cell fate specification by SHH in cortical precursors
- - - - + + + FGF2 requires FGFR and MAPK
- -+ - -+ - U0126 We have investigated the relationship between FGF2 and SHH
- - - + - - + LY294002

signalling for specification of OLPs in cultures of embryonic
Fig. 7. The progression of cells from being OLIG2-positive to NG2- neocortical precursor (stem) cells. We showed that FGF2
positive requires both MAPK and PI 3-kinase activation. Neocorticalprobably acts through FGFR1 in these cells. FGF-mediated OLP
cells were initially cultured in the presence or absence of SHHAg orinduction was not blocked by cyclopamine, a naturally occurring
FGF2 for 48 hours until OLIG2-positive cells appeared. The inducerinhibitor of Hedgehog signalling, and so acts independently of
were then removed and the medium replaced with defined medium SHH. This conclusion was also reached independently by
containing U0126 or LY294002. The appearance of NG2-positive  Chandran et al. (Chandran et al., 2003). Unexpectedly, we found
cells in the cultures was inhibited by both drugs. that OLP induction by SHH could be blocked equally well by
cyclopamine and PD173074, a synthetic inhibitor of FGFR
tyrosine kinase activity. This suggests that the OLP-inducing
FGFR signalling is not required for SHH activity in activity of SHH depends on parallel activation of FGFR. In
the ventral spinal cord or forebrain keeping with this, we found that both SHH and FGF2 signalling
The data described above raised the possibility that induction efquire  MAPK activation. These observations might be
OLPs in the ventral neural tube in vivo, which is known toexplained if SHH, through its G-protein coupled co-receptor
depend on SHH, might also require FGFR signalling. WeSMO, could trans-activate FGFR. However, we found that SHH
cultured explants from E2 chick ventral spinal cords and culturedoes not by itself activate MAPK, arguing against FGFR trans-
them in the presence of either cyclopamine or PD173074. lactivation. Instead, it seems likely that SHH needs a basal level
these experiments it is not necessary to add exogenous SkHactive MAPK in order to function, and that constitutive FGFR
because the cells generate OLPs even in defined mediuagtivity in our cortical cultures provides the necessary stimulus.
presumably because they have already been exposed to SHH\¢ge could not neutralise SHH activity with soluble, ligand-
some time in vivo, prior to dissection, and because of continuinginding FGFR1 fragments, suggesting that constitutive FGFR
endogenous SHH production. Cyclopamine prevented thactivation is ligand independent. However, the complexity of
appearance of O4-positive OLPs, but PD173074 had nBGF-FGFR interactions and the large number of FGF family
effect (Fig. 8A). We performed analogous experiments wittmembers, not all of which are fully characterised, means that we
dissociated cells from the ventral mouse forebrain and obtaine@nnot be entirely confident of this conclusion.
similar results: induction of NG2-positive OLPs was blocked by We previously reported that cortical precursor cell cultures
cyclopamine but not by PD173074 (Fig. 8B-F). Therefore, ihave the ability to generate OLPs in the absence of added SHH
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A 100 - 41/42 Fig. 8.Induction of OLPs in ventral spinal cord or ventral forebrain
cultures is independent of FGFR-TK activity. (A) Ventral spinal cord
explants from Hamilton and Hamburger stage 12 (E2) chicks
75 1 36/55 developed O4-positive OLPs when cultured without exogenously
added growth factors. Their development was strongly inhibited by
50 - cyclopamine but only weakly by PD173074. FGF2 in the absence of
complementary Shh activity (i.e. in the presence of cyclopamine)
| was unable to induce O4-positive OLPs. (B-E) Dissociated cells from
25 - —— mouse E10.5 ventral forebrain (boxed region) were cultured in the
0/39 presence of the cyclopamine or PD173074 for 10 days, then the
| i i i 1 cultures were fixed and immunolabelled with anti-NG2. Control
control cyc  PD173074 cyc cultures developed numerous NG2-positive cells (C). Their
FGF2 production was inhibited by cyclopamine (D) but not by PD173074
(E). (F) The experiment was quantified by counting NG2-positive
cells in more than 10 randomly selected fields on each of two
separate coverslips§3 objective) and the results displayed as
meanzs.d. Similar data were obtained in at least two independent
experiments.

% Q4+ explants

control

effect of FGF when added at the higher concentrations
(10 ng/ml) used in our present study, because in our hands FGF-
mediated OLP induction was not inhibited significantly by
cyclopamine. On the contrary, we found that the OLP-inducing
activity of SHHAg is dependent on FGFR and MAPK.
However, MAPK alone is not sufficient to induce OLPs — SHH
signalling is also required. The additional obligatory signal that
is triggered by SHH is presumably also triggered by FGFR,
since FGF2 can induce OLPs independently of SHH.

Despite its critical role in cortical precursors, we found that
FGFR is not required for SHH-mediated cell fate specification
- in ventral spinal cord or forebrain, even though ventral

cyclopamine PD173074 precursors are known to express FGFR1-3 invivo. It is possible
F that receptor TKs other than FGFR collaborate with SHH in
300 - non-cortical cells.

Do FGF2 and SHH act on the same population of
cortical precursors?

FGF2 activated the MAPK pathway rapidly in all, or nearly all,
E13 cortical precursors (Fig. 5BK). This is consistent with the
100 - fact that FGFR1-3 are expressed in most cortical cells at this
age. However, only a minority of the MAPK-active cells —
; around 10% — went on to express OLIG2 at DIV2 (not shown).
0 - . : . A similar proportion of precursors expressed OLIG2 after
control cye PD173074 SHHAg stimulation. What distinguishes the precursor cells
that are competent to express OLIG2 from their OLIG2-
incompetent neighbours is a mystery.
or FGF2. This inherent potential takes a long time to manifest The FGF2 and SHH-responsive cells could belong to the
itself (DIV6) and can be blocked by cyclopamine, implying thatsame or different populations. The simplest interpretation of
endogenous Hedgehog activity in the cultures is largelpur data — the one we prefer — is that SHH and FGF2 act
responsible (Tekki-Kessaris et al., 2001). Consistent with thiglirectly on the same sub-population of cortical precursors to
we found that mRNAs encoding SHH and its relative Indiaractivate OLIG2. This interpretation is strengthened by our
Hedgehog (IHH) were up-regulated in the cultures (Tekkifinding that MAPK and SHH act together in the same
Kessaris et al., 2001). Recently, Gabay et al. (Gabay et al., 20Q®kcursors.
reported that neocortical cells in monolayer or neurosphere ) o o
culture up-regulate SHH in response to FGF2 (0.2 ng/ml) ant$ FGF involved in oligodendrocyte generation in
that the OLIG2-inducing activity of this low concentration of Vivo?
FGF2 can be blocked by cyclopamine. This suggests that tivde and others have presented evidence that OLPs are generated
up-regulation of Hedgehog transcripts that we observeth the ventral spinal cord and forebrain during embryogenesis
previously (Tekki-Kessaris et al., 2001) might be due tcand migrate from there into more dorsal territories including the
endogenous FGFR activation and that part of the OLP-inducingerebral cortex (Warf et al., 1991; Pringle and Richardson,
activity of added FGF might be mediated indirectly throughl993; Noll and Miller, 1993; Timsit et al., 1995; Spassky et al.,
Hedgehog proteins. However, that cannot account for all of th#998; Nery et al., 2001; Tekki-Kessaris et al., 2001). Chick-
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quail grafting experiments suggest that, in birds, albahmane, N. and Ruiz i Altaba, A.(1999). Sonic hedgehog regulates the
oligodendrocytes in the cortex develop from ventrally derived, growth and patterning of the cerebellurevelopment26, 3089-3100.
migratory OLPs (Olivier et al., 2001). However, cell fatePahmane, N., Sanchez, P., Gitton, Y., Palma, V. Sun, T., Beyna, M.,

Vsis. i . . Emx1-C . Weiner, H. and Altaba, A. (2001). The Sonic Hedgehog-Gli pathway
analysis In mice, using &mxl-Cretransgene to activate a regulates dorsal brain growth and tumorigend3eszelopmenfi28 5201-

conditionallacZ reporter, showed that the majority of cortical 5212,
oligodendrocytes were descended froBEmxkexpressing Dimitroff, C. J., Klohs, W., Sharma, A., Pera, P, Driscoll, D., Veith, J.,
precursors — presumably indigenous cortical precursors (GorskiSteinkampf, R., Schroeder, M., Klutchko, S., Sumlin, A., Henderson, B.,

- : - : Dougherty, T. J. and Bernacki, R. J.(1999). Anti-angiogenic activity of
etal, 2002)' Itis p055|ble that as Ventra"y derived progenitors selected receptor tyrosine kinase inhibitors, PD166285 and PD173074:

migrate into the cortex_ they turn &@mxJ so that theemx1- implications for combination treatment with photodynamic therbwest.
Crefate mapping experiments erroneously score them as cortexNew Drugs17, 121-135.
derived. Alternatively, there could be two populations of OLPsPuman-Scheel, M., Weng, L., Xin, S. and Du, W(2002). Hedgehog

it ; ; ; regulates cell growth and proliferation by inducing Cyclin D and Cyclin E.
a primitive population that is derived from ventral precursors NatUre417, 209.304.

and a Iat(_ar-developmg popl_JIatlon that is 'r_]dlgenous to thgricson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T. M. and Edlund, T.
cortex. This second wave might be present in rodents but not(1995). Sonic hedgehog induces the differentiation of ventral forebrain
birds, because of the need for greater numbers of OLPs in theneurons: a common signal for ventral patterning within the neural@atle.
much expanded mammalian cortex. It is conceivable that FGF81 747-756.

. . . - . - erguson, S. S(2003). Receptor tyrosine kinase transactivation: fine-tuning
signalling might be involved in the putative second wave of synaptic transmissiofrends Neurosci26, 119-122.

oligodendrogenesis in the mammalian cortex. It might by perriss, M., Abud, H. and Murphy, M. (2001). Fibroblast growth
possible to address this question in future by studying OLP factors in the developing central nervous syst@iin. Exp. Pharmacol.
production in neocortex-specifiegfrl knockout mice. Physiol.28, 493-503.
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