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SUMMARY

We examined the role of Notch signaling on the generation modulation of Notch by soluble forms of ligands indicates
of neurons and glia from neural stem cells by using that Notch signaling acts in two steps. Initially, it inhibits
neurospheres that are clonally derived from neural stem the neuronal fate while promoting the glial cell fate. In
cells. Neurospheres prepared fromDll1'acZ/lacZ mytant a second step, Notch promotes the differentiation of
embryos segregate more neurons at the expense of both astrocytes, while inhibiting the differentiation of both
oligodendrocytes and astrocytes. This mutant phenotype neurons and oligodendrocytes.

could be rescued when DIlfcZ/lacZ spheres were grown

and/or differentiated in the presence of conditioned Key words: Neural stem cells, Notch-Delta signaling, Cell fate
medium from wild-type neurospheres. Temporal specification, Neurospheres, Mouse

INTRODUCTION progenitors) as well as committed (late) progenitor cells.
These cells remain in an undifferentiated state until they are
Multipotent neural stem cells differentiate into neurons andnduced to differentiate by providing a solid support, on
glial cells in a progressive process, generating (firstvhich they attach and give rise to neurons, oligodendrocytes
uncommitted, then gradually committed) precursors cellend astrocytes in reproducible proportions (Reynolds and
with restricted developmental capacities, which ultimatelyWeiss, 1992; Weiss et al., 1996).
differentiate into neurons, astrocytes and oligodendrocytes (for The Notch signaling pathway has been shown to define a
a review, see Anderson, 2001). fundamental cell interaction mechanism that influences cell
Owing to the absence of specific markers, neural stem celfate decision by interaction between cellular neighbors. The
cannot be identified prospectively and their developmentahvolvement of Notch signaling in neuronal development has
behavior is therefore difficult to address in vivo. been extensively documented in invertebrates and its action
As neurospheres are clonally derived from neural stem cellsas been shown to be highly pleiotropic and indeed context
(Weiss et al., 1996), they provide a good experimental systedependent. During neurogenesis, Notch has been shown to
for studying the mechanisms involved in the proliferation andnhibit neuronal differentiation in many organisms in vivo and
differentiation of these multipotent cells in development. in vitro (Fortini et al., 1993; Struhl et al., 1993; Nye et al.,
The production of neurospheres relies on the selection df994; Artavanis-Tsakonas et al., 1995; Artavanis-Tsakonas et
neural stem cells from embryonic (or adult) brain through thal., 1999; Henrique et al., 1997). Notch activation has also
action of EGF. In the presence of EGF, neural stem cellseen shown to suppress oligodendrocyte development from
proliferate and form clonally derived clusters of cells floatingoligodendrocyte precursor cells (OPCs) (Wang et al., 1998).
in the medium that are referred to as neurospheres (&ecently, Notch signaling has been found to trigger the
spheres). Each neurosphere represents the clonal progenyddferentiation of several types of glial cells, including radial
a neural stem cell; as such, it consists of a heterogeneogka (Gaiano et al., 2000), Schwann cells (Morrison et al.,
population of cells, including the neural stem cells2000), Muller cells in retina (Furukawa et al.,, 2000) and
themselves (representing less than 5% of the cells) and theistrocytes (Tanigaki et al., 2001; Lutolf et al., 2002).
progeny. This progeny consists of uncommitted (early In the present study, we used neurospheres to examine the
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involvement of Notch in the generation, the maintenancg1EC and 3T3-conditioned medium

and the differentiation of neural stem cells by comparingConditioned medium enriched with a soluble form of human Jagged,
neurospheres produced from mice embryos deficient for Deltasas produced from stably transfected NIH-3T3 cells (Sestan et al.,
like gene 1 (DllfcZ/lacd) (Hrabé de Angelis et al., 1997), with 1999). HJaggedEC-3T3 cells, and untransfected NIH-3T3 cells (used

wild type neurospheres produced from the littermate control€s a control) were cultured until confluence, in DMEM containing
We find that the DIIfcZ/lacZ mutation affects neither the 10% FBS. When the culture became confluent, the medium was

generation nor the maintenance of neural stem cells in vitr(g‘?mo"ed and replaced by the neurosphere culture medium for another
By contrast, the DIcZ/aZ mutation strongly affects the days. The cells were then harvested by centrifugation and the

d | tal tential  of h N h resulting conditioned supernatant was filtered through ajorfiter
evelopmenta poZG;In 'Za OF neurospheres. CUrOSPNeTERit millex-GS (Millipore). This conditioned medium (referred to as

prepared from DIlfcZ/lacZmytant embryos display an increase JIEC) was added undiluted to tBel1'acZ/lacZspheres for various time

in the production of neurons at the expense of bothyindows during either the proliferation and/or the differentiation

oligodendrocytes and astrocytes. This mutant phenotype couilase(s), as described in the experimental diagrams. Conditioned
be rescued when DIFFZlacZ gpheres differentiated in the medium from untransfected NIH-3T3 cells (3T3) was used as a
presence of wild-type spheres conditioned medium. Temporabntrol.

modulation of Notch activation by soluble forms of ligands .. - ,

L - " . Differentiation and analysis of neurospheres

indicates that Notch acts in two steps. Initially, it controls a, ious i ¢ broliferation. 50-100 h lated

switch between neuronal fate to glial fate, repressing neurongr[er various umes of profrieration), 5t-149 NEUrospheres Were plate

. . - . nto polyornithine (poly-L-ornithine Sigma)-coated (14 mm)
fate and promoting glial fate (including both astrocytes an overslips, in a 24 wells plate (Nunc) to differentiate. Differentiation

oligodendrocytes). In a second step, Notch affects thgsneyrospheres is often described as requiring the withdrawal of EGF,
differentiation decisions of precursors already committed to @nich is replaced by fetal bovine serum (FBS) (Vescovi et al., 1993;
neuronal or a glial lineage; it promotes the differentiation offropepe et al., 1999). In order to avoid the hazardous effect of FBS,
astrocytes while inhibiting the differentiation of both neuronswhile preserving cell survival, we reduced EGF concentration to 2
and oligodendrocytes. ng/ml during the differentiation phase, which is sufficient to allow cell
survival but minimizes proliferation. Under these conditions, the
differentiating sphere remains a dynamic structure where generation

MATERIALS AND METHODS of new cells (stem cells and progenitors) is diminished but not totally

abolished.
Production and maintenance of wild-type and mutant Notch activation experiments
Dll1/acz/acZ neurospheres Fully dissociated DIIcZ/acZspheres were grown in&%conditioned

TheDllI1'2cZ mutant mouse line was kindly provided by Dr A. Gossler.medium, (or in NIH-3T3 control medium) in 50 ml flasks coated with
The mutation resulted from the in frame replacement of exonl by theolyHEMA. At various times, as indicated on the diagrams, the
lacZ gene, as described by Hrabé de Angelis et al. (Hrabé de Angelisowing spheres were collected by centrifugation, washed out in PBS,
et al., 1997). Homozygouslli1'acZlacZempryos die at embryonic day and the incubation was continued either in 3T3 control medium or in
(E) 11.5, i.e. before gliogenesis begins. The homozygous embrydesh JEC. After the proliferation phase, neurospheres were harvested
display a well-defined mutant phenotype with strongly hemorrhagiand plated on polyornithine-coated coverslips either & at in the
brain, somites boundaries not clearly defined and a kinked neural tubentrol medium. After various times of differentiation, the samples
(Hrabé de Angelis et al., 1997). were processed for immunostaining for identification of the cell types.
Neurospheres have been prepared as described by Tropepe et al. o
(Tropepe et al., 1999). Telencephalons of embryos (E10.5), welgimunostaining
dissected and mechanically dissociated in the serum-free neurosph&teurospheres were fixed for 20 minutes in 4% paraformaldehyde in
culture medium as described by Vescovi et al. (Vescovi et al., 1998)BS (pH 7.4), washed in PBS and permeabilized 5 minutes with
[DMEM:F12 (1:1) supplemented with 2%g/ml insulin, 100pg/ml PBS/0.5% Triton X-100 (Sigma). The neurospheres were incubated
transferrin, 20 nM progesterone, 6Mputrescine, 30 nM selenium overnight at 4°C in PBS containing 3% BSA and the appropriate
and 20 ng/ml EGF]. The dissociated cells were plated in 24-welnixture of antibodies. Primary antibodies used were mouse
plates (Nunc). After 7 days in vitro (DIV), most of the cells died, monoclonal anti-MAP2 (2a+2b) (1/400, Sigma) specific for neurons,
although a small percentage of cells proliferated by forming clustensabbit polyclonal anti-GFAP (1/600, Dako) for astrocytes, and rabbit
of undifferentiated cells floating in the medium, referred to as theolyclonal PDGFR(1/500, Santa Cruz) and mouse monoclonal anti-
neurospheres (spheres). These primary spheres were spun dagvn (854 (1/20, Boehringer) for oligodendrocytes precursors cells (OPCs)
for 5 minutes) and were dissociated mechanically and chemicallgnd immature oligodendrocytes, respectively. After washing in PBS,
making use of a ‘dissociation solution’ (Sigma) and were furthedifferentiating spheres were incubated for 1 hour with Cy2-, Cy3- and
expanded by transfer into fresh neurosphere culture medium in whidy5-conjugated secondary antibodies (1/300 Amersham) or Alexa
they were cultured for generating secondary spheres. Secondat§8-conjugated antibodies (1/1000, Molecular Probes). Preparations
cultures were transferred into 250 ml flasks (Falcon). Culture flaskaere counterstained with TO-PRO (1/15000, Molecular Probes),
were coated with poly(2-hydroxy-ethyl-methacrylate) (polyHEMA; mounted in Aquamount (Polyscience) and viewed for triple
Sigma, 1.6 mg/cR) to prevent cell attachment. Neurospheres couldmmunofluorescence using a Zeiss LSM 410 confocal microscope.
be maintained for long periods of times by successive passages
involving dissociation and proliferation, or were frozen in Quantitative results
neurosphere culture medium containing 10% DMSO, when necessafata are based on three or four independent experiments in which an
Out of seven DIleZ/lacZzmytant embryos, three lines of spheres couldaverage of more than 10 spheres were analyzed per treatment, per
be obtained, two of which have been maintained. We checked thekperiment. Under the conditions used for cell concentration after full
these two lines behaved in the same way and showed simildissociation (1.19cells/ml) and plating (50-100 spheres/coverslip),
differentiating potentials (see below). Many of the reportedeach neurosphere may be considered as the clonal progeny of a single
experiments have been carried out in the second line and showedural stem cell. For cell type quantitative estimation, neurospheres
similar results (data not shown). were chosen of approximately the same size. The confocal plane was
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at the basis of the neurosphere, i.e. where the cells differentiate. Teehematized in Fig. 1. Three-day-old spheres were plated on
optical slice was <2im. The results are exp(essed in percentage opolyornithine in the presence of 2 ng/ml of EGF, and allowed
total cell number assessed from TO-PRO staining. The graphed resuigs differentiate for various times depending on the temporal
are ShOWI‘l as meansis.e..m. GrO_up Changes were ass-essed USIng aﬁern Of expreSS|on of the markers employed for
way ANOﬂ;/Ac.) (\)’ghe” ls.talt'St'Ca' differences were obtained get""e.e mmunocytochemistry. The percentage of each of the cell types
groups atP<0.05, multiple pair-wise comparisons were made usin : - : o ; ;
the Turkey-Krammer method. In the text, iRdicates statistical was _detgrmmed by tr_lple Immuno_stalnlr_]g, including a
P : combination of two specific markers (in addition to TO-PRO,
significant differences. . .
a marker for nuclei), and analyzed by confocal microscopy.
Cell types were identified using antibodies against MAP2 for
neurons, against GFAP for astrocytes, against PDGFR for

RESULTS oligodendrocyte precursor cells (OPCs) (Hutchins, 1995) and
) ) against O4 for immature oligodendrocytes.

The generation and maintenance of neural stem After 5 hours on polyornithine (Fig. 2A), a few cells in wild-

cells are not affected by the  Dil1/acZ/acZ mutation type spheres started expressing MAP2. Low production of

Neural stem cells can be empirically and functionally identifiecheurons (which do not exceed 10% of total cell number), is
by their capacity to respond to EGF by proliferating anda characteristic of wild-type neurospheres (Fig. 2B). By
generating neurospheres. We have prepared neurospheres froontrast, GFAP-positive cells which appear after 48 hours
embryos homozygous fobll1/acZlacZ The possibility of on polyornithine, represent more than 50% of total cell
obtaining neurospheres from embryonic brains deficient for theumber and indicate that astrocytes are the major cell type
DII1 gene suggests thBll1 is not essential for the generation generated from wild-type neurospheres (Fig. 2A, part V).
of neural stem cells. The decrease in the number of spher@igodendrocytes are difficult to quantify accurately because
obtained from the mutant brains compared with their littermatef the aspect of the O4 marker (Fig. 2VIl); however, PDGFR-
wild-type controls could be attributed to the hemorrhagigoositive cells indicate that OPCs represent about 15-20% of
phenotype of the mutant brains (Hrabé de Angelis et al., 1997ptal cell number (Fig. 2B). In keeping with the expression of
The early death of DIla*Z/'acZmutant embryos (around day PDGFR, after 6 days on polyornithine, many cells in wild-type
12) prevented further analysis of the role Dfi1 in the neurospheres continue to express O4, indicative of an
maintenance of neural stem cells in vivo. In vitro, we observedligodendroglial lineage commitment. Note, however, that
no difference in the maintenance of mutant and wild-typghese O4-positive cells exhibit no processes and appear
neurospheres. Based on the neurosphere assay, the estimatimrefore as morphologically poorly differentiated (Fig. 2A,
of neural stem cell percentage from the dissociategart VII).
neurospheres cellular population was similar in mutant and Contrasting with wild-type spherefli1'acZ/lacz mytant
wild-type neurospheres, and was below 5% of total celspheres show an increase in MAP2-expressing cells, which
number, showing little variation through successive passagespresent more than 50% of total cell number, indicating that
(data not shown). These observations suggest that wild typeurons are the major cell type generated Dt 'acZ/lacZ
and Dll1lacZ/lacZ neyral stem cells behave approximately themutant spheres. This increase in neurons takes place at the
same, undergoing the same number of symmetrical arekpense of both glial lineages as evidenced by the decrease

asymmetrical divisions. in GFAP-positive cells (Fig. 2A, parts V,VI) as well as in

. ) ) PDGFR-positive cells (Fig. 2A, parts 1lI,1V), indicating a
Dil1/acz/lacZ mutant spheres display an increase in decrease in astrocytes and OPCs, respectively. Interestingly,
neurons at the expense of glial cells the few remaining O4-expressing cells exhibited many

After verifying that wild-type neurospheres differentiatedprocesses, suggesting that they were morphologically more
according to a pattern qualitatively and quantitativelydifferentiated than in the wild-type neurospheres (Fig. 2A,
reproducible under the culture conditions employed, wearts VII, VIII). Note that, together, neurons, oligodendrocytes
compared the differentiation potential of D#£/acZand wild-  and astrocytes did not amount to 100%, consistent with the
type neurospheres. The general experimental protocol @bservation that many cells in the core of the sphere failed to

dissociation
_____________________ - Fig. 1. Protocol used for analyzing the differentiation

V'/ potential of neurospheres. Fully dissociated neurospheres
were grown in serum-free neurosphere culture medium,

o — @ —> containing EGF (20 ng/ml) for various times, generally not
Neural exceeding 3 days in order to minimize necrosis, which might
Stem Cell affect the core of larger spheres, and the generation of new

stem cells, which might be at the origin of a ‘subclone’ whose

developmental potential could interfere with interpretation. At
7 t=0, spheres (50-100) were deposited on coverslips coated
with polyornithine and allowed to differentiate in neurosphere
dissociation T=0 analysis cuItL_Jre m_edium conta_ining 2 ng/ml E_GF, in _or(_jer to reduce

. . . . proliferation. After various times of differentiation, spheres

v proliferation v differentiation ¢ were fixed and processed for immunocytology, and analyzed
3d 0 +3d by confocal microscopy (the observation plane being at the
EGF : 2 ng/ml basis of the spheres where the cells differentiate).

EGF : 20 ng/ml
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A. WT DIl LacZ/Lacz express any marker, and were likely to correspond
to early uncommitted precursors (Fig. 2B). We
sought to determine whether the alteration in
the differentiation potential of wild-type and
Dll1'aczllacZ mytant spheres could be accounted
for by Notch selectively acting on the different
lineages by affecting their survival or
proliferation.

In order to examine whether the quantitative
variations between wild-type and Dfg¢/lacz
mutant phenotypes might be due to selective
apoptosis, we searched for dying cells in
individual spheres, making use of TUNEL
analysis, counterstained with TO-PRO, at various
times after the induction of differentiation. Up to
2 days on polyornithine, the number of apoptotic
cells remained low, representing less than 5% of
total cells. For longer periods of differentiation,
it increased (up to 15% after 5 days on
polyornithine). No significant difference was
found, however, between wild-type and
Dll1'aczllacZ  neurospheres (data not shown).
Pulses of BrdU incorporation, combined to either
MAP2 or GFAP, in wild-type versuBll1'acZ/lacZ
spheres showed no difference between the two
lineages, eliminating the possibility that the
higher number of neurons seen il1'acz/lacz
mutant spheres was the result of an increased
lineage specific proliferation event (data not
shown).

The examination of the DIEZ/acZphenotype
showed that the lack of Dllfctivity, which
presumably results in the inability to activate
the Notch receptor, is consistent with the
previous finding that Notch signaling represses
neurogenesis, and the more recent finding that
Notch promotes the generation of astrocytes.
Despite the difficulty to quantify the
oligodendrocytes, we think that our results are
consistent with the notion that Notch promotes
the OPCs production (from a quantitative
estimation of PDGFR-positive cells), while it
Fig. 2. Compared differentiation  jnhibits their further differentiation into more
potential of wild-type and mature structures (from a qualitative estimation of

Dll1lacZilacZ mytant i i
L morphological changes of O4-positive cells).
neurospheres. (A) Kinetics of P 9 9 P )

differentiation were analyzed for
wild-type (1, Ill, V, VII) and

48h - MAP2 / GFAP 10h - MAP2 / PDGFR 5h - MAP2 / PDGFR

6d- 04

percentage of total cells

DII1 has a gene-dosage effect on the
differentiation potential of neural stem

WT I DijyLacZacz D||1IaCZ (||, |V, V|, V|||)
[ neurons (wmarz:) spheres. Three-day-old spheres cells
B oligodendrocytes (Focrse) were fixed after 5 hours (I, II), Heterozygous Dll1'acZ* mouse embryos are
W astrocytes (Grar.) 10 hours (lIl, 1V), 48 hours (V, phenotypically normal (Hrabé de Angelis et al.,
V1) and 6 days (VII, VIII) on 1997; Beckers et al., 1999). After 24 hours on

polyornithine. Markers used for immunostaining were: anti-MAP2 (I-VI) coupled polyornithine, neurospheres heterozygous for
to Cya3, for neurons (red); anti-PDGFR (I-IV) coupled to Alexa 488, for OPCs DII1 showed a twofold increase in the number of
(green); anti-GFAP (V, VI) coupled to Alexa 488, for astrocytes (green); and anti- MAP2-positive cells, but no variation in the

04 coupled to Cy2 (green) (VII, VIII). In all cases, nuclei were visualized by TO- number of GFAP-positive cells (data not shown).

PRO (blue). (B) Approximate quantification of the results. Each of the cell type - L -
was quantified at various differentiation times: MAP2-positive cells after 48 hoursfa‘fter 3 days of differentiation (Fig. 3A,B), the

GFAP-positive cells after 48 hours; oligodendrocytes were estimated from increase in neurons was confirmed (from
PDGFR-positive cells after 10 hours on polyornithine. The data were cumulated 20.3+4.3% to 27.7+3.1%P<0.01) and as in

and expressed as percentages of total cell number estimated from TO-PRO homozygous Dll1lacZ/lacZ  neyrospheres, this
staining. Scale bar: §0m. increase seemed to take place at the expense of
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astrocytes (from 50.3+6.9% to 23.2+4.¢ A
P<0.001), even though the increase in net
does not quantitatively compensate for
decrease in astrocytes. This quantitative varii
was accompanied by a clear morpholog
modification, with neurons exhibiting long
processes, whereas astrocytes appeared
thinner processes and lacking the star
morphology characteristic of mature astrocyte

J1ECrescues the Dlil1/acZ/acZ mutant

phenotype with thresholds different for B; Parcadiage ol caklypes

neurons and astrocytes Neurons  Astrocytes
. . . . WT 20.3+43  50.316.9
It is well established that Drosophilsotch is DIM4+/- 27.7431 23.2:46

acting through interaction with membrane-bo
ligands, including Delta (Vassin et al., 1985)

Serrate (Fleming et al., 1990). However, re dissociation T=0 - analysis
data have shown that under partic C. v proliferation Y differentation v
circumstances, invertebrate and vertebrate M 30 - - - . > =

activation can be mediated by apparently sol
forms of ligands that are found in the conditio
medium of ligand expressing cells (Klueg et :
1998:; Qi et al., 1999; Sestan et al., 1999). D.
found that it was indeed possible to ‘rescue’
mutant Dll1lacZ/lacZ spheres to differentia
normally in the presence of wild-type conditio
medium (WTCM) (data not shown).

The Dll1-dependent activity present in
WTCM, provided us with a tool for tempora
modulating Notch activation, making it possibli
analyze the effect of Notch signaling at vari
steps of the complex differentiation proc
leading from the neural stem cell to
differentiated cell types. However, repe:
experiments showed an inconsistency in
potency of the WTCM to trigger the rescue of
Dll1acZ/lacZ mytant phenotype. We were t
obliged to resort to a more reliable source

Notch ligand. - '
We used NIH-3T3 cells transfected with JIEC 1/3 7 s | J1ES110

human jagged extracellular domain (hJagEC: :

cells), which was shown to be released in Percentane of cell tynes 50% L] neurons

medium. Conditioned medium from these ¢ E i vPe g L. Wasuocyles
eurons Astrocytes = 4%

(hereafter referred to as&f), has been shov | 361423 125410 3

capable of regulating neurite outgrowth Il 10.8+0.6 43.2+3.0 5 0%

Notch-dependent gene expression (Sestan ¢ M- 10.9+08 385122 >

1999). Jagged 1 is the vertebrate counterpz GO R e £

Serrate, the second Notch ligand Dmosophila. Fig. 3.Neurospheres differentiate in S 0%

Jagged and soluble forms thereof, like Delta, response to Notch signaling with s

been shown to activate the Notch rece different sensitivity for neurons and - I mooowv

(Lindsell et al., 1995; Shimizu et al., 200  astrocytes. (A) Partial inactivation of
Shimizu et al., 2000b; Solecki et al., 2C Notch signaling irDIl1'acZ/* heterozygous spheres induces a moderate increase in
Varnum-Finney et al., 1998). neurons (MAP2, in red), a decrease in astrocytes (GFAP, in green) and
In order to check whether a soluble form dramatically alters their morphology (after 3 days of differentiation).
jagged 1 product could rescdl1'acz/lacZ jp the (B) Ql_Jantitative estim_ation f(_)r A. Data are representative of three in(_jependent
lacZ/lacz experiments. (C-E) Differentiation @fll1'acZacZhomozygous spheres in
San:e tway as hWTCM’ 3-day-0|®|(ljlt dil response to various concentrations ¢i<J1C) Experimental protocol:
mutant neurosp erliecs Wwere exposed 1o aru Dll1lacz/lacZmytant spheres were allowed to differentiate in the presence of
(UP_ to 20-fold) of J%- during the differentiatio various concentrations of 84 (D) Triple immunostaining using anti-MAP2
period and were further analyzed (red), anti-GFAP (green) and TO-PRO (blue). (E) Quantitative results of D. Data
immunostaining for their differentiation capacit are representative of three independent experiments. Scale ban: §0,1ll and
in comparison with mutant spheres treated IV indicate the dilutions of FE.
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untransfected NIH-3T3 cell-conditioned medium (referred toonly higher concentrations of 84.(Fig. 3D, compare parts I,
as 3T3) used as a control, as described in Fig. 3C. Consistéht and V). Quantitative data show little variation in the
with the effects observed with WTCM, the results (Fig. 3D,Enumber of neurons and astrocytes in response to decreasing
showed that addition of 5% resulted in a decrease in the doses of JC (for neurons, from 36.1 to 10.8, 10.9 and 10.5
number of differentiated neurons (a 20-fold dilution wasfor the three dilutions of §E, respectively; for astrocytes, from
necessary to abolish this effect, data not shown). The decreas&5 and 12.6 under non rescuing conditions, to 43.2 and 38.5
in neurons was accompanied by an increase in astrocytes for higher concentrations of 59). These data suggest that for
the tested dilutions, the response is all or nothing, with
dissooiation T=0 analysis different thresholds for neurons and astrocytes. In
A | proliferation v differentiation v addition, few GFAP-positive cells that were generated
= i < in response to low concentrations of31Fig. 3D,
part IV), exhibited a poorly differentiated morphology,
reminiscent of that observed in Df¥*
neurospheres (Fig. 3A).

Notch activation represses both neuronal
specification and differentiation

We investigated further the effect of Notch activation
on Dll1lacZ/lacZ gpheres by treating them withE§lor
control (3T3) for different lengths of time. The results
are shown in Figs 4-6. Exposureifl'acZ/lacZmytant
spheres to ¥F resulted in all cases in a decrease in
the production of neurons, in comparison with
Dll1lacZ/lacZ gpheres treated with 3T3-conditioned
medium used as a control. The strongest effect was
observed when 5¢ was provided during both the
proliferation and differentiation phases (Fig. 4A-C,
parts 1Il; from 47.9+2.0% to 10.3+0.89%<0.001).
These data are consistent with the previous
observations indicating that Notch inhibits
neurogenesis (Fortini et al., 1993; Struhl et al., 1993,;
Nye et al.,, 1994; Artavanis-Tsakonas et al., 1995;
Artavanis-Tsakonas et al., 1999; Henrique et al.,
1997).

A decrease in the proportion of neurons was not
only seen when F£ was provided during the
proliferation phase (Fig. 4A-C, parts I, lll; from
47.912.0 to 18.8+1.8%P<0.001), but also when it
was provided transiently during the first 24 hours at
the initiation of proliferation and then washed out
(Fig. 4A-C, part IV; 12.7+1.7%2<0.001). In fact, an
exposure to J€ for only 5 hours was sufficient to
repress neurogenesis significantly (data not shown),
whereas a treatment for 3 hours was not enough (see

o 1 neurons Fig. 6A-C, parts I, IlI; from 47.8+2.3% to 40.4+2.1%;
C. Percentage of cell types 5o W astrocytes g, P>0.05). These results are consistent with earlier
° findings in the PNS neural crest stem cells (Morrison
Neurons Astrocytes e | 2000 d h . L f
| 47.9+20 112+14 ° et al., 2000) and suggest that a transient activation o
I 10.3+08 222419 & 20% Notch is capable of repressing the neurogenic
m 18.8+18 11.5+1.0 g potential of neural stem cells. Moreover, it appears
L\: ;%gié; ?'?zgi?'g g™ that this inhibition was irreversible, as neurogenesis
T e did not resume after 5¢ removal.

ooroom vy We found that treatment of DIftZ/acZspheres with
_ _ o JIEC during the differentiation phase also resulted in
Fig. 4. Effect of time-dependant activation of NotchDii1'2cZ1acZmutant a decrease in neurons (Fig. 4A-C, part I,V: from

e neubated e resenon Gt varioue tme intervals_ a6 dscried 47:9£2.0% 10 8.020.7<0.001). This observation

in the schematic protocol (A). (B) Immunocytological analysis. Spheres WereSljggeSts that precursors that were allowed _to ad_o_pt a
immunostained with antibodies against MAP2 (red), GFAP (green). (C) neuronal fate in response to the Notch inactivity
Quantitative estimation was as described in experimental procedures. Data &#€fing the proliferation phase, were prevented from
representative of three independent experiments. Scale bam.30IlIl and further differentiating into MAP2-positive cells upon
IV indicate the addition of £, as defined in A. Notch activation during the differentiation phase.



Together, these data suggest that N
signaling inhibits neuronal differentiati
not only by preventing uncommitt
precursors to acquire a neuronal fate
also at a later stage, when precursors w
were already committed to a neuronal 1
will take on the decision to differentiate i
MAP2-positive heurons.

Notch activation promotes the
specification and accelerates the
differentiation of astrocytes

The effects of Notch activation on 1
production of astrocytes can be infet
from the same experiment (Fig. 4), wh
shows that the decrease in neuron
generally accompanied by an increase it
number of GFAP-expressing cells. T
gain-of-function effect is opposite to f
Dll1'acZ/lacZ phenotype, where the inabil
to activate the receptor (loss of functi
resulted in an increase in neur
(compared with wild-type spheres) at
expense of astrocytes. Together, tl
observations suggest that neurons ve
astrocytes define a developmental deci
controlled by Notch.

However, we found that a transi
exposure to J€ for only 24 hours, eve
though it was reproducibly sufficient
induce a decrease in neurons, was
always accompanied by a substal
increase in astrocytes (Fig. 4A-C, part |
Exposure to J for longer times
reproducibly resulted in an increase of
production of mature astrocytes (Fig. 4A
parts I, Il; from 11.2+1.1% to 22.2+1.9'
P<0.001), and to a lesser extent in Fig.
C, part V (from 11.2+1.1% to 17.2+1.0
P<0.05).

These experiments were repeated u
narrower time intervals on both DR3Z/1acZ
mutant and wild-type spheres (Fig. 5). -
results showed that an activation time o
h after dissociation was sufficient to repi
differentiation of neurons (from 35.2+2.:
t0 9.96+1.3%P<0.001, Fig. 5A-C, parts |,I
but not to trigger GFAP expressi
(12.3£0.8% and 10.0+0.9%; not signific
P>0.05). By contrast, when the activat
took place later and for longer time peri
(from d-1 to d+2, Fig. 5A-C, part Ill), GFAI
positive astrocytes increased up to more
55% of total cell number. These results c
be correlated to Ff dilution experiment
(Fig. 3C,D) and showed that the decreas
neurons was not necessarily accompanie
a correlative increase in astrocytes; these
phenomena could be disconnected by
temporal modulation of Notch functi
(transient activation during the proliferat
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Fig. 5. Effect of Notch activation on astrocyte differentiation in Bi4/acZand wild-

type spheres. (B) Two-day-oll1'acZ/lacZmytant (1, 11, 111) or wild-type (1V, V, VI)

spheres were exposed t¢-3for various time intervals as described in A. (B) Triple
immunostaining involved anti-MAP2 (red), anti-GFAP (green) and TO-PRO (blue).
Colocalized markers are rarely observed, and are likely to result from overlapping cells as
they appear in fields that are particularly dense, and probably biologically not significant.
Therefore, we consider the yellow signals (V, VI, arrows) as the presence of neurons (red)
overlapping astrocytes (green). (C) Data are representative of two independent
experiments. Scale bar: 56nu
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phase), as well as by lowering the concentration of the inducingeurons and astrocytes under the mutant and rescuing conditions
signal during the differentiation phase. We assume that theg¢®r example in Fig. 4A-C, from 59.1% in part | versus 20-30%
‘disconnecting’ conditions generate non-differentiated cellsn parts 11-V). These cells are likely to undergo cell death by
which appear as immunonegative in the neurospheres and whiagpoptosis as usually described for cells which were misdirected
may account for the strong decrease of the added percentageantl do not differentiate properly (Lutolf et al., 2002). TUNEL
analysis carried out under these experimental
conditions showed an increase in TUNEL-

dissociati T= lysis  dissociati T=0 lysi . L
A. lsswa S f SRR SRR e anaysis — positive cells with time (from 5.3% after 24
Ve prolilemtion .y df<y +,-Pf “.’”’e’af’o”&: Gfeentaron + hours on polyornithine to 13.3% after 5 days
-24h-21 -12 0 10h -3d 0 4d of differentiation); however, no difference

could be observed between the different
experimental conditions, suggesting that
apoptosis resulting from the ‘misdirection’ of

cell lineage, could not be distinguished
from apoptosis normally occurring in

neurospheres differentiating in serum-free
medium.

The early as well as late activation of
Notch in wild-type spheres led to an
increase in the number of GFAP-positive
cells (Fig. 5A-C, parts IV, V, VI; from
47.5+4.4% to more than 80%) in both cases.
In addition, GFAP-positive cells displayed a
different morphology, indicative of a more
mature state of development (a similar
phenotype of wild-type spheres normally
requires at least 5 days on polyornithine).
These data suggest that the activation of
Notch in wild-type spheres not only
increases the number of astrocytes but also
their rate of production and differentiation.
We also noted that this increase in
astrocytes was never accompanied by a total
suppression of neurons (Fig. 5A-C, parts
V,VI).

Notch activation promotes the

production of OPCs and inhibits

their subsequent differentiation into

mature oligodendrocytes

Examination  of the  DIlfcZ/lacZ
neurospheres showed that lack of DII1
activity resulted in a decrease in the
number of PDGFR-expressing cells.
Paradoxically, however, the few resultant
] neurons Neurons  OPCs (PDGFR4) O4-positive cells exhibited a well
B OPCs (PDGFR+) | 47.8+23 664118 differentiated morphology when compared

C. Percentage of cell types

50%

:% 40% I 174+18 253+25 with  poorly differentiated wild-type

g I 404221 978419 oligodendrocytes (Fig. 2A-C, parts VII,
o VIII). Together, these observations
g Fig. 6. Effect of time-dependant suggested that Notch signaling regulates
g activation of Notch in DIIgcz/lacz the production of oligodendrocytes in two
g™ mutant spheres on the production of steps: first, by promoting the production of

OPCs (B, I-ll) and on oligodendrocytes  OpCs; and second, by inhibiting the
! . (B, IV-V). (A) Experimental protocol: differentiation of O4-expressing cells into

24 hours (left panel) or three-day-old . .
(right panel) Dll{acZlacZmutant spheres were incubated in the presenceégfdi more mature _Ollgodendrocytes. T.h's
statement predicts that a transient

various time intervals. (B) Spheres were immunostained with anti-MAP2 (red) and anti- lacz/lacz
PDGFR (green) for OPCs production (I-11l); anti-04 (green) for oligodendrocytes treatment of DII1 *2 neurospheres
production (IV-VI). (C) Quantitative estimations of neurons and OPCs (from I-lll) was With J1C would result in an increase in
as described in experimental procedures. Data are representative of three independenPDGFR-positive  cells and in their
experiments. Scale bar: 50nu increased capacity to differentiate.
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The positive effect of Notch signaling on the production ofNotch effects on neurogenesis: (1) Notch signaling inhibits
OPCs was observed whbBti1'acZ/lacZgpheres were transiently neurogenesis (Fortini et al., 1993; Struhl et al., 1993; Nye et
exposed to J€ during the proliferation protocol and resulted al., 1994; Artavanis-Tsakonas et al., 1995; Artavanis-Tsakonas
in a significant increase in PDGFR-positive cells (Fig. 6A-Cet al., 1999; Henrique et al., 1997); (2) Notch signaling
parts I, Il; from 6.64+1.8% to 25.3+2.59%9<0.001). When represses oligodendrocyte differentiation from OPCs (Wang et
Dll1lacZ/lacZ spheres were constantly treated witBQduring — al., 1998), whereas recently it has been found to promote the
both proliferation and differentiation (Fig. 6A-C, part V), a differentiation of astrocytes (Tanigaki et al., 2001; Litolf et al.,
large number of O4-expressing cells were observed (eve2002). Although many of these data were obtained from
though no precise quantitative estimation could be madeyystems comprising essentially one single cell type,
indicating that most of the PDGFR-positive cells turned intcmeurospheres provide a global insight of Notch function on all
O4-positive cells, thereby suggesting that this process is ntiiree major cell types comprising the CNS, in an integrated
inhibited by Notch activity. However, these cells appeared asystem, making possible the analysis of their interactions.
poorly differentiated, with morphology reminiscent of O4- ) o
positive cells in wild-type spheres (Fig. 2A-C, part VII). By Neural stem cells differentiate in response to Notch
contrast, when DIlg#cZ/lacZ neurospheres were transiently signaling with different sensitivity for neurons and
exposed to J€ (during the proliferation phase), a large astrocytes
number of O4-positive cells were observed, some of whickeene-dosage effect can be inferred from the phenotype of
displayed a rather differentiated morphology (compare parts DIl1'2¢Z+ heterozygous neurospheres showing a similar (but
and VI in Fig. 6A-C). Unfortunately, this assessment cannoiveaker) phenotype of differentiation to that of homozygous
be further substantiated by the use of markers for matumeeurospheres (Fig. 3A,B). We note, however, that the
oligodendrocytes, such as MAG or MBP, as our cultures dipercentage of astrocytes in heterozygous spheres is strongly
before the oligodendrocytes can reach such a degree décreased (from 50.3% in wild type to 23.2%), while the
maturation. increase in neurons is restrained (from 20.3% in wild type to

27.7% inDII1'a¢Z*) This observation indicates that half a dose
of DII1 in heterozygous spheres is still sufficient to partly

DISCUSSION repress neurogenesis, although insufficient to promote
astrocytic differentiation.

The generation and maintenance of neural stem This statement is further corroborated by the dilution

cells in vitro are not affected by the  Djl1/acz/lacz experiment (Fig. 3D,E) where all dilutions of$¥esult in the

mutation decrease in neurons, whereas the exogenous ligand triggers the

Our observations contrast with earlier data showing that theppearance of GFAP-positive cells only for the highest
HeslandHes5mutations were accompanied by a decrease inoncentrations. Together these results suggest that the
the number of embryonic neural stem cells, which resulted imhibition of neurons is more sensitive to ligand induction than
the generation of smaller and fewer neurospheres that coullde promotion of astrocytes. The quantitative analysis of the
not be maintained over long periods of time (Ohtsuka et alrgsults indicates that the response is ‘all-or-nothing’ with
2001) (L.G., J.B., M.R., M.H. de A., S.A-T. and E.M., different thresholds for neurons and astrocytes. A molecular
unpublished observations). Furthermore, we could not obtaisupport of these observations has been provided with the recent
neurospheres from homozygousotchl mutant embryos finding that Ngnl, a neural bHLH gene activated downstream
(L.G., J.B.,, M.R., M.H. de A., S.A.-T. and E.M., unpublishedof MASH1, was shown to inhibit directly the transcription of
observations), consistent with the recent finding that neurdhe astrocyte marker gene, Gfap, in a mechanism independent
stem cells were depleted in the embryonic brainRlg-Jk’~  of its effect to promote neuronal differentiation (Sun et al.,
andNotch’~mice (Hitoshi et al., 2002); based on the analysi®001). It is thus conceivable that a decrease in ligand
of presenilin 1 (Psent) mutant embryos, these authors foundconcentration would induce a modulation in Ngn1 production
that Notch signaling had a role in the maintenance of neuraind would subsequently result in distinct and separate effects
stem cells in vivo. Owing to the early lethality Dfi1'acZlacZ  of Ngnl in activating neuronal differentiating genes and
embryos, we could not address the role fl in the  suppressing glial-specific genes. The finding that astrocytes are
maintenance of neural stem cells in vivo; however, weequiring more ligand to achieve differentiation may account
observed no outstanding difference in behavior between wilder the variation of the percentage of astrocytes from one
type and DllfacZ/lacZ neurospheres in vitro, even though experiment to the other (compare astrocytes in Figs 3-5) and
additional investigations are needed to characterize further tileay be attributed to the variation in the efficiency of the
early steps of neurosphere formation and the respectivescuing agent.

contribution of symmetric and asymmetric divisions, for

example. Neuronal versus gli'al_ lineage defines a

developmental decision controlled by the Notch
Neurospheres recapitulate many of the pleiotropic pathway
effects of Notch signaling on neurogenesis Together the analysis of tild1'acZ/acZ mytant differentiation

Dll1'acZ/lacZ mytant-derived neurospheres show that Notctphenotype and the time-dependent modulation of the Notch
signal modulation affects qualitatively and quantitatively thepathway are consistent with the tentative model of lineage tree
outcome of neural stem cell differentiation. The differentiatiorof neural stem cells described in Fig. 7.

phenotype oDll1acZ/lacZ mytant spheres compared with that  We found that cells expressing neuronal markers are present
of wild-type spheres, exemplifies many earlier findings ofn the small spheres that underwent few cells divisions.
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*
Fig. 7. Tentative model for the role of :. DIIT
Notch in the generation of neurons/glia .
from neural stem cells in neurospheres. An 2
initial EGF-responsive neural stem cell NSC3 @ v
(NSC1) asymmetrically divides, giving rise P2 D
to a second stem cell (NSC2) and a
progenitor (P1) that appears as inevitably
fated to a neuronal identity. As a neuronal ,
precursor, this cell is endowed with a
limited proliferation capacity and is <4 Notch

responsible for the few neurons generated J

under all circumstances. The asymmetrical lial brecursor neuronal
division of NSC2 generates a second 2 /g P / precursor
precursor (P2). The activation of Notch by ’

P1-produced DII1 prevents P2 from / \

adopting a neuronal fate. Instead, P2
becomes irreversibly committed to a glial APC OPC
(GFAP-) (PDGFR+, 04-)

fate. The model postulates that P2 has the

potential to acquire either the astrocytic or

the oligodendroglial identity through a

mechanism independent of Notch «— Notch b— Notch
signaling. In a second step, Notch would

affect the differentiation decision of the 4
precursors already committed to a neuronal 7L

or a glial lineage. It would inhibit the Z N

differentiation of neurons and Astrocyte . Neuron
oligodendrocytes, while promoting the (GFAP+) immature (MAP+)

. s li
differentiation of astrocytes. © 'gOdfjrﬁ)rocyte

Moreover, a few neurons were always found in differentiatingcauses an apparently irreversible loss of neuronal potential. P2
neurospheres, even under conditions where Notch was therefore committed to a glial fate instead of being
overactivated by addition of exogenousE9%o wild-type  maintained in an undifferentiated and multipotential state. This
neurospheres. Together, these observations suggest that: (1jsinconsistent with the finding that in the PNS, transient
neurospheres, neurons are generated before glia and represativation of Notch in the neural crest stem cells was sufficient
therefore the primary fate of neural stem cells; (2) cells at thes cause an irreversible loss of neurogenic capacity
origin of neurospheres maintain their multipotency even afteaccompanied by an accelerated glial differentiation (Morrison
extensive ex vivo expansion (some of our neurosphere lines ageal., 2000).
more than two years old), contrary to the progressive loss of By contrast, our data are inconsistent with the recent finding
neurogenic capacity described for neural crest stem celthat Notch signaling does not appear to have a role in the
(Morrison et al., 2000; Kubu et al., 2002); (3) P1 precursomeuronal/glial fate switch (Hitoshi et al., 2002). Beside the
issued from the first asymmetrical division of the neural stertrivial explanation that this discrepancy was due to differences
cell, adopts a neuronal fate and may be recalcitrant tm the experimental procedures, we believe it is more likely to
exogenous Notch signals. be due to the fact that these authors were specifically
By contrast, our model predicts that Notch can be activateaddressing Notchl behavior. This interpretation is further
in P2, which, as a result, would be prevented from adopting supported by recent experiments involving conditional
neuronal fate. We anticipate that P1, which is a neuronalblation of Notchl in neurospheres (V. Taylor, personal
precursor, is likely to express DII1, thus providing the signatommunication) and by our own results showing that
capable of activating Notch in P2, thereby suppressing itseurospheres originating from embryos heterozygous for
neuronal fate. In the absence of reliable markers for NotcNotchl (contrary to DIIcZ*spheres) show no quantitative
ligands, it is difficult to further argue this hypothesis. modification in the proportion of neurons/astrocytes. (J.B. and
The observation that the transient activation of Notch irE.M., data not shown). This assumption also suggests that the
Dll1lacZ/lacZ gpheres is sufficient to inhibit the production of manipulation of each of the ligands (DII1 or Jaggedl) we are
neurons, and that this production does not resume upatescribing in the present study is likely to affect more than the
removal of the ligand, suggests that Notch activation in PRlotchl receptor.
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Notch signaling controls the differentiation It is clear that further experimentation will be necessary to
decisions of precursors already committed to a test the validity of the differentiation model we propose. It is
neuronal or glial lineage also clear, however, that Notch signals seem to play an

As a result of Notch function, precursors are generated that araportant role in the differentiation of the neural stem cells
fated either to a neuronal (P1) or a glial fate (P2). Howevelineages. Further analysis of the exact role that Notch signals
these precursors do not necessarily give rise to the more matyay in neural stem cells will not only provide insights into the
cell type that expresses the appropriate differentiation markdsiology and underlying mechanisms of these cells but also
The experimental temporal modulation of Notch activity isprovide a potential tool for manipulating their fate for
consistent with the notion that neuron precursors, as well dserapeutic purposes.

glial precursors, could be blocked in a non-differentiating state,

and that their further differentiation depends on secondary We are grateful to Dr Frank Pfrieger and Dr Jeremy Garwood for
Notch signaling. critical reading of the manuscript. L.G. was a recipient of a fellowship
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