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Préambule

Mes travaux de recherches m’ont conduit à vivre à Washington DC au moment des attentats 
du 11 septembre 2001. Deux jours après le drame, je recevais, au même titre que tous les employés 
du gouvernement américain, un courriel dont je vous retranscris certains passages ci-après : « On 

Tuesday morning, September 11, 2001, terrorists attacked America in a series of despicable acts of war. 

[…] Civilized people around the world denounce the evildoers who devised and executed these terrible 

attacks. Justice demands that those who helped or harbored the terrorists be punished -- and punished 

severely. The enormity of their evil demands it. We will use all the resources of the United States and our 

cooperating friends and allies to pursue those responsible for this evil, until justice is done. […] Scripture 

says: "Blessed are those who mourn for they shall be comforted. […] We will persevere through this 

national tragedy and personal loss. In time, we will find healing and recovery; and, in the face of all this evil, 

we remain strong and united, one Nation under God." […] GEORGE W. BUSH » Oui, mais quel 
Dieu ? Les Etats-Unis d’Amérique, les compagnies pétrolières et les industries d’armement 
continueront de diriger le monde en utilisant la science comme fidèle serviteur du Dieu de la religion 
marchande. La semaine suivante (20 avril 2001), le bureau éditorial du célèbre magazine Nature

titrait : « Fighting against terrorism, engaging with Islamic science. Last week's attacks in New York and 

Washington were an offence against fundamental values that merits a well-targeted response, helped by 

science. But enhanced contacts with Islamic colleagues should also be pursued. » Ces propos eurent de 
pénibles lendemains. Où en sommes-nous aujourd’hui? A une époque où l’on voit émerger des 
traitements anti-rétroviraux formidablement efficaces dans la lutte contre le SIDA qui sont 
inaccessibles pour un continent comme l’Afrique qui compte 60 millions de patients, à une époque où 
les pays du Nord multiplient les pressions bilatérales sur les pays du Sud pour qu'ils restreignent ou 
retardent la production locale ou l'importation de médicaments génériques essentiels, n’est-il pas 
triste de constater que la communauté scientifique ne puisse pas se targuer d’exercer une influence 
instrumentale favorable sur l’évolution de la société vers un monde meilleur. Le plus grand défi pour la 
science de demain sera donc de se tourner vers les hommes qu’elle ignore et non de servir les seuls 
intérêts de ceux qui peuvent investir dans ses valeurs ? Qu’il est bon de rêver encore… 



« I have a dream… » 
(Martin Luther King., sur les marches du Lincoln Memorial, Washington DC, 28 août 1963) 
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1 Introduction et synthèse en français

Il est désormais bien établi qu’une ébauche de remyélinisation demeurant incomplète
apparaît spontanément dans les lésions démyélinisantes du système nerveux central (SNC)
(Ludwin, 1987;Prineas et al., 1993;Raine, 1997). L’identité des cellules potentiellement
remyélinisantes du SNC reste débattue actuellement mais l’hypothèse la plus raisonnable
consiste à considérer que ce ne sont pas les oligodendrocytes matures résiduels mais plutôt les
progéniteurs oligodendrocytaires (OPCs), exprimant le protéoglycan membranaire NG2, qui
remplissent cette fonction au niveau des sites lésionnels. La réparation spontanée de la myéline
dans une affection démyélinisante telle que la sclérose en plaques demeure cependant
quantitativement et qualitativement insatisfaisante car dépourvue de bénéfice fonctionnel réel.
Aucune thérapeutique n’est actuellement disponible pour agir sur les OPCs dans l’optique de
stimuler leur propension à proliférer et à se différencier en oligodendrocytes capables de
régénérer la myéline. Il est néanmoins communément admis que l’échec spontané de la
remyélinisation est principalement le résultat d’un échec du recrutement des OPCs quiescents
qui ne parviennent pas à quitter la phase G0 du cycle cellulaire pour réintégrer une phase de
prolifération en réponse à la démyélinisation (Wolswijk, 1997;Wolswijk, 1998). 

Dans la première partie de notre travail, nous avons développé une souris transgénique
exprimant sélectivement la green fluorescent protein (EGFP) dans la lignée oligodendrocytaire
sous la dépendance du double promoteur oligodendroglial-spécifique (CNP1-2, 3.7 kb) du gène
de la 2’, 3’-cyclic nucleotide 3’-phosphodiesterase (CNPase). Ce modèle transgénique murin
consitue la pierre angulaire de cet ouvrage et nous a permis de traquer plus facilement les
propriétés phénotypiques des OPCs NG2+ in vivo. 

De manière à disséquer les mécanismes moléculaires régissant les “décisions” intervenant
au fil de la progression du cycle cellulaire dans les OPCs, nous avons étudié le rôle de différentes
kinases nucléaires cycline-dépendantes, à savoir cdk2, cdk4 et cdk6. Nous savons en effet que
ces enzymes sont essentielles pour l’intégrité de la transition entre les phases G1 et S du cycle
cellulaire au niveau de laquelle convergent la plupart des régulations critiques de la prolifération
des OPCs. Par des expériences de gain et de perte de fonction, nous avons démontré dans le
présent travail que cdk2 régulait le niveau de prolifération des OPCs NG2+ en culture. Nos
manipulations de l’expression de cdk2 aboutissant à stimuler ou à bloquer le cycle cellulaire des
OPCs, n’eurent aucune conséquence sur la cinétique de différenciation oligodendrogliale. Ceci
démontra que le mécanisme inconnu du timing intracellulaire déclenchant la sortie du cycle
cellulaire associée à l’initiation de la différenciation oligodendrocytaire agit vraisemblablement
en aval du checkpoint G1/S contrôlé par le couple cyclineE/cdk2 et apparaît indépendant du
nombre de cycles accomplis par ces progéniteurs.

Nous avons aussi constaté que les niveaux d’expression protéique de la cycline E et de
cdk2 ainsi que l’activité enzymatique du couple cycline E/cdk2 étaient nettement plus faibles dans
les OPCs de cerveau adulte en comparaison des OPCs de la période néonatale. Au vu du rôle
de ce complexe enzymatique dans la progression du cycle cellulaire des OPCs au niveau de la
transition G1/S in vitro, nous pensons que les faibles capacités de prolifération des OPCs adultes
en conditions normale comme pathologique (par exemple dans la sclérose en plaques)
pourraient être la conséquence directe d’un déficit fonctionnel d’activité cdk2. Si nous
confirmons cette hypothèse par de prochains travaux utilisant des animaux invalidés pour cdk2,
cela nous permettra de définir une première cible moléculaire spécifique dans l’optique de
concevoir des stratégies de thérapie visant à recruter les OPCs “quiescents” dans les maladies
démyélinisantes.
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Figure 1: Sequential expression of commonly used antigenic markers of oligodendrocyte lineage development

Nestin is an intermediate filament protein expressed by neural stem cells (NSCs) (Lendahl et al., 1990).
Antibodies against the NG2 chondroitin sulfate proteoglycan have been a valuable tool, both in vivo and in
vitro, and NG2-expressing immature glial precursor cells are now generally termed oligodendrocyte precursor
cells or OPCs, due to their proliferative potential and to their ability to differentiate into oligodendrocytes
(Dawson et al., 2003). A2B5 antibody stains OPCs at the same stages than NG2 whereas O4 immunoreactivity
appears a little later than NG2 in lineage progression and is the principal feature of pre-oligodendrocytes that
already represent post-mitotic cells. PSA-NCAM is the polysialylated form of neural cell adhesion molecule
which is expressed once NSCs have become pre-OPCs that are already committed to the oligodendrocyte
lineage (Ben Hur et al., 1998). PDGFR- , the platelet-derived growth factor (PDGF) receptor-alpha is
responsible for the transduction of the mitogenic effect of PDGF on OPCs. CNPase is the 2’-3’-cyclic
nucleotide 3’-phosphodiesterase. Even though its function remains relatively elusive, the CNPase gene is one
of the earliest known myelin-specific proteins which is abundantly expressed in developing oligodendrocytes
(Scherer et al., 1994). Two CNP isoforms, CNP1 (46 kD) and CNP2 (48 kD) are both encoded by a single
gene. Although CNP1 is the most prominent mRNA and protein found postnatally in mature oligodendrocytes,
CNP2 mRNA and protein are also expressed by differentiated cells (Scherer et al., 1994). CNP2 mRNA is to
date the only isoform synthesized at low levels in early embryonic life in OPCs (Scherer et al., 1994). GalC,
the galactocerebroside (recognized by O1 antibodies) is a galactolipidic component of myelin. The proteolipid
protein (PLP), the myelin basic protein (MBP), the myelin-associated glycoprotein (MAG) and the myelin
oligodendrocytic glycoprotein (MOG) represent four constitutive proteins of the myelin (Baumann and Pham-
Dinh, 2001).

En outre, les OPCs NG2+ représentent le plus important groupe de progéniteurs
postnataux/adultes proliférant dans le SNC (Dawson et al., 2000;Dawson et al., 2003). Ces

progéniteurs ont longtemps été considérés comme des progéniteurs exclusivement
oligodendrogliaux malgré le paradoxe de leur présence inexpliquée dans des régions
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essentiellement neurogènes du cerveau postnatal. Dans une seconde étape de notre travail, nous
avons pu démontrer que les OPCs NG2+ issus de la zone sous-ventriculaire (ZSV), sont
également capables de générer des interneurones GABAergiques fonctionnels in vitro. Nous
avons ensuite montré que cette différenciation des progéniteurs NG2+ de la ZSV en
interneurones GABAergiques hippocampiques pouvait également se produire in vivo pendant
les premières semaines de vie postnatale. Enfin, nous avons observé que ces progéniteurs NG2+

de la ZSV possèdaient toutes les caractéristiques phénotypiques des progéniteurs multipotents
dits transit-amplifying, soit selon la nomenclature en vigueur les «cellules C» qui sont la
descendance directe des cellules souches neurales ou «cellules B» (Doetsch et al., 1999;Doetsch
et al., 2002a;Doetsch, 2003). 

Nos travaux montrent qu’une sous-population d’interneurones de l’hippocampe est
effectivement issue de progéniteurs NG2+, ce qui signifie que ceux-ci ne sont pas exclusivement
restreints à un destin oligodendroglial. Les OPCs NG2+ doivent donc désormais être perçus
comme un réservoir de progéniteurs bipotentiels du SNC postnatal, particulièrement intéressant
en raison de sa taille et de sa capacité à fournir à la fois des cellules oligodendrogliales et des
neurones GABAergiques. 

Dans la dernière partie de ce travail, nous avons remis en perspective l’ensemble de nos
données objectivant la présence de récepteurs aux neurotransmetteurs à la fois dans les cellules
souches neurales, dans les progéniteurs restreints à un destin neuronal et dans les progéniteurs
NG2+ dont nous savons désormais qu’ils peuvent emprunter deux types de voies de
différenciation phénotypique. Nous avons discuté les différentes hypothèses rendant compte de
la fonction et de la signification développementale de ces stigmates “d’excitabilité” neurone-like

dans ces cellules immatures et plus particulièrement dans les cellules NG2+. Le plus grand défi
des années à venir sera d’élucider le rôle instructeur potentiel de ces connections synaptiques
et extra-synaptiques entre des neurones matures et des progéniteurs aux destins multiples.

En conclusion, ce travail jette les base d’une réflexion plus générale sur l’identité et le rôle
fonctionnel d’une population de progéniteurs d’oligodendrocytes dont l’insuffisance de réactivité
après démyélinisation pourrait s’expliquer par une déficience intrinsèque de la machinerie
moléculaire de prolifération et par l’ambivalence d’un destin phénotypique dont l’hétérogénéité
était sans doute sous-évaluée. Ces travaux soulignent l’immensité de notre méconnaissance des
propriétés biologiques précises de la plus importante population de progéniteurs du cerveau
adulte. L’avenir devrait permettre d’en déchiffrer progressivement l’infinie complexité à
condition d’accorder une attention prioritaire à l’intégration des paramètres variables dépendant
de facteurs spatio-temporels et contextuels qui furent trop souvent négligés par le passé. Ce
n’est qu’à ce prix que nous comprendrons un jour pourquoi le SNC adulte ne remyélinise pas.
C’est aussi par ce type d’approche que nous appréhenderons  un jour toute l’étendue du registre
phénotypique, la dynamique et la nature de la signification fonctionnelle de la production de
nouveaux neurones dans l’hippocampe adulte tout au long de la vie.
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Figure 2: The CNP-EGFP transgenic mouse

(A) Developmental regulation of reporter gene expression in distinct
transgenic mice aimed at assessing oligodendrogliogenesis (see Publication
#1). (B) The CNP promoters that specifically direct oligodendroglial
expression are indicated as P1 (for CNP1) and P2 (for CNP2), and the EGFP
sequence is shown in green. The orange box denotes exon 0 of the CNP
gene. The black box indicates the polyadenylation sequence from bovine
growth hormone. The relative size of the individual sequences and the total
size of the construct are also indicated. (C-G) Microtome frozen sagittal
sections (50 m) were obtained from P2 (C) and P30 (D-G) CNP-EGFP
transgenic mice. Immunostaining with anti-NG2 antibody (C; red
fluorescence) in the SVZ showed that the vast majority of EGFP-expressing
cells (green fluorescence) is also NG2+ at the P2 perinatal stage. By P30, in
corpus callosum (D, F) and cerebellar white matter (E, G), most EGFP-
expressing cells (green fluorescence) are immunoreactive for mature
oligodendroglial antigens (D-G; red fluorescence) such as CNPase (D, E) and
MBP (F, G) which are constitutive myelin proteins.

2 Intrinsic features defining oligodendrocyte progenitor cells:
identification of a driver for proliferation and of alternative
routes of differentiation

Oligodendrocytes are the myelin-forming cells of the central nervous system (CNS).
They derive from progenitor cells that
undergo a series of developmental stages
to reach the mature myelinating
phenotype (Pfeiffer et al., 1993). The
progression from progenitor to
myelinating oligodendrocyte entails a
sequence of events, including cell cycle
withdrawal, onset and progression of a
differentiation program in which
cytoskeletal changes and synthesis of
myelin components occur. The end-
point of differentiation is the formation
of myelin sheaths around multiple axons
that facilitates saltatory nerve conduction
(Franklin, 2002). Although the majority
of oligodendrocyte progenitor cells
(OPCs) develop into oligodendrocytes,
some persist in the adult CNS as a
population of slowly dividing precursor
cells (Ffrench-Constant and Raff,
1 9 8 6 ; W o l s w i j k  a n d  N o b l e ,
1989;Reynolds and Hardy, 1997) that are
thought to be the major cellular
reservoir responsible for remyelination
after injury (Gensert and Goldman,
1997;Blakemore and Keirstead,
1999;Chang et al., 2000;Franklin,
2002;Chang et al., 2002). 

Remyelination by OPCs requires
the recapitulation of a similar sequence
of events occurring during development:
progenitors proliferate, migrate to the
site of lesion, contact the axon, and
differentiate into myelin-forming cells
(Franklin, 2002). Before OPCs can
differentiate into (re)-myelinating
oligodendrocytes, the initial step in
remyelination is to populate an area of
demyelination with sufficient OPCs.
These might come from cells that are
already present within the lesion, or be
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recruited from surrounding intact white matter (Carroll and Jennings, 1994;Franklin et al.,
1997;Sim et al., 2002). In experimental models, remyelination generally occurs with such
efficiency that it can be difficult to create situations in which it fails. One might therefore expect
demyelinating diseases to carry a favorable prognosis. Yet in multiple sclerosis (MS), this is
evidently not the case. 

Multiple mechanisms underlie the eventual progressive deterioration that typifies MS
natural history, but there is no doubt that the inefficiency of the remyelination process, resulting
in lesions that remain largely or entirely demyelinated, is a significant contributor (Compston and
Coles, 2002). Likewise insufficient remyelination in animal models (Sim et al., 2002),
remyelination might fail in MS because of an inadequate provision of OPCs (recruitment failure)
and/or because of a failure of recruited OPCs to differentiate into remyelinating
oligodendrocytes (differentiation failure). One needs to emphasize that it is a widely held
assumption that the initial recruitment phase obviously necessitate OPC proliferation.
 In the first part of this work, we will describe a transgenic mouse model that we
generated in order to facilitate the study of oligodendroglial lineage cells in vivo. This model has
stemmed the research tracks that are developped in the second and third parts, allowing us to
get more insights into why remyelination fails. 

Given the importance of initial proliferative events for myelination during normal
development and for remyelination after myelin damage, the second part will then turn to an in-
depth review of the progress achieved in unraveling intrinsic regulatory signals that control the
kinetics of cell division in OPCs. We will notably discuss putative and compelling relationships
between neat intrinsic cues and possible links between proliferation and differentiation during
oligodendrocyte lineage progression.

The third part of this chapter will be devoted to addressing the need for redefining what
an oligodendrocyte progenitor is in the sense of a committed cell restricted to a glial fate.
Remyelination strategies so far may have mistaken the ideally suited target since so-called OPCs
do share a previously unexpected oligodendroglial/neuronal potential in the postnatal brain.

2.1 The CNP-EGFP transgenic mouse: an animal model for developmental and
physiological studies in oligodendroglial lineage cells

Publication #1: Belachew,S., Yuan,X., and Gallo,V. (2001). Unraveling oligodendrocyte origin and function by cell-
specific transgenesis. Dev. Neurosci. 23:287-298.
Publication #2: Yuan,X., Chittajallu,R., Belachew,S., Anderson,S., McBain,C.J., and Gallo,V. (2002). Expression
of the green fluorescent protein in the oligodendrocyte lineage: a transgenic mouse for developmental and
physiological studies. J. Neurosci. Res. 70:529-545.

The oligodendroglial lineage is one of the best characterized of the CNS (Raff, 1989)
thanks to the presence of antigens (Figure 1) on the surface of OPCs that has allowed cell
purification, clonal analysis and determination of their growth and differentiation properties in
vitro (Pfeiffer et al., 1993;Baumann and Pham-Dinh, 2001). Cell-specific promoters driving the
expression of reporter genes are well-established tools to trace development in transgenic mice.
In the present work, we generated a transgenic mouse that allows direct identification of
oligodendrocytes in live tissue through the expression of a fluorescent protein. To generate such
a mouse, we took advantage of a gene promoter that comprises DNA elements that direct
tissue- and cell-specific gene expression in oligodendrocytes and Schwann cells. The 3.7 kb
promoter region of the 2’-3’-cyclic nucleotide 3’-phosphodiesterase (CNP) gene contains the
two promoters for this gene, CNP1 and CNP2 (Figure 2) (Gravel et al., 1998). These promoters
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are active at distinct developmental stages, because CNP2 mRNA transcripts are detected in
embryonic brain, whereas CNP1 mRNA is found only after birth (Scherer et al., 1994). It has
been previously shown that the combination of CNP1 and CNP2: i) restricts reporter gene
expression to the oligodendrocyte and Schwann cell lineages and ii) confers a gene expression
pattern during development that recapitulates the complex spatiotemporal expression profile
of the endogenous CNP gene in the oligodendroglial lineage (Figure 2) (Gravel et al.,
1998;Chandross et al., 1999). Importantly, and in contrast to the case for most myelin genes, the
onset of CNP gene transcription occurs at early embryonic developmental stages and is
maintained in adulthood (Scherer et al., 1994). This property makes the CNP promoter an ideal
molecular tool with which to direct cell-specific heterologous gene expression in myelinating
cells during the entire development of the mammalian nervous system. 

We thus generated a transgenic mouse (CNP-EGFP) expressing the enhanced form of
the green fluorescent protein (EGFP), specifically in the oligodendroglial lineage under the
dependence of the CNP1-2 gene promoter (Figure 2) (Publication #1 - Belachew et al.,
2001;Publication #2 - Yuan et al., 2002). In such a CNP-EGFP transgenic mouse, EGFP
expression could be readily detected from embryonic day 10 to adulthood and was restricted
to cells of the oligodendrocyte and Schwann cell lineages (Publication #1 - Belachew et al.,
2001;Publication #2 - Yuan et al., 2002). Importantly, cells with a phenotype of adult OPCs and
gray matter oligodendroglial cells could be identified in mature transgenic mouse brains. These
classes of cells were not identified by reporter gene expression in previous transgenic mice
(Chandross et al., 1999). Visualization of EGFP-expressing cells in situ allowed direct
electrophysiological recordings in acutely isolated brain slices, and notably a study of the role of
K+ channels in the regulation of OPC proliferation (Publication #2 - Yuan et al., 2002). Finally,
the CNP-EGFP mouse described here allowed rapid isolation by fluorescence-activated cell
sorting (FACS®) of pure and viable oligodendrocyte-lineage cells (Publication #2 - Yuan et al.,
2002). Importantly, the antigenic properties of these cellular fractions were identical to their
counterpart before FACS® isolation, indicating that the purified EGFP-expressing cells were
representative of the EGFP-expressing cells in situ (Publication #2 - Yuan et al., 2002).

2.2 The Yin and Yang of cell cycle decisions in oligodendrocyte progenitor cells:
balancing on the verge of cdk2

2.2.1 Ubiquitous molecular mechanisms that control cell cycle progression

Consistently matching old universal claims from thinkers of the Han Chinese dynasty, cell
cycle progression is ruled by two opposite principles, or two principles that oppose one another
in their actions, yin and yang. All the opposite cues one perceives that regulate cell proliferation
can be reduced to one of these opposite forces, which either promotes or slows down cell cycle
progression. On each side of this dualistic view, one has to distinguish between
intrinsic/intracellular and extrinsic/extracellular levels of regulation. Until recently, it was stunning
how poor was our understanding of intrinsic signals that are essential for cell cycle decisions,
particularly in OPCs, while a more and more extensive list of extrinsic cues was proved to be
involved. Since intrinsic molecular actors of a cell division scene represent a final common
pathway for whatever extrinsic influences, one first needs to gain a compelling knowledge of the
complex interwoven networks of intrinsic interactions in order to next be able to investigate
their interplay with extrinsic factors.

In response to extrinsic mitogenic stimulations, dividing cells of the CNS, like other
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Figure 3: Integrated view of interwoven interactions between cell cycle-related proteins that govern cell cycle progression and particularly the critical

G1-S transition checkpoint.

Mammalian G1 cyclins and their associated kinases are regulators of the cell division cycle that integrate information flow from outside the cell
to drive G1-phase progression and initiate DNA replication in response to mitogenic signals. The relevant proteins include three D-type cyclins
(D1, D2, and D3) that, in different combinations, bind to, and allosterically regulate, one of two Cdk subunits, Cdk4 and Cdk6, as well as the
E-type cyclins (E1 and E2), which, in analogous fashion, govern the activity of a single catalytic subunit, Cdk2 (Morgan, 1995;Morgan, 1997;Sherr
and Roberts, 2004). Various combinations of D-type cyclins are expressed in different cell types, whereas cyclin E/Cdk2 complexes are
expressed ubiquitously. Mitogenic signals promote the assembly of active cyclin D-dependent kinases containing either CDK4 (or CDK6) and
a Cip/Kip protein. Sequestration of Cip/Kip proteins lowers the inhibitory threshold and facilitates activation of the cyclin E/CDK2 complex.
The cyclin D- and E-dependent kinases contribute sequentially to Rb phosphorylation, canceling its ability to repress E2F family members and
activating genes required for entry into S phase. The latter include cyclins E and A, as well as a bank of gene products that regulate nucleotide
metabolism and DNA synthesis per se (Dyson, 1998;Stevaux and Dyson, 2002). CyclinE/CDK2 antagonizes p27 by phosphorylating it and
triggering its proteolysis. The degradation of Cip/Kip proteins and the induction of cyclins by E2F contribute to mitogen independence and to
the irreversibility of the transition (for review see current text and Sherr & Roberts, 2004).

cycling cells outside of neural tissues, move through four phases of the cell cycle: G1, S, G2 and
M (Figure 3). Each of these phases can be translated into molecular terms and appears to be
regulated by the coordinated action of kinases and proteases (Sherr and Roberts, 1995;King et
al., 1996). In vitro, when deprived of mitogen supply, dividing cells continue to cycle until they
complete mitosis, whereupon they exit into the G0 state (Pardee, 1974;Pardee, 1989). These
cells can be reintroduced into the cell cycle by the re-addition of their mitogen. During G1
progression, the presence of the mitogen is necessary until R restriction point (Figure 3), which
occurs several hours prior to the transition between G1 and S (Pardee, 1989;Zetterberg et al.,
1995;Planas-Silva and Weinberg, 1997). In mitogen-deprived cells, all the growth factor-
stimulated events that are necessary for completion of one round of the cell cycle occur before
the R point. Furthermore, mitogens are not needed later to complete the other stages of the cell
cycle.
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G0 exit and G1 entry (Ren and Rollins, 2004) and the completion of G1 cell cycle
program necessitates the phosphorylation of the retinoblastoma tumor-suppressor protein (Rb),
which is the basis of the current molecular definition of the R point (Pardee, 1989). At least three
classes of G1 cyclin-dependent kinases (cdks) (Morgan, 1997;Ren and Rollins, 2004) collaborate
to fully phosphorylate Rb (Sherr, 1996;Stevaux and Dyson, 2002). In their unphosphorylated
state, members of Rb family (Rb, p107 and p130 in mammals) have been found to inhibit
progression through the post-R point late G1 phase (Sherr, 1996). This negative-regulatory
function of the Rb protein is constrained by phosphorylation at multiple cdk phosphorylation
sites. Sequential phosphorylations disrupt the repressive binding between Rb and transcription
factors such as E2F (Sherr, 1996;Stevaux and Dyson, 2002), thereby allowing these transcription
factors to activate genes required for S-phase entry and DNA synthesis (Dyson, 1998). One of
the critical target genes of E2F transcription factors is cyclin E (Dyson, 1998), which together
with its partner cdk2, is required for the initiation of DNA replication (Tsai et al., 1993;van den
Heuvel S. and Harlow, 1993;Ohtsubo et al., 1995). Hence, the potential effect of a mitogen on
dividing cells is intrinsic to its ability to eventually promote phosphorylation of Rb.

Cdks represent essential components operating at crucial checkpoints between
successive phases of the cycle, and particularly the critical late G1 progression and S phase entry
transition (Morgan, 1997). Cdks are subject to multi-level positive and negative regulations
(Morgan, 1995;Sherr and Roberts, 1999). Their activation requires, on distinct residues, a
dephosphorylation by cdc25 phosphatases and a phosphorylation by cdk-activating kinase (CAK)
(Morgan, 1997;Sherr and Roberts, 1999), as well as the binding of specific cyclin proteins (Sherr,
1995;Roberts, 1999). Among the regulatory cyclins active during G1 phase, cyclin C is specific
for cdk3 (Ren and Rollins, 2004), D-type cyclins are specific for binding cdk4/6 and E-type cyclins
for cdk2 (Sherr, 1994a;Sherr, 1995;Sherr and Roberts, 1999). It is now actually acknowledged
that activated cyclin C-cdk3 initiates Rb phosphorylation at G1 entry (Ren and Rollins, 2004),
then cyclin D-cdk4/6 complexes rapidly take over subsequent phosphorylation of Rb in early G1
(Sherr, 1994b;Weinberg, 1995), whereas cyclin E-cdk2 complexes are responsible for the
additional phosphorylation of Rb and other substrates during late G1 (Ohtsubo et al., 1995). The
early effect of cyclin D-cdk4/6 complexes on Rb triggers E2F release-dependent activation of
cyclin E gene in mid-G1. This will allow Rb to be subsequently phosphorylated mostly by active
cyclin E-cdk2 complexes during late G1 progression, thus creating a sort of cyclin E-mediated
auto-activated loop (Figure 3).

Superimposed upon this core unit, cyclin-cdk complexes have their endogenous
inhibitors (cdki) acting at G1-S transition that can be divided into two families: the INK4 (i.e.,
p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) and the Cip/Kip (i.e., p21Cip1, p27Kip1, p57Kip2) (Sherr
and Roberts, 1995;Sherr and Roberts, 1999). The inhibition of cdk2 activity by members of the
Cip/Kip family has been well documented by crystallographic studies elucidating the structure
of tripartite cyclin/cdk2/p27 complexes (Russo et al., 1996). Clearly, the role of p21Cip1 and
p27Kip1 on the kinase activity appears to occur at a 1:1 stoichiometry (Hengst et al., 1998) and
they bind cyclin-cdk2 complexes as extended structures that interact with both cyclins and cdk2
(Russo et al., 1996). p27Kip1 has been shown to bind conserved cyclin-box residues of cyclin
proteins (Russo et al., 1996). On cdk2,  p27Kip1 binds and rearranges the amino-terminal lobe and
inserts into the catalytic cleft, mimicking ATP (Russo et al., 1996). 

Interestingly, besides their canonical role as cell cycle inhibitors, Cip/Kip family members
also have the ability to act as “paradoxical positive regulators” of cdk4/6 (LaBaer et al.,
1997;Cheng et al., 1999). In the absence of INK4 family members, p21Cip1 and p27Kip1 favors the
assembly of cyclinD-cdk4 complexes. In the presence of the INK4 factors, they act preferentially
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as cdk2 inhibitors, because they are displaced by the INK4 family members, binding
preferentially to cdk4/6 (Figure 3).

Revealing another level of regulation, recent and ongoing works have indicated that many
important regulators of G1 and S phase progression and G1/S transition are targeted for
ubiquitination and subsequent degradation by the 26S proteasome (Tyers and Jorgensen,
2000;Yew, 2001). The ubiquitin system drives the cell division cycle by orchestrating the timely
proteolytic destruction of numerous key regulatory proteins during G1 and S phases (Figure 3).
In particular, the abundance of cyclin E, p21Cip1 and p27Kip1 is controlled by proteolysis mediated
through the ubiquitin-proteasome pathway (Wang et al., 1999;Nakayama et al., 2000;Malek et
al., 2001;Nakayama et al., 2001;Bornstein et al., 2003). Interestingly, the ubiquitin-proteasome-
mediated degradation of cyclin E and p27Kip1 necessitate their phosphorylation by cdk2 (Sheaff
et al., 1997;Vlach et al., 1997;Welcker et al., 2003). Thus cdk2-associated kinase activity
regulates the proteolysis of both its activator cyclin E and its inhibitor p27Kip1.

The fine-tuning of such multi-level yin and yang processes appears to be central for
proper custodial regulation of DNA replication but also for the maintenance of cellular
homeostasis in general. Altogether, the role of individual cell cycle molecules during
development is not equivalent and their expression pattern is not overlapping. Therefore,
different combinations of positive and negative regulators may control proliferation and induce
differentiation into distinct cell types (Cunningham and Roussel, 2001).

2.2.2 Essential cell-cycle related genes that control oligodendroglial proliferation

Previous studies in cultured cells and in mutant mice have analyzed some of the cell cycle
regulatory mechanisms in OPCs, with a focus on proteins involved in G1/S progression (Durand
et al., 1997;Casaccia-Bonnefil et al., 1997;Durand et al., 1998;Tang et al., 1998;Casaccia-Bonnefil
et al., 1999;Ghiani et al., 1999a;Ghiani et al., 1999b). One of the mechanisms that has received
much attention involves the endogenous cdkis p21Cip1 and p27Kip1 and their binding to the cyclin
E-cdk2 complex. The levels of these cdkis increase in OPCs, either during permanent cell cycle
withdrawal associated with differentiation (Durand et al., 1997;Casaccia-Bonnefil et al.,
1997;Durand et al., 1998;Casaccia-Bonnefil et al., 1999;Ghiani et al., 1999a;Ghiani et al., 1999b),
or during reversible cell cycle arrest in G1 caused by extracellular signals, such as 2-adrenergic
(Ghiani et al., 1999a) and AMPA/kaïnate receptor stimulation (Gallo and Ghiani, 2000) or K+

channel blockade (Ghiani et al., 1999b) that inhibit cell cycle progression driven by the mitogen
platelet-derived growth factor (PDGF). p27Kip1 is also involved in cAMP-induced cell cycle
withdrawal and differentiation of a glial cell line after cAMP treatment (Friessen et al., 1997). The
increase in p27Kip1 protein levels observed during OPC differentiation results in an enhancement
of its binding to the cyclin E-cdk2 complex and inhibition of cdk2 activity (Tikoo et al., 1997;Tang
et al., 1998). Ectopic expression of p27Kip1 in OPCs causes a significant reduction in cyclin E-cdk2
activity and cell cycle arrest (Tikoo et al., 1998;Tang et al., 1999).

Cristina Ghiani and Vittorio Gallo have demonstrated that PDGF-stimulated dividing
OPCs display higher protein levels of cyclin E and D and cdk2, 4, and 6 than cells that had
permanently withdrawn from the cycle (Ghiani and Gallo, 2001). The kinase activities of both
cyclin D-cdk4/6 and cyclin E-cdk2 were also higher in dividing OPCs (Ghiani and Gallo, 2001).
This was associated with a decrease in the formation of the cyclin E-cdk2 and cyclin D-
cdk4/cyclin D-cdk6 complexes in differentiated oligodendrocytes that had permanently
withdrawn from the cell cycle (Ghiani and Gallo, 2001). In contrast, reversible cell cycle arrest
in G1 induced by glutamatergic and 2-adrenergic receptor activation or cell depolarization did
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not modify cyclin E and cdk2 protein expression compared with proliferating OPCs (Ghiani and
Gallo, 2001). Instead, these agents caused a selective decrease in cdk2 activity and an
impairment of cyclin E-cdk2 complex formation, whereas cyclin D-associated kinase activity was
not modified in G1-arrested OPCs (Ghiani and Gallo, 2001).

The regulation of cyclin E-cdk2 activity, however, cannot be seen as an event completely
separate from cyclin D-cdk4 regulation. As previously discussed, the activity of cyclin E-cdk2
complexes is dependent on the bioavailability of Cip/Kip inhibitors, but is also affected by INK4
protein levels. High levels of INK4 inhibitors render Cip/Kip proteins more available to act on
their cyclin E-cdk2 target, thus favoring growth arrest. Consistent with this model, the p18Ink4c
family member has been found to accumulate in OPCs before growth arrest and its
overexpression is able to stop proliferation of OPCs, even in the presence of mitogens
(Tokumoto et al., 2002)

2.2.2.1 The cdk2 switch: turning on and off OPC proliferation without affecting differentiation

Publication #3: Belachew,S., Aguirre,A.A., Wang,H., Vautier,F., Yuan,X., Anderson,S., Kirby,M., and Gallo,V.
(2002). Cyclin-dependent kinase-2 controls oligodendrocyte progenitor cell cycle progression and is downregulated
in adult oligodendrocyte progenitors. J. Neurosci. 22:8553-8562.

In order to demonstrate the causal link between cyclin E-cdk2 activity and OPC
proliferation, we used a transfection procedure to modify cdk2 activity in cultured perinatal
OPCs (Publication #3 - Belachew et al., 2002). We have overexpressed wild-type (wt) or
dominant-negative (dn) mutants of different cdk genes (van den Heuvel S. and Harlow, 1993)
in primary cultures of OPCs and in the CG-4 oligodendrocyte progenitor cell line (Louis et al.,
1992). We observed that dn-cdk2 overexpression inhibited PDGF-driven proliferation of OPCs,
whereas wt-cdk2 overexpression prevented G1 cell cycle arrest induced by anti-mitotic extrinsic
signals that block G1/S transition (Publication #3 - Belachew et al., 2002). Importantly, dn-cdk2
and wt-cdk2-mediated regulation of G1/S transition, per se, did not influence the initiation of
OPC differentiation triggered by thyroid hormone treatment and mitogen withdrawal
(Publication #3 - Belachew et al., 2002). Altogether, we provided evidence that cyclin E-cdk2
activity plays a pivotal function in OP cell cycle decisions occurring at G1/S restriction point and
that initiation of OPC differentiation is independent from cyclin E/cdk2 dependent checkpoint.

To gain some insights on the function of cyclin E-cdk2 in oligodendroglial cells in vivo, we
purified OPCs from CNP-EGFP mice by using FACS® (Figure 4) (Publication #2 - Yuan et al.,
2002). By kinase assays and Western blot analysis, we were able to demonstrate a
developmental down-regulation of cyclin E-cdk2 activity and cyclin E and cdk2 protein
expression between the perinatal (postnatal day 6, P6) and adult stages (P30) (Figure 4)
(Publication #3 - Belachew et al., 2002). We also performed an immunohistochemical
characterization of proliferation markers, i.e. proliferating cell nuclear antigen (PCNA) (Bolton
et al., 1994;Hyde-Dunn and Jones, 1997) and cdk2 expression in postnatal OPCs that were
recognized by an antibody staining the OPC-specific hallmark NG2 chondroïtin sulfate
proteoglycan (Dawson et al., 2000;Levine et al., 2001). After assessment of the subventricular
zone (SVZ), subcortical and cerebellar white matter, we detected in all regions a drastic parallel
decrease of the percentage of proliferating and cdk2-expressing NG2+ OPCs between the
perinatal period and adulthood (Publication #3 - Belachew et al., 2002). Furthermore, we
showed that nearly all the few (~5-10 % at P30 versus ~80 % at P6) OPCs that remain
proliferative (PCNA+) in the adult brain sustained a high level of cdk2 expression, whereas about
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Figure 4: Developmental down-regulation of cyclin E/cdk2 protein levels and activity during postnatal maturation of the oligodendroglial lineage in vivo

(A) EGFP fluorescence in P30 cerebellar white matter tracts. FACS® analysis of acutely dissociated cell suspensions of whole brain from wild-
type and CNP-EGFP littermates displayed identical light forward and side scatter distributions (data not shown). (B) To eliminate erythrocytes
and cell debris, forward scatter gating parameters were chosen for further GFP fluorescence analysis. Cells from CNP-EGFP suspensions that
were considered GFP+ (bar and boxed area in lower panels) and FACS®-selected, were in a range of fluorescence far above (ratio>5X) maximal
background intensity yielded by the wild-type cell suspension (upper panels). (C) Immunophenotype of acutely-isolated CNP-EGFP+

oligodendroglial cells after FACS-purification. We previously demonstrated that EGFP expression in CNP-EGFP transgenic mice was restricted
to oligodendrocyte lineage cells (Belachew et al., 2001; Yuan et al., 2002), and that the FACS procedure resulted in a 100% pure population
of EGFP+ cells whose antigenic properties were identical to those in vivo (Yuan et al., 2002). Values represent the percentage (mean ± SEM)
of NG2+, O4+ and O1+ cells in FACS-sorted cell suspensions derived from P4, P15 and P30 CNP-EGFP transgenic mice. Total cells counted
ranged from 652 to 2185 for each condition. (D) Western blot analysis of cdk2 and cyclin E expression was performed with samples containing
pure oligodendroglial cells freshly isolated from postnatal P4-8, P15 and P30 brains. Samples were obtained by FACS-sorting of EGFP+ cells
from CNP-EGFP transgenic mice. Cdk2-associated histone H1-kinase activity was also measured in FACS-purified CNP-EGFP+ cells at P4-8
and P30, as previously described (Ghiani and Gallo, 2000).

half of total CDK2+ OPCs of the adult brain were  non-proliferative (PCNA-negative)
(Publication #3 - Belachew et al., 2002).

These data indicate that high levels of cdk2 expression represent a necessary but
insufficient condition to maintain OPCs in a proliferative state, which is consistent with the
established essential role of cyclin E and likely other key cell cycle-related proteins acting

upstream or downstream of the cdk2-associated checkpoint. Altogether, our data strongly
suggest that regulation of cyclin E and cdk2 expression and cyclin E-cdk2 activity within the
oligodendroglial lineage in vivo causally underlies the progressive breakdown of the intrinsic
proliferative potential of OPCs that occurs during postnatal maturation. One now has to
consider that besides extrinsic environmental differences at the level of mitogen supply and
response (Chan et al., 1990;Wolswijk and Noble, 1992;Engel and Wolswijk, 1996;van Heyningen
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et al., 2001), another major reason for the slower rate of proliferation of adult OPCs relies on
intrinsic developmental regulation of the molecular machinery that controls G1/S cell cycle
checkpoint. These findings shed a new light on our understanding of the so-called “quiescent”
state of adult OPCs in human normal adult white matter and in MS lesions (Wolswijk,
1998;Chang et al., 2000;Maeda et al., 2001), thus unraveling novel neat targets for strategies
aimed at preventing the recruitment failure in remyelination.

2.2.2.2 Broad-scale effects of chemical inhibitors of cdks on oligodendroglial development

Publication #4: Nguyen,L., Malgrange,B., Rocher,V., Hans,G., Moonen,G., Rigo,J.M., and Belachew,S. (2003).
Chemical inhibitors of cyclin-dependent kinases control proliferation, apoptosis and differentiation of
oligodendroglial cells. Int. J. Dev. Neurosci. 21:321-326.

Based upon the established function of cdks in cell cycle regulation, and given that
approximately 90% of all neoplasias are associated with cdk hyperactivation (Hartwell and
Kastan, 1994), several strategies have recently been designed to develop pharmacological
compounds that are capable of inhibiting the catalytic cdk subunit, i.e. its ATP-binding site. Such
chemical cdk inhibitors (CKIs) are extensively evaluated in cancer chemotherapy as well as in
other indications, including neurodegenerative disorders, since these agents also inhibit apoptosis
in post-mitotic neuronal cells (Sausville et al., 1999). In the present work, considering the
prominent role of cdk regulation in OPC cell cycle arrest and withdrawal (Publication #3 -
Belachew et al., 2002), we assessed the effect of synthetic exogenous CKIs on proliferation,
differentiation and cell death within the oligodendroglial lineage in vitro (Publication #4 - Nguyen
et al., 2003). More specifically, we used small molecular weight purine derivatives (roscovitine,
RP107 and aminopurvalanol) and paullones (alsterpaullone) that are relatively selective for Cdk2.

Roscovitine, which is the most potent inhibitor of cdk2 among the tested CKIs, had the
most effective anti-mitotic activity on cultured OPCs with an IC50 value (concentration giving
rise to a half-maximal anti-mitotic effect) in the micromolar range (Publication #4 - Nguyen et
al., 2003).We also demonstrated that roscovitine alone had no effect on oligodendrocyte
maturation but potentiated thyroid hormone-induced differentiation in the presence of PDGF
(Publication #4 - Nguyen et al., 2003). These results are consistent with the increasing evidence
that Cip/Kip endogenous cdkis acting on cdk2 may play a major role in OPC cell cycle
withdrawal and differentiation (Durand et al., 1997;Casaccia-Bonnefil et al., 1997;Durand et al.,
1998;Casaccia-Bonnefil et al., 1999). 

Our data are also in accordance with the key role of cyclin E-cdk2 complex, the main
biochemical target of roscovitine during oligodendroglial development (Ghiani and Gallo,
2001;Publication #3 - Belachew et al., 2002). Thus, roscovitine appears to be sufficient to induce
OPC cell cycle arrest by mimicking the effect of endogenous cdkis such as p27 acting on the
cdk2-dependent G1/S checkpoint. In contrast, the effect of roscovitine on oligodendroglial
differentiation, is likely to be cyclin E-cdk2 independent and thereby somehow mimics the effect
of another endogenous cdki p21 that can also be pro-differentiating besides its action at the G1/S
transition (Zezula et al., 2001). As a matter of facts, since cdk2-dependent G1/S cell cycle arrest
is known to be a necessary but insufficient condition to trigger differentiation in the
oligodendroglial lineage (Publication #3 - Belachew et al., 2002), we have to assume that
roscovitine increases OPC differentiation by interacting with other intracellular kinases, perhaps
at the cytoplasmic level. In addition, we observed that low concentrations of roscovitine
prevented OPC apoptosis induced by growth factor deprivation (Publication #4 - Nguyen et al.,
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2003), which is thought to be independent from the cyclin E-cdk2-controlled cell cycle
machinery (Casaccia-Bonnefil, 2000). Altogether, our findings suggest that roscovitine, which is
also known to regulate non cell cycle-related cdks, such as cdk5, cdk7, and to a lesser extent
extracellular signal-regulated kinases ERK1/ERK2 (Meijer et al., 1997;Knockaert et al., 2002),
may thus regulate other molecular targets than cyclin E-cdk2 in olgodendroglial cells. Such cyclin
E-cdk2-independent pathways could be crucial to the yet unknown thyroid hormone-induced
intracellular cascade. Furthermore, it is of interest to emphasize that recent works have shown
that Cip/Kip endogenous cdkis might also have new activities that are unrelated to their function
as cyclin E-cdk2 inhibitors and cell cycle regulators (Coqueret, 2003;Besson et al., 2004;Assoian,
2004). The identification of new targets of Cip/Kip proteins as well as evidence of Cip/Kip
cytoplasmic relocalization have revealed unexpected functions for these proteins in the control
of cdk activation, in the regulation of migration, apoptosis, and in transcriptional activation
(Coqueret, 2003;Besson et al., 2004;Assoian, 2004). 

2.2.2.3 There is a life without cyclin E and cdk2 with mere collateral damage

For the mammalian somatic cell cycle, the current thinking is that cyclins E and A, in
combination with cdk2, initiate chromosome and centrosome duplication, whereas subsequent
activation of cyclin A- and cyclin B-driven cdk1 complexes governs later events that terminate
with mitosis (Figure 3). Activation of this intrinsic cell cycle program is linked to extracellular
proliferative cues through D-type cyclins and their kinase partners cdk4/6 (Figure 3). In the
absence of INK4, their mitogen-dependent assembly and activation sequesters the Cip/Kip cdk2
inhibitor p27 and inactivates the repressive effects of Rb family proteins, thereby promoting
synthesis of cyclin E and A and activation of cdk2 allowing G1-S transition (Figure 3) (Sherr and
Roberts, 1999).

New works addressing the functions of cdk2 (Ortega et al., 2003;Berthet et al., 2003)
and cyclin E (Geng et al., 2003;Parisi et al., 2003) have now recently called key features of this
model into question, since disabling these critical genes in the mouse has fewer effects than
anticipated. It actually turned out that mouse cells might survive and proliferate with a couple
of “broken lights”. As a matter of facts, cdk2-/- mice are viable and do not display gross
anatomical (except for size and weight) and behavioral (except for severe gonad atrophy)
abnormalities (Ortega et al., 2003;Berthet et al., 2003). Cdk2-/- embryonic fibroblasts were
shown to be capable to proliferate in culture but enter delayed into S phase (Ortega et al.,
2003;Berthet et al., 2003). On the other hand, cyclin E-deficient embryos survived until the 10th

gestational day. Prenatal death was caused by the mutant placenta, but some cyclin E-/- embryos
successfully completed gestation when they developed in a wild-type placenta (Geng et al.,
2003;Parisi et al., 2003). In culture, cyclin E-/- embryonic fibroblasts were able to undergo several
rounds of division before becoming senescent earlier than wild-type cells (Geng et al., 2003).
Interestingly, the only critical requirement for cyclin E genes was for cell cycle reentry, since
cyclin E-/- cells were unable to reenter a proliferation phase from the G0 quiescent state (Geng
et al., 2003).

In the case of cdk2-/- cells, viability is likely due to surrogate kinases associating with cyclin
A, since it is known that cyclin A can associate with cdk1 that can supply for cdk2 kinase activity.
In contrast, as far as we know, E-type cyclins associate exclusively with cdk2 in vivo and, indeed,
seem to lack any associated kinase activity in cdk2-/- cells (Ortega et al., 2003). Hence, although
other explanations are likely conceivable, it now seems possible that essential functions of cyclin
E such as G0 to G1 transition are not cdk-dependent. This hypothesis was recently confirmed
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by the demonstration that cyclin E contains a 20 amino acids centrosomal localization signal,
which is essential for both centrosomal targeting and for promoting S phase entry in a cdk2-
independent manner (Matsumoto and Maller, 2004).

Given the conclusions drawn from these recent provocative works, we face the
unbearable question of whether cdk2 ordinarily has an essential ubiquitous function (Aleem et
al., 2004) that can be compensated by other cdks or whether cdk2 is simply dispensable for
typical mitotic cell cycles. The fact that many regulatory signaling pathways, which are thought
to couple cell cycle progression to extrinsic anti-mitogenic signals (Cunningham and Roussel,
2001), target cdk2 for inhibition supports the idea that cdk2 normally has an essential function.
This interpretation requires inhibition of cdk2 (as occurs in anti-mitogenic signaling) to be
different from loss of cdk2 (as in knock-out mouse), because the former causes the cell cycle to
arrest, but the latter does not. Perhaps cdk2  impedes the ability of other cdks to substitute for
it. It will now be of crucial importance to determine whether extrinsic regulatory pathways
controlling cell cycle progression operate correctly in the absence of cdk2.

Besides knock-out animals for cdk2 and E-type cyclins, recent studies from the  Barbacid
and Sicinski groups have also reported the effects of deleting both cdk4 and cdk6 genes
(Malumbres et al., 2004) or all three D-type cyclins (Kozar et al., 2004) in the mouse. In both
cases, lethality was observed at around embryonic day 16, accompanied by a major failure in
hematopoesis including erythropoesis, which is the likely cause of death. Thus, apart from
hematopoesis, it seems that the majority of embryonic tissues can undergo cyclin D-independent
cell cycles. In summary, the functions of G1 cell cycle regulatory genes are often essential only
in specific cell types and/or at specific temporal stages (Jirawatnotai et al., 2004), pointing to our
limited understanding of tissue-specific expression, redundancy and compensating mechanisms
in the cdk network. 

It is important to emphasize that cdk2-/- mice have not been assessed to date at the level
of their CNS integrity and particularly regarding cell cycle kinetics in postnatal progenitor cells,
such as NG2-expressing OPCs. One may assume that cdk2 functions obviously need to be
efficiently compensated possibly by cyclin A-cdk1 complexes in cdk2-/- mice to allow CNS
development to evolve without yielding easily detectable defects particularly at the level of
locomotion. In contrast, we would not expect the lack of cdk2 to spontaneously trigger any
major phenotype in the non-injured postnatal brain, since cdk2-expressing NG2+ OPCs, which
represent the largest pool of cdk2+ cells are largely “quiescent” in the adult brain. In order to
address such issues and to ascertain the functional significance of cdk2 expression in adult OPCs
in vivo, we are currently collaborating with the lab of Philipp Kaldis (Berthet et al., 2003), to
cross-breed our CNP-EGFP mice (Publication #1 - Belachew et al., 2001;Publication #2 - Yuan
et al., 2002) with cdk2-null mutants. Using such double transgenic animals, in a second phase,
we will also assess how cdk2-deficient adult OPCs will react following a demyelinating insult that
stimulates a proliferation-dependent recruitment of OPCs. That will help us get more insights
into the potential role of cdk2 in remyelination.

2.2.3 Molecular control of the onset of oligodendroglial differentiation

In contrast with proliferation, specific molecular targets involved in OPC differentiation
remain elusive, and little is known about the relationship between cell cycle-related pathways
and oligodendroglial differentiation (Tokumoto et al., 1999;Tokumoto et al., 2001;Zezula et al.,
2001;Tokumoto et al., 2002;Huang et al., 2002).
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2.2.3.1 At the beginning, there was Martin C. Raff and the quest for a cell-intrinsic timer that
operates during oligodendrocyte development

Martin C. Raff has conducted over the last two decades a pioneering work effort to
identify integrated sequential signals that control oligodendrocyte differentiation. Raff’s
contribution is based on a model system in which the normal timing of oligodendrocyte
development can be reconstituted in cultures of dissociated embryonic and perinatal optic nerve
(Raff et al., 1985), as long as OPCs are stimulated to divide by PDGF (Raff et al., 1988).

When individual or purified OPCs isolated from postnatal day 7 (P7) rat optic nerve were
stimulated to proliferate in culture by either the presence of astrocytes or saturating amounts
of PDGF, the cells divided up to eight times before they stopped and differentiated (Temple and
Raff, 1986;Barres et al., 1994a). The progeny of a single precursor cell stopped dividing and
differentiated at about the same time (Temple and Raff, 1985;Temple and Raff, 1986). Raff and
Temple have elegantly shown that if the two daughter cells of a single OPC were separated and
cultured on astrocyte monolayers in separate microwells, they divided the same number of
times before they differentiated, indicating that an intrinsic mechanism operates in the precursor
cells to limit the number of times, or the period of time, that the cell normally divides (Temple
and Raff, 1985;Temple and Raff, 1986). The next issue was whether the counting mechanism
counts cell divisions, or measures time in some other way. It was actually demonstrated that
OPCs cultured at 33 C divided more slowly, but stopped dividing and differentiated after fewer
divisions, compared to cells cultured at 37 C (Gao et al., 1997). Furthermore, our findings that
cdk2-dependent cell cycle arrest did not retain a more immature oligodendroglial phenotype,
nor did a faster cdk2-dependent cell cycle kinetics accelerate differentiation, emphasize that
OPCs do not count the number of cell cycles before they start to differentiate (Publication #3 -
Belachew et al., 2002). These two different sets of data provide evidence that the cell-intrinsic
mechanism that regulates the onset of oligodendroglial differentiation program does not operate
by counting cell divisions but, instead, measures elapsed time in some other way. Therefore, one
now has to refer to it as a timer.

2.2.3.2 Which and how time really matters: who’s the tick of the clock?

The view of Raff and colleagues was that the timer consisted of at least two components:
a timing component that measures elapsed time and an effector component that stops cell
proliferation and initiates differentiation when time is up (Bogler and Noble, 1994;Barres et al.,
1994a). Although the timer is cell intrinsic, it is not cell autonomous since its normal function
depends on extracellular signals (Figure 5A): PDGF is required for the timing component to
operate (Raff et al., 1988;Noble et al., 1988), while thyroid hormone (TH) acting through 1
TH receptor subtype (Billon et al., 2001;Billon et al., 2002) regulates the effector component
(Barres et al., 1994a). In the absence of PDGF, OPCs immediately stop dividing and prematurely
differentiate into oligodendrocytes (Noble and Murray, 1984;Temple and Raff, 1985) (Figure
5A). In the presence of PDGF and the absence of TH, most cultured OPCs do not differentiate
and  tend to keep dividing endlessly with a lack of replicative senescence (Barres et al.,
1994a;Ahlgren et al., 1997;Gao et al., 1998;Tang et al., 2000;Tang et al., 2001) (Figure 5A). If TH
is added to such a culture after 8 days, when most OPCs would have differentiated, had TH
been present, then OPCs soon massively stop dividing and differentiate (Barres et al., 1994a)
(Figure 5A). This indicates that in the presence of mitogens and in the absence of TH, OPCs can
still keep track of time, but seem unable to stop dividing and differentiate when the appropriate



20

Figure 5: A cell-intrinsic timer regulates the onset of oligodendroglial differentiation

(A) Usual experimental paradigms used to study factors that regulate the different
components of this timer. (B) Molecular cues known to be involved in the timing
and effector components of the timer.

time has come. Even in the absence of TH, however, a minor sub-population of OPCs cultured
in PDGF spontaneously stop dividing and differentiate (Barres et al., 1994a;Ahlgren et al.,
1997;Tang et al., 2001) (Figure 5A). Thus, whereas TH is required for the normal timing of OPC
differentiation, it is not required for oligodendrocyte development per se. 

It is yet unknown whether the timer in OPCs primarily controls the onset of
differentiation, the cessation of proliferation, or both. Because the precursor cells stop dividing
immediately and differentiate when deprived of PDGF (Raff et al., 1988), it is suspected that the
timer primarily controls the irreversible cell cycle withdrawal that occurs in the differentiation
pathway. If this is the case, the timer must, at some point, interact with the regulatory
mechanisms that drive progress through the cell division cycle. We have outlined hereafter
candidate factors that are likely to be part of the molecular structure of this cell-intrinsic timer
(Figure 5B), but this will still not answer the fascinating question of how the timer works.

2.2.3.2.1 The role of p27Kip1

There are now strong
evidences supporting that p27Kip1 is
one element of this TH-regulated
timer. First, p27Kip1 levels are high in
mature oligodendrocytes , both in
vivo and in vitro, whereas they are
variable in OPCs (Durand et al.,
1997).  Second, p27Kip1 levels
increase rapidly when precursor
cells in culture are deprived of
PDGF and the rate of increase is
similar to the rate at which the
precursor cells commit to cell-cycle
withdrawal and differentiation,
suggesting that p27Kip1  is part of the
effector mechanism (Durand et al.,
1997). Third, p27Kip1 levels
progressively increase when OPCs
are cultured in the presence of
PDGF, but in the absence of TH
(Durand et al., 1997), conditions
where the timing component
continues to operate, but the
effector component is defective
(Barres et al., 1994a). p27Kip1 levels
plateau after about 8 days in such

cultures, when most of the cells would have differentiated had TH been present (Durand et al.,
1997). In the absence of TH, however, despite high levels of p27Kip1, OPCs continue to divide,
indicating that high levels of p27Kip1 alone are insufficient to stop the cell cycle. Fourth, p27Kip1

levels in OPCs rise faster at 33 C than at 37 C, as would be expected if p27Kip1 is part of the
timer, since the timer runs faster at the lower temperature (Gao et al., 1997). Fifth, and most
importantly, OPCs isolated from p27Kip1-deficient mice divide with a normal cell cycle time, but
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many of them go through one or two more divisions, compared to wild-type cells, before they
differentiate (Durand et al., 1998). Detailed analysis of p27-deficient cells suggests that they are
defective in both the timing (Durand et al., 1998) and the TH-dependent effector (Casaccia-
Bonnefil et al., 1997;Durand et al., 1998) components of the timer. Experiments in which p27Kip1

is overexpressed in OPCs have shown an acceleration of oligodendrocyte differentiation, but
only in the presence of TH (Tokumoto et al., 2002), consistent with a prominent role in the
timing component of the timer. In contrast, in the absence of TH, the overexpression of p27Kip1

stopped the proliferation but fails to stimulate the differentiation, thereby confirming as
previously discussed that G1 cell cycle arrest is not causally coupled to the onset of the
differentiation (Tokumoto et al., 2002). Hence, we can also conclude that: i) the function of
p27Kip1 in the effector component of the timer interacts with TH-mediated signaling to operate,
and ii) the low rate of differentiation that occurs in the presence of mitogens, but in the absence
of TH, involves a different intracellular mechanism from that of TH-dependent differentiation.
The identification of p27Kip1 as a component of the timer however does not indicate how p27Kip1

works in this regard. It is still likely that this complex role may be due to the involvement of this
protein, not only in the fine tuning of cyclin E-cdk2 inhibition, but in much broader cdk-
independent functions, as suggested by its possible cytoplasmic localization (Coqueret, 2003).

2.2.3.2.2 The role of p18Ink4c

Three lines of evidence suggest that p18Ink4c may be part of the TH-regulated timer in
developing OPCs. First, it was found that p18Ink4c protein levels, like p27Kip1 (Durand et al.,
1997), increased as OPCs proliferated in culture (Tokumoto et al., 2002). Second, it was shown,
like p27Kip1, that overexpression of p18Ink4c in OPCs accelerated the timer, causing the cells to
differentiate prematurely when cultured in the presence of PDGF and TH (Tokumoto et al.,
2002). Similarly to p27Kip1, overexpression of p18Ink4c also stops cell cycle progression but fails
to accelerate the spontaneous differentiation of OPCs cultured in PDGF without TH (Tokumoto
et al., 2002). Third, p18Ink4c-/- mice have a phenotype that closely resembles that of p27Kip1-
deficient mice (Franklin et al., 1998), and there is compelling evidence that p27Kip1 is a
component of the timer in OPCs (Durand et al., 1997;Casaccia-Bonnefil et al., 1997;Durand et
al., 1998). As both p18Ink4c- and p27Kip1-deficient mice have increased numbers of cells in all
organs examined (Fero et al., 1996;Kiyokawa et al., 1996;Nakayama et al., 1996), it seems likely
that both cdkis help cells in many lineages withdraw from the cell cycle at the appropriate time.

2.2.3.2.3 The role of p53

The p53 tumor suppressor gene represents a nodal point of convergence of several signal
transduction pathways. The response of individual cells to p53 activation is dependent upon
several factors, including the nature of the activating stimulus, secondary modifications of the
protein (i.e., ubiquitination, phosphorylation, or acetylation) and the specific cell type (Giaccia
and Kastan, 1998). Depending on the levels and modality of activation, p53 can act as
transcriptional activator or repressor of many genes, causing apoptosis, cell cycle arrest in G1
or G2/M, or differentiation, depending on the cell type (Giaccia and Kastan, 1998). In
proliferating OPCs, p53 protein levels are low and the protein is likely not functional, due to its
cytoplasmic localization (Eizenberg et al., 1996). Upon removal of mitogens, however, p53 is
transiently translocated to the nucleus and may be involved in both growth arrest and the onset
of differentiation (Eizenberg et al., 1996).
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It was demonstrated that overexpression of a p53 dominant-negative (Dn) molecule
containing a point mutation in the C-terminal transactivation domain, affected proliferation and
differentiation of OPCs cultured in the presence of PDGF and TH although it had no effect on
the differentiation process induced by mitogen withdrawal (Tokumoto et al., 2001). OPCs
infected with retroviral vector encoding Dn-p53 failed to stop dividing and to differentiate in
response to TH, but stopped dividing and differentiate normally in response to PDGF withdrawal
(Tokumoto et al., 2001). They also displayed a normal rate of spontaneous differentiation in the
presence of PDGF and in the absence of TH (Tokumoto et al., 2001). These findings suggested
that TH-induced OPC differentiation depends on p53 or one of its relatives (Yang and McKeon,
2000;Levrero et al., 2000;Yang et al., 2002), whereas both spontaneous and PDGF-withdrawal-
induced differentiation do not. More importantly, they suggest that a p53 family protein is an
essential part of the effector component of the intrinsic timer that helps control OPC
differentiation in the presence of PDGF and TH (Figure 5B). 

More recently, it was shown that among p53 family proteins, both p53 and p73, but not
p63, are involved in TH-induced OPC differentiation (Billon et al., 2004). Furthermore, p73 was
also observed to normally play a crucial part in PDGF-withdrawal-induced OPC differentiation,
which is the first demonstration of a role for p73 in the differentiation of a normal mammalian
cell type (Billon et al., 2004).

Such findings, together with data from p27Kip1 overexpression (Tokumoto et al., 2002)
strengthen the evidence that TH-induced and spontaneous or PDGF-withdrawal-induced
differentiation are mediated by distinct intracellular molecular pathways, which still commonly
include p73-dependent processes (Billon et al., 2004) (Figure 5B). To what extent these signaling
pathways might possibly coexist in vivo remains to be established.

2.2.3.2.4 The role of basic helix-loop-helix (bHLH) proteins

The basic HLH transcription factor family regulates the development of many cells by
orchestrating cell-type-specific gene expression (Guillemot, 1999;Schuurmans and Guillemot,
2002;Ross et al., 2003). Genes of the bHLH class, such as the Achaete-Scute (AS-C) complex in
Drosophila and its mammalian homologue Mash1 control the determination and differentiation
of neurons (Johnson et al., 1990;Bertrand et al., 2002;Parras et al., 2002;Ross et al., 2003). Until
two oligodendrocyte lineage-specific bHLH proteins (Olig1 and Olig2) were recently identified,
it was not yet known whether there were bHLH proteins required for glial specification and
differentiation (Lu et al., 2000;Zhou et al., 2000;Zhou et al., 2001). 

Tissue-specific class B bHLH proteins control cell type specification and differentiation
by dimerizing with more ubiquitously expressed E2A-type class A bHLH proteins such as E12
and E47. The function of tissue-specific B-type bHLH proteins is blocked by Id (inhibitor of DNA
binding) proteins that are HLH proteins lacking the DNA binding domain of bHLH proteins
(Benezra et al., 1990;Norton et al., 1998;Norton, 2000). Ids block differentiation in diverse cell
types, including neural cells, by acting as dominant-negative blockers of the function of bHLH
proteins. Id proteins bind to class A bHLH proteins (also named E proteins), preventing their
dimerization with class B bHLH proteins and activation of gene transcription (Norton,
2000;Zebedee and Hara, 2001). Besides Ids, Hes5, a mammalian homologue of the “antineural”
Drosophila bHLH genes Hairy and Enhancer-of-split (Akazawa et al., 1992), can bind to and
antagonize the action of proneural bHLH proteins such as Mash1 (Akazawa et al., 1992;Sasai et
al., 1992). Hes proteins can also bind to N-box elements in DNA and recruit co-repressor
proteins to inhibit proneural gene transcription (Grbavec and Stifani, 1996;Fisher et al., 1996).
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2.2.3.2.4.1 Mash1

Although Mash1 mRNA and protein were found to be expressed in OPCs and down-
regulated during differentiation (Kondo and Raff, 2000a;Wang et al., 2001), the overexpression
of Mash1, however, did not detectably interact with oligodendrocyte differentiation when the
precursor cells were cultured in PDGF and TH (Kondo and Raff, 2000a). In the absence of
Mash1, it was also shown that OPCs were able to differentiate normally and that the timing of
their differentiation in response to TH was normal (Wang et al., 2001). 

What function might Mash1 have in oligodendrocyte lineage cells if it does not control
oligodendrocyte differentiation? Recently, others and we discovered that so-called OPCs
cultured under certain conditions have the ability to generate neurons as well as glial cells (see
part 3 of the present manuscript) (Kondo and Raff, 2000b;Publication #5 - Belachew et al.,
2003;Nunes et al., 2003;Publication #6 - Aguirre et al., 2004). The finding that TH rapidly down-
regulates Mash1 in cultured OPCs (Wang et al., 2001) raises the interesting possibility that the
presence of Mash1 in OPCs might correlate with, or be necessary for, their ability to undergo
neurogenesis (Parras et al., 2004). If so, the TH-mediated downregulation of Mash1 might
explain why multipotential neural stem cells that persist within the adult mammalian brain appear
unable to generate many neurons in vivo, while they can in vitro.

2.2.3.2.4.2 Olig genes

Several laboratories have recently identified a novel family of genes named Olig, encoding
bHLH transcription factors (Lu et al., 2000;Zhou et al., 2000;Takebayashi et al., 2000). We will
focus here on Olig1 and Olig2, although a third family member, Olig3, is known to be expressed
in a non-overlapping pattern (Takebayashi et al., 2000), and reports of additional homologues
are emerging. Loss-of-function studies comparing single Olig1 or Olig2 (Lu et al., 2002) and
double Olig1-Olig2 (Zhou and Anderson, 2002) deficiencies have indicated overlapping functions
for Olig proteins in OPC specification with functional redundancy between the two genes in
certain region of the CNS, although the activities of Olig1 and Olig2 appear to be highly context-
dependent (Rowitch et al., 2002). Importantly, no OPCs were observed anywhere in the entire
CNS of Olig1-Olig2 double mutant mice (Zhou and Anderson, 2002). We will not describe here
the complex functions of Olig genes in the control of the timing of OPC specification (Rowitch
et al., 2002) together with other transcription factors such as Sox 9 (Stolt et al., 2003) or the
homeodomain transcription factor Nkx6.1 (Liu et al., 2003a). 

Besides their crucial role in oligodendrocyte lineage determination it appears that Olig
proteins may also regulate the timing of oligodendrocyte differentiation, as suggested by their
persistent expression throughout the whole oligodendroglial lineage until mature stages.
Whereas Olig2, the primordial Olig gene, plays especially prominent roles in the developing
spinal cord where it is essential for oligodendrocyte and motor neuron specification (Lu et al.,
2002), Olig1 is not required for motor neuron development but promotes formation and
maturation of oligodendrocytes, especially within the brain (Lu et al., 2001). The fact that Olig1-/-

mice display a delayed oligodendrocyte maturation also supports this notion (Lu et al., 2002). In
the brain of Olig1-/- mice, multilamellar wrapping of myelin membranes around axons does not
occur, despite recognition and contact of axons by oligodendrocytes, thus showing that axonal
recognition and myelination are separable processes (Xin et al., 2005). Hence, Olig1-null mice
develop widespread progressive axonal degeneration and gliosis (Xin et al., 2005). In contrast,
myelin sheaths are formed in the spinal cord of Olig1-/- mice, although the extent of myelination
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is severely reduced (Xin et al., 2005).
Recent studies indicated that signals regulating the subcellular localization and/or activity

of Olig1 during development may play an additional and critical role in activating OPCs in the
adult CNS, since remyelination completely fails in adult Olig1-/- mice (Arnett et al., 2004).
However, Arnett et al. used a different transgenic line from that of Xin and colleagues (Xin et
al., 2005), in which developmental myelination of the brain is grossly normal (Arnett et al., 2004)
because the molecular construction allows compensatory mechanisms by Olig2 (a gene encoding
a protein with 80% homology to Olig1, and located just 40kb away from the Olig1 locus) or
other unidentified genes in the region of the PGK sequences inserted into Olig1 locus (Balabanov
and Popko, 2005).

Interestingly, the accumulation of Olig2 in the nucleus was shown to repress astrocytic
differentiation of neural stem cells (Setoguchi and Kondo, 2004). It has also been suggested that
Olig2 interacts with the homeodomain transcription factor Nkx2.2, not only at the level of OPC
specification (Zhou et al., 2001;Sun et al., 2001), but also forms a cooperative complex that
promotes oligodendrocyte differentiation during later embryonic development (Qi et al.,
2001;Fu et al., 2002;Sun et al., 2003). Altogether, these results strongly indicate that Olig genes
and their interaction with homeodomain transcription factor Nkx2.2 might be relevant
components of the intrinsic timer of oligodendrocyte differentiation, but only detailed kinetic in
vitro analyses will accurately explain their actual involvement in this regard.

2.2.3.2.4.3 Id2 and Id4

Id proteins are ideal candidates to help couple proliferation to differentiation, as in many
cell types they are upregulated by mitogens and help to promote proliferation (Zebedee and
Hara, 2001) as well as to inhibit differentiation by interacting with Rb and other bHLH proteins
responsible for differentiation. It was found that: i) overexpression of Id2 powerfully inhibited
oligodendrocyte differentiation, ii) Id2 normally translocated out of the nucleus at the onset of
differentiation, and iii) the absence of Id2 induced premature oligodendrocyte differentiation in
vitro (Wang et al., 2001).

The expression of another Id family member Id4 in OPCs decreased in vivo and in vitro
with a time course expected if Id4 was part of the timer (Kondo and Raff, 2000c). It was also
shown that Id4 expression decreased prematurely when the OPCs were induced to differentiate
by PDGF withdrawal (Kondo and Raff, 2000c). Finally, enforced expression of Id4 stimulated
OPC proliferation and blocked differentiation induced either by TH treatment or PDGF
withdrawal (Kondo and Raff, 2000c). Unfortunately, it is not established so far whether Id4 /

OPCs would prematurely differentiate as occurs when Id2 is absent (Wang et al., 2001).
Such findings indicate that a progressive fall of Id4 expression and a final cytoplasmic

translocation of Id2 are part of the intracellular timer that helps determine when OPCs withdraw
from the cell cycle and differentiate. In the presence of mitogens, Id proteins may thus dimerize
in OPCs with a class A bHLH, thereby sequestering it and preventing its binding to an as yet
unidentified class B bHLH protein necessary for oligodendrocyte differentiation. This latter might
belong to the Olig gene family (Figure 5B) as suggested by recent bacterial two-hybrid and co-
immunoprecipitation studies, which demonstrated that Id4, and to a lesser extent Id2,
complexed with Olig1 and Olig2 (Samanta and Kessler, 2004). In addition, the Olig and Id
proteins both interacted with the E2A proteins E12 and E47 (Samanta and Kessler, 2004). These
observations suggests that the nuclear induction of Id4 and Id2 inhibits oligodendroglial lineage
commitment by sequestrating both Olig proteins and E2A proteins.
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2.2.3.2.4.4 Hes 5

Notch-mediated signaling which has been shown to inhibit the differentiation of OPCs
induced the expression of Hes5 (Wang et al., 1998). Hence it was not surprising that the
overexpression of Hes5 led on its own to inhibiting oligodendrocyte differentiation induced by
either mitogen withdrawal or TH addition (Kondo and Raff, 2000a). This at least suggests that
Hes5 protein is an important effector of the Notch-mediated signaling in the oligodendrocyte
lineage. Furthermore, Hes5 mRNA progressively decreases as developing OPCs proliferate in
vivo and in vitro and is no longer detectable when the precursors differentiate into
oligodendrocytes (Kondo and Raff, 2000a). This down-regulation of Hes5 expression occurs
even in the absence of a significant change in Notch-mediated signaling (Kondo and Raff, 2000a).
It seems likely that the progressive decrease in Hes5 protein plays a part in regulating when the
precursors start to differentiate but further experiments are needed to ascertain this possible
contribution to the intrinsic timing mechanism.

2.2.3.2.5 Extrinsic cues

We want to emphasize here that it is outside the scope of the present manuscript to
exhaustively describe the relationships between the vast intricate networks of extrinsic
regulatory factors that do exert an integrated control over previously discussed intrinsic
mechanisms. We will just summarize in table 1 the most relevant actors of this play and their
established effects on proliferation and differentiation of OPCs.
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Table 1: Extrinsic regulation of oligodendrocyte development, downstream of OPC determination (i.e.

regardless of cues that control OPC specification)

Factors Receptors Effect Selected References

Growth factors

PDGF
(platelet-derived growth
factor)

PDGFR -  proliferation
-  onset of differentiation
-  migration
-chemoattraction
-  survival

(Raff et al., 1988)
(Noble et al., 1988)
(Richardson et al., 1988)
(Fruttiger et al., 1999)
(Calver et al., 1998)
(Baron et al., 2002)
(Armstrong et al., 1990)
(Milner et al., 1997)
(Barres et al., 1992)

FGF2
(type 2 fibroblast growth
factor)

FGFR1, FGFR2, FGFR3 -  proliferation
-  terminal differentiation
-  migration

(McKinnon et al., 1990)
(Wolswijk and Noble, 1992)
(Bansal et al., 1996)
(Osterhout et al., 1997)
(Goddard et al., 2001)

Neuregulins (NRG-1) erbB2, erbB3, erbB4 -  proliferation
-  differentiation
-  survival

(Canoll et al., 1996)
(Vartanian et al., 1999)
(Park et al., 2001)
(Calaora et al., 2001)
(Kim et al., 2003)

BMPs (Bone morphogenetic
proteins)

type-1 and type-2 BMP
receptors

-  initial specification and
favors astrocyte commitment

(Gross et al., 1996)
(Mabie et al., 1997)
(Mekki-Dauriac et al., 2002)
(Gomes et al., 2003)
(Kondo and Raff, 2004)
(Samanta and Kessler, 2004)
(See et al., 2004)

NT3
(neurotrophin-3)

TrkC -  proliferation
-  survival

(Barres et al., 1994b)
(Cohen et al., 1996a)

IGF-1
(insulin-like growth factor 1)

IGF1R -synergizes with PDGF and
FGF2 to increase proliferation
-  survival
-  remyelination

(McMorris et al., 1986)
(Barres et al., 1993)
(Mason et al., 2000)
(Mason et al., 2003)
(Mason and Goldman, 2002)
(Jiang et al., 2001)

TGF 1 -  proliferation (McKinnon et al., 1993)

Chemokines-Cytokines

CXCL1 CXCR2  migration (Tsai et al., 2002)

CNTF/LIF/IL-6
(ciliary neurotrophic factor -
leukemia inhibitory factor -
interleukin-6)

gp130 - differentiation
-  myelination
-  survival
-  remyelination

(Louis et al., 1993)
(Mayer et al., 1994)
(Barres et al., 1996)
(Marmur et al., 1998)
(Stankoff et al., 2002)
(Valerio et al., 2002)
(Linker et al., 2002)
(Butzkueven et al., 2002)

GRO
(growth-related oncogene- )

CXCR2 - proliferation (Robinson et al., 1998)
(Wu et al., 2000)
(Filipovic et al., 2003)

IL-1
(interleukin-1 )

IL-1R -  proliferation (Vela et al., 2002)
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IFN IFN R - oligodendrocyte death and
myelin loss

(Vartanian et al., 1995)
(Corbin et al., 1996)
(Horwitz et al., 1997)

TNF TNFR1, TNFR2 - oligodendrocyte death and
myelin loss (TNFR1)
- proliferation (TNFR2)
-  oligodendrocyte death and
myelin loss (TNFR2)

(Selmaj and Raine, 1988)
(Akassoglou et al., 1998)
(Liu et al., 1998a)
(Arnett et al., 2001)

Extracellular matrix molecules

Tenascin-C,vitronectin v integrins - proliferation and 
differentiation ( v 3)
- differentiation ( v 5)
- migration ( v 1)

(Milner and Ffrench-Constant,
1994)
(Milner et al., 1996)
(Blaschuk et al., 2000)
(Garcion et al., 2001)
(Baron et al., 2002)

Laminin 6 1 integrin - myelination and survival (Malek-Hedayat and Rome,
1994)
(Buttery and Ffrench-Constant,
1999)
(Frost et al., 1999)
(Colognato et al., 2002)
(Baron et al., 2003)

Neurotransmitters

Glutamate AMPA/kaïnate receptors -  proliferation
- oligodendrocyte excitotoxic
death

(Oka et al., 1993)
(Patneau et al., 1994)
(Gallo et al., 1996)
(Matute et al., 1997)
(McDonald et al., 1998)
(Ghiani et al., 1999a)
(Gallo and Ghiani, 2000)
(Pitt et al., 2000;Smith et al.,
2000)

Acetylcholine M1 and M2 muscarinic
receptors + nicotinic

- proliferation (Cohen and Almazan, 1994)
(Cohen et al., 1996b)
(Publication #9 - Belachew et
al., 1998)
(Rogers et al., 2001)

Norepinephrine 1A and 2 -  proliferation (Cohen and Almazan, 1993)
(Ghiani et al., 1999a)
(Khorchid et al., 1999)
(Ghiani and Gallo, 2001)
(Khorchid et al., 2002)

Adenosine A1, A2, and A3 -  proliferation
- differentiation
- migration

(Stevens et al., 2002)
(Othman et al., 2003)

Neuropeptides

PACAP
(pituitary adenylyl cyclase-
activating peptide)

PAC1 - proliferation
- differentiation

(Lee et al., 2001)

Opioids ,  and - survival
- myelination

(Hauser et al., 1993)
(Knapp et al., 1998)
(Demerens et al., 1999)
(Knapp et al., 2001)

Others
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Jagged1 Notch1 - differentiation (Wang et al., 1998)
(Givogri et al., 2002)

Contactin Notch1, (Notch2?) - differentiation (Hu et al., 2003)

PSA-NCAM
(polysialylated form of neural
cell adhesion molecule)

? - myelination (Charles et al., 2000)
(Charles et al., 2002)

Axonal electrical activity ? - proliferation
- myelination

(Barres and Raff, 1993)
(Demerens et al., 1996)
(Barres and Raff, 1999)

Thyroid hormone THR 1 - differentiation (Barres et al., 1994a;Billon et
al., 2002)

Cannabinoids CB1 - survival (Molina-Holgado et al., 2002)

IgGs  chain of immunoglobulin Fc
receptors (FcR )

- differentiation (Nakahara et al., 2003)

Netrin-1 DCC chemorepellent (embryonic
chick spinal cord) or
chemoattractant (embryonic
mouse optic nerve) ?

(Jarjour et al., 2003)
(Spassky et al., 2002)
(Sugimoto et al., 2001)
(Tsai et al., 2003)

Class 3 semaphorin Neuropilin 1 and 2 chemorepellent (Sugimoto et al., 2001)
(Spassky et al., 2002)
(Cohen et al., 2003)

2.2.4 Teasing apart two models of relationships between proliferation and differentiation in the
oligodendroglial lineage. G0 versus G1 cell cycle arrest

G1 cell cycle arrest induced by p27Kip1 (Tikoo et al., 1998;Tang et al., 1999;Tokumoto
et al., 2002), p18Ink4c (Tokumoto et al., 2002) or Dn-cdk2 (Publication #3 - Belachew et al.,
2002) overexpression, or by extracellular signals that block cyclin E-cdk2 (Ghiani et al.,
1999a;Ghiani et al., 1999b;Ghiani and Gallo, 2001), such as glutamate receptor agonists (i.e.,
AMPA/kainate), Na+ channel openers (i.e., veratridine) or K+ channel blockers (i.e.,
tetraethylammonium), can prevent entry into S-phase, but is not sufficient per se to start a
differentiation program if mitogens are present in the medium. This may be presumably due to
the existence of an inhibitory component (possibly cyclin D) induced by the mitogens (Huang
et al., 2002). At a molecular level, this uncoupled state with G1 arrest and no differentiation is
characterized by high levels of p21Cip1, p27Kip1, Rb, cyclin D1 and E (likely due to the presence
of PDGF) (Huang et al., 2002). Taken together, the results of all these experiments argue against
the validity of the simplistic linear model in which mitogens would activate transduction pathways
that converge on a single signal responsible for promoting cell division while inhibiting
differentiation, although they also provide correlative evidence linking high cyclin D1 and E levels
to inhibition of differentiation. 

In contrast to reversible G1-arresting conditions, one has to distinguish PDGF-
withdrawal-induced G0 arrest, which is irreversible and characterized by low levels of G1
cyclins. Unlike the G1 arrest, which appears to be necessary but insufficient for differentiation,
a G0 arrest is necessary and sufficient to trigger the differentiation program. One possible
explanation for the “sufficiency” of G0 arrest is that cell cycle regulatory molecules, and
particularly Rb (that is unphosphorylated in G0), may affect the sequestration of differentiation
inhibitors (i.e. Id2, Id4) (Kondo and Raff, 2000a;Kondo and Raff, 2000c;Wang et al., 2001) that
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normally keep OPCs in an undifferentiated state (Wang et al., 2001). Because unphosphorylated
Rb has the ability to bind and sequester Id2 (Iavarone et al., 1994;Norton et al., 1998), it is
conceivable that differentiation in G0 arrested cells may occur by de-repression due to
sequestration of the Ids by Rb. Alternatively, cell cycle exit toward G0 state may directly result
in histone deacetylase activation leading to a massive rearrangement of the chromatin
conformation in the promoter region of the Ids, so that their levels may be decreased, thus
allowing the differentiation to occur (Marin-Husstege et al., 2002).

2.3 Revisiting lineage fate potential of previously so-called “oligodendrocyte” progenitor
cells in the postnatal brain: on the trail of a serial progenitor

After addressing the role of cell cycle regulation in OPCs, we wanted here in this next
part of the manuscript to question the real identity of OPCs with respect to their fate potential.
We will recapitulate recent data challenging that OPCs may not represent the best guys to be
ready for action on the battlefield of remyelination.

2.3.1 Principal features of the postnatal OPC as an established oligodendrocyte progenitor
expressing the NG2 proteoglycan surface marker

Although the glial complement of the adult CNS is generally thought to consist of
astrocytes, oligodendrocytes and microglia, numerous reports in the last 30-40 years have
identified populations of glial cells within adult animals that do not easily fall into these three basic
cell groups. For example, in 1968, Vaughn and Peters identified cells in adult, embryonic and
perinatal rat optic nerves with small irregularly shaped cell bodies and stout protrusions that
contained neither the dense bundles of filaments associated with astrocytes nor the abundant
microtubules characteristic of oligodendrocytes (Vaughn and Peters, 1968). They further showed
that these unusual cells, which comprise 5% of all glia in the optic nerve, increased in number
during Wallerian degeneration and that this increase in cell number was probably caused by cell
division (Vaughn et al., 1970;Skoff and Vaughn, 1971). Cells with a similar appearance were then
identified in rat cerebral cortex and termed -astrocytes (Reyners et al., 1982;Reyners et al.,
1986). This cell was both mitotically active and radiosensitive. In both of these studies, the
authors had already suggested that these novel glial cells might be multipotent but glia-
committed precursor cells. 

Much of what we know about the multipotentiality of glial development comes from
tissue culture studies initiated by Martin Raff and his colleagues in the early 1980s (Raff et al.,
1983). Using antibody markers to identify all the cell types present in low-density cultures of
perinatal rat optic nerve, they were able to identify a cell, termed an O-2A progenitor cell, that
could develop into either an oligodendrocyte or a type II astrocyte, depending on tissue culture
conditions (Raff et al., 1983). Subsequent work by a number of groups has established NG2
chondroïtin sulfate proteoglycan as an excellent marker of O-2As in vivo (Levine et al.,
1993;Nishiyama et al., 1996;Reynolds and Hardy, 1997;Trapp et al., 1997;Keirstead et al.,
1998;Nishiyama et al., 1999;Chang et al., 2000;Chang et al., 2002). Postnatal NG2+ O-2As can
also alternatively be visualized by their expression of PDGFR  (Nishiyama et al., 1996;Redwine
and Armstrong, 1998) or by their tendency to take up cobalt when stimulated with quisqualate
(Fulton et al., 1992). What was not completely resolved was the question of whether the O-2A
lineage operated in vivo in the same manner seen in cell cultures. While it seemed clear that
NG2+ O-2As give rise to oligodendrocytes in vivo, evidence for the derivation of astrocytes from
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this same lineage is by far less abundant (Levine et al., 1993;Luskin et al., 1993;Grove et al.,
1993;Levison and Goldman, 1993;Nishiyama et al., 1996;Trapp et al., 1997;Levison et al.,
1999;Marshall and Goldman, 2002). The fashion has thus rapidly changed to refer to these cells
as oligodendrocyte progenitor cells.

In this part of our work, we will reappraise the current status in terms of fate potential
of this unusual cell type, which has become known as OPC (i.e. oligodendrocyte progenitor cell)
(Levine et al., 2001).

Although adult OPCs divide slowly in situ (the labeling index for cells within the adult
cerebellar cortex is 0.2-0.3%), they are the principal dividing cell population within the adult
brain parenchyma (Levine et al., 1993;Horner et al., 2000). When adult rats are pulse-labeled
with bromodeoxyuridine (BrdU), as many as 70% of the BrdU-labeled cells in the spinal cord
(Horner et al., 2000) and 75% of those in the cortex express NG2 (Levine et al., 2001;Dawson
et al., 2003). In these same short-term survival experiments, no BrdU-positive oligodendrocytes
were observed. Six days after a BrdU pulse, however, there are some BrdU-positive
oligodendrocytes in the cortex, suggesting that at least some of these are the progeny of dividing
OPCs (Dawson et al., 2000;Levine et al., 2001). Studies using injections of retroviruses to mark
and follow dividing cells in the adult rat neocortex showed that OPCs, identified by NG2
expression, comprised 35% of all infected cells (Levison et al., 1999). Some of the clusters of
retrovirally-marked cells that develop within adult animals contained both NG2+ OPCs and
oligodendrocytes. This supports the notion that adult OPCs are a dividing population of
precursor cells that can develop into oligodendrocytes, although there has not yet been a direct
demonstration that a single OPC can differentiate into a myelin-forming cell within normal adult
animals. There is thus a paradoxical lack of data that would determine how homogeneous or
heterogeneous the NG2+ OPCs are with regard to their real ability to differentiate into
oligodendrocytes in the postnatal/adult brain.

2.3.2 NG2-expressing cells actually represent a bi-potential oligodendrocyte/interneuron (OIN)
precursor cell type in the postnatal brain

Publication #5: Belachew,S., Chittajallu,R., Aguirre,A.A., Yuan,X., Kirby,M., Anderson,S., and Gallo,V. (2003).
Postnatal NG2 proteoglycan-expressing progenitor cells are intrinsically multipotent and generate functional
neurons. J. Cell Biol. 161:169-186.
Publication #6: Aguirre,A.A., Chittajallu,R., Belachew,S., and Gallo,V. (2004). NG2-expressing type C multipotent
progenitor cells of the subventricular zone: a possible source of interneuron renewal the adult hippocampus. J. Cell

Biol. 165:575-589.

During CNS development, the well-characterized anatomical distribution of NG2+

progenitors (Spassky et al., 1998) overlaps with areas where multipotent NSCs reside and
ongoing neurogenesis occurs (Alvarez-Buylla and Temple, 1998;Temple and Alvarez-Buylla,
1999). It is also clear that numerous NG2+ cells are located in gray matter areas of the brain,
including the cerebral cortex (Reynolds and Hardy, 1997;Publication #2 - Yuan et al.,
2002;Mallon et al., 2002), i.e. regions that display relatively less myelination, as compared to
white matter areas. Furthermore, NG2+ cells persist in the gray matter of the adult CNS long
after myelination has terminated (Nishiyama et al., 1996;Reynolds and Hardy, 1997). Cells that
express the NG2 proteoglycan represent the largest pool of postnatal proliferative progenitors
scattered throughout neurogenic as well as non-neurogenic areas of the CNS (Dawson et al.,
2000;Dawson et al., 2003). Such evidences have raised intriguing questions regarding the lineage
specificity and physiological role of these NG2+ OPCs. Although one cannot contest that these
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cells are capable of differentiating into myelinating oligodendrocytes, it is debatable whether this
developmental program occurs for all CNS cells that express the NG2 proteoglycan.

Even if first described as multipotent, OPCs were never thought until recently to be
capable of generating non-glial cells. The initial breakthrough to jeopardize this tenacious tenet
came from the demonstration that OPCs from neonatal optic nerve, normally restricted to giving
rise to oligodendrocytes and type II astrocytes in vitro (Raff, 1989), reverted via an astrocytic
state to multipotent neural stem cells (NSCs) that were able to self-renew and generate
neurons, when cultured in serum- and then FGF2-containing medium successively (Kondo and
Raff, 2000b). These findings could still be viewed as the result of irrelevant epigenetic
reprogramming of cells occurring only in long-term culture experiments that lack essential
contextual cues. 

Likewise, other glial cells that are now known to serve as CNS stem cells in the adult
brain (Goldman, 2003;Doetsch, 2003), our recent works have ascertained that NG2+ cells
represent a new class of CNS multipotent cells in vitro and in vivo (Publication #5 - Belachew
et al., 2003;Publication #6 - Aguirre et al., 2004). In this chapter, we will sum up current
opinions about adult neurogenesis and address how and to what extent NG2+ cells may be
related or not to other phenotypes in the novel emerging nomenclature of glial precursors of
neurons.

2.3.2.1 Neurogenesis in numbers in the adult brain

Neurogenesis, i.e. the generation of newly born neurons, has been shown to persist in
two areas of the adult mammalian CNS: the olfactory bulb and the dentate gyrus (DG) region
of the hippocampus (Taupin and Gage, 2002). The first evidence of continuous neurogenesis in
certain regions of the adult mammalian CNS came from [3H]-thymidine labeling studies
conducted by in the 1960s (Altman and Das, 1965). In the 1990s, new methods for labeling
dividing cells such as using BrdU (marker of the S-phase of the cell cycle) or retroviruses, helped
to unravel the ins and outs of neurogenesis in the adult CNS. Neurogenesis is now known to
occur in adult DG areas during the entire lifespan of mammals (Gould and Gross, 2002) from
rodents (Altman and Das, 1965;Kaplan and Hinds, 1977;Bayer et al., 1982;Kaplan and Bell,
1983;Kaplan and Bell, 1984;Kuhn et al., 1996;Kempermann et al., 1997a) to human (Eriksson et
al., 1998) and non-human primates (Kornack and Rakic, 1999;Gould et al., 2001). 

A common dogma was still recently to consider that only excitatory granule cells (GCs)
constituted the several thousand new neurons that are produced each day in the adult
mammalian hippocampus (Cameron and McKay, 2001). However, it has now been established
that the phenotype of adult-born hippocampal neurons is heterogeneous since approximately
14% of newly generated neurons in the DG of adult rodents were found to be inhibitory basket
cells (BCs) (Liu et al., 2003b). 

As many as 9000 new cells per day and more that 250 000 cells per month are produced
in the DG areas of a young adult rat (Cameron and McKay, 2001). This number of new DG
neurons represents a renewal of about 3 to 6 % of the total size of the granule cell population
of a young adult per month, or about 0.1 % per day (Kempermann et al., 1997b;Cameron and
McKay, 2001). Many of the newly generated neuronal progenitor cells in the adult rat DG die
between the first and second week after they were born (Cameron et al., 1993;Gould et al.,
1999a). The new DG neurons that survive were detected up to 11 months post-BrdU injections
in rodents (Kempermann et al., 2003), up to 781 days post-BrdU injections in adult humans
(Eriksson et al., 1998) and up to 12 weeks after injections in adult macaque monkeys (Gould et
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Figure 6: NG2 proteoglycan-expressing progenitor cells generate functionally-integrated GABAergic interneurons in the postnatal hippocampus

(A) Endogenous CNP-EGFP+ hippocampal neurons express the presynaptic marker synaptophysin. A2 highlights at higher magnification the
boxed area of A1 where one can observe synaptophysin+ puncta bordering the soma and the apical dendrite of a CNP-EGFP+ neurons from
CA3. (A3) Continuous recording (total = 2.4 s) of spontaneous post-synaptic currents under voltage-clamp (-60mV) in a CNP-EGFP+ neuron
of the hilar dentate gyrus area (scale = 0.5s, 50pA). (A4) Synaptic activity of dentate gyrus CNP-EGFP+ neurons was blocked by application
of 1 M tetrodotoxin (TTX) and 20 M of DNQX (antagonist of AMPA/kaïnate subtypes of glutamate receptors). Spontaneous synaptic currents
recorded in baseline conditions were compared with those of the same cell (bottom traces) 2 min after drug application (scale = 30s; 50pA).
(B) One week after grafting, NG2+/EGFP+ cells (green) were found in the hippocampus (arrows) displaying a typical neuronal morphology in
the stratum oriens of the CA1 (B3) and CA3 (not depicted), in the stratum pyramidale of the CA1 and CA3 (B2 and B4, respectively), and in
the DG (B5). The tissue was also stained with anti-GFP antibodies (C, red), confirming that these neurons are derived from the transplanted
NG2+/EGFP+ fraction. Migratory EGFP+ cells acquired immature neuronal markers one week after grafting, as shown by Dlx (D, red) and TUJ1
(not depicted) immunostainings. (E and F) 3 week after transplantation, all the grafted EGFP+ cells (green) found in the hippocampus were
labeled with anti-NeuN antibodies (blue). EGFP+/NeuN+ cells (green/blue) were found in the pyramidal layer of CA1 (not depicted) and CA3
(E) and in the subgranular layer of the DG (F). EGFP+ cells were also labeled with anti–GAD-67 (red) antibodies in the CA3 area (E) and DG
(F), confirming their GABAergic fate. In E6 and F6, EGFP was converted to grayscale. Anti-GFP antibodies recognize all the GFP variants,
including EGFP, EYFP, and ECFP. EGFP+ cells are shown at higher magnification in boxed areas. Bars: (A, C, E, and F) 50 m; (B1) 300 m;
(B2–B5) 100 m.

al., 2001). Furthermore, recent works assessing short-term and long-term survival of new
neurons in rat DG have suggested that granule cells born during adulthood that become
integrated into circuits and survive to maturity are very stable and may permanently replace
granule cells born during development (Dayer et al., 2003). However, due to uncertainties in
labeling efficiencies, due to the occurrence of cell death and possible dilution of labeling agents
with continued division, the accurate magnitude of adult DG neurogenesis remains elusive and
is likely to be underestimated by current available assessment techniques.

2.3.2.2 Current nomenclature for “glial” neural stem cells in the adult CNS

The nomenclature of neuronal progenitors in the postnatal and adult brain has been
recently redefined with more accuracy and identifies precursor cells that were previously
thought to be restricted to a glial fate (Goldman, 2003;Doetsch, 2003). 

Two major multipotent NSC phenotypes have been described principally in the

subventricular zone (SVZ), but also in the hippocampus, based on the expression of the
intermediate filament protein glial fibrillary acidic protein (GFAP) (Doetsch et al., 1999;Seri et
al., 2001;Capela and Temple, 2002;Doetsch et al., 2002a) (see Figure 7). Type B cells in the SVZ
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express the astrocytic marker GFAP and display ultrastructural characteristics of astrocytes
(Doetsch et al., 1999;Laywell et al., 2000). SVZ type B cells give rise to the rapidly dividing,
transit-amplifying Type C cells, which are not immunopositive for GFAP. It has been
demonstrated that SVZ Type C cells: i) are able to generate neurospheres in the presence of
epidermal growth factor (EGF); ii) express the distal-less homeobox transcription factor dlx2 and
the EGF receptor (EGFR), and iii) give rise to chains of neuroblasts (termed type A cells) that
migrate tangentially through the rostral migratory stream (RMS) where they are the direct
precursors of granule neurons generated in the adult olfactory bulb (Doetsch et al.,
1999;Doetsch et al., 2002a). 

Adult NSCs were also shown to express the Lewis X (LeX) carbohydrate antigen, which
is detected in GFAP+ type B NSCs, but also in GFAP-negative cells of the SVZ (Capela and
Temple, 2002), indicating that this brain region contains a LeX+/GFAP-negative cell population
with neurogenic potential. Since Type C cells are a GFAP-negative and highly proliferative cell
population, it is likely that the LeX+/GFAP-negative stem cells are in fact Type C progenitors
(Capela and Temple, 2002;Doetsch et al., 2002a) (see Figure 7).

GFAP and LeX expression in NSCs however mostly applies to adult SVZ-derived
neurogenesis in the olfactory bulb (Doetsch et al., 1997;Doetsch et al., 1999) and to a lesser
extent to the generation of new excitatory granule cells in DG sub-granular layer of the adult
hippocampus (Palmer et al., 1997;Seri et al., 2001). Therefore, it does not account for
neurogenesis of hippocampal inhibitory interneurons (Liu et al., 2003b) or for neurogenesis
occurring in early postnatal development or outside anatomically identified neurogenic areas
(Palmer et al., 1995;Weiss et al., 1996;Shihabuddin et al., 2000). In the absence of suitable
specific markers to visualize postnatal NSCs in situ, their phenotype(s) and possible existence
outside of neurogenic regions of the CNS (Palmer et al., 1995;Weiss et al., 1996;Gould et al.,
1999b;Shihabuddin et al., 2000;Magavi et al., 2000) have remained elusive questions (Gage,
2000;Alvarez-Buylla et al., 2001;Kornack and Rakic, 2001). 

We propose hereafter that NG2+ cells may underlie a significant part of most unresolved
features of adult neurogenesis, since they are present throughout the brain and represent a
source of adult-born GABAergic interneurons in the hippocampus (Publication #5 - Belachew
et al., 2003;Publication #6 - Aguirre et al., 2004).

2.3.2.3 Postnatal NG2+ progenitor cells expressing the CNP gene are intrinsically multipotent
and generate functional neurons

Publication #5: Belachew,S., Chittajallu,R., Aguirre,A.A., Yuan,X., Kirby,M., Anderson,S., and Gallo,V. (2003).
Postnatal NG2 proteoglycan-expressing progenitor cells are intrinsically multipotent and generate functional
neurons. J. Cell Biol. 161:169-186.

Using the CNP-EGFP transgenic mouse, we demonstrated that postnatal NG2+

progenitor cells expressing the CNP gene display antigenic and developmental features of
multipotent CNS progenitor cells in vitro, including: i) a nestin+ immunophenotype (Reynolds
and Weiss, 1992;Johe et al., 1996), ii) the capacity to form neurospheres when cultured in
uncoated conditions in EGF- and FGF2-containing medium (Reynolds and Weiss, 1992;Johe et
al., 1996), and iii) the typical trilineage differentiation potential of a single cell able to give rise to
electrically excitable neurons,  to astrocytes and oligodendrocytes (Publication #5 - Belachew
et al., 2003).

We could also consistently find postnatal hippocampal CNP-EGFP+ cells located in the
dentate gyrus, expressing both the neuronal marker NeuN and glutamate decarboxylase 67 kD
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(GAD-67) (Publication #5 - Belachew et al., 2003). Such CNP-EGFP+ hippocampal neurons
elicited spontaneous tetrodotoxin-sensitive post-synaptic currents that were blocked by
AMPA/kainate receptor antagonists, thus confirming that they receive functional
neurotransmitter-mediated synaptic inputs (Figure 6A) (Publication #5 - Belachew et al., 2003).
Therefore, we suggested that a sizeable pool of NG2+/CNP-EGFP+ cells represent progenitor
cells that generate new functional GABAergic neurons in the adult murine hippocampus.

Similarly, in human, another group observed at the same time that progenitor cells
expressing the CNP gene and derived from normal adult white matter could be passaged as
neurospheres and displayed a multipotent phenotype in vitro (Nunes et al., 2003). They also
provided evidence that such CNP gene-expressing progenitor cells from human white matter
generated functionally competent GABAergic neurons after xenograft into the fetal rat brain
(Nunes et al., 2003). Two independent works thus simultaneously raised the issue that
GABAergic neurons and oligodendrocytes may share a common progenitor cell at least in certain
locations of the postnatal brain, and likewise during embryonic development (He et al.,
2001;Yung et al., 2002;Chojnacki and Weiss, 2004).

2.3.2.4 NG2+ progenitors are type C-like cells in the subventricular zone and may be a
possible source of interneuron renewal in the adult hippocampus

Publication #6: Aguirre,A.A., Chittajallu,R., Belachew,S., and Gallo,V. (2004). NG2-expressing type C multipotent
progenitor cells of the subventricular zone: a possible source of interneuron renewal the adult hippocampus. J. Cell

Biol. 165:575-589.

At this stage, it was still unclear how the cellular and developmental properties of NG2+

progenitors related to those of other multipotent cell types identified in the postnatal/adult CNS,
and what types of neurons were generated from NG2+ cells in vivo. To address such issues, we
decided first to study NG2+/CNP-EGFP+ progenitor cells in the SVZ, i.e. in a location where
stem cell phenotypes (A,B,C) (Doetsch, 2003) were initially described and where their
relationships have been the most highly characterized. We provided direct evidence that
NG2+/CNP-EGFP+ cells are transit-amplifying Type C-like cells of the SVZ (Figure 6 and 7) and
may be a source of GABAergic interneurons in the hippocampus. 

These conclusions were based on the following findings (Publication #6 - Aguirre et al.,
2004): i) SVZ NG2+/EGFP+ cells are mitotically active; ii) the majority of SVZ NG2+/EGFP+ cells
expressed the EGF receptor, and a large percentage were immunopositive for dlx transcription
factors; iii) SVZ NG2+/EGFP+ cells expressed the LeX antigen, and were negative for the
astroglial markers GFAP and GLAST; iv) LeX+/dlx+/NG2+/EGFP+ cells gave rise to multipotent
self-renewing neurospheres in vitro; v) FACS-purified NG2+/EGFP+ cells transplanted into the
postnatal lateral ventricle generated functionally integrated GABAergic interneurons in the
hippocampus (Figure 6B-E); and vi) endogenous hippocampal GAD-67+/CNP-EGFP+

interneurons displayed the same cellular phenotype as neurons generated from transplanted
NG2+/CNP-EGFP+ progenitors in vivo or from NG2+/CNP-EGFP+ neurospheres in vitro
(Publication #6 - Aguirre et al., 2004).

It remains to be determined to what extent our data suggest that endogenous newborn
adult interneurons (Liu et al., 2003b) in the hippocampus may derive from SVZ progenitor cells,
likely located in the posterior SVZ. It would raise the possibility that a sub-population of type C-
like progenitor cells from the SVZ would be able to migrate backward and radially (Marshall et
al., 2003;Suzuki and Goldman, 2003) instead of their classical route of tangential forward
migration through the rostral migratory stream towards the olfactory bulb.
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This type of backward migration of SVZ cells occurs during embryonic development
when progenitor cells from the caudal ganglionic eminence populate the hippocampus
(Wichterle et al., 2001;Nery et al., 2002;Brazel et al., 2003). In contrast, in the postnatal brain,
none of the studies that have examined ventricular cell migration with retroviral labeling assays
(Luskin, 1993;Morshead et al., 1994;Doetsch and Alvarez-Buylla, 1996;Morshead et al.,
1998;Suzuki and Goldman, 2003) have ever brought any obvious demonstration that endogenous
SVZ cells, no matter how rostral or caudal, could migrate backward and radially to integrate the
hippocampus. However, postnatal migration routes skirting the dorsal hippocampus have been
described (Marshall et al., 2003;Suzuki and Goldman, 2003). 

Hence, we would be inclined to stick to the widely held assumption that there may not
be a significant amount of endogenous SVZ NG2+/EGFP+ cells migrating towards the
hippocampus in the adult, at least in the conditions of an intact brain. This would imply the
following consequences: 

i) If they are restricted to forward migration through the RMS, similar to typical SVZ type
C cells that generate OB granule neurons, endogenous SVZ NG2+/EGFP+ cells with a type C-
like phenotype may be a source of tangentially migrating neuroblast, which could become
olfactory bulb interneurons (Aguirre and Gallo, 2004), since interneurons are also adult-
generated in this location (Lois and Alvarez-Buylla, 1994;Carleton et al., 2003).

ii) The endogenous NG2+/EGFP+ cells that reside in the hippocampus may underlie the
generation of newborn hippocampal interneurons (Liu et al., 2003b). We now have to assess
whether NG2+/EGFP+ cells residing in the hippocampus also display a transit-amplifying
phenotype and correspond to so-called hippocampal type D-like cells (Doetsch, 2003) that
would represent a subset of DG-located type D population giving rise specifically to
interneurons, and not to granule neurons as typical type D cells do.

iii) Even if not occurring in the intact brain, we provide evidence that the migration route
from the SVZ (likely posterior and dorsolateral parts) to the hippocampus does exist, but local
positional cues possibly prevent endogenous progenitors from using it effectively. Interestingly,
after ischemia, it has been shown that periventricular progenitor cells, likely originating from the
caudal SVZ, can invade the hippocampus though the anterior part of CA1 and regenerate
functional neurons secondarily (Nakatomi et al., 2002). We showed that a subset of exogenous
NG2+/EGFP+ cells FACS-purified from the perinatal whole brain however retain the intrinsic
molecular machinery that is necessary for patterning this unusual route of migration and for the
cellular and regional determination of interneuron identity within the hippocampus.

2.3.2.5 Finding a spot for NG2+ OIN precursors in or out of the A,B,C... neural stem cell
nomenclature

It is yet to be investigated whether there may be a link between B-type LeX+/GFAP+

neural stem cells generating newborn granule neurons in the olfactory bulb and hippocampus
(Doetsch et al., 1999;Alvarez-Buylla et al., 2001;Seri et al., 2001;Doetsch et al., 2002a), and
LeX+/NG2+/CNP-EGFP+ cells generating hippocampal interneurons in the postnatal/adult
murine brain both in the hippocampus and in the olfactory bulb (Publication #5 - Belachew et
al., 2003;Publication #6 - Aguirre et al., 2004;Aguirre and Gallo, 2004). The sole experimental
data in favor of such a link relies on the detection of NG2 proteoglycan in some hippocampal
cells expressing EGFP under the control of the GFAP gene promoter (Matthias et al., 2003). We
illustrated in Figure 7 that SVZ NG2+ multipotent progenitor cells correspond to transit-
amplifying multipotent cells (Doetsch et al., 2002a), i.e. so-called type C-like cells with respect
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Figure 7: Schematic representation of major multipotent phenotypes described in the SVZ and hippocampal areas of the postnatal/adult murine

brain.
Established lineage continua are shown with dashed arrows whereas hypothetical relationships are displayed with dotted arrows.
Lex+/CNP-EGFP+/NG2+ cells represent a subpopulation of type C-like multipotent cells that can generate oligodendrocytes and
GABAergic interneurons in the hippocampus (see text for details). 

to the nomenclature established by Arturo Alvarez-Buylla, Jose M. Garcia-Verdugo and Fiona
Doetsch (Doetsch et al., 1999;Alvarez-Buylla and Garcia-Verdugo, 2002;Doetsch et al.,
2002a;Doetsch, 2003). We and others have also observed that a subset of NG2+ cell-derived
O4+ progenitor cells (or NG2+ cells co-expressing O4), previously so-called pre-
oligodendrocytes, also retain a residual neuronal fate potential (Publication #5 - Belachew et al.,
2003) (J.L. Mason, G. Lin, J.-E. Goldman, personal communication and Abstract # 421.3, Society

for Neuroscience Annual Meeting, 2002). So far we have no evidence indicating astrocyte
generation from NG2+ cells in neurogenic regions in vivo (in contrast to white matter areas)
(Aguirre and Gallo, 2004), at least under physiological conditions of an uninjured brain. We
propose at this stage that type C-like NG2+ cells represent precursor cells with a restricted
oligodendrocyte/interneuron fate, hence termed postnatal OIN precursor cells (Figure 8).
However, the accurate time-course of postnatal interneuronogenesis from type C-like NG2+

OIN precursor cells remains to be fully investigated by birthdating experiments. 
At this stage, a simple hypothesis would be to consider that a subset of early postnatal

and maybe adult NG2+ cells indeed have a type C-like phenotype unrelated to B cells, but likely
to be ontogenically linked to the Dlx+ basal forebrain multipotent stem cells that are known to
generate both GABAergic interneurons and oligodendrocytes during embryonic CNS
development (Figure 7) (He et al., 2001;Yung et al., 2002;Chojnacki and Weiss, 2004). Recent
data have consistently provided evidence that transgenically targeted ablation of dividing GFAP-
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Figure 8: Revisiting the definition of an oligodendrocyte-committed NG2+ OPCs in regard of NG2+ OIN precursors of oligodendrocytes and

GABAergic interneurons expressing parvalbumin (PV), doublecortin (DC) or somatostatin (SOM)

We propose that dlx-negative/LeX-negative/NG2+ cells may represent the real OPCs within the total NG2+ cell population.

expressing cells in the adult mouse totally stopped the generation of new neurons in the
olfactory bulb and drastically abolished (1.8 % of control) hippocampal neurogenesis (Imura et
al., 2003;Morshead et al., 2003;Garcia et al., 2004).This recent work has strengthened the
assumption that type C-like NG2+OIN precursor cells may be generating newborn hippocampal
interneurons mostly if not exclusively during the first two or three postnatal weeks.

Interestingly, the discrepancy between lineage properties of NG2+ cells in vitro (tri-
potential) and in vivo (bi-potential) indicates that a large reservoir, if not all multipotent
progenitor cells in the adult brain may be bi-potential instead of tri-potential in vivo, as recently
observed during embryonic CNS development (Stiles, 2003;Gabay et al., 2003). Furthermore,
it emphasizes that the real fate potential of an apparently homogenous cell phenotype can only
be reliably assessed in vivo and varies with region-specific positional cues.

2.3.3 What would a real OPC now be ?

2.3.3.1 Proposed recommendations for redefining an OPC

Altogether, the data presented here also highlight that we can no longer rely on a single
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antigenic marker to identify a specific cell phenotype. In particular, the fact that NG2
proteoglycan expression was seen in functionally distinct cell populations outlined that NG2
cannot be further considered as tightly linked to OPC identity in a broad general sense. There
is now a crucial need for (re)defining region- and context-specific functional and antigenic criteria
that underlie the accurate definition of an OPC (Figure 8) with respect to meaning a cell that
would be restricted to a glial fate.

2.3.3.1.1 Marker-based definition

We first have to revisit the way we refer to conventional antigenic markers that have
been extensively used until now as hallmarks of oligodendroglial lineage development, i.e. NG2
for the OPC stage, O4 for the late proliferative and early post-mitotic pre-oligodendrocyte, and
O1 for the pre-myelinating oligodendrocyte (Figure 1) (Baumann and Pham-Dinh, 2001). Taking
into account that NG2+ and to a lesser extent O4+ stages retain a neurogenic potential
(Publication #5 - Belachew et al., 2003;Publication #6 - Aguirre et al., 2004) (J.L. Mason, G. Lin,
J.-E. Goldman, personal communication and Abstract # 421.3, Society for Neuroscience Annual
Meeting, 2002), O1+ pre-myelinating oligodendrocytes would now become the first real
oligodendrocyte-committed stage (Figure 8). However, it stands to reason that one cannot
identify O1+ cells as progenitor cells since they represent a strictly post-mitotic stage. Hence,
seeking a more adequate OPC definition will necessitate classifying specific subsets of NG2+ cells
in regard to their differentiation potential.

The initial step in this direction has stemmed from our demonstration that only LeX+

cells among total NG2+ cells have the capacity to form neurospheres in culture (Publication #6 -
Aguirre et al., 2004) and displayed bi-potential OIN progenitor cell phenotype in vivo after
transplantation (unpublished data). FACS®-purified LeX-negative/NG2+ cells were unable to
generate neurospheres and could represent a phenotype restricted to becoming oligodendroglial
lineage cells exclusively (Publication #6 - Aguirre et al., 2004). One would now have to perform
an in-depth investigation of the differentiation potential of LeX-negative/NG2+ cells to ascertain
whether they retain the capacity to undergo non-oligodendroglial differentiation.

Furthermore, dlx expression in NG2+ cells may also be a discriminative criterion. Using
the pan anti-dlx antibody, recognizing both the early (dlx1/2) and the late (dlx5/6) members of
the dlx homeobox gene family (Panganiban et al., 1997;Panganiban and Rubenstein, 2002), we
found that 40% of the NG2+/CNP-EGFP+ cells were also dlx+ in the postnatal/adult SVZ,
respectively (Publication #6 - Aguirre et al., 2004). Dlx was also expressed in LeX+/CNP-EGFP+

cells. Since it has been demonstrated that dlx proteins are expressed in bipotential
oligodendrocyte/GABAergic interneuron progenitors and their neuronal progeny during
development (He et al., 2001;Yung et al., 2002;Panganiban and Rubenstein, 2002;Chojnacki and
Weiss, 2004), we wanted to determine whether dlx was also expressed in postnatal NG2-
negative/CNP-EGFP+ cells that displayed more mature oligodendrocyte markers, such as myelin
basic protein (MBP) (Publication #2 - Yuan et al., 2002). We were unable to find a single
example of cells co-expressing dlx and mature oligodendrocyte markers (Publication #6 -
Aguirre et al., 2004). Thus, we can hypothesize that dlx expression: i) characterizes the OINPC
stage, ii) is likely to be an instructive signal in the specification/differentiation of adult-born
GABAergic interneurons derived from OINPCs, and iii) may allow to distinguish between
OINPCs and real OPCs among the total NG2+ cell population, at least in the SVZ.

We could logically speculate here that dlx-negative/LeX-negative/NG2+ cells have the
ideal profile to be proliferative oligodendrocyte-committed OPCs in a meaningful sense. There
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is currently a great deal of interest in this hypothesis and this will rapidly trigger all necessary neat
experiments to test its validity.

2.3.3.1.2 Integration of region-based and contextual parameters 

Besides antigenic markers, the definition of a specific phenotype as is right and proper
must integrate positional and context-dependent influences. It is perfectly obvious that NG2+

cell population may differ between subcortical white matter, corpus callosum, hippocampus,
basal ganglia, SVZ, RMS, olfactory bulb, or distinct cortical areas. This functional heterogeneity
between cells sharing a common antigenic profile in different anatomical locations may vary in
a stage-dependent manner during postnatal development and could differ if comparing a normal
brain with specific pathological conditions. At present, except for describing morphological
differences (Dawson et al., 2003), there is a total lack of data that integrate region- and context-
based regulations to add another level of complexity to the full picture of the functional diversity
within the NG2+ cell phenotype.

One way to untangle the heterogeneous functional potential of these cells would be to
develop transgenic knock-in strategies targeting the locus of the NG2 gene with Cre-
recombinase, avian leukose virus receptor or EGFP reporter sequences. This will facilitate
region- and context-specific studies allowing us to understand the function of NG2 proteoglycan
in CNS cells, to track the fate of NG2+ cells, and to study and manipulate their gene expression,
about which we know so little (Ye et al., 2003;Stegmuller et al., 2003). These approaches are
now close to giving rise to the first reports in several labs.

2.4 Summary conclusions

2.4.1 Nascent perspectives for novel strategies aimed at improving OPC recruitment after
demyelination

In summary, we have highlighted in the first part of this work that multiple proteins
contribute to the regulation of cell cycle kinetics and to the timing mechanism of
oligodendrocyte differentiation, some increasing and others decreasing over time as OPCs
proliferate. One advantage of such a multi-component timing mechanism is that it is robust:
inactivation of individual components does not inactivate the timing of normal development, but
instead causes it to function inaccurately. The challenge at this stage is now two-fold: i) to go on
identifying all of these components and determine how their levels are controlled, such that they
change in a time- and context-dependent manner, but also ii) to address how these crucial
developmental genes are regulated and how their protein products interact in pathological
conditions such as demyelination.

Demyelination occurs in a variety of adult diseases, including MS, the leukodystrophies
and some aspects of spinal cord injuries. Myelin is destroyed, as are oligodendrocytes and nerve
fibers. Some remyelination has been documented, although in most chronic lesions remyelination
fails to initiate or remains incomplete. Due to the nature of MS, and the extended period before
clinical diagnosis is made, extensive demyelination has usually occurred before commencement
of treatment. For this reason, replacement or repair of lost myelin by endogenous or
transplanted progenitor cells would provide an attractive alternative to preventive
immunotherapy, aimed at limiting demyelination.
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2.4.1.1 Transplantation of allogenic progenitors

As for gene therapy strategy, the choice of the accurate cell phenotype to target is of
paramount importance for any transplantation experiment. Multipotent stem cells have been
considered, but since the rate of differentiation from stem cell to myelinating oligodendrocytes
is limited both in vitro and in vivo (Svendsen and Smith, 1999), committed oligodendrocyte
progenitors may be more suited to be the cells of choice as long as we agree on their definition.
Furthermore, studies comparing oligodendroglial populations at different developmental stages
have shown that OPCs also tend to survive and migrate better, therefore being more useful than
fully differentiated oligodendrocytes (Warrington et al., 1993). Studies of oligodendrocyte
development have shown that purified perinatal OPCs, which have an excellent ability for self-
renewal, can remyelinate axons when transplanted into a demyelinated brain (Groves et al.,
1993;Franklin and Blakemore, 1997). 

Unfortunately, embryonic or perinatal OPCs do not form a useful source of
remyelinating cells, because of graft rejection problems and availability issues pertaining to fetal
human material. Instead, adult OPCs could be purified from the patient’s own white matter,
expanded in vitro with growth factors, and transplanted into a demyelinated lesion. Although this
constitutes a potentially viable therapeutic strategy, it is not clear whether and to what extent
adult human OPCs can be expanded in vitro and would actively undergo a controlled
proliferation, migrate and myelinate chronic lesions after allogenic transplantation. One could
speculate that more pragmatic expectations may arise from the alternative struggle to improve
our strategies to overcome the recruitment and differentiation failure of endogenous OPCs.

2.4.1.2 Counteracting the recruitment failure of endogenous progenitors

While OPCs in the adult make up almost 8% of the glial cell population in the central
nervous system, their function in the healthy brain and behavior in disease is still not well
understood. Tissue culture studies have shown that adult OPCs generally divide, migrate and
differentiate at very slow rates (Wolswijk and Noble, 1989;Wolswijk et al., 1991;Wren et al.,
1992;Engel and Wolswijk, 1996). Indeed, it was recently found in an ethidium bromide-induced
demyelination model that slower remyelination in older rats was associated with impaired
recruitment and differentiation of OPCs (Sim et al., 2002). Although little is known about the
factors that signal OPC recruitment in vivo, growth factors are known to stimulate OPC
proliferation and motility in vitro. Additional evidence supporting a role for proliferation in
recruitment is provided by observations in cases of chronic stage MS, where lesions were found
to contain a relatively quiescent population of OPCs that did not express the nuclear
proliferation antigen recognized by the Ki-67 antibody (Wolswijk, 1997;Wolswijk,
1998;Wolswijk, 2000). Some partially remyelinated lesions in MS were also observed to be
associated with at least a transient increase in the number of OPCs (Keirstead et al., 1998),
indicating a tentative but limited proliferative response to injury. There is compelling evidence
that exposure of normal adult OPCs to both PDGF and type 2 fibroblast growth factor (FGF2)
causes a marked increase in their rates of division and migration (Wolswijk and Noble,
1992;Engel and Wolswijk, 1996). Both of these factors are elevated after injury to the adult CNS
(Logan et al., 1992;Lotan and Schwartz, 1992;Gehrmann et al., 1996). This may represent part
of the yet insufficient mechanism by which adult OPCs are stimulated to generate remyelinating
oligodendrocytes after damage. However, besides a lack of efficient extrinsic stimulation, it
appears likely that remyelination ultimately fails because of an intrinsic impairment of
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proliferative potential of adult OPCs and/or due to an increased sensitivity to anti-mitotic agents
in these cells (Blakemore and Keirstead, 1999). The observation of depletion of adult OPCs in
the vicinity of the lesion indeed suggests a deficiency in the ability of adult OPCs to proliferate
(Keirstead et al., 1998). 

Our data here suggest that a lack of cdk2-associated kinase activity in adult OPCs may
be responsible for the quiescent status of  these cells in or near MS lesions, thus underlying the
failure of recruitment that undermines remyelination efficiency. Our next first plan will be to
determine whether proliferation is disrupted in adult cdk2-deficient OPCs from cdk2-/-/CNP-
EGFP mice in normal conditions or following experimental demyelination. In more of a long-
term perspective, as demonstrated in previous studies (Publication #1 - Belachew et al.,
2001;Publication #2 - Yuan et al., 2002;Mallon et al., 2002), the use of CNP or proteolipid
protein (PLP) promoter-driven coding sequences appears to be best suited for loss/gain-of-
function genetic engineering strategies to selectively target adult expression of many other genes
of interest (see part 2) that may help in fighting the recruitment failure of endogenous OPCs.

2.4.1.3 Counteracting the differentiation failure of endogenous progenitors

Less is known in vivo about the mechanisms by which OPCs differentiate into myelin
sheath-forming oligodendrocytes than about their proliferation and migration. In the context of
MS, this is an area of oligodendrocyte biology that has acquired particular significance with the
realization that failure of differentiation might be a significant contributor to remyelination failure
(Franklin, 2002). It is worth bearing in mind however that inhibitors of differentiation might
contribute to the recruitment phase by keeping OPCs in a state in which they are still responsive
to recruitment signals .Thus, the identification of differentiation inhibitors in tissue from MS
patients does not necessarily imply that remyelination has failed.

A major breakthrough has been recently made that provides the first demonstration that
the re-activation of a repressive pathway known to control oligodendrocyte maturation during
development may play a role in MS remyelination failure. As previously discussed, the Jagged-
Notch-Hes pathway has been implicated in cell fate determination affecting many aspects of the
development and function of the CNS, including myelination (Wang et al., 1998;Ohtsuka et al.,
1999;Kondo and Raff, 2000a;Givogri et al., 2002). OPCs and O4+ pre-myelinating
oligodendrocytes express Notch1 receptors, while neurons/axons express the ligand Jagged1
(Wang et al., 1998). Contact-mediated activation of Notch1 by Jagged1 induces expression of
the inhibitory Hes5, which blocks the maturation of Notch1-expressing OPCs, a response that
is thought to facilitate migration of precursor cells to white-matter tracts of the CNS (Wang et
al., 1998;Ohtsuka et al., 1999;Kondo and Raff, 2000a). As development proceeds, expression
of Jagged1 is downregulated, OPCs mature and myelination commences (Wang et al., 1998).
Thus, re-expression of components of this pathway in the MS lesions could function to arrest
oligodendrocyte maturation. Consistent with this hypothesis, it was shown that in active MS
lesions, Jagged1 was expressed by reactive astrocytes, and Notch1 and Hes5 were expressed
by oligodendrocytes, whereas transforming growth factor- 1 (TGF- 1) localized to perivascular
extracellular matrix (John et al., 2002). In contrast, astrocytes in remyelinated areas did not show
Jagged1 immunoreactivity (John et al., 2002). Taken together, these data have first suggested
that astrocytic expression Jagged1 induced by TGF- 1 and acting on oligodendroglial Notch1
receptor may be causally related to the limited remyelination observed in MS by blocking the
differentiation of recruited OPCs. However, it appears that the re-expression of Notch1 and
Jagged1 after CNS demyelination might not be a major rate-determining factor for remyelination
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(Stidworthy et al., 2004).
Following this pioneering track, further works are soon expected to assess in MS the

possible re-enactment of other acknowledged intrinsic and extrinsic pathways that play out
during oligendrocyte development (see part 2b and 2c). Though, one has to be cautious since
the re-expression of genes, which are essential for developmental myelination, following
demyelination in the adult does not per se imply similar function. In this regard, it was recently
shown that requirements for Olig1 function are subtle during development, yet striking during
the repair of a demyelinating lesion (Arnett et al., 2004). This would suggest that cell-intrinsic
activity of Olig1 can be compensated for during myelination but not remyelination. Such data also
imply that molecular pathways controling the differentiation of adult OPCs into myelinating
oligodendrocytes display intrinsic differences to that of perinatal OPCs.

With respect to our work, one may also hypothesize here that anti-apoptotic and pro-
differentiating properties of synthetic chemical CKIs in the oligodendroglial lineage may allow
these drugs to be of interest with respect to stimulating the myelinating potential of “quiescent”
OPCs known to persist both in adult normal white matter and in MS lesions. Considering that
synthetic CKIs such as roscovitine and others are already used in clinical trials as
chemotherapeutic agents and seem well tolerated (Senderowicz and Sausville, 2000), the
question of the potential pro-differentiating and anti-apoptotic actions of these drugs on
oligodendroglial lineage cells in vivo should now rapidly be addressed using experimental
autoimmune encephalomyelitis as an animal model of immune-mediated demyelination.

2.4.2 There is a need to redefine remyelinating cells to circumvent the ”specification failure” of
formerly termed OPCs

Although we cannot rule out that a significant proportion of NG2+ cells of the white
matter in the adult CNS will undergo limited divisions in response to demyelination, this
proportion remains minor however (Keirstead et al., 1998;Blakemore and Keirstead, 1999).
Besides previously described extrinsic and intrinsic hurdles to the recruitment phase of
remyelination in MS plaques (Franklin, 2002), we should now also consider that part of OPCs
defined by NG2 labeling may not be sufficiently committed to become oligodendrocytes in the
adult white matter. A “specification failure” may thus definitely be a newly identified causal factor
that partially underlies the differentiation failure.

Actually, we now have some clues indicating that NG2+ cells may retain a neuronal
potential outside SVZ/hippocampal germinatives regions of the adult brain. In particular, a
striking observation was recently made (Chittajallu et al., 2004) that a subpopulation of NG2+

cells located in the cortex displayed cellular and physiological properties of immature neurons,
i.e. expression of class III -tubulin and tetrodotoxin-sensitive spikes upon depolarizing current
pulses. This latter phenomenon is most likely due to the presence of a significantly higher density
of voltage-activated Na+-channels coupled with a lower density of the delayed outward
rectifying K+-channels than that seen in non-spiking cortical NG2+ and white matter NG2+ cells.
Furthermore, cortical NG2+ cells FACS®-purified from postnatal cortices generated a significant
percentage of Tuj1+ and NeuN+ neurons in culture, thus indicating their potential to give rise
to a neuronal population (personal communication and Society for Neuroscience Abstract # 455.1,
New Orleans 2003). Furthermore, another group reached the same conclusions by injecting
adult rats (8-9 weeks) with BrdU and examining the fate of migrating cells in the cortex. They
showed that BrdU-labeled cells can co-express NeuN and NG2 with varying staining intensities,
suggesting that NG2+ cells in the rat cortex are not all OPCs, but may actually be a
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heterogeneous population, some of which divide and produce new neurons in the normal adult
rat cortex (Dayer et al., 2005).

These data demonstrated that cortical NG2+ cells display properties that are distinct
from those expected in OPCs and therefore raises questions as to the role and identity of a
subpopulation of gray matter cells expressing the NG2 proteoglycan that may be adult bi-
potential OINPCs as are SVZ/hippocampal NG2+ cells (Publication #5 - Belachew et al.,
2003;Publication #6 - Aguirre et al., 2004). One could speculate that white matter NG2+ cells
that are also actively dividing adult progenitors also retain the intrinsic ability to generate
GABAergic neurons, since adult human A2B5+ (another marker of the NG2+ stage) cells
expressing the CNP gene can do so (Nunes et al., 2003). Despite the fact that we are all aware
that no neurogenesis occurs in MS plaques, the fact that a significant percentage of white matter
NG2+ cells may represent OINPCs instead of committed OPCs could explain why the
environmental context of demyelination fails to trigger a satisfactory boost for regeneration of
mature oligodendrocytes. There is now an urgent need to shed a new light on the functional
heterogeneity of the distinct subsets of white matter NG2+ cells in order to unravel their
respective lineage potential and the molecular mechanisms that control decisions of fate
specification and differentiation in vivo. It will help us to identify who’s the best-suited cell
phenotype in the total NG2+ cell population to be targeted as an effective remyelinating cell. It
is a necessary condition before we are able to design appropriate strategies that would efficiently
stimulate remyelination by the endogenous pool of postnatal progenitor cells. At some point
hopefully one will finally break down the frustration of having cells out there that cannot get the
job done.
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3 Extrasynaptic and synaptic neurotransmitter receptors in
glial precursors’ quest for identity

There has been already a long history of works indicating that interaction between
neurotransmitters and their receptors could play essential roles during CNS development, far
before they become directly involved in synaptic transmission (Barker et al., 1998;Cameron et
al., 1998a;Publication #7 - Nguyen et al., 2001). It is established that neurotransmitters are
present and surround neural cells during the CNS maturation period (Miranda-Contreras et al.,
1998;Miranda-Contreras et al., 1999;Miranda-Contreras et al., 2000) and functional ligand-gated
ion channel (i.e. ionotropic) receptors have been described in neuronal precursor cells before
the establishment of cortical and subcortical synapses (Serafini et al., 1995;Ma and Barker,
1995;LoTurco et al., 1995;Flint et al., 1998;Haydar et al., 2000). Furthermore, neurotransmitters
and activation of their ionotropic receptors have been shown to regulate functional
developmental processes at specific stages of neuronal maturation (LoTurco et al., 1995;Haydar
et al., 2000;Ben Ari, 2002;Publication #15 - Nguyen et al., 2003). The accurate role of
neurotransmitter receptor-mediated signaling during neural differentiation in vivo remains
however largely unknown and most loss-of-function studies have failed to disclose obvious
developmental defects. Hence, there might be large redundancies between respective functions
of distinct neurotransmitter receptor subunits, since surrogate mechanisms efficiently
compensate specific ionotropic receptor deficiencies during neural development. 

We and others have recently demonstrated that glycine, type A -aminobutyric acid
(GABAA), AMPA/kaïnate and nicotinic acetylcholine ionotropic receptors are also expressed in
“non-neuronal” progenitor cells, and particularly in OPCs (Patneau et al., 1994;Publication #9 -
Belachew et al., 1998;Publication #10 - Belachew et al., 1998;Gallo and Ghiani, 2000;Publication
#11 - Belachew et al., 2000;Rogers et al., 2001;Publication #7 - Nguyen et al., 2001;Atluri et
al., 2001;Publication #13 - Nguyen et al., 2002;Publication #15 - Nguyen et al., 2003). Until
recently, extrasynaptic neurotransmitter receptors expressed in immature “non-neuronal” cells
were considered to be transducers of putative neurotransmitter-mediated neuron-glia
interactions (Fields and Stevens-Graham, 2002). However, we have now demonstrated that
previously so-called OPCs represent a subset of bipotential neuron-oligodendrocyte progenitor
cells in specific locations of the postnatal brain (Publication #5 - Belachew et al., 2003;Nunes et
al., 2003;Publication #6 - Aguirre et al., 2004). We here want to address a provocative but
legitimate thesis consisting of wondering to what extent, in neurogenic regions, neurotransmitter
receptor expression by postnatal “OPCs” could reflect their neuronal potential and represent
instructive signaling pathways that may be involved at specific stages of neuronal differentiation.
In other words, could it be that neurotransmitter receptors in postnatal neurogenic regions are
expressed preferentially in “OPCs” that retain the ability to potentially give rise to neurons in
an appropriate extrinsic environment? We will recapitulate here the ins and outs of
neurotransmitter receptor expression in OPCs addressing whether this might represent
developmental factors that regulate oligodendrocyte lineage progression and/or that instruct
terminal neuronal maturation?

3.1 Expression of neurotransmitter receptors in CNS precursor cells of the postnatal brain

Publication #7: Nguyen, L., Rigo, J.-M., Rocher, V., Belachew, S., Malgrange, B., Rogister, B., Leprince, P., and
Moonen, G. (2001) Neurotransmitters as early signals for central nervous system development. Cell Tissue Res.

305:187-202.
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Publication #8: Nguyen, L., Rigo. J.-M., Malgrange, B., Moonen, G., and Belachew, S. (2003). Untangling the
functional potential of PSA-NCAM-expressing cells in CNS development and brain repair strategies. Curr. Med.

Chem. 10:2185-2196.

We will first summarize current experimental evidences showing that neurotransmitter
receptors are expressed in neuron-committed (Table 2) and multipotent or glia-oriented (Table
3) progenitor cells (for reviews, see also Publications #7 and #8). We will restrict our in-depth
listing by focusing our summary tables on ionotropic receptors that were studied using postnatal
tissues.

We will detail thereafter our contribution to the understanding of the developmental
profile of ionotropic glycine receptor (GlyR) expression in CNS precursor cells at the perinatal
period. To be exhaustive in depicting how excitable a non-neuronal precursor cell can be, we
will finally say a few words about the functional meaning of voltage-gated ion channel expression
in these cells.

Table 2: Ionotropic neurotransmitter receptors expressed in neuron-committed precursor cells

Age Receptor Progenitor

cell

phenotype

Model Species Results & Effects of NT References

GABA

P6-P8 GABAA Cerebellar
granule cell
progenitors

in vitro 
Cell culture

Rat MAPK-dependent  proliferation (Fiszman et al., 1999)

P6-P8 GABAA Immature
cerebellar
granule cells

in vitro 
Cell culture

Rat Ca2+-dependent  of neurite
outgrowth

(Borodinsky et al., 2003)

P0-P3 GABAA Striatal PSA-
NCAM+

precursors

in vitro
Cell culture
& slices

Rat MAPK- and Ca2+-dependent  of
proliferation

(Publication #15 -
Nguyen et al., 2003)

P13-P70 GABAA anterior SVZ-
RMS-
olfactory bulb
neuronal
precursors

ex vivo
Tissue
slices

Mice Neuronal progenitors of the
SVZ/RMS/OB contain GABA and
are depolarized by GABA-
mediated activation of first
extrasynaptic and then later
synaptic GABAA receptors

(Carleton et al.,
2003;Wang et al.,
2003;Gallo and Haydar,
2003;Belluzzi et al.,
2003)

P0-P1 GABAA Anterior SVZ
neuronal
precursors

in vitro
Cell culture

Rat SVZa neuronal precursor cells are
GABAergic and express functional
GABAA receptors

(Stewart et al., 2002)

GLUTAMATE

P0-P3 N.D. Striatal PSA-
NCAM+

precursors

in vitro
Cell culture

Rat Glutamate induces inward
currents

(Publication #8 -
Nguyen et al., 2003)

P0-adult NMDA Dentate
gyrus
progenitor
cells

in vivo Rat Blockade of NMDA receptor
increase cell death and [3H]-
thymidine incorporation
particularly in granule cells

(Gould et al.,
1994;Cameron et al.,
1995;Cameron et al.,
1998b)

P7-P11 NMDA Immature
cerebellar
granule cells

in vitro & in
vivo

Rat Activation of NMDA receptor 
survival

(Balazs et al.,
1988a;Balazs et al.,
1988b;Monti and
Contestabile,
2000;Monti et al., 2002)
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P70 AMPA Tangentially
migrating
olfactory bulb
neuroblasts

ex vivo
Tissue
slices

Mice Expression of first extrasynaptic
and later synaptic AMPA
receptors

(Carleton et al., 2003)

P70 NMDA Radially
migrating
olfactory bulb
neuroblasts

ex vivo
Tissue
slices

Mice Expression of extraynaptic
functional NMDAR

(Carleton et al., 2003)

GLYCINE

P0-P3 GlyR Striatal PSA-
NCAM+

precursors

in vitro
Cell culture

Rat Functional GlyR expressed in
these neonatal neuronal
precursor cells

(Publication #12 -
Nguyen et al., 2004)

ACETYLCHOLINE

P0-P3 N.D. Striatal PSA-
NCAM+

precursors

in vitro
Cell culture

Rat Acetylcholine induces inward
currents

(Publication #8 -
Nguyen et al., 2003)

P1-P3 Nicotinic
( 7) AChR

Olfactory
bulb neuronal
precursors

in vitro
Cell culture

Rat Activation of nAChR  neurite
outgrowth

(Coronas et al., 2000)

P5 Nicotinic
( 3) AChR

Cerebellar
external
granule layer
(EGL)
neuronal
precursors

in vitro
Cell culture

Mouse Activation of nAChR 
proliferation and survival in EGL
neuroblasts

(Opanashuk et al., 2001)

Table 3: Ionotropic neurotransmitter receptors expressed in multipotent and glia-oriented precursor

cells

Age Receptor Progenitor

cell

phenotype

Model Species Results & Effects of NT References

GABA

Adult GABAA Astrocytes
and astrocyte
precursors
from and
hippocampus

in vitro
Tissue
slices

Rat GABA induces depolarizing
chloride-mediated inward
currents

(MacVicar et al., 1989)

P0-P3 GABAA Spinal cord
and cerebral
OPCs

in vitro
Cell
Culture &
slices

Rat &
mouse

GABA induces depolarizing
chloride-mediated inward
currents and  [Ca2+]i

(Gilbert et al.,
1984;Kettenmann et al.,
1984b;Kirchhoff and
Kettenmann,
1992;Pastor et al.,
1995;Publication #9 -
Belachew et al., 1998)

GLUTAMATE

P1 AMPA and
kaïnate

Whole brain
and
hippocampus

in vitro
Cell culture
& slices

Rat Ca2+-permeable functional
AMPA/kainate receptor
expression, the activation of
which induces depolarization

(Bowman and
Kimelberg,
1984;Kettenmann et al.,
1984a;Sontheimer et al.,
1988;Jabs et al.,
1994;Steinhauser et al.,
1994;Porter and
McCarthy, 1995)
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Juvenile
adult

AMPA and
kaïnate

Hippocampus in vitro
Tissue
slices

Mouse Glial inwardly rectifying K+

channels (Kir) are rapidly
inhibited upon activation of
AMPA/kaïnate-type glutamate
receptors, most probably due a
receptor-mediated influx of Na+,
which plugs the channels from
the intracellular side

(Jabs et al., 1994;Robert
and Magistretti,
1997;Schroder et al.,
2002)

P1 AMPA and
kaïnate

Cortical
astrocytes and
mixed glial
cells from
optic nerve

in vitro
Cell culture
& Slices

Rat Glutamate receptor-mediated
regulation of immediate early
gene expression (c-fos, c-jun,
jun-B, ...)

(McNaughton and Hunt,
1992;Mack et al., 1994)

P1 AMPA and
kaïnate

Cortical and
optic nerve
OPCs

in vitro
Cell culture

Rat Functional AMPA and kaïnate
specific subtypes of glutamate
receptors are expressed by
OPCs

(Barres et al.,
1990;Jensen and Chiu,
1993;Patneau et al.,
1994;Gallo et al.,
1994a;Gallo et al.,
1994b)

P1 AMPA and
kaïnate

Cortical OPCs in vitro
Cell culture
& Slices

Rat AMPA/kaïnate receptor
activation: i) triggers Ca2+-
dependent early gene
expression, ii) induces a
blockade of voltage-dependent
K+ channels (Kv1) that is
mediated by depolarization and
Na+ entry, iii) inhibits
proliferation at G1/S transition
by regulation of cyclinE/cdk2
complex activity

(Pende et al., 1994;Liu
and Almazan, 1995;Gallo
et al., 1996;Knutson et
al., 1997;Pende et al.,
1997;Ghiani et al.,
1999a;Ghiani et al.,
1999b;Gallo and Ghiani,
2000;Ghiani and Gallo,
2001;Publication #3 -
Belachew et al.,
2002;Chittajallu et al.,
2002)

P1 AMPA Cortical OPCs in vitro
Cell culture

Rat Overactivation of AMPA
receptors causes apoptosis in
oligodendrocyte progenitors
through mechanisms involving
Ca2+ influx, depletion of
glutathione, and activation of
JNK, calpain, and caspase-3

(Liu et al., 2002)

GLYCINE

P0-P3 GlyR Nestin-
expressing
striatal stem
cells

in vitro
Cell culture

Rat Functional GlyR expressed in
these stem cells

(Publication #13 -
Nguyen et al., 2002)

P0-P3 GlyR Cortical OPCs in vitro
Cell culture

Rat Activation of functional GlyR
induces depolarizing chloride-
mediated inward currents and 
[Ca2+]i

(Publication #10 -
Belachew et al.,
1998;Publication #11 -
Belachew et al., 2000)

ACETYLCHOLINE

P1 Nicotinic
( 7) AChR

Hippocampal
astrocytes

in vitro
Cell culture

Rat Activation of nAChR 
intracellular calcium
concentration

(Sharma and
Vijayaraghavan, 2001)

P0-P3 Nicotinic
AChR

Cortical OPCs In vitro
Cell culture

Rat Functional nAChR expressed by
cultured OPCs

(Publication #9 -
Belachew et al., 1998)
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P1 Nicotinic
AChR

OPCs from
corpus
callosum

ex vivo
& in vitro
Cell culture

Rat Activation of nAChR 
intracellular calcium
concentration. Expression of 3,

4, 5, 7, 2 and 4 subunits.

(Rogers et al., 2001)

3.1.1 A focus on a newcomer: glycine receptors in perinatal CNS precursor cells

Publication #9 (was part of our PhD thesis): Belachew, S., Malgrange, B., Rigo, J.-M., Rogister, B., Coucke, P.,
Mazy-Servais, C., and Moonen, G. (1998). Developmental regulation of neuroligand-induced responses in cultured
oligodendroglia. Neuroreport 9:973-980.
Publication #10 (was part of our PhD thesis): Belachew, S., Rogister, B., Rigo, J.-M., Malgrange, B., Mazy-Servais,
C., Xhauflaire, G., Coucke, P., and Moonen, G. (1998). Cultured oligodendrocyte progenitors derived from cerebral
cortex express a glycine receptor which is pharmacologically distinct from the neuronal isoform. Eur. J. Neurosci.

10:3556-3564.
Publication #11 (was part of our PhD thesis): Belachew, S., Malgrange, B., Rigo, J.-M., Rogister, B., Leprince, P.,
Hans, G., Nguyen, L., and Moonen G. (2000). Glycine triggers an intracellular calcium influx in oligodendrocyte
progenitor cells which is mediated by the activation of both the ionotropic glycine receptor and Na+- dependent
transporters. Eur. J. Neurosci. 12:1924-1930.
Publication #12: Nguyen, L., Malgrange, L., Breuskin, I., Lallemend, F., Hans, G., Moonen, G., Belachew, S., and
Rigo, J.-M. (2004) Striatal PSA-NCAM+ precursor cells from the newborn rat express functional glycine receptors.
Neuroreport 15:583-587.
Publication #13: Nguyen, L., Malgrange, B., Belachew, S., Rogister, B., Rocher, V., Moonen, G., and Rigo J.-M.
(2002). Functional glycine receptors are expressed by postnatal nestin-positive neural stem/progenitor cells. Eur.

J. Neurosci. 15:1299-1305.

Strychnine-sensitive glycine receptor chloride channels (GlyRs) are members of the
nicotinic ligand-gated ion channel family (Le Novere and Changeux, 2001). They mediate
postsynaptic inhibition by increasing the chloride permeability of the postsynaptic cell membrane
in adult spinal cord, brainstem and some higher brain regions (Betz, 1991;Kuhse et al.,
1995;Schofield et al., 1996). GlyR is a pentameric transmembrane protein composed of
glycosylated integral transmembrane - (48 kDa) and -subunits (58 kDa) (Schofield et al.,
1996). Four - ( 1, 2, 3 and 4) (Kuhse et al., 1990;Matzenbach et al., 1994) and one -
subunit variant (Schofield et al., 1996) have been described so far. In newborn rats, the GlyR is

2-homomeric and differs from the adult stoechiometry, which is classically made of three 1-
and two -subunits (Langosch et al., 1988). In contrast to the adult brain, the activation of GlyR
has an excitatory action in immature neural cells resulting from a depolarized chloride
equilibrium potential in these cells during the developmental period (LoTurco et al., 1995). GlyR-
mediated depolarization of immature neurons induces a calcium entry through voltage-gated
calcium channels (VGCC) (Reichling et al., 1994;Flint et al., 1998), which may modulate cell
proliferation, migration and differentiation in neural precursors (Publication #7 - Nguyen et al.,
2001;Ben Ari, 2001;Ben Ari, 2002) and, later, maturation of fully differentiated neurons bearing
inhibitory synapses (Moss and Smart, 2001;Legendre, 2001). In that respect, we recently
demonstrated that GlyRs can be expressed in three distinct types of early postnatal neural
precursor cells in vitro.

Functional GlyRs have been described in newborn rat astrocytes, oligodendrocytes and
OPCs in spinal cord slices (Pastor et al., 1995;Kirchhoff et al., 1996;Publication #9 - Belachew
et al., 1998). During oligodendroglial lineage progression GlyR expression ( 2 and  subunits)
culminates at the OPC stage and decreases thereafter (Publication #10 - Belachew et al., 1998).
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We demonstrated that glycine-induced chloride currents recorded from newborn rat cortical
oligosphere-derived OPCs, were mediated by GlyRs that seem to be not only pharmacologically,
but also structurally distinct from the homologous neuronal receptor (Publication #10 -
Belachew et al., 1998). Furthermore, glycine application on cultured OPCs induced a rise of
[Ca2+]i via the opening of VGCC. This effect was mediated by a depolarization related to the
concurrent activation of GlyR and Na+-dependent glycine transporters GLYT1 and/or GLYT2
(Publication #11 - Belachew et al., 2000).

Using the classical neurosphere culture model from early postnatal striatum (Reynolds
et al., 1992;Reynolds and Weiss, 1992), we also demonstrated the expression of GlyR 1-, 2-
and  genes and could detect GlyR  subunit proteins in multipotent nestin-expressing
stem/progenitor cells (Publication #13 - Nguyen et al., 2002). We consistently observed in these
multipotent progenitor cells that GlyR subunits formed functional chloride channels gated by
glycine and sensitive to inhibition by strychnine and picrotoxin which are GlyR antagonists
(Publication #13 - Nguyen et al., 2002). 

Similarly, immunocytochemical analysis showed that GlyRs were expressed in PSA-
NCAM+ neurogenic progenitors from the early postnatal rat striatum both in vitro and in situ
(Publication #12 - Nguyen et al., 2004). Glycine thus triggered inward strychnine-sensitive
currents in most of these neurogenic striatal precursors (Publication #12 - Nguyen et al., 2004).
Finally, neurogenic PSA-NCAM+ progenitors expressed GlyRs that displayed intermediate
electrophysiological characteristics with respect to those of nestin-expressing neural stem cells
(Publication #13 - Nguyen et al., 2002) and mature interneurons (Sergeeva, 1998;Sergeeva and
Haas, 2001) from the early postnatal striatum.

Such results raised the yet unresolved issue that glycine and GlyRs, together with other
neurotransmitters and voltage-gated ion channels, may also control the development of postnatal
neural precursors, i.e. i) cell fate choice and the progression of distinct differentiation pathways
from nestin-expressing stem cells, ii) neurogenesis derived from PSA-NCAM+ neuronal
precursors, iii) the maturation of OPCs into myelinating cells, and iv) cell cycle kinetics in all of
these immature phenotypes.

3.1.2 Not only neurotransmitter receptors, but also voltage-gated potassium channels in OPCs 

Publication #14: Vautier, F., Belachew, S., Chittajallu, R., and Gallo, V. (2004). Shaker-type potassium channel
subunits Kv1.3-1.4 and Kv1.6 differentially control oligodendrocyte progenitor cell cycle progression. Glia 48:337-
345.

Similar to the above-described widespread array of neurotransmitter receptors that are
displayed in CNS precursor cells, voltage-gated ion channels, and in particular voltage-dependent
K+ (Kv) channels are expressed not only in neuron-committed, but also in multipotent and glia-
oriented precursor cells. The prototypical Kv channels have been divided into four families (Kv1-
Kv4) based on sequence homology and on their sequence similarity to single gene orthologues
in Drosophila (name given in italics): Kv1 (Shaker), Kv2 (Shab), Kv3 (Shaw), and Kv4 (Shal)
(Trimmer and Rhodes, 2004). There is a correlation between the expression of large delayed
outward-rectifying voltage-gated K+-currents (Ik) and the proliferative state of different types of
cells, and pharmacological block of such potassium channels can interfere with cell proliferation
(DeCoursey et al., 1984;Sontheimer et al., 1989;Barres et al., 1990;Berger et al.,
1991;Kettenmann et al., 1991;Dubois and Rouzaire-Dubois, 1993;Wonderlin and Strobl,
1996;Knutson et al., 1997;MacFarlane and Sontheimer, 1997;Sobko et al., 1998). Proliferative
OPCs express large Ik, whereas non-dividing and mature oligodendrocytes display much smaller
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outward currents (Knutson et al., 1997). These large Ik currents occur in G1 phase of OPC cell
cycle and have been related to a RNA synthesis-dependent selective increase of expression of
K+ channel subunit proteins Kv1.3 and Kv1.5 (Gallo et al., 1996;Knutson et al., 1997;Ghiani et
al., 1999b;Chittajallu et al., 2002). The inhibition of outward K+ channels by blocker
tetraethylammonium or by cell membrane depolarization through Na+ channel opener
veratridine inhibits OPC proliferation (Knutson et al., 1997;Ghiani et al., 1999b). The use of
subunit-specific pharmological blockers first suggested that outward K+ channels containing the
Kv1.3 subunit played a critical role in cell cycle progression in proliferating OPCs (Chittajallu et
al., 2002). Next, we recently performed gain-of-function experiments, providing evidence that
overexpression of Kv1.3-1.4 increases OPC proliferation in the absence of mitogen, whereas
Kv1.6 overexpression inhibits mitogen-induced OPC cell cycle progression (Publication #14 -
Vautier et al., 2004). In contrast, Kv1.3-1.6 subunit overexpression does not interfere with the
kinetics of oligodendrocyte differentiation (Publication #14 - Vautier et al., 2004). This study
represents the first demonstration that the activity of potassium channels containing distinct Kv1
subunit proteins not only correlates with specific stages of oligodendrocyte lineage progression,
but directly controls oligodendroglial proliferation in mitogenic as well as in growth factor-free
conditions (Figure 9).

3.2 Established functional involvement of neurotransmitter receptors in postnatal CNS
precursor cell biology

3.2.1.1 AMPA/kaïnate receptors: a matter of cell cycle or cell death

Publication #3: Belachew,S., Aguirre,A.A., Wang,H., Vautier,F., Yuan,X., Anderson,S., Kirby,M., and Gallo,V.
(2002). Cyclin-dependent kinase-2 controls oligodendrocyte progenitor cell cycle progression and is downregulated
in adult oligodendrocyte progenitors. J. Neurosci. 22:8553-8562.

In the adult/postnatal brain, glutamate is released from neurons (either synaptically or
axonally) and reaches effective concentrations that can activate glutamate receptors on mature
glia to cause: i) modulation of transmitter uptake into glial cells, thereby affecting termination of
synaptic transmission (Chiu and Kriegler, 1994;Vernadakis, 1996;Bergles and Jahr, 1997); ii)
modulation of K+ conductances within glial cells, with consequences on the extracellular ionic
environment (Muller et al., 1992;Vernadakis, 1996); and iii) release of neuroactive substances
from glia that can feedback and modulate synaptic transmission (Araque et al., 1999).

In parallel with glutamate receptor functions in mature glial cells, during late embryonic
and early postnatal development, astrocytes and oligodendrocytes arise from CNS precursor
cells of the subventricular zone that also express glutamate-activated channels (LoTurco et al.,
1995;Yuan et al., 1998). Excitatory transmitter glutamate that activates glutamate receptors
(GluRs) inhibits OPC proliferation and prevents their differentiation in vitro and in tissue culture
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Figure 9: Schematic illustrating the effects of Kv1 subunit over-expression on OPC proliferation and differentiation

The schematic summarizes the major findings of our recent studies. Green boxes denote a significant effect on OP cell cycle following the
over-expression of the corresponding Kv1 subunits. Red and orange boxes denote antagonism of these effects. Blue boxes denote no effect
following over-expression of Kv1 subunits. Note, experiments in which Kv1.5 was over-expressed consistently resulted in no effect on cell
cycle and so are omitted from the schematic for clarity. (A) Over-expression of Kv1.3 and 1.4 had no effect on OPCs that were already
within PDGF-induced cell cycle. (B) In contrast, over-expression of Kv1.6 causes withdrawal from the cell cycle in a manner similar to that
seen following PDGF removal. This effect was completely antagonized by Dtx. (C) and (D) Kv1.3 and 1.4 over-expression in cell cycle
arrested OPCs led to the induction of proliferation in a manner similar to PDGF. MgTx inhibited this cell cycle entry only in response to
Kv1.3 over-expression. Co-expression of Kv1.6 partially inhibited the Kv1.3-induced cell cycle entry and completely abolished the Kv1.4
effect. (E) and (F) Prolonged withdrawal of PDGF leads to differentiation of OPCs through O4 and O1 lineage stages. Kv1.4 and 1.6 over-
expression does not affect this process. However, a small increase in O4+ cell number (but not O1+) is noted with Kv1.3 over-expression.

slices (Gallo et al., 1996;Yuan et al., 1998). These antiproliferative effects of glutamate receptor
activation are Ca2+-independent and arise from an increase in intracellular Na+ and the
subsequent block of outward K+ currents (Gallo et al., 1996;Knutson et al., 1997). AMPA/kaïnate
glutamate receptor agonist or the direct blockade of outward K+ conductances caused a
reversible G1 arrest in OPCs that correlate with an accumulation of the cyclin-dependent kinase
inhibitors p27Kip1 and p21CIP1, with a selective decrease in cdk2 activity and with an impairment
of cyclin E-cdk2 complex formation (Figure 10) (Ghiani et al., 1999a;Ghiani et al., 1999b;Ghiani
and Gallo, 2001). Furthermore, we recently showed that the overexpression of cdk2 reverted
AMPA/kaïnate- or K+ blockade-induced G1 arrest in OPCs (Publication #3 - Belachew et al.,
2002), thus demonstrating that the regulation of cdk2 activity causally underlies cell cycle exit
triggered by GluR-dependent or pharmacological inhibition of K+ channels.
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Figure 10: Schematic diagram of the intracellular signal transduction pathways that couple glutamate receptors and voltage-gated ion channels to cell-

cycle arrest in OPCs.

Activation of glutamate receptors, opening of Na+ channels or closure of K+ channels stimulates accumulation of p27Kip1 and p21Cip1. An increase
in intracellular Na+ concentration, as a result of transmembrane influx through glutamate-activated or voltage-dependent channels, blocks K+

channel activity. Broken lines indicate as yet unidentified signal transduction pathways.

It still needs to be determined whether AMPA/kaïnate receptor activation may also
interacts with cell cycle progression in CNS precursor cells from adult tissue and whether,
hippocampal, versus white matter or cortical NG2+ cells, could display distinct receptor
subtypes with area-specific functions.

Several groups have also demonstrated that AMPA/kaïnate receptor activation can trigger
excitotoxic cell death in the oligodendroglial lineage, but most of these works were performed
using cultures of O4+/GalC+ post-mitotic pre-oligodendrocytes (Oka et al., 1993;Yoshioka et
al., 1995;Matute et al., 1997;Sanchez-Gomez and Matute, 1999;Alberdi et al., 2002;Sanchez-
Gomez et al., 2003). In contrast, no convincing evidence has ever been produced showing that
cultured proliferating OPCs or mature myelinating oligodendrocytes were directly sensitive to
excitotoxic insults (Gallo et al., 1996;Rosenberg et al., 2003), especially in human tissues (Wosik
et al., 2004). In vivo, the mechanistic interpretation of AMPA/kaïnate receptor-mediated
excitotoxic lesions in white matter oligodendroglial cells (McDonald et al., 1998;Matute,
1998;Pitt et al., 2000;Smith et al., 2000;Follett et al., 2000;Li and Stys, 2000;Matute et al.,
2001;Tekkok and Goldberg, 2001) is subject to intense controversy since surrounding microglia
(Noda et al., 2000) and astrocytes (Jabs et al., 1994;Verkhratsky and Steinhauser, 2000;Schroder
et al., 2002;Matthias et al., 2003) also express such receptors and therefore may be intermediate
actors of the toxic cascade. It is actually astounding to recall that the unique electrophysiological
demonstration of functional AMPA/kaïnate receptor expression in adult so-called “OPCs” in vivo
was not performed in the white matter, but in the hippocampus (Bergles et al., 2000). It is of
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interest to emphasize that, no matter what triggers it, the demonstration of excitotoxicity in
adult white matter oligodendroglial cells cannot be taken per se as a straightforward piece of
evidence of the presence of AMPA/kaïnate receptors onto these cells. It will be crucial in the
near future to address this thorny issue by recording astrocytes and oligodendroglial cells from
the adult white matter by taking advantage of cell-specific reporting transgenic mice that are now
available (Zhuo et al., 1997;Publication #1 - Belachew et al., 2001;Nolte et al., 2001;Publication
#2 - Yuan et al., 2002;Mallon et al., 2002). In the particular case of demyelinating disorders, this
should rapidly tell us whether excitotoxic GluRs overactivation, which occurs primarily or
secondarily to auto-immune activation, triggers direct oligodendroglial and axonal damages
and/or modulate astroglial/microglial components of the inflammatory reaction that would then
operate the final toxic effect (Pitt et al., 2000;Smith et al., 2000;Matute et al., 2001;Wosik et al.,
2004).

3.2.1.2 GABAA receptors

Publication #15: Nguyen, L., Malgrange, B., Breuskin, I., Bettendorff, L., Moonen, G., Belachew, S., and Rigo, J.-M.
(2003). Autocrine/paracrine activation of the GABAA receptor inhibits the proliferation of neurogenic polysialylated
neural cell adhesion molecule-positive (PSA-NCAM+) precursor cells from postnatal striatum. J. Neurosci. 23:3278-
3294.

In the embryonic cerebrum, the neurotransmitter GABA reportedly partially blocks the
bFGF-induced increase in proliferation in cortical progenitor cells (Antonopoulos et al., 1997)
and reduces the number of proliferating cells and cell cycle kinetics in dissociated or organotypic
cultures from the neocortex (LoTurco et al., 1995) or SVZ areas (Haydar et al., 2000). During
early postnatal CNS development, we recently assessed the expression and function of GABAA

receptors in SVZ/striatal neural precursor cells. On the basis of their isopycnic properties in a
buoyant density gradient, we developed an isolation procedure that enable us to purify
proliferative neural precursor cells from early postnatal rat striatum and adjacent SVZ, which
expressed the polysialylated form of the neural cell adhesion molecule (PSA-NCAM) (Publication
#15 - Nguyen et al., 2003). We investigated whether GABA may control the proliferation of
these postnatal PSA-NCAM+ precursors from newborn rat striata and reported that: i)
epidermal growth factor (EGF)-responsive proliferative PSA-NCAM+ precursors generate
neurospheres committed mostly to a neuronal fate; ii) postnatal striatal/SVZ PSA-NCAM+

precursors express functional GABAA receptors (GABAARs) and GABA-synthesizing enzymes
glutamate decarboxylase (GAD) 65 and GAD 67 in vitro and in situ ; iii) proliferation of PSA-
NCAM+ precursors is inhibited by an EGF-controlled endogenous production of GABA that
activates GABAAR in these cells; and iv) GABAAR-dependent inhibition of PSA-NCAM+ cell
proliferation is mediated by a complex intracellular signaling notably involving the inhibition of
the mitogen-activated protein kinase (MAPK) pathway and an increase of intracellular calcium
concentration by opening of voltage-gated calcium channels (Publication #15 - Nguyen et al.,
2003). This demonstration that early postnatal PSA-NCAM+ striatal/SVZ neuronal precursors
synthesized and released GABA suggested that an autocrine/paracrine GABA/GABAAR-triggered
mechanism may regulate their endogenous EGF-driven proliferation.

Similarly, GABAA receptor activation by exogenous application of  GABAA agonist in early
postnatal OPCs from cultured organotypic cerebellar slices also inhibited proliferation in these
precursor cells (Yuan et al., 1998). However, treatment of the slices with the GABAA receptor
antagonist bicuculline did not modify proliferation of cerebellar OPCs (Yuan et al., 1998),
suggesting that endogenous activation of GABAA receptors is not a major mechanism of control
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of cell cycle progression in postnatal OPCs in vivo, at least at the level of the cerebellum.
Altogether these works strongly indicate that GABAA receptors may be directly involved

in the regulation of the maturation of early postnatal precursor cells in the process of becoming
neurons. Like perinatal cells, adult (P13-P70) neuronal progenitors of the SVZ/RMS/OB pathway
contain GABA, and are depolarized by GABA-mediated activation of first extrasynaptic and then
later synaptic GABAA receptors (Carleton et al., 2003;Wang et al., 2003;Gallo and Haydar,
2003). Thus, GABAA receptor-mediated signaling may be part of the complex extrinsic influences
that regulate adult neurogenesis.

3.3 Discussion point: neuron-glia versus neuron-neuroblast signaling?

3.3.1 The NG2+ progenitor

In recent papers, Bergles and colleagues (Bergles et al., 2000;Lin and Bergles, 2004) have
suggested that OPCs receive glutamatergic and GABAergic synaptic inputs from interneuronal
collaterals in CA1 area of postnatal/adult hippocampus. The sole criterion used for identifying
recorded cells as OPCs was immunohistochemical detection of the expression of NG2
chondroitin sulphate proteoglycan. It is obvious that NG2 has been widely used as an excellent
marker of OPCs in vivo by a large number of groups (Levine et al., 2001). Although one cannot
contest that NG2+cells are capable of differentiating into myelinating oligodendrocytes in white
matter areas, it is debatable whether this developmental program occurs for all CNS cells that
express NG2, especially in regions that display relatively less ongoing oligodendrogenesis, but
more neurogenesis in adulthood. As a matter of fact, we and others have now demonstrated
that precursor cells which were thought to be restricted to an oligodendroglial fate, i.e. so-called
OPCs, were able to generate neurons in certain conditions in vitro and in vivo (Kondo and Raff,
2000b;Publication #5 - Belachew et al., 2003;Nunes et al., 2003). Furthermore, although neural
stem cells per se are thought to have an undifferentiated phenotype, cells with glial features of
the astroglial lineage, from radial glia to astrocytes, act as neural stem cells in the embryo and
in adulthood across metazoan taxa (Doetsch et al., 1999;Malatesta et al., 2000;Noctor et al.,
2001;Doetsch, 2003;Merkle et al., 2004). 

Importantly, these studies have also led to redefining the neural stem cell nomenclature,
to include glial progenitors as stem cells capable of generating neurons (Goldman, 2003). Based
on these recent findings, it is still premature to define functional synaptic connections onto all
NG2-expressing cells in the hippocampus as directly involved in neuron-oligodendroglial
signaling, until it is proven that all NG2+ cells that receive excitatory and inhibitory synapses are
restricted to becoming oligodendrocytes in this particular region. The synapses analyzed and
characterized by Bergles and colleagues might be in fact synaptic contacts between mature
resident interneurons and early post-mitotic progenitors of adult GABAergic neurons. As
previously described in the olfactory bulb (Carleton et al., 2003), this would also imply that the
establishment of synaptic inputs occurs before GABAergic neuronal progenitors are able to
propagate action potential spikes during the course of interneuron renewal in the hippocampus
(Liu et al., 2003b). Unlike in the developing brain, where neurogenesis usually precedes the
maturation of neural circuits, in the adult, newborn neurons have to integrate into a preexisting
neuronal network. During SVZ-RMS-OB neurogenesis, it was shown that tangentially migrating
neuroblasts in the RMS first expressed extrasynaptic GABAA receptors, and then secondarily
AMPARs (Carleton et al., 2003). Again, this differs from the developing mammalian brain, where
most often, NMDARs are first detected and functional AMPAR recruitment is induced by
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NMDAR activation (Durand et al., 1996). Adult-generated OB granule neurons actually receive
synaptic inputs shortly after completing their radial migration as they begin developing their
dendritic arbor, and GABAergic synaptic events appear first, before AMPAR-mediated
glutamatergic ones (Carleton et al., 2003). In sharp contrast with prenatal development,
maturing adult OB granule neurons receive both GABAA-mediated events and excitatory
synaptic inputs before being able to propagate action potentials (Carleton et al., 2003). Unlike
in newborn OB granule neurons, however, in adult-generated OB periglomerular neurons, the
maturation of voltage-dependent sodium currents, and consequently the capacity of newly-
formed cells to fire action potentials, seems to precede the appearance of synaptic contacts
(Belluzzi et al., 2003). Thus, the sequential pattern of functional integration of newborn adult
neurons appears to be cell-specific. At present, it remains to be elucidated whether activation
of extrasynaptic and then synaptic GABAA and AMPA receptors represent instructive signals
required for subsequent neuronal maturation, including the appearance of voltage-gated
channels.

In contrast to SVZ-RMS-OB neurogenesis, there are currently no studies that have
addressed the precise spatial migration and temporal course of electrophysiological maturation
of adult-born hippocampal neurons. Since it is widely accepted that neurogenesis in the adult
intact brain is restricted to SVZ and dentate gyrus areas, it is not without caveats to speculate
that cells recorded by Bergles and colleagues in adult CA1 region may be immature neuronal
precursors, potentially able to become GABAergic interneurons (Gage, 2000;Lie et al., 2004).
Bergles and colleagues performed their recordings exclusively in the stratum radiatum region
of CA1 in hippocampi taken from young (P6-16) and adult (> P33) rats (Bergles et al., 2000;Lin
and Bergles, 2004). To our knowledge, there is no evidence that neurogenesis occurs in this
region of the normal intact hippocampus, a fact confirmed in a recent report (Liu et al., 2003b).
Furthermore, it is difficult to assume that immature neuronal precursor cells that are already
synaptically-integrated could retain significant migrating properties. Thus, if CA1 NG2+ cells
indeed represent neuronal precursor cells, one would have to consider them as stuck in their
neuronal differentiation, but potentially ready to be recruited to finally differentiate into mature
newborn CA1 neurons, as observed in pathological conditions such as after ischemia (Nakatomi
et al., 2002).

In conclusion, although it still needs to be established what percentage of NG2+ cells in
the hippocampus give rise to neurons and oligodendrocytes, respectively, a more detailed
cellular and developmental characterization of the cell population studied is necessary to
unequivocally conclude that they represent OPCs. Recent data also emphasize that we cannot
rely any longer on a single antigenic marker to identify a specific cell phenotype. In particular,
there is now a crucial need for revisiting with region- and context-specific functional and
antigenic criteria the accurate definition of an OPC, as a cell that would be restricted to a glial
vs. a neuronal fate. The precise characterization of the developmental potential of NG2+ cells
in distinct brain regions will go beyond issues of mere nomenclature, to define whether
glutamate- and GABA-mediated signaling on these progenitors is an exclusive form of neuron-
oligodendroglia communication, or if a proportion is in fact representative of neuron to
neuroblast signaling. Besides white matter, where one cannot contest that NG2+ cells do
express AMPA/kaïnate receptors (Publication #2 - Yuan et al., 2002) that are likely involved in
strict neuron-oligodendroglial interactions, the situation is thus by far more elusive and
necessitates further studies to elucidate the meaning of extrasynaptic and possibly synaptic
neurotransmitter receptors in NG2+ cells located in the olfactory bulb, hippocampal, striatal and
cortical areas.
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3.3.2 Astrocytes

The term neuroglia, or “nerve glue”, was coined in 1859 by Rudolph Virchow, who
conceived of it as an inactive connective tissue in the CNS. We now all acknowledge its various
active roles in brain function, metabolism and development. In the glial kingdom, astrocytes are
characterized by sheet-like or lamellate processes enwrapping the brain surface, capillaries,
neuronal cell bodies, dendrites and synapses. The astrocytic processes also express a broad
range of ion channels and neurotransmitter receptors that can trigger [Ca2+]i elevation in
response to synaptic activity (Haydon, 2001;Araque et al., 2001). Calcium signaling in astrocytes
is thought to influence glial morphology, function and gene expression, and in turn, to feed back
onto neurons (Verkhratsky and Kettenmann, 1996). In particular, extensive attention has been
paid to glutamate receptors (GluRs) on astrocytes as possible mediators of activity-dependent
neuron-glia interplay (Steinhauser and Gallo, 1996), in the sense of both neuron-to-glia and glia-
to-neuron signaling (Gallo and Ghiani, 2000). However, there was little experimental evidence
until recently that supported this idea or elaborated upon possible mechanisms involved.

Bergmann glia in the cerebellum ensheathe Purkinje cell dendrites and synapses, and
express high levels of Ca2+-permeable glutamate receptors (GluRs) (Muller et al.,
1992;Burnashev et al., 1992). Suppression of Ca2+ permeability by virus-mediated GluR2 transfer
has revealed that GluR-mediated Ca2+ signaling is essential to maintain both anatomical and
functional connections between Bergmann glial cell and the glutamatergic synapses (Iino et al.,
2001). The finding that structural affinity of Bergmann glial processes for wrapping Purkinje cell
synapses is thus mediated by the glial Ca2+-permeable GluRs further suggests that under
physiological conditions, glia-synapse interaction could undergo structural modifications in
response to synaptic activities (Gallo and Chittajallu, 2001;Watanabe, 2002). Astrocytes also
express high-affinity glutamate transporters, and particularly GLAST and GLT-1, that play a
major role in controlling the rapid clearance from the synaptic cleft of glutamate that has been
released from neurons (Chaudhry et al., 1995;Rothstein et al., 1996;Tanaka et al., 1997;Oliet et
al., 2001). Such a process appears to be central in terminating the effects of released
neurotransmitters and ensures the fine-tuning of excitatory synaptic transmission in the adult
brain.

In contrast with synaptic events observed in NG2+ cells (Bergles et al., 2000;Lin and
Bergles, 2004), we want to emphasize that astrocytic glutamate uptake mechanisms washing out
the synaptic cleft, or GluR2-containing AMPA receptor-dependent homeostasis of appropriate
connections between Bergmann glia and Purkinje cell synapses, represent true unambiguous
examples of neuron-glia interaction. In future studies, however, it would be intriguing to assess
such intimate functional and structural relationships of astrocytes with closely neighboring
neurons or neuronal precursors in locations such as the hippocampus, where so-called
astrocytes or GFAP-expressing cells have been suggested to give rise to neurons (Seri et al.,
2001;Doetsch, 2003). It is striking that together with recent studies reporting that astrocytes can
regulate synapse formation and synaptic transmission (Ullian et al., 2001;Mauch et al.,
2001;Nagler et al., 2001), other works have demonstrated that hippocampal astrocytes can
instruct neurogenesis from neural stem cells and/or from committed neuronal precursor cells
in the adult brain (Song et al., 2002a;Song et al., 2002b). It remains to be established whether
and to what extent “glial” neurotransmitter-mediated signaling may be involved in these specific
developmental properties of astrocytes in neurogenic regions.
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4 Conclusions and perspectives

4.1 The good: NG2+ OINPCs, a dual source of repair that may serve for interneuron
renewal in the postnatal hippocampus and for remyelination elsewhere

In the present work, we have developed a transgenic mouse model that allows us to
track more easily the biological properties of NG2-expressing oligodendrocyte progenitor cells
in vivo. We have provided evidence that: i) cdk2 is a master controller of cell cycle decisions in
the oligodendroglial lineage in vitro and, ii) that its down-regulation in adult OPCs may underlie
the progressive decline of proliferative capacities during postnatal maturation of oligodendroglial
cells, thus underlying the so-called quiescent state that characterizes adult OPCs, which fail to
remyelinate demyelinated areas of the CNS. However, it was an amazing surprise for the entire
“cell cycle” community to recently note that two groups independently reported that cdk2-null
mice were viable and, apart from male and female sterility due to meiotic defects, were
ostensibly free of other gross pathology and survived for up to two years (Ortega et al.,
2003;Berthet et al., 2003). In fact, other experiments in which the genes encoding all three D-
type cyclins, the two E-type cyclins or cyclin D-dependent cdk4 and cdk6 have been disrupted
in the mouse germ line have revealed that much of fetal development occurs normally in their
absence (Sherr and Roberts, 2004). 

As recently shown for cdk4, surrogate compensatory mechanisms that allow mitotic cell
cycles to occur in the absence of cdks during embryonic development may fail to fully
compensate cdk loss in specific postnatal/adult progenitor cells (Jirawatnotai et al., 2004). Hence,
in order to ascertain how masterful cdk2 may really be for OPC proliferation in vivo, we plan
to elucidate the functional role of cdk2 during postnatal white matter development in the normal
uninjured brain and in models of genetic dysmyelination (leukodystrophies) or acquired
demyelination. In this regard, we will first characterize oligodendroglial lineage development in
double transgenic mice resulting from the cross-breeding of cdk2-deficient (Berthet et al., 2003)
with CNP-EGFP reporter mice. We will then assess the role of cdk2 in the established increase
of OPC proliferation that occurs in a murine model of Pelizaeus-Merzbacher disease (Jimpy
mutant) (Wu et al., 2000). Cdk2-/- CNP-EGFP mice will allow us: i) to assess the involvement of
cdk2 in the recruitment of OPC proliferation that occurs after acquired demyelination, and ii)
to address to what extent remyelination efficiency correlates with OPC proliferation in vivo. On
the other hand, we also have in mind to analyze the role of cdk2 in proliferative events occurring
in the neurogenic SVZ area where p27kip1 (an endogenous cyclin E/cdk2 inhibitor) appears to be
a key regulator of cell division for type C transit-amplifier multipotent progenitors that underlie
adult neurogenesis (Doetsch et al., 2002b). Finally, cultured NG2-expressing cells derived from
cdk2-/- animals will represent a crucial material to stretch conceptual boundaries and to evaluate
the accurate molecular consequences of cdk2 deficiency, possibly identifying new essential cell
cycle regulatory genes that can fill in for cdk2 loss.

In the second and third part of this work, we have demonstrated that NG2 proteoglycan-
expressing progenitor cells — i.e. previously so-called OPCs — that were considered to be
tightly committed to become myelinating oligodendrocytes are indeed more diverse and more
plastic than previously thought. Early postnatal hippocampal and SVZ-located NG2+ progenitor
cells co-expressing the dlx homeobox transcription factor and the Lewis X antigen (LeX)
represent bipotential cells that actually give rise to GABAergic interneurons both in the dentate
gyrus (Publication #5 - Belachew et al., 2003;Publication #6 - Aguirre et al., 2004) and in the
olfactory bulb (Aguirre and Gallo, 2004). Interestingly, as highlighted in the third part of the
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present work, like nestin+ neural stem cells or PSA-NCAM+ neuronal precursor cells, NG2+

progenitor cells also express voltage-dependent ion channels and a broad array of
neurotransmitter receptors that control their physiological properties (Belachew and Gallo,
2004). NG2+ progenitor cells also receive GABAergic and AMPA/Kaïnate-mediated
glutamatergic synaptic inputs in CA1 region of the adult hippocampus (Bergles et al., 2000;Lin
and Bergles, 2004). A recent striking observation was that a subpopulation of cortical, but not
white matter NG2+ cells, elicit depolarization-induced spikes that are akin to immature action
potentials (Chittajallu et al., 2004). Furthermore, Dwight Bergles’ group has now reported that
quantal release of glutamate occurring along axons triggers rapid AMPA receptor currents in
NG2+ progenitor cells from the corpus callosum (personal communication and Ziskin JL,
Nishiyama A, Bergles DE, Society for Neuroscience Abstract #494.16, 2004). 

Altogether, these data have widely questioned — to say the least — the dogmatic view
of NG2+ cells being seen as OPCs in a strict sense. There is now a need for consensus meeting
and discussion to redefine real oligodendrocyte-committed OPCs. As mentioned before, we
proposed here that LeX-negative/NG2+ progenitor cells could be appropriate to represent this
phenotype. However, we are far from approaching the full picture of what heterogeneity means
in the NG2 lineage. It will take tremendous endeavor to further assess context- and area-
dependent specific properties and fate potential of NG2+ cells throughout the postnatal/adult
brain. The question remains for instance whether a lineage relationship between NG2+ cells and
neurons is also found outside the hippocampus and olfactory bulb areas, such as in the cortex.
The presence of postnatal cortical neurogenesis under physiological conditions remains a highly
controversial issue, due to conflicting reports in the literature (Gould et al., 1999b;Gould et al.,
2001;Kornack and Rakic, 2001;Letinic et al., 2002;Rakic, 2002a;Rakic, 2002b;Rakic, 2002c).
However, it has been demonstrated that neurogenesis in the cortex occurs following various
experimentally-induced CNS injuries (Magavi et al., 2000). The developmental origin of these
newly born neurons remains unknown. Since it is well accepted that NG2+ cells are the largest
population of postnatal progenitors in the CNS and persist into adulthood (Dawson et al.,
2000;Levine et al., 2001;Dawson et al., 2003), it is possible that spiking cortical NG2+ cells
(Chittajallu et al., 2004) under certain pathophysiological conditions could be triggered into
neuronal maturation.

Why certain subtypes of NG2+ cells display neuron-like properties (spikes and synaptic
contacts) while devoid of antigenic features of committed immature neurons is also a fascinating
issue. Such synaptically-connected and/or spiking NG2+ cells may alternatively be seen as i) a
newly identified excitable glial phenotype that would play complex adapter functions at the
interface of neuron-glia communication, or ii) intrinsically multipotent but regionally-specified
transit-amplifying progenitor cells (quiescent or not ?) receiving rapid neuron-derived signaling
through chemical and perhaps electrical synapses that may influence their interneuronal or
oligodendroglial fate determination and maturation in the postnatal/adult CNS.

Besides the understanding of the fine-tuning of adult “glial” stem cell-derived
neurogenesis that has become increasingly controversial between distinct models explaining how
a GFAP-expressing cell give rise to newborn granule neurons (Doetsch, 2003;Kempermann et
al., 2004;Garcia et al., 2004), the quest for determining the full identity of NG2+/GFAP-negative
progenitor cells appears to be equally challenging.
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4.2 The bad: new neurons in the postnatal/adult brain: what for?

In most studies, only few parameters have been assessed to characterize the regulation
of adult neurogenesis. The most widely used parameters are cell proliferation in the subgranular
zone, cell survival, and neuronal differentiation. Consequently, the patterns of regulation
appeared relatively uniform since systemic unspecific stimuli (e.g. hormonal changes or physical
activity) (Gould et al., 1992;van Praag et al., 1999a;van Praag et al., 1999b), functionally specific
stimuli (e.g. learning and the experience of complexity) (Kempermann et al., 1997b;Gould et al.,
1999a) and pathological stimuli (e.g. ischemia, trauma or seizures) (Bengzon et al., 1997;Gould
and Tanapat, 1997;Parent et al., 1997;Liu et al., 1998b) all have “identical” effects on adult
neurogenesis, ending up inducing proliferation of a precursor cell or increasing their survival? If
adult hippocampal neurogenesis is functionally relevant and represents an evolutionary benefit,
it does not make sense to react with such sensitivity and without specificity to every kind of
stimulus, even if the net result of more new neurons might look very similar. The impression of
a standardized neurogenic response is likely to be due to a still relatively simplistic view of what
actually constitutes adult neurogenesis. We also have to cope with the crucial lack of studies that
actually have helped filling the gap that still separates the level of global extrinsic stimuli from
effector molecular cues that regulate neurogenesis (Table 4). 

Table 4: Essential intrinsic cues that regulate adult stem cell-derived neurogenesis in vivo

Neurogenic

areas

Essential

intrinsic signals

Effects References

Dentate
gyrus & SVZ

TLX TLX, an orphan nuclear receptor, maintains adult neural stem cells in
an undifferentiated, self-renewing, proliferative state.

(Shi et al., 2004)

Dentate
gyrus & SVZ

Shh Sonic hedgehog signaling is required to maintain proliferation of neural
progenitor cells in postnatal germinative areas. Shh is required for cell
proliferation in the mouse forebrain's SVZ stem cell niche and for the
production of new olfactory interneurons in vivo.

(Lai et al., 2003)
(Machold et al., 2003)
(Palma et al., 2005)

Dentate
gyrus & SVZ

VEGF Intracerebroventricular administration of vascular endothelial growth
factor (VEGF) into rat brain was shown to increase proliferation of
neurogenic progenitor cells in the SVZ and in the subgranular zone of
the dentate gyrus, where VEGFR2/Flk-1 was colocalized with the
immature neuronal marker, doublecortin. VEGF, acting through kinase
insert domain receptor (KDR), actually mediates the effect of the
environment on neurogenesis and cognition.

(Jin et al., 2002)
(Cao et al., 2004)

Dentate
gyrus & SVZ

Cyclin D2 Adult mice mutated in the cell cycle regulatory gene Ccnd2, encoding
cyclin D2, lack newly born neurons in the olfactory bulb and dentated
gyrus areas. In contrast, genetic ablation of cyclin D1 does not affect
adult neurogenesis.

(Kowalczyk et al.,
2004)

SVZ Bmi-1 The polycomb family transcriptional repressor Bmi-1 is required for the
self-renewal of adult neural stem cells but not for their survival and
differentiation. In contrast, restricted neural progenitors from the adult
forebrain proliferate normally in the absence of Bmi-1. 

(Molofsky et al.,
2003)

Dentate
gyrus

MBD1 Methyl-CpG binding protein 1 (MBD1) is a member of the methylated
DNA-binding protein family. Adult MBD1-/- mice had decreased
neurogenesis, impaired spatial learning, and a significant reduction in
long-term potentiation in the dentate gyrus of the hippocampus.

(Zhao et al., 2003)

Dentate
gyrus

NRSE/RE1 The small, noncoding double-stranded (ds) RNA NRSE/RE1(neuron
restricted silencing element) can trigger gene expression of neuron-
specific genes through interaction with NRSF/REST (neuronal restricted
silencing factor/RE-1 silencing transcription factor) transcriptional
machinery, resulting in the transition from neural stem cells with
neuron-specific genes silenced by NRSF/REST into cells with neuronal
identity that can express neuronal genes.

(Kuwabara et al.,
2004)
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SVZ BMPs/Noggin The bone morphogenetic protein (BMP) antagonist Noggin is expressed
by ependymal cells adjacent to the SVZ. SVZ cells were found to
express BMPs as well as their cognate receptors. BMPs potently
inhibited neurogenesis both in vitro and in vivo whereas ectopically
expressed noggin promoted neuronal differentiation in vivo.

(Lim et al., 2000)
(Chmielnicki et al.,
2004)

Adult neurogenesis and its regulation can be understood only if quantitative
considerations such as cell counts are combined with a qualitative assessment of neuronal
development. How a stimulus influences the quality of neuronal development might be as
meaningful as the numbers of newly generated neurons. This will be of particular importance
for contexts in which normal adult neurogenesis apparently fails, such as in temporal lobe
epilepsy (Parent and Lowenstein, 2002), or where its failure has been discussed as a possible
factor, such as in major depression (Jacobs et al., 2000;Santarelli et al., 2003;Kempermann and
Kronenberg, 2003). However, the prerequisite for understanding the altered function is to
enhance the quality of our characterization of normal neuronal development in the adult dentate
gyrus. In general, the mere existence of adult hippocampal neurogenesis is undisputed today but
its accurate time-course and the reasons underlying its progressive breakdown with
postnatal/adult maturation (Kuhn et al., 1996;Kempermann et al., 2003) remain to be elucidated,
in particular during the perinatal to juvenile period when most of the collapse occurs. It is also
true that many individual results are controversial because of the methodological limitations of
birth-marking dividing cells with bromodeoxyuridine (BrdU) and the problem of deciding on
sufficient criteria to identify a cell as a neuron or a neuron-committed cell.

Although we already knew that human neural stem cells behave differently from their
rodent equivalents in culture (Ostenfeld et al., 2000;Arsenijevic et al., 2001;Jakel et al., 2004),
the direct study of human brain tissue has recently shown additional significant and clinically
relevant species-specific differences (Sanai et al., 2004). In adult humans, “glial progenitor cells”
form a prominent layer, or ribbon, that is restricted to a specific region in the brain that lines the
lateral cerebral ventricle (Sanai et al., 2004). This region is also present in non-human primates,
but it is thinner and less well delineated than in humans (Kornack and Rakic, 2001;Rakic,
2002b;Koketsu et al., 2003). Furthermore, the pathway known as the rostral migratory stream
in rodents and primates — which contains neuroblasts that migrate from the SVZ to the
olfactory bulb to give rise to adult-born neurons — is absent in humans (Sanai et al., 2004). Such
findings add to the evidence that, with the exception of newborn granule cells in the dentate
gyrus (Eriksson et al., 1998), the human brain shows no signs of spontaneous neuronal turnover.
Back to the potential of glial progenitors in the adult brain, it means that their function in humans
given that they do not give rise to neurons (apart from the DG region) might be to serve as i)
a major source for the turnover of astrocytes and oligodendrocytes (possibly after
demyelination), ii) to be a reservoir for a certain type of astrocytes that migrates to sites of
traumatic, infectious, inflammatory or degenerative brain lesions, and iii) to represent a dormant
cause of certain types of invasive glial tumors (Oliver and Wechsler-Reya, 2004;Yuan et al.,
2004;Berger et al., 2004;Singh et al., 2004a;Singh et al., 2004b), but never of malignant tumors
of any neuronal cell type — thereby confirming that there must be amazing suppressors that
block the production of neuronal cells in the adult human non-hippocampal brain regions (Rakic,
2002b).

In conclusion, the inability of adult human brain to replace lost neurons outside the
dentate gyrus might be because it is reluctant to accept newcomers into an established neural
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network, rather than because potential progenitors are absent. One could further speculate that
the systematic decrease in the extent of adult neurogenesis during vertebrate evolution,
culminating in primates, may be the result of an evolutionary gain that represents an adaptation
to keep neuronal networks with a constantly accumulating experience over an entire life span
(Rakic, 2002b).

The situation in the hippocampus however is obviously different, as functional
neurogenesis is possible there even though, ironically, we are still far from truly understanding
what this function means (Doetsch and Hen, 2005). The function of neurons is extremely
complex to say the least and is revealed on distinct conceptual levels — cellular, network and
system being the minimal number of distinct levels — thus hindering simple interpretations.
Adult-generated dentate gyrus neurons become electrophysiologically functional in vivo, extend
axons along the mossy fiber tract to CA3 and are integrated as granule cells (Markakis and Gage,
1999;Hastings and Gould, 1999;van Praag et al., 2002). Nevertheless, this does not tell us a word
about the functional relevance of adult DG neurogenesis at the system level. The elimination of
proliferative cells in the dentate gyrus affects performance on some but not other hippocampus-
dependent learning tasks (Shors et al., 2001;Shors et al., 2002;Shors, 2004) and such studies
were using cytostatic agents that can be questioned for their multi-parametric side-effects
besides modulating progenitor cell cycle. One would now need to assess cognitive functions
after inducing a selective impairment of neurogenesis using transgenically-targeted techniques
of ablation of the progenitor pool (Imura et al., 2003;Morshead et al., 2003;Garcia et al., 2004).
Furthermore, the time-scale of such experiments should ideally take into consideration the
logical assumption that effects of disrupted neurogenesis should show up weeks after the defect,
not immediately. Similarly, experience of environmental complexity as well as more specific
learning stimuli lead to an increase of adult dentate gyrus neurogenesis (Kempermann et al.,
1997b;Gould et al., 1999a) but the time it takes neurons to mature and become integrated on
the network level (N. Toni, E.A. Bushong, E.M. Teng, Y. Jones, H. Van Praag, M.E. Martone,
M.H. Ellisman, F.H. Gage: Synaptogenesis of new neurons in the adult hipocampus. Abstract N
833.18., Society for Neuroscience Meeting, 2004) argues against the idea that they could be of any
use for the process that might have triggered their generation. Manipulations of adult
neurogenesis and of a potential functional outcome occur on different time-scales, making it
likely that the function of new neurons is part of long-term adaptive processes rather than acute
benefits. In contrast, at present, adult neurogenesis could even be seen as functionally
deleterious since new results suggested the existence of a critical period for new neuron
maturation, during which synaptic competition for release sites may occur between newborn
neurons and adult neurons, thereby influencing the development, connectivity and possibly also
survival of adult-born but also resident neurons (N. Toni, E.A. Bushong, E.M. Teng, Y. Jones, H.
Van Praag, M.E. Martone, M.H. Ellisman, F.H. Gage: Synaptogenesis of new neurons in the adult
hipocampus. Abstract N  833.18., Society for Neuroscience Meeting, 2004).

Altogether, one has to confess at this stage that we still do not know enough to recognize
adult hippocampal neurogenesis as a realistic contributor to cognitive function, be it under
physiological or pathological conditions.
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4.3 The (not so) ugly: is there a glimpse of hope in the fuzzy near future of
stem/progenitor cell-based therapy in humans ?

We developed in our lab strategies aimed at understanding why neuronal or
oligodendroglial cell replacement is so limited in the normal uninjured adult brain. A distinct,
related but equally complex issue is the reason why endogenous progenitor cells of any kind fail
to regenerate lost cells at some point in basically all degenerative disorders of the CNS. While
we struggle for answering why endogenous hurdles represent unbearable caveats to CNS
regeneration, we may actually just prepare the niche to make it more accessible for transplanted
exogenous guests. As a matter of fact, the problems associated with transplantation of neural and
other tissue-specific stem cells, including isolation difficulties, limited available quantities,
tumorigenicity concerns, and the questionable existence of a full range of easily controllable
differentiating potential (towards various neuronal subtypes in particular), may be circumvented
by the future use of embryonic stem (ES) cells.

By recapitulating development, ES cells have the potential to be driven down specific
lineage and in particular neural pathways (Tropepe et al., 2001;Plachta et al., 2004;Bibel et al.,
2004) to replenish damaged tissues and, as with adult somatic stem cells, to be used for cell
replacement therapy of monocellular degenerative diseases. There is now evidence that ES cells
can be coaxed down certain specific glial or neuronal phenotypes in vitro (Zhang et al.,
2001;Ding et al., 2003;Plachta et al., 2004;Bibel et al., 2004;Perrier et al., 2004;Glaser et al.,
2004) that could serve for further in vivo transplantation (Brustle et al., 1999;Kim et al., 2002).
These processes now start to be modeled with human ES cells (Perrier et al., 2004) but before
lineage cell pathways can be safely manipulated and better understood through ES cell
technologies, a more diverse repertoire of ES cells is required. Unfortunately, restrictions
imposed by US President G.W. Bush in August of 2001 (Cimons, 2001a;Cimons, 2001b) limited
federal funding to research done on the 70 ES cell lines derived prior to his announcement, 22
of which are currently useable. These boundaries limit the genetic diversity of human ES cells
available and will inevitably impede therapeutic developments. Recently, 17 new ES cell lines
derived from embryos produced from in vitro fertilization clinics were described and offered to
the public, yet research involving these new lines must be privately funded, at least for the four
years to come  (Macilwain et al., 2004;Bush and Kerry, 2004).

Combined with ES cell potential, nuclear transfer (NT) techniques have also brought
stunning perspectives into the limelight. NT entails the transfer of a post-mitotic somatic cell
nucleus into an enucleated oocyte, creating a cloned organism whose genetic information comes
solely from the original donor nucleus. The “to clone or not to clone” debate has been further
stimulated by the possibility of using NT to isolate ES cells from the inner cell mass of a NT-
derived blastocyst, thereby generating a potentially limitless source of pluripotent cells that
would have innumerable therapeutic applications (Wakayama et al., 2001;Barberi et al., 2003).
This technology offers the potential to genetically customize ES cells for individual patients,
thereby erasing the need for lifelong immunosuppression after transplantation as well as making
ES cell therapies available to a more diverse population. However, despite the promises such
a system even in humans (Hwang et al., 2004), the lack of a reliable and efficient way to produce
NT-derived ES cell lines remains a considerable hurdle. The cause of the inefficiency to develop
NT-derived ES cell lines from the inner cell mass of a blastocyst (Hwang et al., 2004) has yet to
be determined. Other unexpected molecular hitches have also been reported with NT-derived
ES cell lines, including alterations of gene expression patterns and mitotic spindle malfunctions
in somatic clones (Bortvin et al., 2003;Simerly et al., 2003). Finally, one has to keep in mind that
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there is still a great deal of concerns about the long-term stability of specific mature neuronal or
glial phenotypes that could be induced from NT-derived ES cell lines.

Further research on NT and ES cell technologies as well as a better knowledge of the
basic biology of ES and tissue-specific (in particular neural) stem cells will still be needed
obviously for a long time. Hopefully these findings will pave the way to a new paradigm that will
move one day cellular therapy to the clinic.
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6 List of abbreviations

AMPA -amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid
bHLH basic helix-loop-helix
BrdU bromodeoxyuridine
CAK cdk-activating kinase
Cdk cyclin-dependent kinase
Cdki endogenous inhibitor of cdks
CKI chemical cdk inhibitor
CNPase 2’-3’-cyclic nucleotide 3’-phosphodiesterase
CNS central nervous system
DG dentate gyrus
Dlx distal-less homeobox gene
Dn dominant-negative
EGF epidermal growth factor
EGFP enhanced green fluorescent protein
ERK extracellular signal-regulated kinase
ES embryonic stem
FACS fluorescence activated cell sorting
FGF2 type 2 fibroblast growth factor
GABA -aminobutyric acid
GAD glutamic acid decarboxylase
GalC galactocerebroside
GFAP glial fibrillary acidic protein
GluR glutamate receptor
GlyR glycine receptor
GLYT glycine transporter
Hes hairy and enhancer-of-split
Id inhibitor of DNA binding
Kv voltage-dependent potassium channel
LeX Lewis X antigen
MAG myelin-associated glycoprotein
MBP myelin basic protein
MOG myelin oligodendrocytic glycoprotein
MS multiple sclerosis
Nav voltage-dependent sodium channel
NeuN neuronal nuclei protein
NSC neural stem cell
NT nuclear transfer
OB olfactory bulb
OINPC oligodendrocyte/interneuron progenitor cell
OPC oligodendrocyte progenitor cell
PCNA proliferating cell nuclear antigen
PDGF(R- ) platelet-derived growth factor (receptor-alpha)
PLP proteolipid protein
PSA-NCAM polysialylated form of neural cell adhesion molecule
Rb retinoblastoma tumor-suppressor protein
RMS rostral migratory stream
SVZ subventricular zone
TH thyroid hormone
VGCC voltage-gated calcium channel
WT wild-type
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Abstract
Besides the role of mature oligodendrocytes in myelin
synthesis during the development of the central nervous
system (CNS), the oligodendrocyte lineage also encom-
passes the largest pool of postnatal proliferating progen-
itors whose behavior in vivo remains broadly elusive in
health and disease. We describe here transgenic models
that allow us to track the functions and origins of such
cells by using proteolipid protein and 2),3)-cyclic nucleo-
tide 3)-phosphodiesterase (CNP) gene promoters to di-
rect oligodendroglial expression of different reporters, in
particular the green fluorescent protein (GFP). We em-
phasize that the CNP-GFP mouse, which targets the
entire oligodendroglial lineage from embryonic life to
adulthood, provides an outstanding tool to study the in
vivo properties of oligodendrocyte progenitor cells in
normal and damaged CNS.

Copyright © 2001 S. Karger AG, Basel

Introduction

Oligodendrocytes develop from proliferating progeni-
tor cells (OPCs) that arise at mid-late gestation from the
germinal ventricular zones of the embryonic brain and
spinal cord [1–3]. As these OPCs migrate throughout the
developing brain, they proliferate for a limited number of
cell cycles before they stop dividing and terminally differ-
entiate into postmitotic oligodendrocytes. Designed to
unravel the features of lineage progression from OPCs to
myelinating oligodendrocytes in vivo, the use of transgen-
ic strategies aimed at selectively targeting oligodendro-
glial cells was a logical consequence of the mapping and
characterization of genes coding for myelin proteins. The
gene promoters of myelin basic protein (MBP) [4], pro-
teolipid protein (PLP) [5] and 2),3)-cyclic nucleotide 3)-
phosphodiesterase (CNP) [6] have become valuable mo-
lecular tools to selectively target gene expression in oligo-
dendrocytes and Schwann cells.

A decade ago, several groups used fragments of the
MBP promoter to direct the expression of heterologous
genes to myelinating oligodendrocytes in vivo. In the shiv-
erer mice, a dysmyelinating mutant with a partial deletion
in the MBP gene, the introduction into the germ line of
the wild-type MBP gene under the transcriptional control
of either a 4- or a 1-kb 5)-flanking sequence was sufficient
to rescue the disabled neurological phenotype and induce
a correct temporal and spatial expression of the MBP gene
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itself [7]. Similarly, a 1.3-kb fragment of the MBP pro-
moter was able to drive oligodendroglial expression of
class I major histocompatibility complex molecules, re-
sulting in a typically hypomyelinated pattern of the cen-
tral nervous system (CNS) [8, 9].

In order to analyze the sequence of events that culmi-
nate in CNS myelination, transgenic mice were generated
with constructs containing the MBP promoter fused to
the bacterial lacZ or chloramphenicol acetyltransferase
reporter genes [10–12]. Many features of the myelination
program revealed by this approach were previously pre-
dicted by immunocytochemical and ultrastructural data
derived from independent analysis. Nonetheless, patterns
that were previously undocumented were elucidated by
these transgenic models, e.g. MBP-lacZ mice showing that
oligodendrocytes accumulated detectable levels of ß-gal-
actosidase as they began to myelinate, first in the ventral
spinal cord 1 day prior to birth [12]; subsequent myelina-
tion proceeded in a strictly rostral-caudal direction,
whereas in the dorsal cord, myelination initiated in the
cervical enlargement and proceeded in both rostral and
caudal directions [12].

The cell specificity of the MBP promoter has also been
widely used for developmental and physiopathological
studies in vivo, to assess the effects of overexpressing
transcription factors [13], cytokines [14, 15], growth fac-
tors [16], type 1 human immunodeficiency virus [17] or
oncogenic proteins [18, 19] in mature oligodendrocytes.
More recently, mice have been engineered to express the
bacteriophage P1 Cre-recombinase under the control of
the MBP promoter [20, 21]. By combining such a Cre/
loxP site-specific recombination system [22] with induc-
ible tools for controlling Cre expression and function [23],
it is now possible to introduce conditional oligodendro-
glial alterations that are temporally controlled.

In the past 5 years, the green fluorescent protein (GFP)
from the jellyfish Aequorea victoria has considerably
boosted transgenic strategies and become one of the most
widely studied and exploited proteins in cell biology as an
established marker for gene expression and protein target-
ing in intact living cells and organisms [24, 25]. The inde-
pendence of GFP visualization from enzymatic substrates
makes it a particularly suitable tool for transgenic ani-
mals, although strong promoters are necessary to drive
expression levels that enable the detection of fluores-
cence. GFP is a relatively small protein of 238 amino
acids and readily diffuses throughout the cytoplasm and
the processes, providing a highly accurate visualization of
cell morphology, which usefully fits the aims of develop-
mental studies of the oligodendroglial lineage.

Unlike MBP-promoter-based strategies, CNP- and
PLP-promoter-driven cell-specific transgenic mice allow
to assess OPC development and function in vivo, as tran-
scription of the PLP and CNP genes begins during em-
bryonic life and at early developmental stages of the oli-
godendroglial lineage, far before the onset of myelination
(fig. 1) [26–29]. In the present article, we shall focus on
comparing transgenic models that have used CNP- and
PLP-promoter-directed expression of different reporter
genes, in particular GFP.

Molecular Determinants Providing Oligodendroglial
Specificity of PLP and CNP Promoters
The PLP gene is present as a single copy in the genome

[30–32], is located on the X chromosome [33, 34] and dis-
plays an intron/exon structure [for review see ref. 35] sim-
ilar in mice and humans (fig. 2). This gene consists of
17 kb of DNA encompassing 7 exons, with an unusually
large first intron (8.5 kb). The PLP gene not only gener-
ates the PLP protein (30 kD), but also a second myelin
polypeptide expressed earlier in development, DM20
(25 kD) [36]. DM20 differs from PLP by an internal dele-
tion of 35 amino acids, due to the presence of an alterna-
tive splicing site within exon 3 of the gene [37–39].
Recently, it has been demonstrated that the PLP gene also
alternatively encodes non-myelinic protein products
which are strictly cytoplasmic forms of the classical PLP/
DM20 proteins, namely somal-restricted (sr)-PLP and sr-
DM20 [40]. Interestingly, these sr-proteolipids are also
expressed in different classes of neurons and contain a
newly identified exon 1.1 lying between exon 1 and 2, the
insertion of which results in 12 additional amino acids at
the N-terminus of PLP and DM20 [35, 40].

It has been relatively difficult to map the transcrip-
tional regulatory elements controlling PLP gene expres-
sion in vitro. Several experiments using 0.3–5.0 kb of the
5)-flanking region of the PLP gene demonstrated reporter
gene expression in a variety of neural and non-neural cell
types, including cells that do not normally express PLP
gene products [41–43], thus proving that the 5)-flanking
promoter elements are not sufficient to direct tissue- and
cell-specific expression of this gene. As a matter of fact,
the first intron of the PLP gene, which is highly conserved
through evolution and accounts for almost half of the
gene, appears to be essential to ensure oligodendroglial-
specific expression. This conclusion was based on the gen-
eration of transgenic mice using a regulatory sequence
containing the 2.4-kb 5)-flanking region (promoter), exon
1 and intron 1 of the PLP gene (see ‘green’ sequence in
fig. 2). These mice displayed selective oligodendroglial
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Fig. 1. Developmental regulation of reporter
expression in transgenic mouse models as-
sessing oligodendrogliogenesis. OLG = Oli-
godendrocyte; MOG = myelin-oligodendro-
cytic glycoprotein. Different color codes are
used to distinguish GFP (blue) from other
reporter genes (red). See tables 1 and 2 for
relevant references.

Fig. 2. Schematic illustration of the molecu-
lar structure of the CNP and PLP genes
depicting (in green) the sequences (extracted
with ApaI-SphI for PLP and XbaI-HindIII
for CNP) which specifically direct oligoden-
droglial expression of different reporter
genes in transgenic mice models. Light green
and blue = Exons; dark green and blue =
introns; P1 and P2 = CNP1 and CNP2 pro-
moter core elements, respectively; ISA = in-
ternal splice acceptor site.

expression of different reporter gene constructs: (i) a
fusion gene linking the first 13 amino acids of PLP with
Escherichia coli lacZ gene [44], (ii) the same first 13 ami-
no acids of PLP linked to a fusion gene comprising lacZ
and sh ble (a zeomycin resistance gene isolated from
Streptoalloteichus hindustanus) [45] and (iii) GFP alone
[46]. For this latter model, it is noteworthy to point out

that a different pattern of reporter expression (table 1)
was observed, although GFP was under the control of an
identical PLP-regulatory sequence, except that the ATG
was mutated in GAG in exon 1 and combined with a dele-
tion of exon 2, thereby allowing translation to start down-
stream of intron 1 [46].
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Table 1. Transgenic mice models using the PLP promoter to target the oligodendroglial lineage

Promoter activity Reporter
gene(s)

Temporo-spatial expression Lineage-specific expression Functional analysis Refer-
ences

(promoter), exon 1, intron 1
and first 37 bp of exon 2 of
the mouse plp gene

lacZ – CNS and PNS expression de-
tected at E14.5
– increase in transgene expression
following a caudal to rostral gra-
dient from P5 → P21
– ß-gal activity is targeted to myelin

– in vitro: mixed glial cultures from
P3 brains, 170% of ß-gal+ cells
are galactocerebroside-positive
mature oligodendrocytes

ND 44

sh ble zeomycin
resistance fused
to lacZ

– E9.5: basal plate of the diencepha-
lon and caudal hypothalamus
– E12.5–14.5: CNS germinative
ventricular zones
– E10.5: rhombencephalon and
spinal cord (ventrolateral)
– E9.5: PNS dorsal root and cranial
ganglia correlated with endogenous
plp/dm-20 gene expression

– in situ: O4+ and NG-2+ cells at
E16.5 and RIP+ oligodendrocytes
at P1
– in vitro: cultures from
E12.5 → mostly O4+ cells

antibiotic-selected transgene-
expressing cells continue to
proliferate even in the
absence of PDGF-AA and
O4 immunoreactivity is
delayed

45

2.4-kb 5) flanking sequence
(promoter), exon 1 (with ATG
mutated to GAG) and intron
1 of the mouse plp gene

GFP – GFP protein detected by Western
blot at P23
– GFP mRNA (with abnormal size)
increases from P5 to P21 and de-
crease from P32 onward
– GFP fluo. in white matter areas of
the CNS at P23
– GFP fluo. in optic nerve at P6

– in situ: 95% of the GFP+ cells
(P23 brains) were CC1+ (Ab anti-
adenomatous polyposis coli pro-
tein); GFP+ cells were neither
NeuN+ nor GFAP+
– in vitro: most of the freshly iso-
lated FACS-sorted GFP+ cells
from P21 spinal cords were O4+
and become galC+ within 48 h in
culture

electrophysiological patch-
clamp recordings of P9 and
P49 brain GFP+ cells
display potassium current
characteristics of mature
oligodendrocytes

46

ND = Not determined.

Even though its function remains relatively elusive, the
CNP gene is one of the earliest known myelin-specific
proteins which is abundantly expressed in developing
oligodendrocytes [47–49]. Two CNP isoforms, CNP1
(46 kD) and CNP2 (48 kD) are both encoded by a single
gene, the transcription of which is controlled by two sepa-
rate promoter regions [50–53]. Two ATG codons respon-
sible for translation initiation of CNP1 and CNP2 poly-
peptides are located in the second and first of the four
exons of the CNP gene, respectively (fig. 2). CNP1 mRNA
(2.6 kb) is transcribed from the downstream proximal
promoter and contains only the open reading frame for
the CNP1 protein, whereas the distal upstream promoter
regulates the transcription of CNP2 mRNA (2.4 kb),
which is able to translate both CNP1 and CNP2 proteins
[54]. Although CNP1 is the most prominent mRNA and
protein found postnatally in mature oligodendrocytes,
CNP2 mRNA and protein are also expressed by differen-
tiated cells. CNP2 mRNA is to date the only isoform syn-
thesized at low levels in early embryonic life in OPCs [49].
Furthermore, CNP2 is also the only mRNA detected in
non-neural tissues, notably in the thymus and testis [49,
55, 56]. Different CNP-transgenic mice have recently

been generated (table 2) and all have confirmed that the
3.7-kb 5)-flanking sequence of the mouse CNP gene, con-
taining CNP1 and CNP2 promoter core elements, exon 0
and part of exon 1 (see ‘green’ sequence in fig. 2), is suffi-
cient to drive tissue- and cell-specific expression of differ-
ent reporter genes, i.e. lacZ [55], ßgeo (a fusion gene cod-
ing for both a bacterial ß-galactosidase and neomycin
phosphotransferase) [56] and GFP (fig. 3, 4) [57]. In these
transgenic lines, the spatiotemporal pattern of reporter
gene expression remarkably reproduced the cumulative
features of endogenous CNP1 and CNP2 mRNA synthe-
sis.

Transgenic Models Unravel the Paths of
Oligodendrogliogenesis

Oligodendrocyte progenitor (OP) cells initially develop
from neuroepithelial progenitors located in the walls of
the embryonic neural tube. A yet unresolved controversy
catalyzes the interest in the field over whether the oligo-
dendroglial lineage ontogenically derives from either dis-
tinct or phylogenetically related progenitor cells [for re-
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Table 2. Transgenic mice models using the CNP promoter to target the oligodendroglial lineage

Promoter activity Reporter
gene(s)

Temporo-spatial expression Lineage-specific expression Functional analysis Refer-
ences

of the mouse CNP gene
containing CNP1 and
CNP2 promoter core
elements, exon 0 and part
of exon 1

lacZ – consistent with myelination pro-
gression and endogenous CNP ex-
pression → caudorostral increase in
brain and spinal cord X-gal stain-
ing from P7 onward, peaked at
P30 with a slight decrease in older
animals (P90 and P180)
– in the PNS, transgene expression
in sciatic and spinal nerves only in
young animals (P15); no expres-
sion after P30
– E16.5: brain → medulla and pons;
spinal cord → ventral zone

– in situ: in P30 brain sections, all
the ß-gal+ cells were CNP+ oligo-
dendroglial cells displaying a myeli-
nating morphotype

ND 55

ß-galactosidase
and neomycin
phosphotrans-
ferase (NPT,
neomycin resis-
tance) fusion
gene (ßgeo)

– E12.5: CNS → ventral regions of
the rhombencephalon and spinal
cord, around third ventricle in the
telencephalon; PNS → spinal ganglia
– E15: CNS → ventral spinal cord
and floor plate at the level of the
lower thoracic, lumbar and sacral
spinal cord; PNS → dorsal and
ventral proximal projections of pe-
ripheral nerves around the spinal
cord + intercostal nerves
– P21: robust lacZ expression in
white matter tracts of the cortex,
brainstem and cerebellum

– in situ: in P21 brains, co-localiza-
tion of X-gal and CNP stainings
and X-gal+ cells were NSE, GFAP
and ED1 negative
X-gal staining of S-100+ Schwann
cells in P17 and P60 sciatic nerves
– in vitro: G418 selected X-gal+ cells
arising from E12.5 rhombencepha-
lon cultures were A2B5+ or O1+
in brain or sciatic nerve cultures
from P10 mice, G418 treatment
selected the growth of CNP+ oligo-
dendrocyte and S-100+ Schwann
cells

ND 56

GFP – E10 → adulthood, consistent with
areas of oligodendrogliogenesis
and white matter development

– in situ: GFP+ cells are NG2+ and/
or CNP+, no staining with astro-
glial or neuronal markers
– in vitro: FACS-sorted GFP+ cells
generate mature oligodendrocytes

electrophysiological
patch-clamp recordings
of GFP+ cells display
developmental regulations
of K+ currents

57

ND = Not determined.

view see ref. 58, 59]. Most of the studies approaching this
issue were performed in the spinal cord where two differ-
ent markers were used to identify OP cells: (i) platelet-
derived growth factor ·-receptor (PDGFR·) transcripts,
first appearing at the ventricular surface of the cervical
spinal cord at E12.5 in the mouse (E14 in the rat, E7 in the
chick) [60, 61]; (ii) PLP/DM20 mRNA, expressed at
E14.5 in the mouse, in scattered cells located just outside
the ventricular layer of the spinal cord [62]. Most of the
developmental studies in the field are based on these two
markers. However, in situ hybridization analysis with
CNP transcript-specific probes also revealed the presence
of a thin longitudinal column of CNP2-positive cells in
the ventral ventricular zone of E14 rat spinal cord that
were matching, both temporally and spatially, PDGFR·-
expressing cells [49, 63]. At least at the level of the spinal
cord and the brainstem, Richardson et al. [58] and Zalc et
al. [59] reasonably agree that PLP/DM20-expressing cells,

which are non-dividing (between E14.5 and E18.5), do
not migrate [64] and develop later, are very likely post-
mitotic non-myelinating oligodendrocytes that could di-
rectly derive from proliferative PDGFR·+ OPCs [65].
Consistent with these findings, only 10% of the normal
number of oligodendrocytes are formed in the spinal cord
of transgenic mice unable to synthesize the main ligand
(PDGF-A) of the PDGFR· [66].

The generation of OPCs appears to require sonic
hedgehog signaling (shh), a morphogen produced by the
floor plate and the notochord, which acts as a major pat-
terning agent for the ventral neural tube by a mechanism
involving a concentration-dependent repression and in-
duction of two classes of homeodomain transcription fac-
tors: class I including genes of the Pax family and class II
including genes of the Nkx family [67, 68]. In this regard,
it has been shown that the neutralization of shh signaling
prevents the development of ventral oligodendrocytes,
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Fig. 3. Oligodendroglial white matter expression of the reporter gene in the CNP-GFP mice. Overlaps of phase
contrast photomicrographs and fluorescence views depict the topographic distribution of GFP expression. Between
P8 (A) and P30 (B), as myelination proceeds, cerebellar white matter tracts become thicker and more intensely GFP+.
GFP+ oligodendroglial cells also appear in the granule cell layer (B). At the level of the cervical (C1) spinal cord,
transversal P30 sections demonstrate GFP expression in the ventral (C) and dorsal (D) funiculus, while scattered
oligodendroglial cells are also visualized in the grey matter areas. Scale bar represents 100 Ìm for all the panels. M =
Molecular layer; G = granular layer; WM = white matter tracts; VF = ventral funiculus; DF = dorsal funiculus; AH =
anterior horn of the spinal cord; PH = posterior horn of the spinal cord.

whereas dorsal OP cells can be induced by ectopic dorsal
shh production [61, 69, 70]. A recent study, using the
Nkx2.1 mutant mice in which telencephalic expression of
Shh is selectively lost [71], demonstrated that oligoden-
drocyte development is also shh dependent at the level of
the embryonic forebrain [72]. Interestingly, among the
areas of the forebrain from which early oligodendrocytes

are commonly accepted to originate, both the amygdaloid
region and the zona limitans intrathalamica displayed a
normal expression of PLP/DM20 transcripts in the
Nkx2.1 mice [72]. This raises the hypothesis that, rather
than distinct oligodendroglial sources, the dual existence
PLP/DM20- versus PDGFR·-expressing cells might re-
flect the existence of different molecular pathways that
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Fig. 4. Reporter gene expression in the corpus callosum of CNP-GFP mice. A P30 coronal section. GFP is expressed
through the entire cell body of oligodendroglial cells and in the processes, including the myelin sheaths. Detailed views
of mature myelinating oligodendrocytes whose GFP+ processes typically wrap around many different axonal tracts
(B–D). C (insert) and D (arrowhead) highlight GFP+ end-feet of oligodendroglial processes. Scale bars represent 100
(A) and 20 Ìm (B). C–D Same magnification (bar = 20 Ìm).

underlie the generation of oligodendrocytes in different
areas of the CNS.

Despite the trend to accept PDGFR· as the earliest
marker of OP commitment, it remains possible that deter-
mining events for the oligodendroglial lineage have oc-
curred before this receptor is expressed, as suggested by
the detection of weakly PLP/DM20-expressing cells in the
ventral neuroepithelium close to the floor plate of the spi-
nal cord as early as E12 in the rat [63]. Moreover, Oligo2
and to a lesser extent Oligo1, members of the basic helix-

loop-helix family of transcription factors, have been
shown to be specifically expressed in OP cells and in the
region of the neuroepithelium from which they arise at
E11.5, prior to PDGFR· appearance [73, 74]. These
genes, whose expression is lost in all populations of devel-
oping oligodendrocytes in shh null mice [73], are presently
suitable candidates for being direct regulators of oligoden-
drocyte fate. Loss-of-function studies should soon bring
new insights unraveling how Oligo1 and Oligo2 are caus-
ally related to oligodendroglial development.
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Transgenic animals have recently provided important
information regarding the early steps of oligodendroglio-
genesis. In a CNP-GFP mouse model generated in our
laboratory, GFP expression is detectable as early as E10
in the ventricular zone lining the lateral and the IVth ven-
tricle, as well as along the Sylvius aqueduct and in the
medulla [57]. We also found GFP expression at E10 all
along the ventral spinal cord and at the level of the floor
plate [57]. On the other hand, in the PLP/DM20-sh ble-
lacZ mice [45], the transgene was first detected at E9.5
with a slightly different expression pattern: (i) in the
brain, at the level of the basal plate of the diencephalon
and caudal hypothalamus, and (ii) in the entire ventral
part of the spinal cord and at the cervical level in its dorsal
part. Interestingly, the early distribution of transgene
expression in the CNP-GFP mice strikingly matches that
of Oligo2 and to a lesser extent Oligo1 expression at E11.5
[74]. In situ hybridization experiments have convincingly
demonstrated a colocalization of Oligo1/2 and CNP
transcripts in mouse E14.5 spinal cord and E13 brain
[75]. Furthermore, Oligo2 expression was observed in
TuJ1-positive neuronal progenitors scattered in E12.5 rat
spinal cord or E14.5 rat olfactory epithelium [75], raising
the possibility that CNP promoter activity could be
present in multipotential neuron/glia progenitors prior to
the commitment to the oligodendrocyte lineage. This pos-
sibility is supported by in vitro work showing that OP
cells can be reprogrammed to become multipotential CNS
stem cells [76].

In order to address this issue of stem cell identity in
vivo, we have to emphasize that, to date, no marker can
be considered as specific of the stem cell potential from
the developmental embryonic period until adulthood. As
a matter of fact, in the adult dentate gyrus of a transgenic
mouse generated by using the second intron enhancer of
the rat nestin gene [77] to drive GFP expression [78], one
can observe a loss of strict correlation between reporter
expression and stem cells located in this area. Similarly, it
is noteworthy to point out that another transgenic model
using the human glial fibrillary acidic protein (GFAP)
promoter to direct GFP expression in astrocytes demon-
strated that a subset of GFP+ radial glial cells from E14
mouse cortex have a bipotential neuronal-astroglial fate
[79]. This confirms that promoters that were primarily
considered specific for distinct classes of differentiated
neural cells can be active well before cells are restricted to
a specific lineage. The biological relevance of early PLP,
CNP and GFAP promoter activity and the identity of the
immature cells expressing these genes need further experi-
mental work to be fully elucidated.

Transgenic Models and the Understanding of
OP Function in the Developing and Adult CNS

Besides their crucial role in understanding the origins
and multipotentiality of oligodendroglial cells, transgenic
strategies using the oligodendrocyte-specific CNP and
PLP promoters could also be used to overexpress wild-
type or mutant genes of interest that code for key regulato-
ry proteins suspected to be involved in oligodendroglial
functions in vivo. These would include transcription fac-
tors [80], voltage- and ligand-gated ion channels [81],
components of signal transduction cascades, cell-cycle-
related proteins [82] and other diffusely expressed mole-
cules, which are unsuitable candidates for transgenic
strategies that would not target a specific subset of cells.
Concerning this particular purpose, the CNP promoter, as
demonstrated in our CNP-GFP mice, has the advantage
to be active from early embryonic life until adulthood and
throughout the entire oligodendroglial lineage, from the
progenitor stage to the mature myelinating oligodendro-
cyte (fig. 1, 3, 4; table 3) [57].

This property of transgenic models, obtained with
CNP-driven overexpression of proteins, appears to be
crucial for assessing oligodendroglial function in vivo.
Either in developmental abnormalities or in diseases
affecting the adult white matter, oligodendroglial function
is mostly disrupted at the level of OP proliferation and/or
differentiation [83]. Coupled with GFP reporter gene,
CNP-dependent transgenic overexpression of a protein
could give rise to in vivo assays evaluating genetically
modified OPCs with respect to their essential prolifera-
tive and migrating capacities under various experimental
conditions. The electrophysiological properties of such
GFP-expressing OP cells can also be easily analyzed in
fresh tissue slices [84]. Moreover, unlike antibiotic selec-
tion strategies used in other transgenic models that neces-
sitate many days of growth in vitro [45, 56], we found that
fluorescence-activated cell sorting of acutely dissociated
GFP-expressing cells constitutes a straightforward tech-
nique for ex vivo studies of purified oligodendroglial cells
isolated from CNS at different developmental stages [57].
Notably, this opens interesting prospects for further anal-
ysis of the regulation of gene expression within the oligo-
dendroglial lineage in vivo.

Based on the pattern of reporter expression from the
PLP-lacZ and PLP-sh ble-lacZ mice (fig. 1), we would like
to emphasize that, theoretically, PLP-GFP transgenic sys-
tems may also be suitable models for engineering modi-
fied OP cells during their development. The absence of
GFP expression in OP cells of the PLP-GFP mice of Fuss
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Table 3. Immunocytochemical characterization of GFP+ cells in CNP-GFP transgenic mice

NG2 O4 O1 CNP MBP Rip S100ß GFAP NeuN MAP2a–b

+ + + + + ND ND – – –
In vivo + ND ND + + + – – – ND

GFP+ cells were immunoreactive for antibodies targeting the entire oligodendroglial lineage (NG2, O4, O1,
CNPase, Rip and MBP), whereas no staining was observed with antibodies recognizing neuron- (NeuN, MAP2a–b) or
astrocyte-specific (S100ß, GFAP) epitopes. Data in vitro were obtained from mixed glial cultures 24 h after plating.
Data in vivo were from P2, P10 and P30 tissue sections. NeuN = Neuron-specific nuclear protein; MAP2a–b = 2a & 2b
isoforms of the microtubule-associated protein; ND = not determined.

et al. [46] could actually reflect a lower GFP sensitivity, or
an unfavorable insertional position, since only one single
line was obtained in this study.

One of the most promising aspects of the CNP-GFP
mice is to provide a very convenient tool for investigating
OP cell function within the adult CNS. These adult OPCs,
of which so little is known, represent approximately 5–8%
of the total CNS glial population [85]. Adult OPCs are
commonly identified by staining with antibodies to NG2
chondroitin sulfate proteoglycan or PDGFR· [86, 87].
Although dividing slowly in situ, adult OP cells represent
the major proliferating cell population of the adult CNS,
with as much as 70% of the adult NG2+ cells being prolif-
erative in the spinal cord and in the cortex, as shown by
BrdU incorporation experiments [83, 88]. We anticipate
that the CNP-GFP mice, or any equivalent model, could
help addressing the following issues concerning adult OP
cells: (i) to what extent can these cells be multipotent in
vivo, (ii) how can their proliferative capacities be re-
cruited to generate significant myelin repair through the
production of new oligodendrocytes in various CNS de-
myelinating injuries and (iii) what are the factors in-
fluencing adult OP cell cycle state and migrating proper-
ties, and are these two parameters linked in vivo?

The analysis of neuron-OP cell interactions [81] is
another interesting and outstanding issue which might be
enlightened by the use of CNP-GFP mice. The presence
of OP cell processes at the nodes of Ranvier and at synap-
ses [89, 90], as well as the breakthrough demonstration
that OP cells receive direct synaptic input from gluta-
mate-releasing hippocampal neurons [91] suggest that a
functional crosstalk exists between neurons and OP cells.
As it is now clear that astrocytes are actively tuning syn-
apse formation and function [92–97], the CNP-GFP mice
should help to elucidate whether some of the physiological
roles attributed to astrocytes at the level of the synaptic

cleft might be actually also carried out, at least partially,
by immature oligodendrocytes.

In conclusion, we anticipate that besides the broad
interest of in vivo studies directly using our CNP-GFP
mice, conditional loss/gain-of-function CNP-promoter-
driven transgenic models, as well as double transgenes
combining CNP-GFP profile with inducible dysmyelina-
tion models [98], may bring outstanding insights helping
to identify the multiple functions of OP cells in health and
disease.
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Expression of the Green Fluorescent Protein
in the Oligodendrocyte Lineage:
A Transgenic Mouse for Developmental
and Physiological Studies

Xiaoqing Yuan,1 Ramesh Chittajallu,1 Shibeshih Belachew,1 Stacie Anderson,2

Chris J. McBain,1 and Vittorio Gallo1,3*
1Laboratory of Cellular and Synaptic Neurophysiology, National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, Maryland
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We generated a transgenic mouse expressing the en-
hanced green fluorescent protein (EGFP) under the con-
trol of the 2�-3�-cyclic nucleotide 3�-phosphodiesterase
(CNP) promoter. EGFP� cells were visualized in live tis-
sue throughout embryonic and postnatal development.
Immunohistochemical analysis in brain tissue and in sci-
atic nerve demonstrated that EGFP expression was re-
stricted to cells of the oligodendrocyte and Schwann cell
lineages. EGFP was also strongly expressed in “adult”
oligodendrocyte progenitors (OPs) and in gray matter
oligodendrocytes. Fluorescence-activated cell sorting al-
lowed high-yield purification of EGFP� oligodendrocyte-
lineage cells from transgenic brains. Electrophysiological
patch clamp recordings of EGFP� cells in situ demon-
strated that OP cells displayed large outward tetraethyl-
ammonium (TEA)-sensitive K� currents and very small
inward currents, whereas mature oligodendrocytes were
characterized by expression of large inward currents and
small outward K� currents. The proliferation rate of
EGFP� cells in developing white matter decreased with
the age of the animals and was strongly inhibited by TEA.
Oligodendrocyte development and physiology can be stud-
ied in live tissue of CNP-EGFP transgenic mice, which
represent a source of pure EGFP� oligodendrocyte-lineage
cells throughout development. © 2002 Wiley-Liss, Inc.

Key words: glia; potassium channels; 2�-3�-cyclic nucle-
otide 3�-phosphodiesterase promoter; Schwann cells

The cellular heterogeneity and functional complex-
ity of the nervous system represent an obstacle for accurate
developmental and physiological studies of specific cellular
populations. The birth of distinct neural cell types occurs
at different embryonic and postnatal ages; however, the
time windows of their developmental maturation largely
overlap (Jacobson, 1991; Brown et al., 2001), limiting the

experimental analysis of individual classes of cells during
development. These problems have been partially circum-
vented by using cell cultures comprising purified neural
cell types (Banker and Goslin, 1992). However, the de-
velopmental and physiological properties of isolated cel-
lular populations in vitro can largely differ from their in
vivo counterpart because of changes in the microenviron-
ment and the absence of appropriate cellular interactions
(Luskin et al., 1988; Walz and MacVicar, 1988; Barres et
al., 1990a,b; Butt, 1991; Espinosa de los Monteros et al.,
1993).

Numerous transgenic mouse lines have recently been
developed, based on the use of promoter/reporter gene
constructs that are selectively expressed in distinct classes
of neural cells (Brenner et al., 1994; Zhuo et al., 1997;
Gravel et al., 1998; Spassky et al., 1998; Chandross et al.,
1999; Fuss et al., 2000; Yamaguchi et al., 2000; Kawagu-
chi et al., 2001; Nolte et al., 2001; Mallon et al., 2002). In
some of these transgenic mice, the major macroglial cell
types, astrocytes and oligodendrocytes, have been identi-
fied by the selective expression of reporter genes, such as
lacZ and the green fluorescent protein (GFP; Chalfie et al.,
1994), that are directed by neural cell-specific promoters.
Specifically, promoters for 2�-3�-cyclic nucleotide 3�-
phosphodiesterase (CNP), proteolipid protein (PLP), and
glial fibrillary acidic protein (GFAP) have all been used for
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this purpose (Brenner et al., 1994; Zhuo et al., 1997;
Gravel et al., 1998; Spassky et al., 1998; Chandross et al.,
1999; Fuss et al., 2000; Nolte et al., 2001; Mallon et al.,
2002).

However, the transcriptional regulation and the sen-
sitivity of the promoter/reporter gene system used in
previous transgenic mice have imposed limits on both
developmental and physiological studies. For example,
identification of oligodendrocyte-lineage cells in the
CNP-lacZ mouse requires manipulations of the tissue that
prevent direct identification of living cells and physiolog-
ical studies in intact preparations (Gravel et al., 1998;
Chandross et al., 1999). We therefore sought to create a
transgenic mouse that would allow direct identification of
the oligodendrocyte and Schwann cell lineages in vivo
throughout embryonic and postnatal development. For
this purpose, to direct selective expression of enhanced
GFP (EGFP) in oligodendrocytes and Schwann cells from
the progenitor stage to the mature phenotype, we used the
CNP promoter, whose transcriptional activity is specific to
oligodendrocytes and Schwann cells and is sustained
throughout development (Gravel et al., 1998).

In the present study we report that, in such a CNP-
EGFP transgenic mouse, EGFP expression could be
readily detected from embryonic day 10 to adulthood and
was restricted to cells of the oligodendrocyte and Schwann
cell lineages. Importantly, cells with a phenotype of
“adult” oligodendrocyte progenitors (OP) could be iden-
tified in mature transgenic mouse brains. This class of cells
was not identified by reporter gene expression in previous
transgenic mice (Chandross et al., 1999). Visualization of
EGFP-expressing cells in situ allowed direct electrophys-
iological recordings in acutely isolated brain slices and a
study of the role of K� channels in the regulation of OP
cell proliferation. Finally, the CNP-EGFP mouse de-
scribed here allowed rapid isolation by fluorescence-
activated cell sorting (FACS) of pure and viable
oligodendrocyte-lineage cells. Importantly, the antigenic
properties of these cellular fractions were identical to their
counterpart before FACS isolation, indicating that the
purified EGFP-expressing cells were representative of the
EGFP-expressing cells in situ.

MATERIALS AND METHODS

Generation of Transgenic Mice

The CNP-EGFP transgene used for generation of trans-
genic mice was constructed as follows. A 3.7 kb XbaI-HindIII
fragment containing mouse CNP promoters 1 and 2 (Gravel et
al., 1998) was ligated upstream of a 1 kb SmaI-XhoI fragment
containing the EGFP coding sequence (Clontech Laboratories,
Inc., Palo Alto, CA). EGFP is a red-shifted variant (mutations
F64L and S65T) of wild-type GFP that has been optimized for
brighter fluorescence and higher expression in mammalian cells.
The DNA construct was designed to have the first AUG of the
EGFP coding sequence in frame with CNP promoter 2. The
3�-end of this fusion gene contained a poly-A signal from bovine
growth hormone. A 4.7 kb XbaI-XhoI fragment (see Fig. 1) was

excised, purified, and injected into fertilized oocytes from
FVB/N and FVB/N � C57B6 (F1) genetic backgrounds.

To identify positive transgenic animals, founders were
analyzed by both polymerase chain reaction (PCR) and South-
ern blot analysis, using genomic DNAs extracted from tail
biopsies. Primers for PCR were designed based on the EGFP
coding sequence: forward primer, 5�-GGGTGGTGCCCATC-
CTGGTCGAGC-3�; reverse primer, 5�-CCAGCATGCCT-
GCTATTGTCTTCCC-3�. A 925 bp fragment containing the
EGFP coding sequences and part of the poly-A signal was used
as probe for Southern hybridization. In total 12 positive founder
mice were identified, with a balanced distribution in both ge-
netic backgrounds (data not shown). The six male founders
(founders A2, A3, and D2 were from FVB/N background, and
C1, C4, and G5 were from FVB/N � CB6 background) were
used to breed with FVB/N females. Transgene was transmitted
to the offspring of all six lines (data not shown). No gross
behavioral differences were noticeable in the CNP-EGFP mice
compared with wild-type littermates.

The transgene copy number of the C1 CNP-EGFP line
was determined by dot blot. Tail biopsy DNAs (20 �g) were
denatured in 0.1 N NaOH, 0.5 M NaCl, and boiled for
5 minutes. After cooling on ice, DNAs were blotted by spotting
on Hybond-N� membranes (Amersham Pharmacia Biotech,
Buckinghamshire, England) and ultrviolet (UV) cross-linked.
Known amounts of the EGFP DNA were also immobilized on
the same blot. The blot was then hybridized to random primed,
32P-labeled EGFP sequences. The hybridized blot was then
exposed to a phosphor screen and later to X-ray film. Densi-
tometry and comparison with the known amounts of EGFP
sequence determined the transgene copy number. Densitometry
was carried out using a STORM 860 scanner and ImageQuant
(Molecular Dynamics, Inc. Sunnyvale, CA).

A preliminary analysis was carried out by visualizing the in
vivo expression of EGFP in brain sections of P30 CNP-EGFP
mice. Line C1 was selected for further studies because of the
higher levels of fluorescence observed. Line G5 was eliminated
because of low levels of EGFP expression. Line A3 was elimi-
nated for poor breeding efficiency. Lines A2, C4, and D2 were
maintained for future studies and for comparison with line C1.
In all these lines, the morphology of the EGFP-expressing cells
resembled that of oligodendrocytes or Schwann cells. All animal
procedures were performed according to NIH guidelines.

Analysis of EGFP Expression and
Immunohistochemistry in Tissue Sections
and in Whole Tissue

Mice at P2, P10, and P30 were anesthetized following
NIH guidelines, and perfused intracardiacly with 1� PBS and
then 4% paraformaldehyde. Brains were dissected out, postfixed
with 4% paraformaldehyde at 4°C overnight, and then trans-
ferred into a solution of 4% paraformaldehyde, 10% glycerol, in
PBS for an overnight incubation at 4°C. Fixed brains were
preserved in 20% glycerol in 1� PBS. Pregnant mice at gesta-
tional days 9.5–15.5 were anesthetized and perfused using 1�
PBS. Embryos were dissected out and fixed with 4% parafor-
maldehyde at 4°C overnight, then treated as described above for
brain tissue.
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For tissue sections, brains or embryos were rinsed in 1�
PBS, then frozen in Tissue Freezing Medium (Triangle Bio-
medical Sciences, Durham, NC) and mounted on a Microm
HM400 microtome (Microm International GmbH, Walldorf,
Germany). Sections were cut (50 �m) and stored in 1� PBS,
0.05% sodium azide solution.

For immunohistochemistry, frozen sections were blocked
at room temperature for at least 1 hr in blocking solution [1%
bovine serum albumin (BSA), 0.3% Triton X-100, and 20%
normal serum in 1� PBS]. Primary antibodies were diluted
using carrier solution (1% BSA, 0.3% Triton X-100 in 1� PBS).
Rabbit polyclonal antibody to NG2 (a kind gift of Dr. J. Levine,
SUNY, Stony Brook, NY) was diluted 1:500. The monoclonal
antibody to CNP (Sternberger Monoclonals, Lutherville, MD)
was diluted 1:250. Monoclonal antibody to myelin basic protein
(MBP; Sternburger Monoclonals) was diluted 1:1,000. The
monoclonal antibody RIP (hybridoma supernatant was pro-
duced by ATCC) was diluted 1:1. The rabbit polyclonal anti-
body to GFAP (Chemicon International, Inc., Temecula, CA)
was diluted 1:250. The monoclonal antibody against �-tubulin
III TUJ1 (BabCO, Richmond, CA) was diluted 1:250. The
monoclonal anti-L1 antibody (Boehringer Mannheim, India-
napolis, IN) was diluted 1:10. Brain sections were incubated in
primary antibodies at 4°C overnight. Rinse was carried out in
carrier solution at room temperature, with three changes of
solution every 10 min. All secondary antibodies (Jackson Im-
munoresearch Laboratories, West Grove, PA) were diluted
1:200 in carrier solution. TRITC-conjugated goat anti-mouse
IgG was used for all monoclonal antibodies. TRITC-conjugated
goat anti-rabbit IgG was used for all rabbit polyclonal antibodies.
Incubation was carried out at room temperature for 1 hr, fol-
lowed by three washes as described above. Sections were then
transferred into 1� PBS and mounted with Mowiol. All fluo-
rescence microscopy images were obtained on a Zeiss Axiophot
or on a Nikon microscope equipped with a Bio-Rad MRC
1024 laser scanning confocal system.

Cultures of Oligodendrocyte Progenitor Cells and
Schwann Cells

Cortical OP cultures were prepared from P1 CNP-EGFP
transgenic mice (Ghiani et al., 1999a) using the protocol previ-
ously described for rat OP cultures, with slight modifications
(McCarthy and deVellis, 1980; Gallo and Armstrong, 1995;
Gallo et al., 1996). OPs were plated onto poly-L-lysine-treated
12 mm coverslips at a density of 50,000 cells/coverslip and
cultured in DMEM-N1 medium, in the presence of platelet-
derived growth factor (PDGF) and basic fibroblast growth factor
(bFGF; 10 ng/ml of each; both from Upstate Biotechnology,
Lake Placid, NY) for 24–48 hr.

Schwann cell cultures were prepared and maintained as
previously described (Stevens et al., 1998). Cells were cultured
in 5HS MEM N3 � G medium for 5 days before immunocy-
tochemical staining.

Immunostaining of cultured oligodendrocyte-lineage cells
and Schwann cells was performed as previously described (Gallo
and Armstrong, 1995; Yuan et al., 1998). For cell surface mark-
ers, coverslips were washed in 1� HBSS (Gibco BRL, Rock-
ville, MD) briefly. Rabbit polyclonal antibody to NG2 (1:1,000)
and mouse monoclonal antibodies (IgM) O4 (1:10) and O1

(1:10) were diluted as indicated in 1� HBSS. Cells were incu-
bated with primary antibodies for 30–60 min at room temper-
ature, followed by three washes in 1� HBSS. TRITC-
conjugated goat anti-rabbit antibody was used for NG2
antibody, and TRITC-conjugated goat anti-mouse IgM anti-
body was used for O4 and O1. All secondary antibodies were
from Jackson Immunoresearch Laboratories and were diluted
1:200 using 1� HBSS. After incubation at room temperature
for 30 min and three washes with 1� HBSS, coverslips were
fixed with 4% paraformaldehyde in 1� PBS at room tempera-
ture for 15 min. After three further washes in 1� PBS, cover-
slips were mounted in Mowiol.

For intracellular antigens, coverslips were fixed with 4%
paraformaldehyde in 1� PBS at room temperature for 10 min,
then permeabilized using 0.1% Triton X-100 at room temper-
ature for 10 min. Coverslips were then treated with a blocking
solution at room temperature for 1 hr. The monoclonal anti-
bodies to CNP (Stemberger Monoclonals; 1:250), S100�
(Chemicon; 1:2,000), and GFAP (Chemicon; 1:500) were di-
luted in carrier solution. Cells were incubated in primary anti-
bodies for 1 hr at 4°C. Cells were then washed as previously
described and incubated in TRITC-conjugated goat anti-mouse
IgG (1:200) for 30 min at 4°C. After three washes, coverslips
were rinsed in 1� PBS and mounted in Mowiol.

Preparation of Total Cell Suspensions and FACS

Brains were dissected from P3 or P5 CNP-EGFP mice
and wild-type littermates. After meninges removal, brain tissue
was cut into small pieces and incubated in enzyme solution
(15 U/ml papain, 100 U/ml DNaseI) at 37°C for 20 min.
Digested tissue was gently passed through needles in the gauge
order of 19 � 1, 21 � 1, and 23 � 1 inches. Cell suspensions
were then diluted 5� using DMEM-N1 � 10% fetal bovine
serum (FBS) and filtered through a 70 �m cell strainer (Becton
Dickinson, Franklin Lakes, NJ). After centrifugation, cells were
resuspended in DMEM-N1 � 10% FBS to a density of
107 cells/ml for sorting. A fraction of the cell suspension was
plated onto poly-L-lysine (30 �g/ml)-coated 25 mm coverslips
at a density of 2 � 106 cells/coverslip and incubated at 37°C,
10% CO2 for 1 hr. These cells were used as pre-FACS cells for
further immunocytochemical characterization.

Cells were analyzed for light forward- and side-scatter
using a FACS Vantage SE instrument (Becton Dickinson, San
Jose, CA). For EGFP fluorescence, excitation wavelength of the
argon ion laser was set at 488 nm, and emission was through a
530 nm bandpass filter. Cells from the negative littermates were
used to set the background fluorescence, and a size threshold was
used to gate out erythrocytes and cellular debris. The sorting
speed was 2,000–4,000 cells/sec.

For double NG2/EGFP and O4/EGFP FACS analysis,
cell suspensions were initially incubated with appropriate pri-
mary antibodies (see immunocytochemistry discussion) and then
with Cy-5-conjugated secondary antibodies (1:200; Jackson Im-
munoresearch Laboratories) prior to any sorting. Cy-5 fluores-
cence was excited with an HeNe laser (633 nm) and filtered
with a 675 nm longpass filter.

Sorted cells were rinsed at least once with growth medium
(DMEM-N1 � 10% FBS), resuspended, and plated onto poly-
L-lysine-coated 12 mm coverslips at a density of 50,000 cells/
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coverslip. After 1 hr of incubation at 37°C, 10% CO2, culture
medium was changed to DMEM-N1 � 0.5% FBS with the
addition of 10 ng/ml PDGF and bFGF, respectively. Cells were
cultured at 37°C, 10% CO2, for a further 48 hr, with an addition
of growth factors every 24 hr. Cells cultured for 1 hr after FACS
and cells cultured for 48 hr in PDGF � bFGF were used for
further immunocytochemical analysis. In some experiments,
cells were also treated with L-3,3�,5-triiodothyronine sodium
salt (T3 hormone; Calbiochem, La Jolla, CA) after mitogen
withdrawal.

Electrophysiological Recordings From EGFP� Cells in
Acutely Isolated Slices

Young (P5–P8) or adult (P27–P30) CNP-EGFP mice
were sacrificed following NIH Animal Welfare Guidelines, and
300 �m sagittal sections were obtained using a Leica VT1000S
vibratome. After a 1 hr recovery period, slices were transferred
to a recording chamber and perfused with an extracellular so-
lution of the following composition (in mM): NaCl 124, KCl 3,
CaCl2 2.5, MgSO4 1.3, NaHCO3 26, NaHPO4 1.25, glucose
15, 1 �M tetrodotoxin, saturated with 95% O2/5% CO2 at
room temperature.

EGFP� cells in the subventricular zone (SVZ) of young
mice and myelinating EGFP� cells in corpus callosum of adult
mice were identified with an upright Olympus BX50WI mi-
croscope fitted with an Olympus BX-FLA reflected light fluo-
rescent attachment and a U-MWIBA filter cube (excitation
460–490 nm; emission 515–550 nm). EGFP� cells were then
approached under visual control using differential interference
contrast optics coupled with infrared video microscopy.

Patch electrodes had resistances between 5 and 7 M�
when filled with intracellular solution of the following compo-
sition (in mM): K-gluconate 130, NaCl 10, Mg-ATP 2, Na-
GTP 0.3, HEPES 10, EGTA 0.6, adjusted to pH 7.4 and 275
mOsm. The series resistances (which were typically 20 M�),
input resistances, and membrane capacitances were calculated
from the capacitive transients and steady-state currents resulting
from a 5 mV test pulse filtered at 10 kHz. To elicit sustained
outward voltage-dependent K� currents (IK), cells were voltage
clamped at –70 mV, and a prepulse to –50 mV for 100 msec was
applied to inactivate the A-type transient outward K� currents
(IA), followed immediately by a series of voltage steps from
–70 mV to 50 mV for 200 msec (10 mV increments; 0.1 Hz). To
ascertain whether EGFP� cells possessed IA, the prepulse was
altered to –110 mV prior to the voltage steps. The transient
currents could then be isolated by digital subtraction of these
traces from the traces obtained with the –50 mV prepulse
(Knutson et al., 1997). In young animals, capacitive and tran-
sient leak currents were subtracted online using the P/N leak
subtraction method. To measure inward rectifying K� currents
(IKir), a voltage step was applied to –140 mV for 200 msec from
a holding potential of –70 mV. IKir were isolated by digitally
subtracting the current obtained in the presence of bath-applied
Cs� (5 mM) from that obtained under control conditions.

To test the effects of drug application (10 mM TEA,
30 �M kainate, and 10 �M DNQX) on IK, a test pulse to �50
mV was elicited at 0.1 Hz, and drugs were perfused directly into
the recording chamber via the extracellular solution. In all the
experiments, currents were recorded using an Axopatch 1D

amplifer (Axon Instruments, Burlingame, CA), filtered at 5 kHz,
and digitized at 10 kHz. All membrane potentials were adjusted
for a calculated junction potential of 13.7 mV, and offline
analysis was performed using the Clampfit analysis program
(Axon Instruments).

Analysis of EGFP� Cell Proliferation in Slice Cultures

Brains were dissected from P2, P10, and P20 CNP-EGFP
mice. Cerebellar sagittal sections (400 �m) and cerebral coronal
sections (400 �m) were sliced using a McIlwain tissue chopper
(Mickle Laboratory Engineering Co. Ltd.). Slices were cultured
using the interface method (Yuan et al., 1998). Two or three
tissue slices were placed on each LCR sterile filter (0.5 �m pore
size), which was laid on sterilized sieves (Netwell Inserts, 24 mm
diameter, 500 �m mesh size; Fisher Scientific, Pittsburgh, PA),
and cultured in DMEM-N1 medium containing 10% FBS (Hy-
clone, Logan, UT) in six-well tissue culture plates (Falcon,
Becton Dickinson, Franklin Lakes, NJ). After 48 hr in culture in
the presence or in the absence of tetraethylammonium (TEA,
10 mM), tissue slices were fixed in 4% paraformaldehyde at 4°C
for 16 hr, followed by three washes in 1� PBS at room
temperature. Fixed slices were further treated with 100% meth-
anol at –20°C for 15 min.

After three washes in PBS, slices were subjected to stain-
ing for proliferating cell nuclear antigen (PCNA) with specific
antibodies. Blocking and antibody binding were carried out as
described above for immunohistochemistry on frozen sections.
Monoclonal anti-PCNA (Sigma, St. Louis, MO) antibody was
used at 1:1,000 dilution. A TRITC-conjugated goat anti-mouse
IgG (1:2,000; Jackson Immunoresearch Laboratories) was used
as secondary antibody. Stained slices were mounted in Mowiol
and subjected to image analysis using a Nikon microscope
equipped with a Bio-Rad MRC 1024 laser scanning confocal
system. Areas of developing white matter were scanned, and an
average of 10 images was taken for each experimental condition
under 40� magnification. Total EGFP� and EGFP�/PCNA�

cells were quantified.

RESULTS

Generation of CNP-EGFP Transgenic Mice:
EGFP Fluorescence Is Detected in the
Oligodendrocyte Lineage From Embryonic
Age to Adulthood

Transgenic mice were generated using the DNA
construct shown in Figure 1A (upper panel). EGFP ex-
pression was under the control of the entire CNP pro-
moter region, comprising the two promoters CNP1 and
CNP2, previously characterized by Gravel et al. (1998).
The making of the CNP-EGFP DNA construct and the
generation of the transgenic lines are described in detail in
Materials and Methods. We determined gene copy num-
ber in the founder (F0 generation) of the transgenic mouse
line C1 by dot blot analysis of genomic tail DNA with an
EGFP cDNA probe (Fig. 1A, lower panel). Comparison
with a standard demonstrated that five gene copies were
integrated in the C1 (�/–) mouse (Fig. 1A, lower panel).

We first analyzed the distribution pattern of EGFP�

cells in sagittal and coronal tissue sections obtained from
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the postnatal brain of the C1 line. At P10, a high density
of EGFP� cells were found in subcortical, brainstem, and
cerebellar white matter regions and in the olfactory bulb
(Fig. 1B). At P30, high levels of EGFP expression were
notable in cells of the corpus callosum, which displayed
the typical oligodendrocyte morphology (Fig. 1C).

Figure 2 shows the distribution pattern of EGFP�

cells at different stages of embryonic development in
mouse tissue sections derived from the same transgenic

line C1. Embryonic age E10 was the first developmental
time point analyzed (Fig. 2A; letters in parentheses below
refer to Fig. 2A). EGFP expression was detected in the
ventricular and subventricular zones of the lateral (a), third
(d), and fourth (c) ventricles. The neuroepithelia sur-
rounding the nasal cavity (e) also displayed EGFP expres-
sion. Many EGFP� cells were found in the basal telence-
phalic plate (f), medulla (g), and ventral region of the spinal
cord (h). Finally, in the peripheral nervous system (PNS),
EGFP-expressing cells were present in neural crest cells
and efferent nerves of the spinal cord (l), in sacral plexus
(j), and in vagus nerve (k).

The distribution pattern of EGFP expression in the
embryonic spinal cord of CNP-EGFP mice is shown in
Figure 2B–D. At E12.5, EGFP-expressing cells were re-
stricted to the ventral neuroepithelium of the spinal cord
(Fig. 2B), whereas, at later developmental stages (E15.5
and E18.5), EGFP� cells were dispersed throughout the
gray matter, with very few cells still present in the ven-
tricular zone (Fig. 2C,D). At E18.5, the number of
EGFP� cells was significantly higher than at E15.5, and
cells strongly expressing the transgene were scattered
throughout the entire spinal cord (Fig. 2D). In the adult
spinal cord, a high density of EGFP� cells was found in
the ventral and dorsal funiculus, whereas scattered green
fluorescent oligodendroglial cells were visualized in areas
of the gray matter (Belachew et al., 2001).

In conclusion, the pattern of CNP-driven EGFP
distribution in the developing mouse CNS indicates that
EGFP expression is detected at early embryonic stages of
development and is maintained throughout maturation of
the brain. Importantly, in the embryo, the distribution
pattern of EGFP-expressing cells is similar to that of well-
established OP markers, such as Pdgfr�, Olig1, and Olig2
(Yu et al., 1994; Lu et al., 2000; Zhou et al., 2000). These
observations, combined with the morphological and anti-
genic characteristics (see below) of the EGFP-expressing

Š

Fig. 1. Schematic diagram of the DNA construct used to generate the
CNP-EGFP transgenic mice and analysis of transgene copy number.
A: Upper panel: The CNP promoters that specifically direct oligoden-
droglial expression are indicated as CNP1 and CNP2, and the EGFP
sequence is shown in green. The orange box denotes exon 0 of the
CNP gene. The purple box indicates the polyadenylation sequence
from bovine growth hormone. The relative size of the individual
sequences and the total size of the construct are also indicated. Lower
panel: Dot-blot analysis of transgene copy number in the CNP-EGFP
transgenic mouse line C1. Tail genomic DNA from the C1 founder
and F2 homozygous mouse was hybridized with an EGFP cDNA probe
and compared with EGFP DNA standards. B: Sagittal section (50 �m)
of a P10 transgenic mouse brain. Abundant EGFP expression was
confined to white matter tracts. C: Coronal section (50 �m) of a P30
transgenic mouse brain, showing strong EGFP expression in cells of the
corpus callosum. Scale bar � 3 mm in B; 190 �m in C.
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cells in the postnatal brain, indicate that EGFP is expressed
at high levels in cells of the oligodendrocyte lineage.

Immunohistochemical Characterization of EGFP-
Expressing Cells During Postnatal Development In
Vivo Reveals an Oligodendrocytic Phenotype

To identify definitively the EGFP� cells in post-
natal transgenic mouse brains, fluorescent cells were
extensively characterized by immunohistochemistry,
using antibodies that identify different classes of neural
cells. At P2, the majority (80.9% 	 1.8%; average 	
SEM) of the EGFP� cells (260 total EGFP� cells

counted) of the SVZ and developing subcortical white
matter were stained with the OP marker NG2 (Levine
et al., 1993; Fig. 3A–C). Importantly, all the NG2�

cells in the SVZ were EGFP�.
To verify that EGFP expression was still confined to

cells of the oligodendrocyte lineage at mature develop-
mental stages (i.e., that deregulation of transgene expres-
sion had not occurred), we performed a series of immu-
nostainings using P30 brain sections (Fig. 3D–I). In white
matter regions, such as corpus callosum, the cell bodies
and processes of all green fluorescent cells were stained
with the mature oligodendrocyte markers anti-CNP (Fig.

Fig. 2. EGFP fluorescence is detected in cells of the oligodendrocyte
lineage during embryonic development. A: Whole-mount sagittal sec-
tion (50 �m) of an E9.5 transgenic mouse embryo. In the brain, EGFP
was expressed in the ventricular and subventricular zones of lateral
ventricle (a), aqueduct (b), fourth ventricle (c), and third ventricle (d) as
well as the neuroepithelia surrounding the nasal cavity (e). EGFP
expression was also found in the regions of basal telencephalic plate (f)
and medulla (g). EGFP was also expressed throughout the spinal cord,

mainly in the ventral region (h). In the PNS, EGFP expression was
observed in neural crest cells and nerves projecting from the spinal cord
(i), in sacral plexus (j), and in vagus nerve (k). B–D: Transverse sections
of embryonic mouse midthoracic spinal cord. At E12.5 (B), EGFP-
expressing cells are restricted to the ventral neuroepithelium of the
spinal cord; at E15.5 (C) and E18.5 (D), EGFP-expressing cells are
dispersed throughout the gray matter. Scale bars � 1.5 mm in A;
100 �m in B–D.
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3D–F). EGFP� cell processes were also stained with anti-
MBP (Fig. 3G–I) and RIP (data not shown). Direct cell
counting demonstrated that 100% of the EGFP� cells
were stained with anti-CNP or RIP antibodies (120–125
total EGFP� cells counted for each marker). Also at P30,
both in the SVZ and in subcortical white matter, EGFP�

cells did not express GFAP (Fig. 4A–C) and were not
stained with the neuronal marker NeuN (Fig. 4D–F).
Identical results were also obtained in cerebellar white
matter (data not shown). Thus, in corpus callosum (Figs. 3,
4) and in cerebellar white matter (data not shown), EGFP
expression at P30 was clearly still oligodendrocyte specific.
The CNP immunoreactivity of EGFP-expressing cells
(Fig. 3D–F) was predicted by our transgenic strategy and
confirmed that the transgene was correctly expressed in
cells that translate the CNP protein.

It is noteworthy that the well-characterized quies-
cent adult NG2� OPs (Levine et al., 2001) were also
EGFP� (Fig. 5A–C). These cells were identified both in
the SVZ (Fig. 5A,B) and in cortical gray matter (Fig. 5C)
at P30. In the SVZ, 58.2% 	 3.3% (average 	 SEM) of
the EGFP� cells were NG2� (96 total EGFP� cells
counted). In gray matter, two populations of EGFP� cells
were identified. One cell population displayed a stellate
morphology and was also stained with NG2 (Fig. 5C;
50.3% 	 2.5% of EGFP� cells; 257 total EGFP� cells
counted), whereas the other displayed typical white matter
oligodendrocyte morphology with parallel processes and
was stained with anti-CNP (Fig. 5D). These latter cells
represented only a small percentage of the EGFP� cells in
the cortical gray matter. At P30, both in the SVZ and in
the gray matter, all the NG2� cells were also EGFP� (data

Fig. 3. Immunocytochemical characterization of EGFP-expressing
cells in the postnatal mouse brain indicates an oligodendrocyte pheno-
type. Microtome frozen sagittal brain sections (50 �m) were obtained
from P2 (A–C) and P30 (D–I) transgenic CNP-EGFP mice. A–C:
Staining with anti-NG2 antibody (B; red fluorescence) in the SVZ
shows that the vast majority of EGFP-expressing cells (A; green fluo-
rescence) is also NG2� (C; merged). By P30, in corpus callosum, the

majority of EGFP-expressing cells (D; green fluorescence) are also
stained with anti-CNP antibodies (E; red fluorescence) both in their
cell bodies and in their processes (F; merged). At the same age, staining
with anti-MBP (H; red fluorescence) shows that EGFP-expressing cells
(G; green fluorescence) in corpus callosum are also MBP� (I; merged).
Scale bar � 30 �m in A–C,G–I; 20 �m in D–F.
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not shown), indicating that subpopulations of NG2� cells
cannot be distinguished based on CNP gene expression, as
previously described for PLP-driven transgene (Mallon et
al., 2002). In conclusion, the immunocytochemical char-
acterization of EGFP� cells in CNP-EGFP mouse brain
indicated that transgene expression was exclusive to cells
of the oligodendrocyte lineage and was maintained from
embryonic to adult developmental stages.

Characterization of EGFP-Expressing Cells in the
PNS

The CNP gene is actively transcribed also in myeli-
nating cells of the PNS, i.e., Schwann cells (Gravel et al.,
1998). EGFP expression comparable to that found in the
CNS was also detected in the PNS of CNP-EGFP mice.
Intact sciatic nerves isolated from P2 and P30 mice con-
tained a large number of EGFP� cells, as demonstrated in
whole-mount preparations (Fig. 6A,B). At P30, both my-
elinating and nonmyelinating EGFP� Schwann cells were
found in the nerves, as demonstrated by staining with
anti-MBP and anti-L1 antibodies, respectively (data not
shown). At this age, most CNP� cells in the nerve were
MBP� and L1–, but a small percentage of the CNP� cells
were L1�. When cells were isolated from P2 sciatic nerves

and cultured under conditions that favored Schwann cell
proliferation and differentiation, all EGFP� cells in the
cultures expressed the Schwann cell marker S100� (Fig.
6C–E). These results indicate that also the pattern of
EGFP expression in the PNS reflects that of the endoge-
nous CNP gene (Gravel et al., 1998).

Selective EGFP Expression in Oligodendrocyte-
Lineage Cells During Development in Culture

We wanted to determine whether EGFP expression
was selectively maintained in cells of the oligodendrocyte
lineage in culture. Cell culture methods also allow further
immunocytochemical analysis of EGFP expression at dif-
ferent stages of oligodendrocyte development. We there-
fore used a previously established standard cell culture
procedure (McCarthy and deVellis, 1980; Gallo and Arm-
strong, 1995; Ghiani et al., 1999a) to obtain pure OP cell
cultures from CNP-EGFP mice.

OP cells were purified as previously described (Gallo
and Armstrong, 1995; Ghiani et al., 1999a) by shaking
them off mixed glial cultures that also contained astrocytes
at day 12 in vitro. Figure 7A shows that, in mixed glial
cultures before the purification procedure, none of the

Fig. 4. EGFP-expressing cells in the postnatal mouse brain are not astrocytes or neurons. Microtome
frozen sagittal brain sections (50 �m) were obtained from P30 transgenic CNP-EGFP mice. A–C:
Staining with anti-GFAP antibody (B; red fluorescence) in corpus callosum shows that EGFP-
expressing cells (A; green fluorescence) do not express GFAP (C; merged). D–F: In the same white
matter region, staining with anti-NeuN antibody (B; red fluorescence) shows that EGFP-expressing
cells (D) are NeuN-negative (F; merged). Scale bar � 30 �m.
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EGFP� cells expressed the astrocytic marker GFAP. These
results were consistent with the in vivo data shown in
Figure 4.

After purification and 1 day of culturing in the
presence of PDGF and bFGF, all the cells were EGFP�,
indicating that transgene expression was maintained in OP
cells in culture (Fig. 7E). Within the EGFP-expressing cell
population, most (84%) of the cells were NG2� (Fig.
7B,E), and a much smaller percentage was O4� (15%; Fig.
7C,E) or O1� (3%; Fig. 7D,E). These data indicate that,
under cell culture conditions known to induce OP pro-
liferation, EGFP� cells maintained a proliferative OP phe-
notype (Dubois-Dalcq, 1987; Gard and Pfeiffer, 1990;
Hardy and Reynolds, 1991; Levine et al., 1993), i.e., were
either NG2� or O4�.

Purification of EGFP-Expressing Cells by FACS
Generates a Pure Population of Cells With
Antigenic Properties Identical to Those In Vivo

Purification of EGFP� cells by the standard cell
culture procedures described above requires several days of
maintaining OP cells in mixed glial cultures in vitro before
the purification procedure itself. Such experimental ma-
nipulations may result in changes of the developmental
and physiological properties of OP cells that may not
entirely resemble those found in vivo. One of the advan-
tages of selective EGFP expression in specific neural cell
types in vivo is that FACS can be used to obtain pure
populations of EGFP-expressing cells directly from brain
tissue. We, therefore, used the FACS technique to purify

Fig. 5. EGFP fluorescence is detected in adult oligodendrocyte pro-
genitor cells and in gray matter oligodendrocytes. Frozen brain coronal
sections (50 �m) were obtained from P30 CNP-EGFP mice. Confocal
images were obtained from the subventricular zone (A,B) and the
cerebral cortex (C,D). A: Staining with NG2 antibody (red fluores-
cence) shows that, at P30, many EGFP� cells (green fluorescence) are
still NG2� in the SVZ. B: High-magnification image of an NG2�

(red)/EGFP� (green) cell in the SVZ at P30. C: Staining with NG2

antibody (red fluorescence) shows that, at P30, many EGFP� cells
(green fluorescence) in the cortical gray matter are NG2�. Note that
the NG2�/EGFP� cells display a radial morphology, with multiple,
fine, branching processes. D: Staining with anti-CNP antibody (red
fluorescence) shows that some EGFP� cells (green fluorescence) in the
gray matter are also CNP�. These CNP�/EGFP� cells display the
typical morphology of white matter oligodendrocytes. Scale bar � 50 �m
in A,C,D; 20 �m in B.
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EGFP-expressing cells from CNP-EGFP mice and analyze
the antigenic properties (i.e., the cellular subtypes) of the
purified cellular fractions.

The experiments shown in Figure 8 were performed
on cell suspensions prepared from P3 or P5 mice. Back-
ground fluorescence was set from cell suspensions pre-
pared from nontransgenic littermates (area outside of R2;
Fig. 8A). Based on these criteria, at P5, 4.2% 	 0.9% of
the total brain cells in the suspensions was sorted as
EGFP� (R3 fraction; Fig. 8A; average 	 SEM from a
total of 21 transgenic brains from four independent sorting
experiments).

To validate our fluorescence selection criteria, we
analyzed the antigenic properties of cell suspensions before
and after FACS. Cell suspensions were plated and fixed
before and after FACS, and cells were stained with a
variety of neural markers. Importantly, both before and
after the sorting, 40–50% of the EGFP� cells from P5
mice were stained with the anti-NG2 or O4 antibodies,
which identify proliferative stages of the oligodendrocyte

lineage (Fig. 8B). Only 7% of the cells were stained with
the mature oligodendrocyte marker O1 in both cell sus-
pensions (Fig. 8B). Finally, none of the EGFP� cells was
stained for the astrocytic marker GFAP or the neuronal
marker NeuN (Fig. 8B). These experiments confirm that
EGFP expression in the CNP transgenic mice is limited to
oligodendrocyte-lineage cells and that the FACS proce-
dure results in a 100% pure population of EGFP� cells
(651 total cells counted) whose antigenic properties are
identical to those in vivo.

By using the analytical mode of the FACS technique,
we also analyzed ex vivo (i.e., immediately after enzymatic
dissociation) NG2 and O4 immunophenotypes in P3
whole-brain cell suspensions. By taking into account the
background fluorescence (upper left quadrants in Fig.
8C,D), cells from transgenic brains that were specifically
stained with NG2 and O4 antibodies were all within the
EGFP-expressing population (upper right quadrants in
Fig. 8C,D). Therefore, NG2 and O4 staining of live cells
in conjunction with direct FACS analysis confirmed that,

Fig. 6. EGFP expression in sciatic nerve and in Schwann cells during development. Whole mounts
of sciatic nerves were prepared from CNP-EGFP transgenic mice at P2 (A) and P30 (B). Strong EGFP
expression was detected in many cells at both developmental stages. C–E: Schwann cells were cultured
and stained with anti-S100� antibodies. All EGFP� cells (C; green fluorescence) were also S100��

(D; red fluorescence). E: Merged. Scale bar � 50 �m in A; 100 �m in B; 30 �m in C–E.
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in vivo, EGFP-expressing cells belong to the oligoden-
drocyte lineage.

When EGFP� cells FACS purified from P5 mice
were cultured in the presence of PDGF and bFGF for

2 days, cells maintained EGFP expression, and all the
major oligodendrocyte antigenic phenotypes could be
identified in the cultures (data not shown). These were
72.8% 	 1.4% NG2� cells, 29.0% 	 1.6% O4� cells, and

Fig. 7. EGFP-expressing OP cells develop into oligodendrocytes in
culture. A: Mixed glial cortical cultures after 12 days in vitro and
staining with anti-GFAP antibodies. None of the EGFP-expressing
cells (green fluorescence) is stained for GFAP (red fluorescence). B: Af-
ter the purification procedure (shaking and replating) and culturing in
PDGF � bFGF for 1 day, most of the EGFP-expressing cells (green
fluorescence) were stained with the OP marker NG2 (red fluores-
cence). C,D: A small percentage of the EGFP-expressing cells (green

fluorescence) were O4� or O1� (red fluorescence) and displayed a
multipolar differentiated morphology. E: Cell counting after 1 day in
PDGF � bFGF shows that all cells express EGFP and that most of the
cells display an OP (NG2�) or preoligodendrocyte (O4�) phenotype.
Values shown are averages 	 SEM obtained from one representative
experiment (total cells counted 4,091; 20 microscopic fields/antibody).
Scale bar � 30 �m.
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12.4 	 0.9 O1� cells (percentages of total cells; two
independent experiments; 5,249 total EGFP� cells count-
ed; 60 microscopic fields/antibody). After mitogen with-
drawal and treatment with T3 hormone, CNP� and
MBP� cells started to appear in the cultures (data not
shown). These results further confirm that all the EGFP�

cells purified by FACS belong to the oligodendrocyte
lineage and that, in culture, they express antigenic prop-
erties of immature and mature oligodendrocytes.

Electrophysiological Characterization and
Developmental Regulation of K�-Channel
Currents in EGFP� Cells

The CNP-EGFP mice allow electrophysiological re-
cordings in acutely isolated slices at a variety of develop-
mental stages, permitting examination of the changes in
electrophysiological properties, and in particular K�-
channel expression, that occur as OP cells mature into
oligodendrocytes in a relatively intact system. EGFP� cells
located in the SVZ of mice aged 5–8 days and in the
corpus callosum of mice aged 27–30 days were investi-
gated. Figure 9A illustrates the morphology of the two
types of EGFP� cells from which K� currents were ana-
lyzed and clearly shows the distinction between a EGFP�

SVZ OP displaying few processes and small cell body (Fig.
9A, left panels) and a much larger EGFP� mature oligo-

dendrocyte in the corpus callosum, with distinctive my-
elinating parallel processes (Fig. 9A, right panels).

All SVZ EGFP� cells tested (n � 14) expressed both
IK (sustained) and IA (transient; Fig. 9B, top). The activa-
tion profile for IK was described by a single Boltzmann
equation and revealed a mean half-activation of –19 	 2
mV (n � 8; k � 11; Fig. 9B, bottom). Figure 9C shows
that IK was sensitive to the K�-channel blocker TEA (30%
	 4% of baseline, 4 min after TEA application; n � 6) in
a reversible manner (89% 	 8% of baseline, 20 min after
TEA washout; n � 6). Application of kainate (30 �M)
also caused an inhibition of IK (66% 	 6% of baseline,
8 min after kainate application; n � 8; Fig. 9D). The
inhibition was significantly attenuated in the presence of
the glutamate receptor antagonist DNQX (10 �M; 93% 	
2% of baseline, 8 min after kainate application in the
presence of DNQX; n � 5; Fig. 9D), indicating the
involvement of AMPA receptors in mediating the ob-
served effect. The glutamate receptor-mediated block of
K� channels observed in EGFP-expressing cells has been
previously described from cultured rat OP cells (Borges
and Kettenmann, 1995; Gallo et al., 1996) and NG2� OP
cells in the SVZ of acutely isolated rat brain slices (Chit-
tajallu et al., 2002).

Š

Fig. 8. Ex vivo-isolated EGFP� cells belong to the oligodendroglial
lineage and can be efficiently purified by FACS. A: FACS analysis dot
plot representation of EGFP fluorescence (y-axis; logarithmic scale) in
total brain cell suspension from P5 CNP-EGFP transgenic mice. R4
box represents the population of cells selected as EGFP– based on the
analysis of a control brain cell suspension from wild-type littermates
processed in parallel (not shown). R2 represents a cell population in
which 
0.01% of wild-type cells were EGFP�. R3 shows the window
gate used for sorting CNP-EGFP� cells. B: Pre-FACS freshly isolated
total-brain cell suspensions (light colors) and post-FACS EGFP� se-
lected cells (dark colors) were plated for 1 hr before being fixed and
immunostained with NG2 (red), O4 (blue), O1 (yellow), GFAP and
NeuN antibodies. The phenotypic distribution of pre- and postsorting
EGFP� cells was identical, demonstrating that our fluorescence criteria
for FACS selection were appropriate. NP, not present. Data are aver-
ages 	 SEM from the sorting experiment in A. The total number of
cells cell counted was 2,072 for presorting (10 microscopic fields) and
2,192 for postsorting (20 microscopic fields). C,D: Acutely isolated
living cell suspensions from P3 brains of transgenic mice (CNP-EGFP;
right panels) were stained separately with NG2 (C) and O4 (D) anti-
bodies and FACS analyzed without sorting. Three-color dot plot
histograms show the distribution of living cells according to fluores-
cence intensity for EGFP (x-axis; logarithmic scale) and Cy-5 (second-
ary antibody recognizing NG2 and O4 immunoreactivity; y-axis; log-
arithmic scale). Lines represent thresholds beyond which 
0.01% of the
control cells were positive. Color codes were arbitrarily determined
with respect to these threshold levels: black, EGFP–/Cy-5–; green,
EGFP�/Cy-5–; red, EGFP–/Cy-5� (defining background); and yel-
low, EGFP�/Cy-5�. As control conditions (left panels), cell suspen-
sions were simultaneously isolated from wild-type brains (wt) and
stained with Cy-5-conjugated secondary antibodies alone. Upper left
quadrants of left panels thus determined the level of nonspecific im-
munostaining. By taking into account background levels, specific
NG2� and O4� cells were found among exclusively the EGFP�

population (upper right quadrants; yellow; right panels).
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Previous analysis in cultured oligodendrocyte-
lineage cells demonstrated that IK and IKir expression are
both developmentally regulated and correlate with the
proliferative potential of these cells (Sontheimer et al.,
1989; Knutson et al., 1997). The CNP-EGFP transgenic
mouse allows for accurate identification of the oligoden-
drocyte lineage at different stages of lineage progression
(Fig. 9A). Consistently with previous studies, a marked
down-regulation of IK is observed as EGFP� cells acquire

a myelinating morphology that is characteristic of postmi-
totic, mature oligodendrocytes (Fig. 9E). Conversely a
marked up-regulation of IKir is apparent as OP cells
progress to a mature phenotype (Fig. 9F).

Proliferation Rate of EGFP-Expressing Cells
Decreases During Development and Is Modulated
by K�-Channel Activity

In previous experiments, we demonstrated that or-
ganotypic slice cultures from rat cerebellum provide a
valuable model with which to study OP development and
investigate the role of ligand- and voltage-gated ionic
channels in the regulation of OP proliferation (Yuan et al.,
1998). These cultures offer the opportunity to study OP
development in a cytoarchitecturally intact environment
(Gähwiler et al., 1997). We wanted, therefore, to deter-
mine whether slice cultures from CNP-EGFP transgenic
mice could be used to study OP proliferation in situ.

Figure 10A shows that, in slice cultures from P2
cerebellar tissue, many EGFP-expressing cells of the white
matter were stained with anti-PCNA antibody, indicating
that these cells were dividing. A similar pattern was also
observed in subcortical white matter (data not shown).
Figure 10B,C shows that OP cell proliferation in subcor-
tical and cerebellar white matter, as measured by PCNA
staining of EGFP� cells in slice cultures, decreased with
aging of the animals from which the tissue was isolated. By
P30, the proliferation rate of EGFP� cells in the white
matter of both brain regions was four- to sevenfold lower
than at P2 (Fig. 10B,C). Incubation of the slices with the
K�-channel blocker TEA for 48 hr, at the same concen-
tration that caused an inhibition of IK (Fig. 9C), caused a
strong decrease in PCNA staining of EGFP� cells in both
cerebellar (Fig. 10B) and subcortical (Fig. 10C) white
matter at all developmental stages analyzed. These data are
consistent with the physiological effects of TEA on K�-
channel activity in oligodendrocyte-lineage cells shown in
Figure 9 and indicate that these channels are involved in
the regulation of OP cell proliferation in situ (Ghiani et al.,
1999b; Gallo and Ghiani, 2000).

DISCUSSION
In the present study, we generated a transgenic

mouse that allows direct identification of oligodendrocytes
in live tissue. To generate such a mouse, we took advan-
tage of a gene promoter that comprises DNA elements
that direct tissue- and cell-specific gene expression in
oligodendrocytes and Schwann cells. The 4 kb CNP pro-
moter region that we have used contains the two promot-
ers for this gene, CNP1 and CNP2 (Gravel et al., 1998).
These promoters are active at distinct developmental
stages, because CNP2 mRNA transcripts are detected in
embryonic brain, whereas CNP1 mRNA is found only
after birth (Scherer et al., 1994). It has been previously
shown that the combination of CNP1 and CNP2: 1)
restricts reporter gene expression to the oligodendrocyte
and Schwann cell lineages and 2) confers a gene expression
pattern during development that recapitulates the complex
spatiotemporal expression profile of the endogenous CNP

Fig. 9. Expression and developmental regulation of K�-channel ex-
pression in EGFP� cells from acutely isolated slices. A: The two types
of EGFP� cells from which K� currents were recorded. Left panels
show typical SVZ EGFP� OP cells in young mice (5–8 days). Right
panels show myelinating EGFP� cells in the corpus callosum of mice
aged 27–30 days. B: Single example, from among a total of 14 SVZ
EGFP� cells tested, expressing both IK and IA (top). Activation profile
of IK is fitted with a single Boltzmann equation and has a mean
half-activation of –19 	 2 mV (n � 8; bottom). C: IK in SVZ EGFP�

cells from young mice are sensitive to 10 mM TEA in a reversible
manner (n � 6). D: Kainate at 30 �M also inhibits IK, an effect that is
attenuated in the presence of 10 �M DNQX (n � 5–8). E: IK
amplitude is significantly lower in myelinating EGFP� cells (46 	 15
pA; n � 5) than in SVZ EGFP� cells (507 	 59 pA; n � 15). F: IKir

amplitude is significantly higher in myelinating EGFP� cells (–437 	
38 pA; n � 10) than in SVZ EGFP� cells (–39 	 10 pA; n � 10). Scale
bar � 20 �m.
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gene (Gravel et al., 1998; Chandross et al., 1999). Impor-
tantly, and in contrast to the case for other myelin genes,
the onset of CNP gene transcription occurs at early em-
bryonic developmental stages and is maintained in adult-
hood. This property makes the CNP promoter an ideal
molecular tool with which to direct cell-specific heterol-

ogous gene expression in oligodendrocytes and Schwann
cells during the entire development of the mammalian
nervous system.

Previous studies have shown that lacZ gene expres-
sion, driven by the CNP promoter, displays a develop-
mental time course identical to that of the endogenous
gene (Gravel et al., 1998; Chandross et al., 1999). Our
study is consistent with these previous findings, in that 1)
we could detect EGFP expression as early as E10 in
regions previously identified as containing oligodendro-
cyte precursors (Timsit et al., 1995; Miller, 1996; Gravel et
al., 1998; Spassky et al., 1998; Chandross et al., 1999) and
2) green fluorescence was maintained throughout postna-
tal development in cells that displayed anatomical and
morphological features of oligodendrocytes at different
stages of maturation. Importantly, in our CNP-EGFP
mouse, the origin and distribution pattern of EGFP� cells
in the embryonic spinal cord is similar to the expression
pattern of the oligodendrocyte-lineage gene markers
Pdgfr�, Olig1, and Olig2 (Yu et al., 1994; Lu et al., 2000;
Zhou et al., 2000).

Several lines of evidence unequivocally demonstrate
that the EGFP-expressing cells in the transgenic mouse
described here are indeed oligodendrocytes. First, EGFP�

cells were stained in situ with several antibodies that bind
to developmentally regulated antigens expressed by cells of
the oligodendrocyte lineage. These include NG2 for OPs
and the myelin components CNP, MBP and the RIP
antigen for mature oligodendrocytes. Experiments per-
formed using the FACS technique demonstrated that, in
early postnatal transgenic mouse brains, NG2� and O4�

cells were all EGFP expressing, and no EGFP-negative
cells were stained with NG2 or O4 antibodies. Second,
EGFP� cells were not stained with astrocytic or neuronal
markers (GFAP and NeuN, respectively) at any of the
developmental stages analyzed either before or after FACS
purification. Third, the vast majority of EGFP-expressing
cells in adult mice was found in white matter regions.
Finally, EGFP� cells isolated from transgenic mice at early
postnatal developmental stages displayed an OP phenotype
and gave rise to mature oligodendrocytes in culture.

Š

Fig. 10. Proliferation rate of EGFP� oligodendrocyte lineage cells
decreases with age and is inhibited by blockage of K� channels.
A: Confocal microscopic images of PCNA staining of 400 �m cere-
bellar sagittal slice cultures from P2 CNP-EGFP transgenic mouse
brains. At P2, many oligodendrocyte-lineage cells (green) are PCNA
positive (red). Arrowheads show examples of PCNA�/EGFP� cells.
B,C: Quantitative analysis of EGFP� cell proliferation in slice cultures
from P2, P10, and P20 transgenic mouse brains. Two independent
experiments were performed for each experimental condition (control
and TEA treatment in cortical and cerebellar slices, respectively) at each
developmental stage. An average of 400 cells was counted for each
experimental condition from 10 distinct confocal images. Proliferation
rates of oligodendrocytes decreased significantly from P2 to P20 in both
subcortical and cerebellar white matter. TEA strongly inhibited
oligodendrocyte-lineage cell proliferation at all three developmental
stages analyzed. Data represent averages 	 SEM; ***P 
 0.001, **P 

0.01, and *P 
 0.05 (Student’s t-test). Scale bar � 50 �m.
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Compared with other transgenic mice previously
generated by using oligodendrocyte-specific promoters,
our CNP-EGFP mouse offers many advantages. The
CNP-lacZ mouse reported by Chandross et al. (1999)
allows analysis of oligodendrocyte development in situ;
however, identification of the transgene-expressing cells
cannot be directly performed in live, unfixed tissue and
requires a biochemical reaction. In our transgenic mouse,
EGFP� cells can easily be detected in live tissue through-
out development. Furthermore, the reporter gene EGFP
appears to be a more sensitive detection of promoter
activity than lacZ, insofar as we were able easily to detect
EGFP-expressing OP cells as early as E10 in mouse em-
bryos.

A major advantage displayed by the CNP-EGFP
mouse described here is that EGFP-expressing cells can be
routinely purified by FACS from animals at different de-
velopmental stages. Furthermore, the antigenic character-
ization of the cells separated by this procedure clearly
indicates that the purified cellular fraction is exclusively
composed of cells of the oligodendrocyte lineage and that
this fraction comprises the same cellular subtypes present
in vivo. In fact, 100% of the cells separated by FACS under
our experimental conditions were EGFP�, and identical
percentages of NG2�, O4�, and O1� cells were found
within this population before and after sorting. This result
indicates that the FACS-purified cellular fraction can,
therefore, be used to study the cellular and biochemical
properties of oligodendrocytes during development in
situ. This finding opens several avenues for future appli-
cations of the CNP-EGFP mouse, including 1) study of
the developmental potential of the EGFP-expressing cells
in vitro and in vivo, 2) analysis of gene expression and
gene profiling of oligodendrocytes during development in
vivo, and 3) analysis of possible therapeutic applications of
OP cell transplantation in vivo in pathological models of
demyelination.

The electrophysiological characterization of the
EGFP-expressing cells reported here supports several con-
clusions. First, it shows that it is possible to perform direct
physiological studies on oligodendrocytes at various de-
velopmental stages without post hoc immunohistochem-
ical characterization of the cells. Second, the finding that
aspects of K� channel and GluR expression in EGFP�

cells are identical to those previously described for rat
oligodendrocyte-lineage cells in vitro and in vivo (Knut-
son et al. 1997; Yuan et al., 1998; Chittajallu et al., 2002)
indicates that EGFP expression does not change the phys-
iological properties of oligodendrocyte-lineage cells in our
transgenic mouse. Third, our electrophysiological analysis
shows that the CNP-EGFP transgenic mouse is a valuable
tool with which to study in detail the regulation and
physiological role of ligand- and voltage-gated channels in
oligodendrocytes during development. For example, in a
recent study, it was demonstrated that mice lacking the
inwardly rectifying K�-channel subunit Kir4.1 display a
dysmyelinating phenotype (Neusch et al., 2001).

The CNP-EGFP mouse allows electrophysiological
analysis of IK and of IKir during development, and we have
shown here that changes in both these currents occur as
cells of the oligodendrocyte lineage mature. Finally, the
possibility of direct electrophysiological analysis of oligo-
dendrocytes in slice preparations opens new prospects to
studies of neuron–oligodendrocyte interactions during
development. For example, a recent report indicated that
functional glutamatergic synapses exist between neurons
and putative immature oligodendrocytes in the rat hip-
pocampus (Bergles et al., 2000). Therefore, different types
of cellular interactions might be established between neu-
rons and oligodendrocytes during development. The
CNP-EGFP mouse described here will greatly facilitate
the analysis and physiological characterization of the syn-
aptic connections between neurons and oligodendrocytes
in the hippocampus and other parts of the CNS.

In the present study, we show that EGFP� cells in
the developing white matter of early postnatal mice ex-
press large IK similar to those previously described in
proliferating rat OP cells (Gallo et al., 1996; Knutson et al.,
1997; Yuan et al., 1998). We wanted to determine, based
on previous findings showing that these K� channels are
involved in the regulation of OP cell cycle progression
(Knutson et al., 1997; Yuan et al., 1998; Ghiani et al.,
1999b), 1) whether their blockage would also affect the
proliferation of EGFP-expressing cells and 2) whether this
could be directly studied in a slice preparation. Our anal-
ysis indicates that blockage of IK in EGFP-expressing cells
with TEA inhibited their proliferation, as directly visual-
ized in cortical and cerebellar slices after PCNA staining.
These results not only confirm the identity of the EGFP-
expressing cells at early developmental stages as OPs but
also indicate that EGFP tagging allows investigation of the
relationship between membrane channel function and OP
development in an intact preparation.

In conclusion, we have generated a transgenic mouse
that allows developmental and functional studies of oligo-
dendrocytes in vivo during the whole developmental time
span of this class of cells. Our CNP-EGFP mouse not only
represents a very important tool for study of oligodendro-
cyte development and function but also indicates that the
CNP-EGFP DNA construct can be used as a molecular
delivery system to overexpress selectively wild-type or
dominant-negative mutant genes in cells of the oligoden-
drocyte lineage. Finally, the exciting prospect of crossing
our CNP-EGFP mouse with other transgenic mutants
(see, e.g., Neusch et al., 2001) will greatly enhance our
knowledge of the effects of genetic manipulations on
oligodendrocytes.
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Cyclin-Dependent Kinase-2 Controls Oligodendrocyte Progenitor
Cell Cycle Progression and Is Downregulated in Adult
Oligodendrocyte Progenitors

Shibeshih Belachew,1 Adan A. Aguirre,1 Hang Wang,1 François Vautier,1 Xiaoqing Yuan,1 Stacie Anderson,2
Martha Kirby,2 and Vittorio Gallo1

1Laboratory of Cellular and Synaptic Neurophysiology, National Institute of Child Health and Human Development, and
2Gene Transfer Laboratory, Hematopoiesis Section, Flow Cytometry Core Unit, National Human Genome Research
Institute, National Institutes of Health, Bethesda, Maryland 20892-4495

Proliferation of oligodendrocyte progenitor (OP) cells is a crucial
process controlling myelination in the CNS. Previous studies
demonstrated a correlation between OP proliferation rate and
cyclin E/cyclin-dependent kinase-2 (cdk2) activity. To establish
a causal link between cyclin E/cdk2 activity and OP prolifera-
tion, we selectively modulated cdk2 activity in vitro by trans-
fection of cultured OP cells. Dominant-negative (Dn)-cdk2 over-
expression inhibited mitogen-induced OP cell proliferation,
whereas wild-type (wt)-cdk2 prevented cell cycle arrest caused
by anti-mitotic signals. Dn-cdk2- or wt-cdk2-mediated regula-
tion of G1/S transition, per se, did not influence initiation of OP
differentiation. To study the function of cyclin E/cdk2 in OP cells
during development in vivo, we analyzed cdk2 and cyclin E
expression in cells acutely isolated from transgenic mice ex-
pressing the green fluorescent protein (GFP) under the control
of the 2�-3�-cyclic nucleotide 3�-phosphodiesterase gene pro-

moter. Both cyclin E/cdk2 protein levels and activity were de-
creased in GFP� oligodendrocyte lineage cells between post-
natal days 4 and 30. Immunostaining of NG2�/GFP� OP cells
in brain tissue sections showed a 90% decrease in overall cell
proliferation and cdk2 expression between perinatal and adult
cells. However, cdk2 expression within the proliferating (i.e.,
expressing the proliferating cell nuclear antigen) OP cell popu-
lation was maintained throughout development. Our data indi-
cate that: (1) cyclin E/cdk2 activity plays a pivotal function in OP
cell cycle decisions occurring at G1/S checkpoint; (2) initiation
of OP differentiation is independent of cyclinE/cdk2 checkpoint,
and (3) intrinsic differences in cyclin E/cdk2 expression and
activity may underlie the slowly proliferative state that charac-
terizes so-called “quiescent” adult OP cells in vivo.

Key words: cell cycle; cell differentiation; checkpoint genes;
CDK; cyclin; fluorescence-activated cell sorting; glia; myelin

In the oligodendroglial lineage, oligodendrocyte progenitor (OP)
cells undergo a limited period of proliferation during develop-
ment, before they exit the cell cycle and terminally differentiate
into myelinating oligodendrocytes (Temple and Raff, 1986). Nev-
ertheless, some oligodendrocyte precursor cells have also been
shown to lack replicative senescence in vitro and to proliferate
indefinitely in the presence of mitogens and in the absence of
hydrophobic stimulation (i.e., thyroid hormone) (Tang et al.,

2001). This would suggest that OP proliferation is regulated by
extracellular environmental signals acting on molecular intrinsic
targets, which are yet undefined, but ultimately linked to the cell
cycle machinery.

A significant number of cells with an OP phenotype is still
present in the adult CNS, both in the white and gray matter
(Levine et al., 2001). Adult OPs proliferate much more slowly
than perinatal OPs (Shi et al., 1998; Noble, 2000) and, after CNS
damage, they display drastic changes in morphology and increases
in NG2 immunoreactivity and mitotic rate (Dawson et al., 2000;
Levine et al., 2001). In areas of demyelination, NG2� adult OPs
proliferate and increase in number, but do not appear to differ-
entiate into myelinating oligodendrocytes. In vitro studies dem-
onstrated lineage continuity between perinatal and adult OPs,
however the molecular basis of their differences in cell prolifer-
ation and cell cycle length are still unknown (Noble, 2000).

Cell cycle progression, including G1-S phase transition, is
governed by a complex network of biochemical interactions in-
volving the activity of essential components, the cyclin-dependent
kinases (cdks) (Morgan, 1997; Kohn, 1999; Roberts, 1999). Be-
cause of its intrinsic complexity, cell cycle progression can be
regulated at many molecular levels (Sherr and Roberts, 1999) and
distinct cdks play pivotal roles in G1-S transition in different
neural cell types (Ross, 1996; Ohnuma et al., 2001). The precise
roles and relative importance of specific cdks in different neural
cell types is still a matter of debate. For example, cdk2 has been
shown to play a prominent role in the regulation of Schwann cell
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proliferation (Tikoo et al., 2000), whereas the cdk4/6 signaling
pathway is crucial for cortical neural progenitor cell proliferation
(Ferguson et al., 2000). In astrocytes, cdk4 is an essential com-
ponent of cell division (Holland et al., 1998). Clearly, the iden-
tification of critical cell type-specific cell cycle regulator(s) under
defined physiological conditions will help elucidate mechanisms
underlying the growth characteristics of different neural cells in
development and disease.

Previous analysis in cultured OP cells demonstrated a decrease
of cyclin E/cdk2 kinase activity after permanent cell cycle exit or
after reversible cell cycle arrest triggered by extracellular signals
(Ghiani et al., 1999a,b; Ghiani and Gallo, 2001). Conversely,
cyclin D-associated cdk4/6 kinase activity was only marginally
affected during permanent cell cycle withdrawal (Ghiani and
Gallo, 2001). In contrast with proliferation, specific molecular
targets involved in OP differentiation remain elusive, and little is
known about the relationship between cell cycle-related pathways
and OP differentiation (Tokumoto et al., 1999; Zezula et al.,
2001; Huang et al., 2002).

In the present study, we first used a cell transfection procedure
to modify cdk2 activity in cultured perinatal OP cells. We then
extended our analysis of cyclin E/cdk2 expression and activity to
a transgenic mouse selectively expressing the green fluorescent
protein (GFP) in the oligodendrocyte lineage (Belachew et al.,
2001; Yuan et al., 2002). Our results establish a direct causal link
between cyclin E/cdk2 activity and OP cell proliferation, pointing
to a pivotal function of cdk2 in changes of OP cell cycle kinetics.

MATERIALS AND METHODS
Cell culture. The CG-4 oligodendrocyte progenitor cell line was cultured
as previously described (Louis et al., 1992). Twenty-four hours before
transfection, CG-4 cells were plated onto poly-L-lysine-treated 12 mm
glass coverslips at a density of 50,000 cells per coverslip.

Purified cortical OP cell cultures were prepared as previously de-
scribed from embryonic day 20 Sprague Dawley rats, using a standard
experimental protocol (McCarthy and de Vellis, 1980) with slight mod-
ifications (Ghiani et al., 1999a,b). OP cells were expanded for 2 weeks in
poly-L-lysine-treated 100 mm plastic Petri dishes (passaged every 4 d) in
DME-N1 supplemented with B104 conditioned medium (30%, v:v) (Louis
et al., 1992). One day before transfection, OP cells were transferred onto
poly-L-lysine-treated 12 mm glass coverslips at a density of 50,000 cells
per coverslip in DME-N1 medium in the presence of platelet-derived
growth factor (PDGF, 10 ng/ml) (Upstate Biotechnology, Lake Placid,
NY).

DNA constructs and transfection procedure. We used pCytomegalovirus
(CMV)-neo-BAM vectors containing cDNAs of wild-type cdk2 and
dominant-negative mutants of cdk2, cdk4, and cdk6 (van den Heuvel and
Harlow, 1993). BamHI-BamHI fragments encompassing wild-type (wt)-
and dominant negative (Dn)-cdk genes were subcloned into Bluescript
SK (�/�) vectors (Stratagene, La Jolla, CA), to allow the following step
of downstream cloning of an internal ribosomal entry site (IRES)–
enhanced green fluorescent protein (EGFP) sequence (catalog #6064-1;
Clontech, Palo Alto, CA). Wt-cdk2-, Dn-cdk2-, Dn-cdk4-, and Dn-cdk6-
IRES–EGFP fragments were then inserted back into the native pCMV-
neo-BAM backbone vector, to form plasmids named pCMV:WT2:
IRES–GFP, pCMV:DN2:IRES–GFP, pCMV:DN4:IRES–GFP, and
pCMV:DN6:IRES–GFP, respectively (Fig. 1 A).

All plasmid constructs were introduced into cultured cells by liposomal
transfection in 24-well dishes, using 0.3 �g of DNA and 0.8 �l of
lipofectamine in OPTI-MEM (Life Technologies, Gaithersburg, MD)
for each well (50,000 cells per coverslip). The duration of the transfection
procedure was 6 hr. After transfection, the cells were placed in a
mitogenic environment, i.e., DME-N1 supplemented with PDGF (10
ng/ml) for primary OP cells, and DME-N1 supplemented with 30% (v:v)
B104 conditioned medium for the CG-4 cells. The average efficiency of
the transfection procedure (evaluated at 48 hr after transfection) in
primary OP cells (GFP � cells per total cells, mean 	 SD) was 9.6 	
4.2‰ for Dn-cdk2 construct, 13.4 	 4.2‰ for Dn-cdk4, 16.1 	 7.0‰

for Dn-cdk6, and 19.5 	 7.8‰ for wt-cdk2. The rate of transfection in
CG-4 cells was between 30 and 50% for all the constructs.

2�-3�-cyclic nucleotide 3�-phosphodiesterase–GFP transgenic mouse. The
2�-3�-cyclic nucleotide 3�-phosphodiesterase (CNP)–GFP transgenic
mouse was generated by using the 3.7 kb XbaI-HindIII sequence, which
contains the type I and II promoter core elements of the mouse CNP
gene (Gravel et al., 1998; Belachew et al., 2001; Yuan et al., 2002). This
fragment was ligated upstream of a 1 kb SmaI–XhoI fragment encom-
passing the coding sequence of EGFP gene (catalog #6064–1; Clontech)
(Belachew et al., 2001; Yuan et al., 2002). A polyadenylation signal from
bovine growth hormone was cloned downstream of the fusion gene. A 4.7
kb XbaI–XhoI fragment was excised, purified, and injected into fertilized

Figure 1. Cdk2 is a crucial mediator of mitogen-induced OP cell cycle
progression. A, Several plasmid constructions (pCMV:DN2, 4, 6, WT2:
IRES-GFP, 8.8–8.9 kb) carrying cDNAs for the wild-type cdk2 or
dominant-negative mutants of cdk2, 4, and 6, under the control of the
CMV promoter were generated. The GFP was used as reporter gene and
was cloned downstream of an IRES, allowing GFP to be synthesized
without fusing with the different kinase proteins. The control vector
(pCMV:IRES-GFP, 7.9 kb) only contained the IRES–GFP directly driven
by the CMV promoter. The plasmids also encompassed the �-globin intron
to enhance transgene expression, and the �-globin polyadenylation (pA)
sequence. B, C, Transfected CG-4 and OP cells were cultured in mitogenic
medium (see Materials and Methods) and stained after incorporating BrdU
(20 �M) from 24 to 42 hr post-end of transfection. The BrdU incorporation
index (� BrdU � cells/total transfected GFP � cells) for cells overexpress-
ing the different Dn- and wt-cdks is expressed as a percentage of the
corresponding values obtained for cells transfected with the pCMV:IRES-
GFP control vector, which were 62.6 	 3% for primary OP cells and 90.4 	
5% for CG-4 cells (mean 	 SEM). Dn-cdk2 overexpression induced cell
cycle arrest both in primary OP and CG-4 cells, whereas Dn-cdk4 margin-
ally inhibited proliferation only in primary OP cells. Histograms represent
mean 	 SEM of counts from three separate experiments (�1000 GFP �

cells counted for each condition, triplicate coverslips for each). **p 
 0.01,
***p 
 0.001, Student’s t test.
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oocytes from F1 females from FVB/NxCB6 genetic background. To
identify positive transgenic animals, mice were analyzed by both PCR
and Southern blot analysis. All animal procedures were performed
according to National Institutes of Health guidelines. Immunohisto-
chemical and electrophysiological characterization of GFP � cells in
tissue sections from transgenic mice revealed GFP expression in the
oligodendroglial lineage (Yuan et al., 2002).

Isolation of oligodendroglial cells by fluorescence-activated cell sorting.
Brains were dissected out from postnatal day 4 (P4)–P8, P15, and P30
CNP–GFP mice and from wild-type littermates. Meninges were re-
moved. Brain tissues were cut into small pieces and incubated in enzyme
solution (papain, 15 U/ml; type I deoxyribonuclease, 100 U/ml diluted in
PBS solution) at 37°C for 20 min. Digested tissues were gently dissociated
by passing through successive needles (gauge, 19 � 1 inch, 21 � 1 inch,
and 23 � 1 inch). Cell suspensions were then filtered through a 70 �m
cell strainer, centrifuged, and resuspended in DME-N1 plus 10% fetal
bovine serum (FBS) at a density of 10 7 cells/ml for subsequent
fluorescence-activated cell sorting (FACS). Cells were analyzed for light
forward and side scatter using a FACS Vantage SE instrument (Becton
Dickinson, San Jose, CA). To detect GFP fluorescence, cells were ana-
lyzed through a 530 nm bandpass filter, because the excitation wave-
length was set at 488 nm of the argon–ion laser. Cells from negative
littermates were used to set the background fluorescence, and a size
threshold was used to gate out debris and small fragments. The sorting
speed was 2000 –4000 cells/sec. After FACS, cells were washed twice and
harvested in ice-cold PBS solution.

Western blot and cdk2 activity assay. FACS-sorted cell pellets were
resuspended in 100 �l of sample buffer [50 mM HEPES, pH 7.4, 150 mM

NaCl, 1 mM EDTA, 2.5 mM EGTA, 1% Nonidet P-40, 1 mM Na3VO4, 4
�M NaF, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 10 �g/ml pepstatin, and
1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)] and lysed for
45 min on ice, followed by a brief sonication. The lysate was clarified by
centrifugation at 12,000 rpm for 5 min, and the supernatant was col-
lected. An aliquot was taken for protein determination using the Pierce
(Rockford, IL) BCA protein assay kit. Protein extracts (18 �g) were
resolved on a 4–20% mini-SDS polyacrylamide gel and transferred to
Immobilon polyvinylidene difluoride membranes. Equal protein loading
was verified by Ponceau S solution (Sigma, St. Louis, MO) reversible
staining of the blots. Blots were processed as previously described
(Ghiani et al., 1999a,b; Ghiani and Gallo, 2001), using anti-cdk2 (1:500,
clone M2, sc-163; Santa Cruz Biotechnology, Santa Cruz, CA) and
anti-cyclin E (1:500, clone M20, sc-481; Santa Cruz Biotechnology)
antibodies.

Immunostaining in tissue sections and in cell cultures. For cdk2 immu-
nohistochemical experiments, P6 and P30 sections from CNP–GFP
transgenic mice were prepared as previously described (Yuan et al.,
2002). Frozen sections were blocked at room temperature for at least 1 hr
in blocking solution (1% BSA, 0.3% Triton X-100, and 20% normal goat
serum in 1� PBS). Anti-cdk2 (1:200, clone M2, sc-163; Santa Cruz
Biotechnology), anti- proliferating cell nuclear antigen (PCNA) (1:50,
05–347; Upstate Biotechnology, Lake Placid, NY), and NG2 (1:1000,
AB5320; Chemicon, Temecula, CA) primary antibodies were diluted
using carrier solution (1% BSA, 0.3% Triton X-100 in 1� PBS). Brain
sections were incubated with primary antibody at 4°C overnight. For
PCNA staining, tissue sections were treated with cold methanol at 20°C
for 10 min before blocking. Rinse was performed in carrier solution at
room temperature with three changes of solution every 15 min. Anti-
rabbit and anti-mouse tetramethylrhodamine isothiocyanate- and Cy5-
conjugated secondary antibodies (Jackson ImmunoResearch Laborato-
ries, West Grove, PA) were diluted 1:200 in carrier solution. Incubation
was performed at room temperature for 1 hr and followed by three
washes, as described above. Sections were then transferred into 1� PBS,
mounted with Mowiol, and later imaged using a Nikon fluorescence
microscope equipped with a Bio-Rad (Hercules, CA) MRC1024 laser
confocal scanning system.

For immunocytochemistry of acutely purified OP cells from CNP–
GFP mice or transfected CG-4 and OP cell cultures, NG2, O4, O1, and
BrdU stainings were performed as previously described (Yuan et al.,
1998, 2002). For BrdU immunostaining, because the necessary alkaline
denaturation of cell DNA (NaOH 0.07N) was partially quenching GFP
fluorescence, GFP immunostaining (1:100; polyclonal anti-GFP, Santa
Cruz Biotechnology) was performed before BrdU staining to allow
accurate detection of transfected cells.

RESULTS

Cdk2 is a crucial mediator of OP cell cycle
progression either in a pro- or
anti-mitotic environment
To establish a causal link between cyclin E/cdk2 activity and OP
proliferation, we used cell transfection procedure and performed
gain/ loss of function experiments. We designed plasmids con-
taining dominant-negative mutants of cdk2, 4, and 6 (Dn-cdk2, 4
and 6) (Fig. 1A) placed under the control of the cytomegalovirus
(CMV) promoter with GFP as a reporter gene. These dominant
inhibitory mutants hold a single amino acid mutation located in
the catalytic cleft of the enzyme that renders them inactive (van
den Heuvel and Harlow, 1993). However, Dn-cdks retain their
ability to bind their cyclin partners and inactivate the function of
endogenous cdks by sequestering the required cyclins (van den
Heuvel and Harlow, 1993).

Because previous studies on OP cell cycle kinetics were per-
formed with rat tissue (Ghiani et al., 1999b; Ghiani and Gallo,
2001), transfection experiments were done with purified rat pri-
mary cortical OP cells prepared following an established standard
culture protocol (McCarthy and de Vellis, 1980) and with pro-
genitors from the rat oligodendroglial cell line CG-4 (Louis et al.,
1992). Proliferation was assessed by using bromodeoxyuridine
(BrdU) incorporation assays to quantitate GFP-expressing
S-phase precursors. In the presence of mitogenic stimulation after
transfection, Dn-cdk2 overexpression strongly decreased the
number of dividing cells both in primary OP and CG-4 cultures by
58 and 49%, respectively (Fig. 1B,C). Dn-cdk4 overexpression
only inhibited proliferation of primary OP cells by 27%, whereas
Dn-cdk6 was devoid of effect (Fig. 1B,C).

In parallel with loss of function experiments, which pointed to
a crucial role of cdk2 in mitogen-induced OP proliferation, we
also observed that overexpression of the wild-type version of cdk2
(wt-cdk2) in the presence of mitogens did not result in any
significant gain of function (Fig. 1B,C). Conversely, when de-
prived from platelet-derived growth factor (PDGF) stimulation,
overexpression of wt-cdk2 was sufficient to maintain a higher
percentage of primary OP cells within the cell cycle (Fig. 2A,
E–G). These results are consistent with the notion that wt-cdk2
overexpression can compensate the downregulation of endoge-
nous cdk2 that constitutively occurs in OP cells after PDGF
withdrawal (Ghiani and Gallo, 2001).

We demonstrated that OP cell cycle progression in vitro and in
situ (Gallo and Ghiani, 2000) could be influenced by extracellular
signals, such as glutamate (Bergles et al., 2000; Gallo and Ghiani,
2000) and norepinephrine (Ghiani et al., 1999b) or by pharma-
cological K� channel blockade (Ghiani et al., 1999a). In OP cells
overexpressing wt-cdk2, reversible G1/S cell cycle arrest induced
by kainic acid, isoproterenol, and tetraethylammonium in the
presence of mitogen, was partially but significantly prevented
(Fig. 2B–D).

OP cell differentiation is cdk2- and cell
cycle number-independent
To determine whether modifications of OP cell cycle progression
could also affect the differentiation process, we studied the emer-
gence of O4

� pre-oligodendrocytes and O1
� mature oligoden-

drocytes in transfected cultures. Before transfection, primary OP
cultures maintained in PDGF contained 
5% of O4

� and no
O1

� cells (�90% of the cells were GD3
� or A2B5� under these
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conditions) (Ghiani et al., 1999b; Ghiani and Gallo, 2001) (data
not shown). When OP cultures were maintained in the presence
of PDGF for 4 d after transfection, the overexpression of Dn-
cdk2, 4, 6, and wt-cdk2 did not influence oligodendrocyte differ-
entiation, which remained very low (
2% of O1

� cells) (Fig.
3A,B). In this mitogenic environment, thyroid hormone (T3)
increased, as expected, the proportion of O4

� cells (Fig. 3,
compare A, C) and induced the appearance of 15–20% of O1

�

cells (Fig. 3, compare B, D). Furthermore, the presence of T3 did
not stimulate growth-arrested OP cells overexpressing Dn-cdk2
or 4 to differentiate more rapidly than OP cells transfected with
the control vector (Fig. 3C,D). Finally, in mitogen-free medium,
we also observed an increase of OP cell differentiation (Fig. 3,

compare A, E and B, F), but overexpression of wt-cdk2, despite
maintaining OP cells within the cell cycle (Fig. 2A), did not
induce a more immature phenotype (Fig. 3E–G)

Developmental regulation of cyclin E/cdk2 expression
and activity in OP cells in vivo
To quantitate cyclin E and cdk2 expression in the oligodendro-
glial lineage in vivo, we took advantage of a transgenic mouse
expressing the GFP under the control of the CNP promoter
(Belachew et al., 2001; Yuan et al., 2002). In this transgenic
mouse, GFP expression was targeted to the oligodendroglial
lineage (Belachew et al., 2001; Yuan et al., 2002). Acutely disso-
ciated GFP� oligodendroglial cells from CNP–GFP mice at
different developmental stages (P4–P30) were purified by FACS.
Unlike in tissue sections (Yuan et al., 2002), we observed that the
proportion of NG2� and O4� cells among acutely purified CNP–
GFP� oligodendroglial cells was not significantly different be-
tween FACS-sorted cell suspensions derived from early (P4) or
adult (P30) transgenic mice (Fig. 4A). On the other hand, the
proportion of O1� cells significantly increased between P4 and

Figure 2. Wt-cdk2 overexpression reverted OP cell cycle arrest associ-
ated with the activation of glutamatergic and �-adrenergic receptors, K �

channels blockade, or mitogen starvation. After transfection, primary OP
cells were placed in DME-N1 plus PDGF (10 ng/ml). Twenty-four hours
after end of transfection, OP cells were either shifted to growth factor free
DME-N1 (A), or maintained in PDGF-containing medium supplemented
with the glutamate receptor agonist kainic acid (100 �M) (B), the
�-adrenergic agonist isoproterenol (50 �M) (C), or K � channel blocker
tetraethylammonium (5 mM) (D). Two hours after the medium change,
OP cells were incubated with BrdU (20 �M) for the next 18 hr. Cells
transfected with pCMV:WT2:IRES-GFP were compared with those
transfected with pCMV:IRES-GFP control vector. Each BrdU incorpo-
ration index is expressed as a percentage of values obtained with cells that
were transfected with the same constructs, but cultured in the presence of
PDGF alone during the entire duration of the experiment. Histograms
represent mean 	 SEM of counts (total GFP � cells counted ranged
between 539 and 885 for each condition) from two independent experi-
ments with triplicate coverslips each. ***p 
 0.001, Student’s t test.
Separate (GFP in E and BrdU staining in F ) and merged ( G) fluores-
cence views of a proliferating pCMV:WT2:IRES-GFP-transfected OP
cell cultured in growth factor free DME-N1. Scale bar, 7 �m.

Figure 3. Cdk2-mediated regulation of OP cell cycle kinetics does not
affect differentiation. O4 and O1 immunophenotypes were assessed 4 d
after transfection (pCMV:DN2, 4, 6, WT2:IRES-GFP and pCMV:IRES-
GFP) of OP cells kept in a mitogenic environment (DME-N1 plus PDGF
10 ng/ml) with (C, D) or without (A, B) tri-iodothyronine (T3; 50 ng/ml).
Conversely, we also analyzed O4 and O1 emergence 4 d after transfecting
(pCMV:IRES-GFP versus pCMV:WT2:IRES-GFP) OP cells that had
been transferred into cell cycle arresting conditions (i.e., DME-N1 ), 24 hr
after end of transfection (E, F ). G, Double fluorescence view of an O1

�

(blue) mature oligodendrocyte overexpressing wt-cdk2 (GFP in green).
Scale bar, 7 �m. Histograms represent mean 	 SEM of counts (total
GFP � cells counted ranged between 427 and 1106 for each condition)
from three independent experiments with triplicate coverslips each.
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P30 (Fig. 4A). The steady percentage of NG2� and O4� cells in
the GFP� cell suspensions between P4 and P30 most likely
reflects the better survival of immature oligodendroglial cells
during the dissociation procedure. At least in part, this could be
caused by a loss of cell-to-cell contacts of mature oligodendro-
cytes in cell suspension. Importantly, as previously demonstrated
(Yuan et al., 2002), all the NG2� OP cells isolated from our
CNP–GFP mice were GFP�. We never distinguished a subpopu-
lation of NG2�/GFP-negative cells, as reported in the transgenic
mouse strain expressing the GFP under the proteolipid protein
(PLP) promoter (Mallon et al., 2002).

Western blot analysis of protein extracts from FACS-purified
GFP� cells revealed higher levels of cdk2 and cyclin E expression
at the early postnatal period (P4–P8) (Fig. 4B,C). In FACS-
purified CNP–GFP� oligodendrocyte lineage cells, a 65% de-
crease of cdk2 and a 95% reduction of cyclin E protein expression
were observed between P4–P8 and P30 (Fig. 4B,C). Similarly, we
also observed a drastic (�50%) reduction in cyclinE/cdk2 activity
between P4 and P30 (Fig. 4D,E).

To determine whether the developmental regulation of cy-
clinE/cdk2 occurred in OPs during in vivo development, we

performed double immunostaining of GFP� cells in tissue sec-
tions from CNP–GFP transgenic mice at P6 and P30. Immuno-
detection of NG2 chondroitin sulfate proteoglycan was used to
identify both perinatal and adult OPs in the subventricular zone
(SVZ), subcortical white matter, and cerebellar white matter
(Levine et al., 2001). NG2�/GFP� OP cells were immunostained
with anti-cdk2 antibodies or with antibodies raised against the
PCNA, a DNA replication-associated protein expressed in the
nucleus of dividing cells, which was used as a marker of cell
proliferation (Hyde-Dunn and Jones, 1997). In the SVZ at P6, the
majority of NG2�/GFP� OP cells displayed cytoplasmic staining
with anti-cdk2 antibodies (Fig. 5A–D) and nuclear staining with
anti-PCNA antibodies (Fig. 5E–H). Consistent with the Western
blot results shown in Figure 4, cell counting after immunohisto-
chemical analysis of tissue sections demonstrated a 9- to 10-fold
decrease in the percentage of NG2�/GFP� OP cells expressing
cdk2 or PCNA in the SVZ, subcortical white matter, and cere-
bellar white matter between P6 and P30 (Fig. 6A,B).

Double staining of GFP� cells with anti-cdk2 and anti-PCNA
in the same brain regions showed that, both at P6 and at P30,
�90% of the GFP�/PCNA� cells were also cdk2� (Figs. 7, 8A).

Figure 4. Cyclin E/cdk2 levels and activity
decrease in oligodendroglial cells during devel-
opment in vivo. A, Immunophenotype of
acutely isolated CNP-GFP � oligodendroglial
cells after FACS purification. We previously
demonstrated that GFP expression in CNP–
GFP transgenic mice was restricted to oligo-
dendrocyte lineage cells (Belachew et al.,
2001; Yuan et al., 2002), and that the FACS
procedure resulted in a 100% pure population
of GFP � cells whose antigenic properties were
identical to those in vivo (Yuan et al., 2002).
Values represent the percentage (mean 	
SEM) of NG2 �, O4

�, and O1
� cells in FAC-

sorted cell suspensions derived from P4, P15,
and P30 CNP–GFP transgenic mice. Total
cells counted ranged from 652 to 2185 for each
condition. B, Western blot analysis of cdk2 and
cyclin E expression was performed with sam-
ples containing pure oligodendroglial cells
freshly isolated from postnatal P4–P8, P15,
and P30 brains. Samples were obtained by
FACS of GFP � cells from CNP–GFP trans-
genic mice. FAC-sorted cells were pooled from
a total of 15 brains for each experimental time
point. C, Values were determined by densito-
metric analysis of the autoradiographs shown
in B and are expressed in arbitrary units. D,
Cdk2-associated histone H1-kinase activity
was measured in FACS-purified CNP–GFP �

cells at P4–P8 and P30, as previously described
(Ghiani and Gallo, 2001). Western blot FAC-
sorted cells were pooled from a total of 15
brains for each experimental time point. E,
Values were determined by densitometric
analysis of the autoradiograph shown in D and
are expressed in arbitrary units.
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This finding indicates that, within the GFP� oligodendroglial cell
population, proliferating cells always expressed cdk2, whereas
most of the cdk2-negative cells were nonproliferating (Fig. 7). At
P6, 80–90% of the cdk2-expressing cells were also PCNA� (Fig.

8B), but at P30, PCNA expression was detected only in 40–60%
of the cdk2� cells (Fig. 8B).

Altogether, these data indicate that cdk2 is highly expressed in
proliferating oligodendroglial cells in vivo throughout develop-

Figure 5. The majority of perinatal NG2 � OP cells are
proliferative and express cdk2 in vivo. Brain sections of SVZ
from P6 CNP–GFP mice were immunostained with either
(A–D, representing the same field) NG2 (blue) and anti-cdk2
(red) antibodies, or (E–H, representing the same field) with
NG2 (blue) and anti-PCNA (red) antibodies. Images were
obtained from the subventricular zone. At P6, the majority of
GFP �/NG2 � cells were also stained with anti-cdk2 (A–D,
arrows in D) or with anti-PCNA antibodies (E–H, arrows in
H ) (see Fig. 6 for quantitation). Scale bar, 20 �m.
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ment, and that the significant downregulation of cdk2 expression
in adult NG2� OP cells is correlated with the event of cell cycle
withdrawal.

DISCUSSION
In the present study, using in vitro transgenesis to overexpress
dominant-negative mutants of different cdk genes, we provide
evidence that cyclin E/cdk2 activity constitutes an essential com-
ponent of the mechanism of mitogen-dependent OP cell prolif-
eration. In parallel, we also demonstrate that a decrease of cdk2
activity causally underlies OP cell cycle exit triggered by extra-
cellular signals acting at glutamate and �-adrenergic receptors, or
K� channels. Therefore, our results show that, in OPs, cell cycle
pathways activated either in a pro- or in an anti-mitotic environ-
ment converge on the common molecular target cdk2.

The finding that cdk4/6 activity was less limiting than cdk2 in
the regulation of OP entry into S-phase is consistent with the
function of cyclinD/cdk4/6 complexes in different cell types
(Jones and Kazlauskas, 2000). In fact, it is likely that reduced

cdk4/6 activity is still sufficient to initiate pRb phosphorylation in
early G1 (Jones and Kazlauskas, 2000). This would trigger release
of E2F factors, transcriptional activation of cyclin E, and forma-
tion of the cyclin E/cdk2 complex, which in turn would maintain
pRb phosphorylation until G1/S checkpoint (Jones and Kazlaus-
kas, 2000).

Our experiments also demonstrate that cdk2-mediated regula-
tion of OP cell cycle progression did not modify the time course
of oligodendrocyte differentiation in the presence of PDGF.
Hence, OP cell cycle arrest is a necessary but insufficient condi-
tion to trigger differentiation. The uncoupling between OP cell
proliferation and differentiation has been demonstrated in cells
treated with growth factors or overexpressing cdk inhibitors such
as p18, p21, or p27 (Tikoo et al., 1998; Zezula et al., 2001;
Tokumoto et al., 2002), however in all these experimental para-
digms effects on multiple intracellular pathways could not be
excluded. In our cdk2 loss-of-function or gain-of-function exper-
iments, we are selectively targeting one component of the cell
cycle machinery and demonstrating that by the specific modifica-
tion of cdk2 activity we can arrest proliferation without altering
differentiation.

Oligodendrocyte differentiation induced by PDGF withdrawal
or T3 treatment was not modified by cdk2-mediated manipulations
of OP cell cycle kinetics achieved by overexpressing Dn- or wt-
cdk2. Thus, agents that stimulate OP differentiation may cause
irreversible OP cell cycle withdrawal by complex and likely redun-
dant mechanisms, which appear to be unrelated to cyclin E/cdk2
G1/S checkpoint. Furthermore, because cdk2-dependent cell cycle
arrest did not result in a more immature OP phenotype, nor did
cdk2-dependent cell cycle progression accelerate differentiation,
our results also provide evidence that OP cells do not “count” the
number of cell cycles before they differentiate. Thus, it appears that
the yet undefined molecular cues which regulate the differentiation
program of OP cells are cell cycle number-independent.

A recent study suggests that at least two molecularly distinct
intracellular pathways may be involved in the timer mechanism
that triggers OP cell irreversible cell cycle exit and differentiation
(Tokumoto et al., 2001). T3-mediated OP cell differentiation
appears to depend on a p53 family protein (for review, see
Levrero et al., 2000), whereas spontaneous differentiation of OP
cells in the presence of PDGF or OP cell differentiation induced
by PDGF withdrawal are p53-independent (Tokumoto et al.,
2001). T3 treatment and PDGF starvation can trigger changes in
expression of Cip/Kip and Ink4 CKIs (Ghiani et al., 2001; To-
kumoto et al., 2001) that in turn influence cdk2 activity. However,
our data show that transgenic modulation of cdk2 activity, per se,
did not influence T3- and PDGF withdrawal-induced differentia-
tion. Therefore, the unknown endpoint mechanism of irreversible
cell cycle exit associated with these pro-differentiating conditions
are likely to involve distinct pathways that are independent from
cyclin E/cdk2 activity. It can be hypothesized that nuclear tran-
scription factors, such as helix-loop-helix proteins, known to
stimulate oligodendrocyte differentiation (Kondo and Raff, 2000;
Wang et al., 2001) could bypass cyclin E/cdk2 checkpoint and
trigger irreversible OP cell cycle exit by directly affecting the
phosphorylation state of pRb (Huang et al., 2002).

To correlate our findings on the essential role of cyclin E/cdk2
activity in OP proliferation in culture with OP proliferation in
vivo, we took advantage of a transgenic mouse model in which
GFP was selectively expressed in the oligodendroglial lineage
throughout embryonic and postnatal development (Belachew et
al., 2001; Yuan et al., 2002). After a FACS procedure that allowed

Figure 6. Cdk2 expression and cell proliferation are downregulated
between perinatal and adult oligodendrocyte progenitor cells. Subven-
tricular zone (SVZ), subcortical white matter (SCWM ), and cerebellar
white matter (CBL) from CNP–GFP mice were analyzed by immuno-
staining at P6 and P30, to assess the number of cdk2- ( A) and PCNA-
expressing (B) cells within the NG2 �/GFP � population at distinct de-
velopmental stages. Histograms represent mean 	 SEM. Total GFP �

cells counted ranged between 483 and 641 at P6, and between 409 and 455
at P30.
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us to purify GFP� oligodendroglial cells at the progenitor stage
(Yuan et al., 2002), we were able to demonstrate a downregula-
tion of cyclin E/cdk2 activity and cyclin E and cdk2 protein
expression in OP cells acutely isolated from adult brain.

We also performed a developmental immunohistochemical
study of the proportion of cdk2-expressing cells within NG2�/
GFP� OP cells in the SVZ, cerebellar white matter, and subcor-
tical white matter. We detected a drastic decrease of both prolif-
eration and cdk2 expression in NG2� OP cells between the
perinatal period and adulthood. Furthermore, we observed that
nearly all the few OP cells which remain proliferative in the adult
brain sustained a high level of cdk2 expression. Conversely, about
half of cdk2-expressing OPs of the adult brain were found to be

Figure 7. Coexpression of PCNA and cdk2 in CNP-GFP� cells in vivo.
Brain sections from P6 CNP–GFP mice A–D, representing the same field
were immunostained with anti-cdk2 (B, red) and anti-PCNA (C, blue)
antibodies. Images represent the same microscopic field obtained from the
subventricular zone at P6. The majority of proliferating PCNA�/GFP�

oligodendroglial cells coexpressed cdk2 (white arrows; see Fig. 8 for quanti-
tation), whereas most of the cdk2-negative oligodendroglial cells were found
to be nonproliferative, i.e., PCNA-negative ( yellow arrows). Scale bar, 20 �m.

Figure 8. Proliferating GFP � oligodendroglial cells express sustained
levels of cdk2 during development. Subventricular zone (SVZ), subcorti-
cal white matter (SCWM ), and cerebellar white matter (CBL) from
CNP–GFP mice were analyzed by immunostaining at P6 and P30, to
assess the number of PCNA- and cdk2-co-expressing cells within the
GFP � population at distinct developmental stages. A shows the percent-
age of PCNA � cells also expressing cdk2, whereas B indicates the
percentage of cdk2 � cells also expressing PCNA. Histograms represent
mean 	 SEM. Total GFP � cells counted ranged between 483 and 597 at
P6 and between 409 and 455 at P30.
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nonproliferative, which suggests that the decrease of cyclin
E/cdk2 complex activity and proliferation in postnatal OPs may
be initially triggered by a reduction in cyclin E expression. This
hypothesis is supported by our Western blot analysis of cyclin E
and cdk2 expression in FACS-purified GFP� cells (Fig. 4), indi-
cating a more rapid developmental decline in cyclin E than in
cdk2 levels. Thus, altogether our data strongly suggest that regu-
lation of cyclin E and cdk2 expression and cyclin E/cdk2 activity
within the oligodendroglial lineage in vivo causally underlies the
progressive breakdown of OP cell proliferative potential that
occurs during postnatal maturation (Wolswijk et al., 1990; Calver
et al., 1998; Shi et al., 1998).

Despite an established lineage continuity, adult OP cells are
known to differ from their neonatal counterparts in cell cycle
time, rate of migration and time course of differentiation
(Ffrench-Constant and Raff, 1986; Wolswijk et al., 1990; Shi et al.,
1998). Our data show that, besides extrinsic environmental dif-
ferences at the level of mitogen supply and response (Chan et al.,
1990; Wolswijk and Noble, 1992; Engel and Wolswijk, 1996; van
Heyningen et al., 2001), a major reason for the slower cell cycle
kinetics of adult OPs relies on the intrinsic developmental regu-
lation of the molecular machinery controlling cell cycle G1/S
checkpoint. These findings may shed a new light on our under-
standing of the “quiescent” state of OP cells in human normal
adult white matter and in multiple sclerosis lesions (Wolswijk,
1998; Chang et al., 2000; Maeda et al., 2001). Consistent with our
hypothesis, a recent study by Sim et al. (2002) demonstrated that
the significant attenuation in remyelination efficiency observed in
adult OPs as compared to their perinatal counterpart is at least in
part due to an impairment in recruitment, that involves both
proliferation and migration.

Our results not only provide insights into OP cell cycle deci-
sions and the relationship between OP proliferation and differ-
entiation, but also open new perspectives with respect of our
understanding of: (1) the deregulation of proliferation underlying
the genesis of OP-derived gliomas (Shoshan et al., 1999), and (2)
the failure of remyelination in spite of the persistence of OP cells
in CNS demyelinating lesions (Chang et al., 2000). We propose
here that, besides acting on extrinsic cues, the molecular strate-
gies aimed at modulating adult OP cell proliferation may need to
focus on specifically targeting the cyclinE/cdk2 complex. With
regard to genetic engineering techniques, as demonstrated in
previous studies (Belachew et al., 2001; Yuan et al., 2002; Mallon
et al., 2002), the use of CNP or PLP promoter-driven genes
appears to be best suited for loss/gain-of-function experiments
selectively targeting adult OP cells.
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Abstract

Since cyclin-dependent kinases (Cdks) and their endogenous inhibitors (Cdkis) play an essential role as regulators of cell cycle withdrawal
and onset of differentiation within oligodendroglial cells, we assessed here the effects of exogenous chemical Cdk inhibitors (CKIs)
on cultured rat cortical oligodendrocyte progenitor cells (OPCs). We showed that purine derivatives and especially roscovitine strongly
inhibited OPCs proliferation. In the presence of mitogenic signals, roscovitine synergized with thyroid hormone to stimulate oligodendrocyte
differentiation. Roscovitine also prevented oligodendroglial apoptosis induced by growth factor deprivation. We thus demonstrated that
small molecular weight chemical CKIs have important effects on crucial events of oligodendroglial development in vitro. This might open
prospects for using these apparently well tolerated agents in remyelination strategies.
© 2003 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Proliferation, differentiation and survival of neural cells
during the development of central nervous system (CNS) are
known to depend on both intrinsic and extrinsic signalling
(Edlund and Jessell, 1999). In particular, differentiation of
oligodendrocyte progenitor cells (OPCs) is tightly coupled
to cell cycle withdrawal which has been suggested to de-
pend on complex mechanisms including the interaction of
at least two cell-intrinsic components that are controlled by
extracellular signals: (i) a timer regulated by platelet-derived
growth factor (PDGF) that measures elapsed time, and (ii)
an effector component that can be triggered by hydrophobic
signals, such as retinoic acid or thyroid hormone acting at
the level of the induction of permanent cell cycle exit, as-
sociated with the onset of differentiation (Durand and Raff,
2000).

Cell cycle arrest appears to be a crucial event to which
many molecular pathways, which regulate oligodendrocyte
development, converge. Progression throughout the mam-
malian cell cycle is known to be regulated by phosphoryla-

∗ Corresponding author. Tel.: +32-4-3665905; fax: +32-4-3665912.
E-mail address: sbelachew@ulg.ac.be (S. Belachew).
1 J.-M.R. and S.B. contributed equally to this work.

tion/dephosphorylation of the retinoblastoma protein (pRb),
a process operated by cyclin-dependent kinases (Cdks)
which require association with cyclins and phosphorylation
to be active (Morgan, 1997). Superimposed upon this core
unit, the endogenous Cdk-inhibitors (Cdkis) inhibit Cdk ac-
tivity and thereby can prevent S phase entry and counteract
with the effects of activating cyclins (Sherr and Roberts,
1999). So far, two families of Cdkis have been identified
in mammalian cells: the Cip/Kip family which includes
p27Kip1, p21Cip1 and p57Kip2 and the Ink4 family which
includes p16Ink4a, p15Ink4b, p18Ink4c and p19Ink4d (Sherr
and Roberts, 1999). In the oligodendroglial lineage, p21Cip1

and p27Kip1 accumulate as OPCs proliferate (Ghiani et al.,
1999) and inhibit cyclin E-Cdk2 complex activity, which
appears to play a pivotal function in OPC cell cycle de-
cisions occurring at G1/S checkpoint (Ghiani and Gallo,
2001; Belachew et al., 2002). Furthermore, intrinsic differ-
ences in vivo in cyclin E/cdk2 expression and activity in
adult OPCs may underlie the slowly proliferative state that
characterizes these so-called “quiescent” OPCs from adult
white matter (Belachew et al., 2002).

Based upon this established function of Cdks in cell cycle
regulation and given that approximately 90% of all neo-
plasias are associated with Cdk hyperactivation (Hartwell
and Kastan, 1994), several strategies have recently been

0736-5748/$30.00 © 2003 ISDN. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/S0736-5748(03)00075-3
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designed to develop pharmacological compounds that are
capable of inhibiting the catalytic Cdk subunit, i.e. its
ATP-binding site. Such chemical Cdk inhibitors (CKIs) are
extensively evaluated in cancer chemotherapy as well as
in other indications including neurodegenerative disorders,
since these agents also inhibit apoptosis in post-mitotic
neuronal cells (Sausville et al., 1999).

In the present work, considering the prominent role of
Cdk regulation in OPC cell cycle arrest and withdrawal
(Belachew et al., 2002), we assessed the effect of synthetic
exogenous CKIs on proliferation, differentiation and cell
death within the oligodendroglial lineage in vitro. More
specifically, we used purine derivatives (roscovitine, RP107
and aminopurvalanol) and paullones (alsterpaullone) that are
relatively selective for Cdk2.

2. Experimental procedures

2.1. Cell culture

Primary oligosphere-derived OPCs cultures were pre-
pared from 1- to 3-day-old rat pups as previously described
(Belachew et al., 2000), using a slight modification of
the isolation procedure of Avellana-Adalid et al. (1996).
The animals were killed following National Institutes of
Health animal welfare guidelines. The cerebral cortices of
1–3-day-old rat pups were dissected and collected in PBS
supplemented with glucose at 4.5 g/l, carefully freed of
meninges and vessels, and dissociated by sieving succes-
sively through a 225 and a 25 �m nylon mesh. Cells were
collected in PBS containing 25 mm HEPES. The cell sus-
pension was layered on top of a pre-centrifuged (30 min
at 26,000 × g) Percoll density gradient (1.04 g/ml; Phar-
macia, Sweden) and centrifuged for 15 min at 26,000 × g.
Cell debris which remained in the top aqueous phase were
discarded and the interphase below the debris and just
above the red blood cells was resuspended in PBS–HEPES.
The suspension was centrifuged three times (10 min at
400 g) in PBS–HEPES to eliminate Percoll. The final pellet
was resuspended in DMEM supplemented with N1, biotin
(10 ng/ml) and 30% (v/v) of B104-conditioned medium
(CM) (Louis et al., 1992). Five milliliters of the cell sus-
pension was then seeded on an uncoated 25 cm2 tissue
culture flask (Falcon; Becton-Dickinson, USA) at a con-
centration of 4 × 106 cells/ml. After 24 and 48 h, the flask
was smoothly shaken and the suspension transferred into
a new flask, thus eliminating adherent cells. After these
pre-platings, the progenitor cells have grown as spheroid
aggregates termed “oligospheres” (150–300 �m diameter).
To induce an oligodendrocyte commitment, oligospheres
were seeded on polyornithine-coated (0.1 mg/ml) glass cov-
erslips in the center of 35 mm plastic Petri dishes (NUNC,
Denmark) at a density of 10–25 oligospheres per coverslip,
and then were switched to growth factor-free DMEM-N1
medium.

2.2. Immunocytochemistry

Cultures on coverslips were fixed in 4% (w/v) paraformal-
dehyde for 10 min at room temperature. Non-specific
binding was blocked by a 60 min treatment in a PBS so-
lution containing non-fat dry milk (15 mg/ml). This was
followed by a 60 min incubation at 37 ◦C with rabbit
polyclonal anti-galactocerebroside (GalC) (1:200) (Sigma
Chemical Co., St. Louis, MO) and A2B5 (1:100) IgM
antibodies (Boehringer Mannheim). As secondary anti-
bodies, a rhodamine-conjugated anti-rabbit IgG (Jackson,
ImmunoResearch, USA) at 1:400 and a FITC-conjugated
anti-mouse IgM (Jackson, ImmunoResearch) at 1:250 di-
lution were incubated for 60 min at room temperature.
Triple PBS rinses were performed between each step. The
preparations were mounted in Fluoprep and imaged using
a Bio-Rad MRC1024 laser scanning confocal microscope.
The total cell number was measured after counterstaining
the cultures with the nuclear dye Hoescht 33258 (0.4 �g/ml
in PBS for 15 min) at the end of the procedure. For cell
number assessment, 10 microscopic fields (±200 cells per
field) (Axiovert 135 fluorescence microscope, 40× ob-
jective, Zeiss) were counted for each coverslip and two
coverslips were analyzed for each experimental condition.
Each experimental condition was tested in three inde-
pendent experiments, yielding to a total number of cells
counted that ranged between 2517 and 3004 for each
condition.

2.3. BrdU incorporation assay

To label cells in S phase in vitro, bromodeoxyuridine
(BrdU, 10 �M, Sigma), which is incorporated into repli-
cating DNA, was added to the cultures for 72 h prior to
staining. The treatment of cultures (in DMEM-N1 + PDGF
10 ng/ml) with BrdU started 24 h after allowing the oligo-
spheres to adhere and spread on a coated substrate. Chem-
ical CKIs were added to the cultures together with BrdU
for the same 72 h time period. Using such a long (72 h)
BrdU incorporation assay allowed us: (i) to be devoid of
any artefact that would result from the lack of synchro-
nization of our OPC culture at the start of the proliferation
assay, and (ii) to cover a time-frame corresponding to the
duration of two–three complete cell cycles; thus, obtaining
a more reliable and accurate assessment of the total pool
of OPCs that remained cycling in our experimental condi-
tions (given that cell cycle duration can be varied consid-
erably between single cells). A2B5 labeling was performed
as described in the Section 2.2 except that the secondary
antibody was replaced by a TRITC-conjugated anti-mouse
IgM (Jackson, ImmunoResearch) at 1:250 dilution. Cov-
erslips were then post-fixed for another 10 min incubation
in 4% (w/v) paraformaldehyde, incubated in NaOH 0.07N
for 10 min, once again post-fixed for another 10 min, per-
meabilized in Triton-X100 (0.1%) and finally incubated for
45 min with a FITC-conjugated anti-BrdU antibody (1:3,
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Becton-Dickinson). Cell imaging and countings were per-
formed as described in the Section 2.2.

2.4. TUNEL labeling

Apoptosis was analyzed in OPC cultures maintained for 5
days in various experimental conditions. We used the termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) method using the ApopTag fluorescent
detection kit (Oncor, Gaitherburg, MD). The cultures were
fixed with 4% paraformaldehyde for 20 min at room tem-
perature. Equilibration buffer was then applied for 30 min.
Cultures were incubated with working strength TdT en-
zyme for 1 h at 37 ◦C. The reaction was stopped with work-
ing strength stop/wash buffer. Cultures were then washed
and further incubated with anti-digoxigenin–FITC. The to-
tal number of oligodendrocytes was measured after coun-
terstaining the culture with the nuclear dye Hoescht 33258
(0.4 �g/ml for 15 min) at the end of the procedure.

2.5. Drugs

Roscovitine, alsterpaullone, RP107 (1-methyl-6-amino-
purine) and aminopurvalanol were kindly provided by Lau-
rent Meijer (Roscoff, France). PDGF-AA was from Prepro
Tech (Rocky Hill, NJ) and triiodothyronine (T3) from Sigma.

3. Results

3.1. Chemical Cdk-inhibitors inhibit
PDGF-induced OPCs proliferation

To measure the effect of several small molecular weight
CKIs on the proliferation of OPCs, the cultured cells were
studied in the outgrowth zone of expanded oligospheres
(Fig. 1A–C). OPCs were allowed to incorporate BrdU for
72 h in DMEM-N1 supplemented with PDGF in the presence
of roscovitine (Fig. 2A), alsterpaullone (Fig. 2B), aminop-
urvalanol (Fig. 2C) or RP 107 (Fig. 2D). We specifically
assessed CKIs effect on the proliferation of A2B5+ OPCs
by performing double stainings for BrdU and A2B5. We ob-
served a dose-dependent decrease of the BrdU labeling index
with all the tested CKIs. The IC50 values of their anti-mitotic
effect were (mean±S.D., n = 3) 0.18±0.2 �M for roscov-
itine, 2.36 ± 0.4 �M for alsterpaullone, 1.79 ± 0.3 �M for
aminopurvalanol and 2.4 ± 0.1 �M for RP 107.

3.2. Roscovitine has opposite effects on the survival of
proliferating OPCs and differentiating oligodendrocytes

Growth factor deprivation in vitro is known to trigger
the differentiation of OPCs, but also induces apoptosis
to a significant extent (Casaccia-Bonnefil, 2000). To in-
vestigate the possible interaction of chemical CKIs with
this developmental cell death, the percentage of apoptotic

Fig. 1. PDGF-induced proliferation of cultured oligodendrocyte progeni-
tor cells derived from oligospheres. (A and B) Phase–contrast views of
expanded oligospheres after attachment onto a coated substrate and cul-
tured in DMEM-N1 supplemented with PDGF (10 ng/ml). OPCs rapidly
spread out of the spheres and were assessed for BrdU incorporation in the
monolayer appearing in the outgrowth zone located outside the spheres
that are represented in (A) as red circled regions. (B) Phase–contrast
view displaying the typical OPC density observed in such peripheral areas
around oligospheres, where proliferation was quantified. (C) Confocal mi-
croscopy image of PDGF-stimulated proliferating OPCs immunostained
with A2B5 (red) and anti-BrdU (green) antibodies. Scale bar = 50 �m
for (A and B) and 15 �m for C.

cells was measured in oligosphere-derived oligodendroglial
cultures that had been allowed to grow for 5 days in
mitogen-free DMEM-N1. In such conditions, we observed
an anti-apoptotic effect of roscovitine (Fig. 3A) occurring
at a concentration range (1–3 �M) that had been shown to

Publication #4



324 L. Nguyen et al. / Int. J. Devl Neuroscience 21 (2003) 321–326

Fig. 2. CKIs inhibit oligodendrocyte progenitor cell proliferation. After being switched (24 h after seeding the oligospheres on a coated surface) from a
B104CM containing medium to DMEM-N1 supplemented with PDGF (10 ng/ml), OPCs were allowed to incorporate BrdU (10 �M) for 72 h. The BrdU
incorporation index (%) was expressed as a percentage of the control value specifically within the highly proliferative A2B5+ OPCs. We showed the
dose–response curves of the anti-mitotic effects of roscovitine (A), alsterpaullone (B), aminopurvalanol (C) and RP 107 (D).

inhibit cell cycle progression in the presence of PDGF (see
Fig. 2A). Conversely, if OPCs were maintained for the same
time-frame (5 days) in a proliferative state in the presence
of PDGF (10 ng/ml) (Fig. 3B), the absolute intensity of the
apoptotic process was by far lower (9.78 ± 1.17% of the
cells; mean ± S.D., n = 5) than in mitogen-free medium
(75.14 ± 5.1% of total cells; mean ± S.D., n = 5) and
roscovitine then had no effect on the proportion of apop-
totic cells except at high non-physiological concentrations
(30 �M).

Fig. 3. Dual effects of roscovitine on oligodendroglial apoptosis. Apoptotic cell death was determined by performing TUNEL viability assays with cultures
incubated for 5 days in the presence of roscovitine, respectively, in DMEM-N1 supplemented (B) or not (A) with PDGF (10 ng/ml). Histograms represent
apoptotic cells as a percentage of the total cell number evaluated by counterstaining cell nuclei with the Hoescht 33258 dye. Statistical data (Student’s
t-test) arose from comparison with the control for each condition. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.

3.3. In a mitogenic environment, roscovitine synergizes
with T3 to stimulate oligodendrocyte differentiation

We finally assessed the effects of CKIs on the kinetics of
oligodendrocyte maturation by analysing the immunophe-
notype of the cultures after 5 days in DMEM-N1 sup-
plemented (Fig. 4A) or not (Fig. 4B) with PDGF and in
the presence of roscovitine, T3 (30 ng/ml) or both T3 and
roscovitine (3 �M). We quantified the relative proportions
of GalC-positive cells in each condition. The basal level
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Fig. 4. Roscovitine synergizes with the pro-differentiating effect of T3 in
a mitogenic environment. The percentage of GalC-expressing immature
oligodendrocytes was evaluated after 5 days of differentiation in the pres-
ence of PDGF (10 ng/ml) (A) or in mitogen-free DMEM-N1 (B). In such
conditions, we assessed the effect of roscovitine at several concentrations,
the effect of T3 (30 ng/ml) alone or in combination with roscovitine at
3 �M (T3 +R). Statistical data (Student’s t-test) were expressed as a com-
parison with the control condition: (*) P < 0.05; (**) P < 0.01; (***)
P < 0.001.

of GalC+ cells was (mean ± S.D., n = 5) 8.4 ± 1.8%
of total cells with PDGF and 21.68 ± 5.1% of total cells
in the absence of PDGF. Anti-mitotic concentrations of
roscovitine had no effect on the proportion of GalC+ cells,
neither in growth factor-free medium nor in PDGF-enriched
DMEM-N1. In the presence of PDGF, T3 increased the
percentage of GalC+ cells to 19.7 ± 1.4% of total cells if
applied alone and 36.8 ± 8.2% when combined with 3 �M
roscovitine. To a much lesser extent, T3 also slightly stim-
ulated oligodendrocyte maturation in DMEM-N1 with no
additional effect of roscovitine.

4. Discussion

Consistent with the increasing evidence that endogenous
Cdkis may play a major role in OPC cell cycle exit, we
demonstrated here that synthetic small molecular weight
CKIs, mainly inhibitors of Cdk2, regulate oligodendroglial
growth in vitro. Roscovitine, which was the most potent in-
hibitor of Cdk2 among the tested CKIs, had the most effec-
tive anti-mitotic activity on cultured OPCs with an IC50 in
the micromolar range. We also demonstrated that roscovitine

alone had no effect on oligodendrocyte maturation but poten-
tiated T3-induced differentiation in the presence of PDGF.

These results are consistent with the key role of cyclin
E-Cdk2 complex, the main biochemical target of roscovitine,
during oligodendroglial development (Ghiani and Gallo,
2001; Belachew et al., 2002). Thus, blockade of this enzy-
matic complex by roscovitine: (i) appears to be sufficient to
induce OPC cell cycle arrest by mimicking the effect of en-
dogenous Cdkis such as p27 acting on the cdk2-dependent
G1/S checkpoint; (ii) can increase the pro-differentiating
effect of thyroid hormone in a mitogenic environment,
hereby mimicking somehow the pro-differentiating effect of
another endogenous Cdki, p21 (Zezula et al., 2001). Given
that Cdk2-dependent G1/S cell cycle arrest is known to be
a necessary but insufficient condition to trigger differentia-
tion in the oligodendroglial lineage (Belachew et al., 2002),
roscovitine likely controls differentiation by interacting
with other intracellular kinases. As a matter of fact, roscov-
itine is also known to regulate Cdk5, Cdk7 and, to a lesser
extent, ERK1/ERK2 (Meijer et al., 1997; Knockaert et al.,
2002) that could be part of the yet unknown T3-induced
intracellular cascade. We hypothesized that such properties
of synthetic chemical CKIs might indeed allow them to
stimulate differentiation and thus myelinating function of
quiescent OPCs known to persist both in adult normal white
matter and in MS lesions.

We have also shown in the presence of PDGF that roscov-
itine induced apoptosis of oligodendrocytes, but only at
very high concentrations. On the other hand, apoptosis in-
duced by growth factor deprivation was effectively reduced
by low concentrations of roscovitine. Such opposite effects
of roscovitine on apoptosis have already been described in
other cell types. CKIs classically trigger apoptosis, pref-
erentially in many dividing but also non-dividing cells, or
facilitate cell death mediated by other agents (Meijer et al.,
1999; Shibata et al., 1996). It is well established that �-tumor
necrosis factor inhibits mitogen-elicited OPC proliferation,
and enhances apoptosis with a concomittant up-regulation of
p21/p27 and a parallel decrease of Cdk2 activity (Yu et al.,
2000). It has also been shown that in the presence of mi-
togenic stimulation, OPCs induced to growth arrest by
overexpressing p27Kip1 are programmed to die because
of an inappropriate coordination between signal transduc-
tion pathways activated by exogenous stimuli and intrinsic
components of cell cycle machinery, creating a genotoxic
stimulus and activating a p53-dependent death program
(Casaccia-Bonnefil, 2000). Furthermore, it is now recog-
nized that chemical CKIs can protect post-mitotic PC12
neuronal cells from apoptosis induced by nerve growth
factor withdrawal (Park et al., 1996).

The interaction of synthetic CKIs with life/death deci-
sions within the oligodendroglial lineage strengthens the
evidence that cell cycle exit, onset of differentiation and
apoptosis are tightly linked processes controlled by Cdks
and their inhibitors (King and Cidlowski, 1998). Con-
sidering that synthetic CKIs are already used in clinical
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trials as chemotherapeutic agents and seem well tolerated
(Senderowicz and Sausville, 2000), the question of the
potential pro-differentiating and anti-apoptotic actions of
these drugs on oligodendroglial lineage cells in vivo should
soon be addressed using experimental autoimmune en-
cephalomyelitis as an animal model of immune-mediated
demyelination. Likewise, as many glial tumors may ac-
tually arise from a dysregulation of proliferation at the
level of bipotential oligodendroglial progenitors (Shoshan
et al., 1999), CKIs may also become interesting candi-
dates for future anti-mitotic treatment of OPC-derived
gliomas.
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Postnatal NG2 proteoglycan–expressing progenitor 
cells are intrinsically multipotent and generate 
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eurogenesis is known to persist in the adult mamma-
lian central nervous system (CNS). The identity of
the cells that generate new neurons in the postnatal

CNS has become a crucial but elusive issue. Using a trans-
genic mouse, we show that NG2 proteoglycan–positive
progenitor cells that express the 2

 

�,3

 

�-cyclic nucleotide 3

 

�-
phosphodiesterase gene display a multipotent phenotype
in vitro and generate electrically excitable neurons, as well
as astrocytes and oligodendrocytes. The fast kinetics and the
high rate of multipotent fate of these NG2

 

� progenitors in

N vitro reflect an intrinsic property, rather than reprogramming.
We demonstrate in the hippocampus in vivo that a sizeable
fraction of postnatal NG2

 

� progenitor cells are proliferative
precursors whose progeny appears to differentiate into
GABAergic neurons capable of propagating action potentials
and displaying functional synaptic inputs. These data show
that at least a subpopulation of postnatal NG2-expressing
cells are CNS multipotent precursors that may underlie
adult hippocampal neurogenesis.

Introduction
The identity of postnatal central nervous system (CNS)*
multipotent neural stem cells (NSCs) in vivo is a matter of

intense debate. To date, a lineage continuum has not yet
been established between embryonic neuroepithelial and
“adult” NSCs, which emerge in restricted germinative areas
during the first postnatal week (Alvarez-Buylla and Temple,
1998; Alvarez-Buylla et al., 2001). Embryonic radial glia can
generate neurons (Malatesta et al., 2000; Noctor et al.,
2001), and adult NSCs express molecular markers (glial
fibrillary acidic protein; GFAP) and ultrastructural charac-
teristics of astrocytes (Doetsch et al., 1999; Laywell et al.,
2000). However, the use of GFAP antigenicity as a feature
of postnatal NSCs is not without caveats and mostly applies
to the subventricular zone (SVZ; Doetsch et al., 1999).

Similar to CNS stem cells, NG2 proteoglycan–expressing
progenitor cells persist and slowly proliferate throughout the
adult CNS (Ffrench-Constant and Raff, 1986; Wolswijk
and Noble, 1989). During CNS development, the well-
characterized anatomical distribution of NG2

 

� progenitors
(Spassky et al., 1998) overlaps with areas where totipotent
NSCs reside and ongoing neurogenesis occurs (Alvarez-
Buylla and Temple, 1998; Temple and Alvarez-Buylla,
1999). Cells that express the NG2 chondroitin proteoglycan
represent the largest pool of postnatal proliferative progenitors
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scattered throughout neurogenic as well as nonneurogenic
areas of the CNS (Dawson et al., 2000), but their possible
intrinsic stem cell potential has not yet been explored.

To determine to what extent postnatal NG2

 

� cells may
display multipotent stem cell-like properties in vitro and in

vivo, we used a transgenic mouse expressing the GFP under
the control of the 2

 

�,3

 

�-cyclic nucleotide 3

 

�-phosphodi-
esterase (CNP) promoter (Belachew et al., 2001; Yuan et al.,
2002). In this CNP-GFP transgenic mouse, all NG2

 

� pro-
genitor cells assessed in the first postnatal week were consis-

Figure 1. FACS® purification of early postnatal GFP� cells from CNP-GFP transgenic brains reveals an NG2�/nestin� phenotype. FACS®

analysis of acutely dissociated cell suspensions of P2 whole brain from CNP-GFP transgenic mice (tg) and wild-type (wt) littermates displayed 
identical light forward and side scatter distributions (A). To eliminate erythrocytes and cell debris, forward scatter gating parameters were 
chosen for further GFP fluorescence analysis (B and C, left panels). Cells from CNP-GFP suspensions that were considered GFP� and FACS®-
selected, were in a range of fluorescence (C, bar in right panel) far above (ratio �5�) maximal background intensity yielded by the wild-type 
cell suspension (B, bar in right panel). Using such criteria, all FACS®-sorted cells were consistently found to be GFP�, as determined by 
fluorescence microscopy analysis of cell suspensions plated on coverslips immediately after sorting, and fixed 1 h later (two independent
experiments, total cells counted 	 1,069, 100% were GFP�; E and F). (D) Immunocytochemical characterization of pre-FACS® and post-FACS®

cell suspensions (total GFP� counted cells 	 1069, two independent experiments). N.P., not present. We demonstrated here that pre-FACS®

versus post-FACS® GFP� cells were antigenically identical and mostly expressed an NG2�/nestin� phenotype. This validated our fluorescence 
sorting criteria, which did not preferentially select a subset of CNP-GFP� cells. Phase-contrast (E) and fluorescence (F) views of FACS®-selected
cells that were all GFP�.
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tently found to be GFP

 

� in distinct CNP-GFP transgenic
lines (Yuan et al., 2002), indicating that they also expressed
the CNP gene.

In white matter regions of the CNP-GFP mice, the spatial
and temporal expression pattern of GFP matched oligoden-
drocyte development from the progenitor stage to mature
myelinating oligodendrocytes (Belachew et al., 2001; Yuan
et al., 2002). Furthermore, CNP-GFP

 

� cells expressed oli-
godendrocyte progenitor markers in the subventricular zone,
and mature oligodendrocyte markers in the developing and
adult white matter (Yuan et al., 2002). However, CNP-
GFP

 

� cells expressing the NG2 proteoglycan were also
found in gray matter regions (Yuan et al., 2002).

Here, we report that acutely purified preparations of CNP-
GFP–expressing cells from early postnatal brain can form
clonal neurospheres in vitro. Furthermore, we demonstrate
that within the CNP-GFP

 

� population, NG2

 

� cells repre-
sent multipotent progenitors that can rapidly generate astro-
cytes and mature, action potential–propagating neurons after
48 h of culture. Finally, we provide evidence that a propor-
tion of NG2

 

�/CNP-GFP

 

� progenitor cells may be a source
of new functional neurons in the postnatal hippocampus,
where neurogenesis is known to continue in adulthood.

Results
Early postnatal CNP-GFP

 

� oligodendroglial cells form 
multipotent neurospheres and rapidly generate 
neurons, astrocytes, and oligodendrocytes in vitro
All the in vitro data were obtained from a single transgenic
line (Belachew et al., 2001; Yuan et al., 2002), but were rep-
licated in another CNP-GFP line (Fig. S2, available at http://
www.jcb.org/cgi/content/full/jcb.200210110/DC1, and un-
published data). FACS® was used to generate pure GFP

 

�

cell preparations from early postnatal brain of CNP-GFP
mice (Fig. 1, A–F). We characterized the nestin immu-
nophenotype of FACS®-purified GFP

 

� cells because nestin
is an intermediate filament protein expressed in neuroepi-
thelium-derived NSCs during development (Lendahl et al.,
1990). We observed that 99.0 

 


 0.6% of P2 FACS®-sorted
GFP

 

� cells were nestin

 

�. Furthermore, 81.1 

 


 1.6% of
FACS®-sorted GFP

 

� cells were NG2

 

�, whereas 17.9 

 



1.6% were NG2

 

� (Fig. 1 D; mean 

 


 SEM, total GFP

 

�

counted cells 

 

	 1,069, two independent experiments). We
also observed that only 6.24 

 


 1.02% (mean 

 


 SEM, total
GFP

 

� counted cells 

 

	 678) of acutely FACS®-purified
GFP

 

� cells expressed the CNP protein, a marker of more
mature oligodendrocytes. No freshly sorted GFP

 

� cells ex-
pressed neuronal (neuronal nuclei protein, NeuN) or astro-
cytic (GFAP) markers (Fig. 1 D).

To study the developmental fate of early postnatal CNP-
GFP

 

� cells, pure FACS®-sorted GFP

 

� cells from P2 brains
were cultured in stem cell medium (SCM) under two differ-
ent conditions (Fig. 2 A): (1) “suspension” cultures; cells
seeded on uncoated plastic to form floating clonal spheres;
and (2) “adherent” monolayer cultures; cells directly plated
on polyornithine-coated plastic. In suspension cultures,
CNP-GFP

 

� cells rapidly gave rise to GFP

 

� neurospheres
(Fig. 2, B and C) that displayed high levels of nestin expres-

sion (Fig. 2 D). Single clonally expanded GFP

 

� spheres
(8–10 d of suspension culture in SCM) plated on coated plas-
tic generated both NeuN

 

� neurons and GFAP

 

� astrocytes in
SCM (Fig. 2, E–G). Interestingly, these neurons and astro-
cytes derived from CNP-GFP

 

� cells were GFP

 

�, illustrating
that CNP gene expression is down-regulated when GFP

 

�

cells undergo nonoligodendroglial differentiation. Similarly,
in adherent cultures, FACS®-purified CNP-GFP

 

� cells that
were nestin

 

� and mostly NG2

 

� (Fig. 1 D and Fig. 2, H–I)
rapidly generated NeuN

 

�/GFP

 

� neurons, GFAP

 

�/GFP

 

�

astrocytes, and mature O1

 

�/GFP

 

� oligodendrocytes within
48 h (Fig. 2, J–L).

NG2

 

� cells represent the multipotent cells 
in the CNP-GFP

 

� lineage
To enable accurate determination of cell numbers and per-
centages, we restricted our quantitative analysis to adherent
cultures (Fig. 2 M). We assessed cellular immunopheno-
types after 48 h in SCM to prevent misinterpretation of the
results due to a possible amplification of an initially unde-
tectable contamination of our FACS®-sorted samples by
GFP

 

� cells (Fig. 1 D). The fate of total FACS®-sorted CNP-
GFP

 

� cells arising from P2 whole brain was compared with
the fate of selected subpopulations of CNP-GFP

 

� cells dou-
ble-sorted according to their NG2

 

� (Fig. 3 A) or O4

 

� phe-
notype (Yuan et al., 2002).

First, we compared the fate of FACS®-sorted NG2

 

�/
CNP-GFP

 

� cells with that of total CNP-GFP

 

� cells (Fig. 2
M). In cultures derived from purified NG2

 

�/CNP-GFP

 

�

cells, we observed: (1) a higher percentage of NeuN

 

� neu-
rons; (2) a lower percentage of GFAP

 

� astrocytes; and (3) a
strikingly lower percentage of nestin

 

� cells. The different
fates of NG2

 

�/CNP-GFP

 

� cells and total CNP-GFP

 

� cells
must result from specific properties of NG2

 

� progenitor
cells that were shown to be also nestin

 

� in the initial
FACS®-purified suspensions (Fig. 1 D). Therefore, this
NG2�/nestin� population might account for a functionally
distinct class of CNP-GFP� precursors that appears signifi-
cantly less neurogenic, but more astrogliogenic than NG2�/
nestin� cells. The rapid down-regulation of nestin expres-
sion when FACS®-sorted NG2�/nestin�/CNP-GFP� cells
were cultured in SCM suggests that the multipotent fate of
these cells is not the result of their de-differentiation into
NG2�/nestin�/CNP-GFP� cells.

O4�/CNP-GFP� cells were also selectively FACS®-puri-
fied and cultured for 48 h in SCM. As compared with the
progeny of NG2�/CNP-GFP� cells, with O4�/CNP-GFP�

cells (Fig. 2 M) we observed (1) a significant decrease in the
percentage of NeuN� neurons and GFAP� astrocytes; (2) a
smaller percentage of NG2� cells; and (3) a higher propor-
tion of O4� and O1� oligodendrocyte lineage cells. Given
that the NG2 and O4 phenotypes are known to partially
overlap, the fact that purified O4�/CNP-GFP� cells still
generated a small percentage of neurons and astrocytes was
either due to the presence of NG2�/O4� cells within the
FACS®-selected O4�/CNP-GFP� population (unpublished
data), or to an intrinsic property of O4� cells. Altogether,
these results suggest that a sizeable proportion of NG2� cells
in culture represent postnatal multipotent precursor cells.
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Figure 2. Early postnatal CNP-GFP� cells generate multipotent neurospheres and give rise to neurons, astrocytes, and oligodendrocytes in 
vitro. (A) Culture conditions. Phase-contrast (B) and fluorescence (C) views of GFP� neurospheres grown in suspension (5 d in vitro) on 
uncoated substrate in EGF- and FGF2-containing medium (SCM). (D) A clonally expanded GFP� neurosphere expressed high levels of nestin 
immunostaining (red). Clonal spheres gave rise to GFAP�/GFP� astrocytes (E, red) and NeuN�/GFP� neurons (F, red) within 2 d post-plating 
on polyornithine-coated coverslips. G shows GFAP� (blue) astrocytes, NeuN� (red) neurons, and GFP� oligodendroglial cells derived from 
a single clonal GFP� sphere. When cultured in adherent conditions, i.e., on polyornithine-coated surface directly after FACS® sorting, 
NG2�(H, red)/nestin�(I, red) GFP� cells also expressed a multipotent fate within 2 d in SCM, and generated mature O1�(J, red)/GFP�
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Clonal analysis of cultured NG2�/CNP-GFP� cells
NG2�/CNP-GFP� cells were FACS®-purified (Fig. 3, A–D)
and cultured at clonal dilution for 1 week in SCM. We per-
formed two independent experiments yielding similar results,
and assessed a total of 297 clones (Fig. 3 E; 18 
 3 cells/clone,
mean 
 SEM, ranging from 10 to 34). The efficiency of
clone generation was 0.43 
 0.02% (number of clones/num-
ber of NG2�/CNP-GFP� cells seeded). The vast majority of
the clones comprised three cell types, i.e., astrocytes (GFAP�),
neurons (NeuN�), and O4�/CNP-GFP� cells (Fig. 3, E–J).
No clone was found to be devoid of CNP-GFP� cells, nor to
contain exclusively CNP-GFP� cells. It is noteworthy that
multipotent clones obtained from clonal cultures of NG2�/
CNP-GFP� cells contained slightly more astrocytes than neu-
rons (Fig. 3 F), whereas the same progenitor cells generated
preferentially neurons at nonclonal dilution (Fig. 2 M).

Inverse correlation between CNP gene promoter 
activity and lineage progression of CNP-GFP� cells that 
undergo neuronal or astroglial differentiation in vitro
A gradual loss of GFP expression was observed during astro-
glial maturation of CNP-GFP� cells (Fig. S1). Mature astro-
cytes derived from CNP-GFP� cells were GFP� and dis-
played typical stellate shapes with intense GFAP expression in
cell bodies and processes (Fig. S1, A–D). In the same cultures,
we also identified GFAP� cells expressing low levels of GFP.
In all these GFAP�/CNP-GFP� cells, GFAP expression was
restricted to their cell body (Fig. S1, E–H, arrowheads), sug-
gesting an intermediate stage of astroglial maturation. Simi-
larly, among NeuN� and type 2a,b microtubule-associated
protein-positive (MAP2a,b) neurons generated from CNP-
GFP� cells, we identified either cells that were totally GFP�

(Fig. 4, A–D; Fig. 4 H, arrow) or cells that expressed very low
levels of GFP fluorescence (Fig. 4, E–H, arrowheads).

In conclusion, neuronal or astroglial differentiation of
FACS®-sorted CNP-GFP� cells is accompanied by a pro-
gressive loss of CNP gene promoter activity and a decrease
in GFP expression (Fig. 4 and Fig. S1). Our data demon-
strate a lineage continuum in vitro, with the existence of
weakly GFP� intermediate developmental stages, between
strongly CNP-GFP–expressing multipotent cells and their
GFP� neuronal or astroglial progeny.

Neurons generated from NG2�/CNP-GFP� cells 
are electrically excitable in vitro
To confirm that FACS®-sorted CNP-GFP� cells could give
rise to differentiated functional neurons, we performed
whole-cell patch-clamp electrophysiological experiments. To
ensure their full neuronal maturation, SCM cultures of
CNP-GFP� cells were switched to a pro-neuronal medium
containing a combination of brain-derived neurotrophic fac-

tor and neurotrophin-3 (Vicario-Abejon et al., 2000) (Fig.
4, I–K). After 3 d under these culture conditions and consis-
tent with a more advanced stage of neuronal differentiation,
none of the NeuN� cells continued to express GFP at de-
tectable levels (unpublished data). GFP� (Fig. 4, I and J)
and GFP� (Fig. 4 K) cells were then analyzed under these
conditions. Depolarization of GFP� cells by electrotonic
current pulses (step size 	 10–30 pA, step duration 	 300
ms) elicited single or repetitive action potentials. Post-hoc
immunocytochemical characterization demonstrated NeuN
expression in these electrically excitable GFP� cells (Fig. 4, I
and J). In contrast, all GFP� cells were NeuN� and electri-
cally unexcitable (Fig. 4 K). Identical results were obtained
from the electrophysiological analysis of neurons generated
from FACS®-purified NG2�/CNP-GFP� cells cultured in
pro-neuronal medium. From a total of six cells recorded, all
displayed action potentials on depolarization with electro-
tonic pulses (unpublished data).

In situ analysis of early postnatal CNP-GFP� cells 
reveals an NG2�/nestin� proliferative phenotype
We performed an analysis of the properties of postnatal
CNP-GFP� cells in situ, with a particular focus on postnatal
germinative regions (i.e., SVZ and hippocampus). Consistent
with our data on acutely isolated CNP-GFP� cells from the
same developmental stage (Fig. 1 D), a high proportion of
CNP-GFP� cells were also NG2� and nestin� at P2 in situ
(Fig. 5, A–D). Direct cell counting demonstrated that 89.6 

1.7% (mean 
 SEM, total cells counted 	 483) of CNP-
GFP� cells were also NG2� in the SVZ at P2, and 18.4 

1.6% (mean 
 SEM, total cells counted 	 273) of CNP-
GFP� cells were NG2� in the hippocampus at P2. Because
nestin immunostaining was mostly visualized in the cell pro-
cesses (Fig. 5 C), we were unable to obtain an accurate quan-
tification of the nestin phenotype in situ. Given the contro-
versy over whether stem cells of the adult CNS are located in
the ependymal or subependymal layer of lateral ventricle
walls (Chiasson et al., 1999; Doetsch et al., 1999; Johansson
et al., 1999; Laywell et al., 2000; Capela and Temple, 2002),
it is important to point out that NG2�/CNP-GFP� cells
were found in the subependymal zone (i.e., SVZ) but never
in the ependymal layer, from P2 to P30 (unpublished data).

Proliferation of CNP-GFP� cells in situ was investigated
by studying expression of proliferating cell nuclear antigen
(PCNA). As assessed by PCNA immunostaining, 67.7 

5.8% of CNP-GFP� cells were proliferative in P2 hippocam-
pus (Fig. 5, E–G; mean 
 SEM, n 	 354 cells counted, two
independent experiments). A high mitotic index of CNP-
GFP� cells was also observed in the SVZ at P2, with 93.1 

4.1% of these cells being PCNA� (Fig. 5, H–J; mean 

SEM, n 	 793 cells counted, two independent experiments).

oligodendrocytes, GFAP�(K, red)/GFP� astrocytes and NeuN�(L, red)/GFP� neurons. Bar: 50 �m (B–D and E–F), 25 �m (G, K, and L), and 20 �m
(H–J). M shows quantitative analysis of the multipotent properties of CNP-GFP� cells. Histograms represent immunocytochemical characterization 
(% of total cells in y axis, immunophenotypes in x axis) of the progeny of early postnatal (P2) FACS®-purified CNP-GFP� cells cultured directly 
under adherent conditions for 48 h in SCM. Comparison was made between the fate of total CNP-GFP� cells (blue) versus selected subsets of 
CNP-GFP� cells that were FACS®-purified according to their NG2�/CNP-GFP� (red) or O4�/CNP-GFP� (yellow) phenotype. Nestin, NG2, 
O4, O1, NeuN, and GFAP phenotypes were analyzed. Values (mean 
 SEM) represent averages of 2–3 independent experiments. Counting 
was performed separately for each staining, and the number of total cells counted (from at least 15 separate microscopic fields) ranged 
between 403 and 714. Significant differences reported in the Results section were all with a P value �0.001 (t test).
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Figure 3. Clonal analysis of NG2�/CNP-GFP� cells in vitro. (A) FACS® dot plots of acutely dissociated cells from wild-type (wt, top) and 
CNP-GFP transgenic brains (tg, bottom), in forward and side scatter with a polygon indicating the gate selecting the viable cells. (B–D) Sorting 
profiles of acutely isolated cell suspensions from P2 brains of wild-type (B) and CNP-GFP transgenic mice (C and D) dot plotted according 
to fluorescence intensity for GFP (x axis, logarithmic scale) and Cy-5 (fluorescence associated to secondary antibody recognizing NG2 
immunoreactivity, y axis, logarithmic scale). (B) Control wild-type cells that were incubated only with the Cy-5–conjugated secondary antibody 
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A subset of CNP-GFP� hippocampal cells expresses 
neuronal markers and are electrically excitable in vivo
To determine whether highly proliferative postnatal CNP-
GFP–expressing cells were also able to generate neurons or
astrocytes in vivo, we investigated the existence of interme-
diate stages of neuronal and astroglial differentiation (i.e.,
expressing low levels of GFP) in CNS germinative areas. We
were unable to find even a single cell expressing both GFAP
and GFP between P2 and P10, either in the hippocampus or
in the SVZ (unpublished data). Conversely, we found that
numerous postnatal CNP-GFP� cells were also NeuN� in
the hippocampus (Fig. 6, A–I). Hippocampal NeuN�/
CNP-GFP� committed neurons all expressed low levels of
GFP (Fig. 6 J), and were mostly distributed at P6 within
stratum radiatum and lucidum of CA1 and CA3 (Fig. 6,
A–F; Fig. 6, C and F, arrowheads), and in the molecular layer
and hilar region of the dentate gyrus. Scattered NeuN�/
CNP-GFP� neurons were also observed in the CA1 (unpub-
lished data) and CA3 (Fig. 6, A–F) pyramidal layers and in
the granule layer of the dentate gyrus. Postnatal NeuN�/
CNP-GFP� hippocampal neurons were identified in two
different CNP-GFP transgenic lines (unpublished data).

NeuN�/CNP-GFP� neurons were also studied by whole-
cell voltage-clamp electrophysiology in P3 to P8 hippocampal
slices. We recorded exclusively from CNP-GFP� cells that
were selected according to their low level of GFP expression
because the average GFP fluorescence intensity of NeuN�/
CNP-GFP� hippocampal neurons was 3.5-fold lower than
NeuN�/CNP-GFP� cells (Fig. 6 J; Fig. 6, G–I, arrowhead).
Depolarization of such weakly CNP-GFP� hippocampal cells
triggered repetitive action potentials in all of the eight cells
tested (Fig. 6, K and L). Application of 1 �M tetrodotoxin
(TTX) totally abolished these action potentials (five cells
tested, unpublished data). Post-hoc immunostainings demon-
strated that the biocytin-filled CNP-GFP� hippocampal cells
that were recorded and that displayed action potentials (four
cells tested) were consistently NeuN� (Fig. 6, M–O).

The anatomical and developmental distribution of 
NeuN�/CNP-GFP� neurons in the hippocampus 
correlates with restriction of postnatal neurogenesis 
to the dentate gyrus
NeuN�/CNP-GFP� cells were not only observed at early
postnatal stages, but also in the adult hippocampus (P30). In
all hippocampal regions, but particularly in CA1 and CA3,
we observed that the absolute density of NeuN�/CNP-GFP�

cells and the total number of CNP-GFP� cells decreased dur-
ing postnatal maturation, between P6 and P30 (Fig. 7, A and

B). At P30, the density of NeuN�/CNP-GFP� cells followed
a clear anatomical gradient: dentate gyrus � CA3 � CA1
(Fig. 7 B). In parallel, total CNP-GFP� cells were distributed
according to the same gradient (Fig. 7 B). Finally, except in
CA1, the percentage of CNP-GFP� cells that expressed
NeuN in the hippocampus remained constant between P6
and P30, and was maximal in the dentate gyrus (Fig. 7, C and
D). These findings suggest that the intrinsic neurogenic po-
tential of CNP-GFP� cells in CA3 and dentate gyrus may not
decrease in adulthood. These results could also indicate that
the decrease in the absolute number of multipotent CNP-
GFP� cells might underlie the reduction of newly formed
NeuN�/CNP-GFP� neurons in the adult hippocampus.

A lineage continuum between NG2�/CNP-GFP�

progenitor cells and NeuN�/CNP-GFP� neurons 
in the adult dentate gyrus
In the dentate gyrus of adult (P30) hippocampus, we observed
that some CNP-GFP� cells also expressed TOAD-64 (turned
on after division, 64 kD) protein (Fig. 8, A–H), a transient
marker of early post-mitotic neurons that is expressed before
most neuron-specific proteins during neurogenesis (Minturn
et al., 1995a, 1995b; Cameron and McKay, 2001). TOAD-64
is also referred to as collapsin response-mediated protein 4
(Seki, 2002). In P30 dentate gyrus and CA3 areas, 11.3 

3.8% of CNP-GFP� cells were TOAD-64� (mean 
 SEM,
n 	 244 total counted cells, two independent experiments).
Hippocampal TOAD-64�/CNP-GFP� immature neurons
(Fig. 8, A–H, white arrows) reliably expressed levels of GFP
fluorescence higher than NeuN�/CNP-GFP�-differentiated
neurons (Fig. 8, A–D, arrowheads), consistent with the hy-
pothesis that a gradual loss of CNP gene expression correlates
with neuronal differentiation of CNP-GFP� cells. Moreover,
the vast majority of TOAD-64�/CNP-GFP� immature neu-
rons were found to be NG2� (90%, total cells counted 	 262)
in the adult dentate gyrus (Fig. 8, E–H, white arrows), whereas
NeuN�/CNP-GFP� neurons were NG2� (Fig. 8, I–L, ar-
rows), except for a small percentage of cells (5%; total counted
cells 	 754). However, in these cells, NG2 staining appeared
ambiguous and suggested either a low level of NG2 proteo-
glycan expression or a close enwrapping of the cells within an
intricate network of NG2� processes from neighboring CNP-
GFP� cells (Fig. 8, I–L, arrowhead). Colocalization of TOAD-
64 and NeuN expression in CNP-GFP� cells was only ob-
served in cells displaying a weak nuclear pattern of TOAD-64
expression (Fig. 8, A–D, white arrowheads) different from the
classical perinuclear distribution of this protein (Fig. 8 B, white
arrows). We could also visualize TOAD-64� adult hippocam-

without anti-NG2 primary antibody. Crossed black lines in B–D represent thresholds of fluorescence. It was observed that �0.01% (limit of 
detection) of the control cells from B fell over this threshold. Thus, these lines determined the level of fluorescence above which cells from 
CNP-GFP brains (C) were selected as GFP� (lower right quadrant). When CNP-GFP cell suspensions were immunostained for NG2 (D), 
NG2�/CNP-GFP� cells were detected in upper right quadrant. To ensure accurate purification of NG2�/CNP-GFP� cells, the sort gate for 
these cells (D, polygon) was defined by taking an additional margin (0.2–0.3 log units) with respect to background fluorescence levels. 
(E) FACS®-purified early postnatal (P2) NG2�/CNP-GFP� cells were cultured at clonal density for 1 wk in SCM and the phenotype of resulting 
cell clones was then determined. (F) Relative proportion of the different subpopulations found in the multipotent clones, i.e., containing 
CNP-GFP� cells, as well as neurons (NeuN�) and astrocytes (GFAP�). (G–J) GFP fluorescence (G, green), O4 (H, red), GFAP (I, peroxidase 
reaction), and NeuN (J, blue) stainings of the same microscopic field showing a representative multipotent clone derived from the growth of a 
single NG2�/CNP-GFP� cell after one week in SCM. NeuN� cells (arrowheads) are still retaining CNP-GFP fluorescence at this stage, whereas 
in GFAP� astrocytes GFP expression has been lost (arrows). Bar, 50 �m for G–J.
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pal neurons that were CNP-GFP� (Fig. 8, A–H, red arrows)
and consistently NG2� (Fig. 8, E–H, red arrows).

Adult CNP-GFP� neurons located in the hilus and inner 
layer of the dentate gyrus express a marker of 
GABAergic differentiation
To determine whether CNP-GFP� neurons found in the
adult hippocampus may express phenotypic markers of func-

tional neuronal differentiation, we performed immunohis-
tochemical stainings for glutamate decarboxylase-67 (GAD-
67), a �-aminobutyric acid (GABA) synthesizing enzyme. In
the hippocampus, GAD-67 is mostly expressed by GABAer-
gic interneurons (Stone et al., 1999). We observed that a sig-
nificant percentage of hippocampal adult CNP-GFP� cells
expressed GAD-67, and all displayed low levels of GFP fluo-
rescence (Fig. 9, A–I, arrowheads). At P30, these GAD-67�/

Figure 4. CNP-GFP� cells gradually lose GFP expression as they differentiate into mature, excitable neurons in culture. Phase-contrast view 
(A), GFP green fluorescence (B), NeuN staining (C, red), and overlay (D) of the same microscopic field showing NeuN�/CNP-GFP� neuronal 
progeny derived from P2 FACS®-purified CNP-GFP� cells after 48 h in SCM. Cells expressing low levels of GFP, but displaying a neuronal 
phenotype could also be found (E–H). These cells expressed the neuronal markers NeuN (same microscopic field with GFP green fluorescence in E, 
red NeuN staining in F, and overlay in G) and MAP2a,b (H, red staining). Arrowheads indicate NeuN�/CNP-GFP� (E–G) and MAP2a,b

�/CNP-GFP�

cells (H). Arrow in H points to a MAP2a,b-expressing neuron that has completely lost GFP expression. (I–K) Electrophysiological whole-cell patch-
clamp experiments in current-clamp mode were performed, in order to study excitability of cell progeny arising from SCM-cultured FACS®-sorted
CNP-GFP� cells. After 2 d in SCM, cultures were switched to EGF- and FGF2-free medium supplemented with a combination of 30 ng/ml 
brain-derived neurotrophic factor and 30 ng/ml neurotrophin-3 for one week. GFP� and GFP� cells were analyzed and filled with biocytin 
during electrophysiological recording for identification and further immunocytochemical characterization. We recorded only GFP� cells that did 
not display a typical astrocytic morphology. Depolarization of GFP� cells elicited single (7 out of 9 cells; I, inset), or repetitive (2 out of 9 cells; J, 
inset) action potentials. In five of these cells, we investigated biocytin (red) and NeuN (blue) immunoreactivities, and in all cases colocalization 
(purple) was observed (I–J). In contrast, all GFP� cells tested (12 cells) did not elicit action potentials (K, inset). Out of the GFP� cells that were 
immunostained after recording (6 cells), all were NeuN� (K; biocytin in red, NeuN in blue). (I–K) GFP expression could not be visualized because 
of dialysis associated with whole-cell recording. Bars: 25 �m (A–D), (E–G), (H), and (I–K).
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CNP-GFP� neurons were particularly concentrated in the
inner granular zone of the dentate gyrus (Fig. 9, D–I, arrow-
heads), but few scattered cells were also seen in CA3 (Fig. 9,
A–C, arrow and arrowheads) and CA1 areas. In the adult
dentate gyrus (P30), a large proportion (�90%) of NeuN�/
CNP-GFP� hippocampal neurons were GAD-67�, and all
GAD-67�/CNP-GFP� were found to be NeuN� (unpub-
lished data). Mature neurons expressing GAD-67 and low
levels of GFP were consistently CNP protein-negative (Fig.
S3). Even though keeping a detectable level of transcriptional

activation of the CNP gene, these GABAergic neurons have
thus completely down-regulated CNP protein expression.

Postnatal hippocampal CNP-GFP� neurons receive 
functional synaptic inputs
To investigate whether CNP-GFP� neurons from postnatal
hippocampus receive functional synaptic innervation, whole-
cell voltage-clamp recordings were obtained from CNP-
GFP� cells displaying low levels of GFP fluorescence in den-
tate gyrus (3 cells) and CA3 (14 cells) regions of P10-P12

Figure 5. Early postnatal CNP-GFP� cells are proliferative and display an NG2�/nestin� phenotype in vivo in the SVZ and hippocampus.
As illustrated by Z-series (A–D, 22-�m thickness, image steps 	 0.5 �m) confocal scanning images of the same field in SVZ area from P2 
CNP-GFP transgenic mice, CNP-GFP� cells expressed an NG2�/nestin� phenotype. 1-�m thick single plane images of a single cell at high 
magnification are provided in insets of A–D. The same phenotype was observed in the hippocampus (not depicted). (A) GFP green fluorescence, 
(B) NG2 staining, (C) nestin staining, (D) overlay. As shown in E–J (high magnification in insets), CNP-GFP� cells were proliferative in vivo. 
0.5-�m thick single plane confocal scanning images of CA3 stratum radiatum area of hippocampus (E–G) and SVZ (H–J) from P2 CNP-GFP 
transgenic mice. (E and H) GFP green fluorescence, (F and I) PCNA staining, (G and J) overlay. A high percentage of CNP-GFP� cells were 
PCNA� in both germinative areas. Bars: 50 �m (A–D) and (E–J).
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CNP-GFP mice. We were unable to consistently obtain re-
cordings at older ages (i.e., P30) in these particular areas, due
to the presence of brightly fluorescent neighboring cells and
their associated processes (Fig. 8 and Fig. 9), which hindered
reliable identification of CNP-GFP� cells expressing low lev-

els of fluorescence. All 17 weak CNP-GFP� cells tested dis-
played spontaneous inward currents (Fig. 9 J). Furthermore,
in seven weakly CNP-GFP� hippocampal cells, we were able
to determine whether cells that exhibited spontaneous synap-
tic currents were also capable of eliciting action potentials on
depolarization. We observed that five out of seven cells pos-
sessed both post-synaptic currents and the ability to generate
action potentials. Two out of seven cells possessed synaptic
currents but no action potentials, raising the hypothesis that,
in the course of postnatal hippocampal neurogenesis, imma-
ture committed CNP-GFP� neuronal precursors may receive
synaptic inputs first and then secondarily become capable to
propagate action potentials. Importantly, we found NeuN
immunoreactivity in all weakly CNP-GFP� hippocampal
cells displaying synaptic currents in which we were able to
perform post-hoc immunostainings (four cells; Fig. 6, M–O).

The frequency and amplitude of the spontaneous currents
were clearly reduced in the presence of TTX (three cells
tested), suggesting that a proportion of the spontaneous cur-
rents resulted from action potential–mediated neurotransmit-
ter release from afferent terminals (Fig. 9 K). Furthermore,
6,7-dinitro-2,3-quinoxalinedione (DNQX; three cells tested),
an antagonist of �-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid and kainate subtypes of glutamate receptors,
abolished all the spontaneous inward currents (Fig. 9 K). We
did not expect significant activation of NMDA (N-methyl-
D-aspartate) or chloride channel–coupled receptors such as
GABAA, because of the experimental conditions used (hold-
ing potential 	 �60 mV; calculated ECl� 	 �70 mV).
Hence, the complete block induced by DNQX does not al-
low one to draw any conclusions on the existence of GABAer-
gic inputs onto or the expression of NMDA receptors by the
CNP-GFP� postnatal hippocampal neurons. Nonetheless,
the finding that these postnatal CNP-GFP� neurons display
spontaneous synaptic currents clearly illustrates that these
cells are capable of receiving synaptic inputs in vivo.

Discussion
Using a transgenic mouse selectively expressing GFP under
the influence of the CNP gene promoter, we demonstrate

Figure 6. A subset of postnatal NeuN� hippocampal neurons express low levels of CNP-GFP and are electrically excitable. (A–F) 0.5-�m
thick single plane confocal scanning images representing two different levels (levels of planes in A–C and D–F are separated by 4 �m) of the 
same field of CA3 region of hippocampus from P6 CNP-GFP transgenic mice revealed that some cells were NeuN (red)-immunoreactive and 
expressed GFP fluorescence (A–C, insets of high magnification of a single cell). Distinct microscopic planes (A–C and D–F) within the same 
cells (C and F, arrowheads) showed a diffuse colocalization of the two signals, providing a more accurate demonstration of NeuN/CNP-GFP
coexpression. Most of these NeuN�/CNP-GFP� cells were located in the stratum radiatum, but sparse NeuN�/CNP-GFP� cells were also 
found in the pyramidal layer (G–I, arrowhead). (G–I) Z-series (10 �m thick) confocal scanning image centered on the dashed area of (F) 
at higher magnification. Lower levels of GFP fluorescence were detected in all NeuN�/CNP-GFP� cells (C, F, and G–I, arrowheads), as 
compared with CNP-GFP� cells from the same field (G–I, star), that were NeuN�. Cells that expressed low levels of GFP that were NeuN�

were also found (G–I, arrow). (J) Quantitative image analysis of GFP fluorescence intensity (linear arbitrary scale from 0 to 250 U; paired 
columns represent incremental intervals of 20 arbitrary fluorescence units) revealed a bimodal distribution, demonstrating that the average 
GFP fluorescence of NeuN�/CNP-GFP� neurons (red) was 3.5-fold lower than that of NeuN�/CNP-GFP� cells (green; total cells counted 	 252, 
two independent experiments, equal number of cells analyzed for each population). Electrophysiological recordings were performed in weakly 
CNP-GFP� cells from the CA1 and CA3 pyramidal layer of P3–P8 hippocampal slices (K–L). Upper parts of K–L represent single examples of 
fluorescence images showing the neuron-like arborized morphology of two different CNP-GFP� cells recorded in CA3 and visualized after 
filling with a rhodamine-coupled dye. Lower parts of K–L display repetitive action potentials elicited by depolarizing the same cells with 
electrotonic current pulses (step size 	 10–30 pA, step duration 	 300 ms). (M–O) Representative example of a biocytin-filled (arrow in M) 
recorded cell in the CA3 stratum radiatum area, showing that cells that expressed low levels of GFP and that were able to propagate action 
potentials were consistently NeuN� (arrow in N and O) by post-hoc immunostaining. Bars: 50 �m (A–F), 33 �m (G–I), and 60 �m (M–O).

Figure 7. Developmental and anatomical distribution of NeuN�/
CNP-GFP� neurons in the postnatal hippocampus. The anatomical 
distribution of NeuN�/CNP-GFP� cells was analyzed in Z-series 
confocal scanning images (20–32 �m of thickness, step size 	 0.5 �m
between successive images of the same field) from P6 (A and C) and 
P30 (B and D) hippocampus. Square fields of 228 �m2 were separately 
acquired in CA1, CA3, and the dentate gyrus (DG). We calculated 
the absolute density of total CNP-GFP� cells and NeuN�/CNP-GFP�

cells in each area at P6 (A) and P30 (B). We found developmental 
changes in the percentage of NeuN�/CNP-GFP� cells within the 
CNP-GFP� population only in CA1 between P6 (C) and P30 (D). 
Histogram values represent mean 
 SEM (total GFP� cells
counted 	 841, two independent experiments). Statistical data 
pointed out in B were derived from the comparison of each P30
experimental parameter with its identical counterpart at P6. ***,
P � 0.001; *, P � 0.05 (t test).
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Figure 8. The existence of NG2�/TOAD-64�/CNP-GFP� immature hippocampal neurons establishes a lineage continuum between NG2�/
CNP-GFP� progenitor cells and NG2�/NeuN�/CNP-GFP� neurons in the adult dentate gyrus. Confocal photomicrographs (merged images 
from 4–6 optical sections of 0.5 �m each) of three representative fields of P30 hippocampal slices in which CNP-GFP� cells were immunolabeled 
for either TOAD-64 and NeuN (A–D, dentate gyrus), TOAD-64 and NG2 (E–H, dentate gyrus), or NeuN and NG2 (I–L, CA3). 0.5-�m thin 
single plane high magnification images of single cells are shown for each panel as insets located in the upper right corners (A–L). In A–D and 
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that postnatal NG2� progenitor cells expressing the CNP
gene display antigenic and developmental features of multi-
potent CNS progenitor cells in vitro, including (1) a nestin�

immunophenotype (Reynolds and Weiss, 1992; Johe et al.,
1996); (2) the capacity to form neurospheres when cultured
in uncoated conditions in EGF- and FGF2-containing me-
dium (Reynolds and Weiss, 1992; Johe et al., 1996); and (3)
the ability of a single cell to give rise to electrically excitable
neurons, and to astrocytes and oligodendrocytes.

Our clonal analysis demonstrates that the multipotent fate
of NG2�/CNP-GFP� cells in vitro is not restricted to a mi-
nor subpopulation, but is a characteristic of a significant
percentage of these progenitor cells in the early postnatal
period. Moreover, because the multipotent properties of
NG2�/CNP-GFP� cells were reproduced in two different
transgenic mouse lines, our results reflect biological proper-
ties of cells expressing the CNP gene, independent of genetic
influences associated with the transgene insertion site.

To date, NG2 proteoglycan expression is the most widely
used marker of postnatal progenitors in vivo (Levine et al.,
2001). The mostly NG2� immunophenotype of acutely pu-
rified CNP-GFP� cells, and the quantitative comparison of
the differential fate of NG2�/CNP-GFP� and O4�/CNP-
GFP� cells versus total CNP-GFP� cells indicate that
NG2� cells, which are preferentially neurogenic in SCM,
represent a significant source of multipotentiality among
progenitor cells expressing the CNP gene during the early
postnatal period. In a previous work, optic nerve oligoden-
drocyte progenitor cells (OPCs) were shown to undergo
nonoligodendroglial differentiation in vitro, although this
occurred through a process that required a 2-mo “repro-
gramming” by sequential treatments with platelet-derived
growth factor, FBS, and FGF2 (Kondo and Raff, 2000).
Here, we demonstrate that multipotentiality in vitro is an
intrinsic feature of a sizeable subpopulation of the previously
so-called NG2� OPCs. This property is readily and rapidly
(48 h) displayed by NG2� progenitor cells under conditions
previously shown to support stem cell growth. These results
emphasize that postnatal progenitor cells expressing NG2
chondroitin proteoglycan can no longer be considered as
progenitor cells restricted to an oligodendroglial fate (Daw-
son et al., 2000). Importantly, results obtained from O4�

progenitors derived from subcortical white matter in the
adult forebrain show that these cells can generate neurons in
response to FGF-2 (Mason, J.L., and J.E. Goldman, per-
sonal communication; and unpublished data). Such findings
indicate that in the adult brain, the neurogenic potential is
maintained also in cells labeled by a marker that identifies
more mature stages of the oligodendrocyte lineage. This
would be consistent with previous works showing that expo-
sure of mature oligodendrocytes to FGF-2 resulted in the
down-regulation of CNP, MBP, and proteolipid protein
(PLP) levels and allowed re-entrance into the cell cycle (Ban-
sal and Pfeiffer, 1997a,b).

Consistent with our in vitro studies on acutely FACS®-
purified CNP-GFP� cells, early postnatal CNP-GFP� cells

from SVZ and hippocampal germinative areas appeared to
be NG2�/nestin�, and displayed a highly proliferative phe-
notype in situ. We demonstrate, in the postnatal hippocam-
pus and particularly in the dentate gyrus at the adult stage,
that a subset of CNP-GFP� cells, namely NG2�, can ex-
press the antigenic phenotype of differentiated neurons. Fur-
thermore, these CNP-GFP� cells were identified as neurons
not only by their expression of specific neuronal proteins,
but also by their capability of eliciting action potentials in
situ. We also show that the anatomical distribution of
NeuN�/CNP-GFP� hippocampal neurons is developmen-
tally regulated and strikingly correlates with the well-estab-
lished restricted pattern of adult hippocampal neurogenesis
in the dentate gyrus (Altman and Das, 1965; Kaplan and
Hinds, 1977; Kuhn et al., 1996; Gage, 2000).

In the adult brain, we observed that early post-mitotic
CNP-GFP� immature hippocampal neurons expressing
TOAD-64 (Cameron and McKay, 2001) were also NG2�

and displayed high levels of GFP, whereas more differenti-
ated NeuN�/CNP-GFP� neurons were NG2� and all ex-
hibited low levels of GFP fluorescence. This finding indi-
cates that NG2 proteoglycan expression and CNP gene
promoter activity, as assessed by GFP fluorescence intensity,
are inversely correlated with the progression of neuronal dif-
ferentiation in vivo. These results are consistent with our in
vitro data showing that the lineage continuum between
NG2� cells and their neuronal and astroglial progeny en-
compassed intermediate stages of commitment, which dis-
played low levels of GFP expression and the differentiated
neural cell markers GFAP or NeuN. Hence, altogether these
results delineate a possible developmental link between a de-
fined class of adult progenitor cells expressing NG2 chon-
droitin proteoglycan and the CNP gene, and newborn post-
natal hippocampal neurons (Fig. 10). Although we cannot
assess with the present model to what extent NG2�/CNP-
GFP� postnatal progenitor cells may totally repress CNP
gene transcription during terminal stages of neuronal differ-
entiation in vivo, we propose the following developmental
scheme of postnatal/adult neurogenesis from NG2�/CNP-
GFP� cells in the hippocampus: NG2�/CNP-GFP��� →
TOAD-64�/NG2�/CNP-GFP2� → NeuN�/NG2�/CNP-
GFP� → NeuN�/NG2�/CNP-GFP� (Fig. 10).

Using similar GFP fluorescence criteria for tracking their
fate, we found no evidence that CNP-GFP� cells could gen-
erate GFAP� astrocytes in the noninjured postnatal brain.
However, this discrepancy between in vitro and in vivo
could be due to full repression of CNP-GFP expression in
astrocytes in vivo before GFAP expression.

To place our results in the context of other works indicat-
ing that a subset of GFAP� astrocytes can generate newly
formed adult hippocampal neurons (Seri et al., 2001) and/or
stimulate adult neurogenesis by instructing hippocampal
stem cells to adopt a neuronal fate (Song et al., 2002a,
2002b), we would like to emphasize the existence of
TOAD-64�/NG2�/CNP-GFP� immature neurons in the
adult dentate gyrus of CNP-GFP mice. The presence of

E–H, white arrows point to NG2�/TOAD-64�/CNP-GFP� early post-mitotic neurons that expressed levels of GFP higher than differentiated 
NG2�/NeuN�/CNP-GFP� neurons (A–D, arrowheads; I–L, arrows). Red arrows in A–D and E–H depict TOAD-64� neuronal cells that did not 
express CNP-GFP. Bars, 50 �m for all panels.
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Figure 9. CNP-GFP� postnatal hippocampal neurons are mostly GABAergic and receive functional synaptic inputs. Representative confocal 
images from CA3 (A–C) and dentate gyrus (D–F and G–I; merged images of 4–6 optical sections of 0.5–0.75 �m); three adjacent fields of the 
same P30 hippocampal slice showed the typical spatial distribution of CNP-GFP� cells immunoreactive for GAD-67 (examples depicted by 
arrowheads). 0.5-�m thin single plane high magnification images of a single cell are shown in A–C as insets located in the lower right corners. 
All GAD-67�/CNP-GFP� neurons displayed relatively low levels of GFP fluorescence. Bar, 50 �m for all panels A–I. (J) Continuous recording 
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these cells raises the issue that multiple progenitor pheno-
types likely coexist to fully account for adult hippocampal
neurogenesis. Rather than from another class of neuronal
hippocampal progenitors, immature TOAD-64�/NG2�/
CNP-GFP� cells could also directly derive from NG2�/
CNP-GFP� cells, and reflect the existence of a different
pathway of neurogenesis exhibiting distinct regulation of
CNP promoter activity.

In parallel with our work, a transgenic mouse expressing
GFP driven by the mouse myelin (PLP) gene promoter was
developed to investigate oligodendroglial lineage cells in vivo
(Mallon et al., 2002). In these PLP-GFP mice, two subpopu-
lations of NG2� cells have been identified, based on PLP
promoter (pPLP)-driven GFP expression (Mallon et al.,
2002). The PLP gene is transcriptionally active in one sub-
population of NG2� progenitors (pPLP�), which have the
potential to generate mature myelinating oligodendrocytes
(Mallon et al., 2002), whereas NG2� cells that lack pPLP ac-
tivity (pPLP�) could be involved in different functions. To
date, there is no evidence from other reports that pPLP� or
pPLP� progenitors may undergo nonoligodendroglial differ-
entiation (Fuss et al., 2000; Mallon et al., 2002). Our previ-
ous data provided evidence that in the CNP-GFP mice, GFP
expression in white matter regions is sustained in the entire
oligodendroglial lineage throughout development (Yuan et
al., 2002). Furthermore, the entire postnatal NG2� popula-
tion, including both pPLP� and pPLP� OPCs, displays high
levels of GFP expression (Yuan et al., 2002). Therefore, we
cannot yet distinguish whether the multipotent properties of
NG2�/CNP-GFP� postnatal progenitor cells are related to
differences between the pPLP� and pPLP� subpopulations.

Recently, it has been shown that newly generated cells in
the adult mouse hippocampus display a neuronal morphol-
ogy, and possess action potentials and functional synaptic
inputs similar to those found in mature dentate granule neu-
rons (van Praag et al., 2002). It has also been shown in vitro
that the progeny of adult rat NSCs, when cocultured with
primary neurons and astrocytes from neonatal hippocam-
pus, develop into electrically active neurons and integrate
into neuronal networks with functional synaptic transmis-
sion (Song et al., 2002b). Consistent with these findings,
our data show that postnatal hippocampal CNP-GFP� neu-
rons located in the dentate gyrus express both NeuN and

GAD-67, and display spontaneous TTX- and DNQX-sensi-
tive post-synaptic currents, confirming that they receive
functional synaptic inputs. Recent data have demonstrated
that, besides excitatory granule neurons, also functional in-
hibitory GABAergic neurons (i.e., basket cells) are newly
generated in the dentate gyrus of adult rats (Liu et al., 2003).
Therefore, we suggest that NG2�/CNP-GFP� cells repre-
sent a sizeable pool of progenitor cells that generate new
functional GABAergic neurons in the adult murine hippo-
campus. It remains to be investigated whether postnatal
NG2�/CNP-GFP� cells express Lewis X antigen as adult
murine SVZ stem cells do (Capela and Temple, 2002), and
whether they are ontogenically linked to the embryonic
mouse basal forebrain multipotent stem cells that generate
both GABAergic neurons and oligodendrocytes during de-
velopment (He et al., 2001; Yung et al., 2002).

It is still unclear to what extent our present findings can
be related to the presence of �-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptor-mediated synaptic in-
puts onto adult hippocampal NG2� cells that do not display
action potentials (Bergles et al., 2000). Given the neurogenic
potential of postnatal NG2� hippocampal cells and the ex-
istence of TOAD-64�/NG2�/CNP-GFP� neuronal pro-
genitors in the hippocampus, one could hypothesize that the
results of Bergles and colleagues were obtained from NG2�

cells committed to a neuronal fate. However, these NG2�

cells analyzed electrophysiologically (Bergles et al., 2000)
were located outside of neurogenic areas (i.e., CA1), where
adult NG2� hippocampal cells may be instead restricted to
an oligodendroglial fate and receive, as described, synaptic
inputs from CA3 pyramidal cells.

In conclusion, our data strongly support the novel hy-
pothesis that NG2� cells are a source of newly-generated
functional neurons in the postnatal mouse hippocampus in
vivo. These findings shed new light on our understanding of
the function of proliferative NG2� cells scattered through-
out the entire postnatal CNS. The lack of specific immuno-
histochemical markers has represented a crucial hindrance
for the analysis of NSCs in the adult brain. The characteriza-
tion of a defined postnatal multipotent cell phenotype will
help unravel the functional heterogeneity of specific subsets
of newly born neurons in the postnatal hippocampus. Mul-
tipotent NG2�/CNP-GFP� endogenous progenitor cells

(total 	 2.4 s) of spontaneous post-synaptic currents under voltage clamp (�60 mV) in a CNP-GFP� neuron of the hilar dentate gyrus area 
(Scale: 0.5 s, 50 pA). (K) Synaptic activity of dentate gyrus CNP-GFP� neurons was blocked by application of 1 �M TTX and 20 �M DNQX 
(Scale: 30 s, 50 pA). Spontaneous synaptic currents recorded in baseline conditions were compared with those of the same cell (bottom
traces) 2 min after drug application.

Figure 10. Developmental regulation of neural 
markers in CNP-GFP lineage cells. This scheme 
represents a summary of the antigenic markers 
expressed at different stages of neuronal 
differentiation of NG2�/CNP-GFP� cells in the 
postnatal hippocampus.
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may thus be considered as a major cellular target for strate-
gies aimed at recruiting CNS postnatal repair not only in de-
myelinating disorders, but in a broader array of neuro-
degenerative diseases.

Materials and methods
CNP-GFP transgenic mouse model
As previously described by Yuan et al. (2002), the CNP-GFP transgenic
mouse was generated using the 3.7-kb XbaI-HindIII sequence that contains
the type I and II promoter core elements of the mouse CNP gene (Gravel et
al., 1998). This fragment was ligated upstream of a 1-kb SmaI-XhoI frag-
ment encompassing the coding sequence of the EGFP gene (Cat. No.
6064–1; CLONTECH Laboratories, Inc.; Belachew et al., 2001; Yuan et al.,
2002). Transgenic line C1 (FVB/NxCB6 background) was used for all the
data presented in this paper. However, it is noteworthy to point out that we
were able to obtain the same results in vitro and in vivo with a distinct
CNP-GFP transgenic line, A2 (Fig. S2). All animal procedures were per-
formed according to National Institutes of Health (NIH) guidelines.

Isolation of CNP-GFP� progenitor cells by FACS®

and cell culture
Brains were dissected out from P2 CNP-GFP pups and wild-type litter
mates. Brain tissues were dissociated as described previously (Yuan et al.,
2002) to obtain final cell suspensions resuspended in N1 � 10% FBS at a
density of 107 cells/ml for subsequent FACS® sorting. Pre-FACS® cells were
plated onto 0.1 mg/ml polyornithine-coated 25-mm coverslips and incu-
bated at 37C for 1 h to allow attachment before further immunocy-
tochemical characterization.

Cells were analyzed for light forward and side scatter using a FACSVan-
tage™ SE instrument (Becton Dickinson). Cells from the negative litter-
mates were used to set the background fluorescence, and a size threshold
was used to gate out erythrocytes and cellular debris. For double NG2/
EGFP and O4/EGFP FACS® analysis, cell suspensions were initially incu-
bated with appropriate primary antibodies (see Immunocytochemistry) and
then with Cy-5–conjugated secondary antibodies (1:200; Jackson Immu-
noResearch Laboratories) before any sorting. Given that NG2 chondroitin
sulfate can be easily cleaved off after protease treatment (Stallcup and
Beasley, 1987), we compared the percentage of NG2� cells that were
detected after immunostaining with cell suspensions from P4 CNP-GFP
brains dissociated with and without papain treatment, respectively. We did
not observe any significant differences between these two conditions.
Without protease treatment during the dissociation procedure, the percent-
age of NG2� cells was 97.1 
 2% (mean 
 SEM; total cells counted 	
520) of what it was in the presence of protease.

After FACS®, cells were rinsed twice with PBS solution and resuspended
in stem cell-like medium, i.e., DME/F12 (1:1, vol/vol) supplemented with
1% N2, 1% B27 (GIBCO BRL/Life Technologies), 20 ng/ml EGF, and 10 ng/
ml FGF2 (Upstate Biotechnology). For adherent cultures, FACS®-sorted
cells were plated onto 0.1 mg/ml polyornithine-coated 12-mm coverslips
at a density of 20,000 cells/coverslip. Cells were cultured in SCM at 37C/
10% CO2 for 48 h with renewal of growth factors every 24 h. For suspen-
sion cultures, FACS®-sorted cells were seeded onto uncoated 24-well
plates (5 � 104 cells/well) and grown in SCM with daily addition of growth
factors at the concentrations listed above.

Clonal analysis
For clonal expansion of single cell–derived neurospheres, the same isola-
tion procedure was used, but FACS®-sorted CNP-GFP� cells were initially
seeded in suspension conditions at a clonal density (5 cells/�l). Immedi-
ately after their formation (2–3 d in vitro), single clonal spheres were trans-
ferred (by pipetting) into separate wells to prevent formation of aggregates.

For clonal analysis, FACS®-purified NG2�/CNP-GFP� cells were seeded
onto polyornithine-coated coverslips at clonal density and cultured in
SCM for 1 wk with daily addition of EGF and FGF2. At this density, we
never observed clonal superimpositions. The average number of clones
detected per coverslip was 6.06 
 0.2 (n 	 49 coverslips; mean 
 SEM).
The possibility of occurrence of rare cell duplets during the initial seeding
of clonal cultures would not explain the high incidence of multipotent
clones obtained in SCM (Fig. 3).

Immunohistochemistry
Mice at P2, P6, P10, or P30 were anesthetized by inhalation of Forane®

(Ohmeda PPD Inc.), and perfused intracardiacly with 1� PBS, followed by

4% PFA. Brains were dissected out and postfixed with 4% PFA at 4C over-
night, then transferred into a solution of 4% PFA and 10% glycerol in 1�
PBS for an overnight incubation at 4C. Fixed brains were preserved in
20% glycerol in 1� PBS.

Frozen 50-�m tissue sections were prepared as described previously
(Yuan et al., 2002). Sections were incubated at RT for at least 1 h in block-
ing solution (1% BSA, 0.3% Triton X-100, and 20% normal goat serum in
1� PBS). Primary antibodies were diluted using carrier solution (1% BSA
and 0.3% Triton X-100 in 1� PBS). Primary antibody dilutions were 1:500
for rabbit polyclonal anti-NG2 antibody (a gift from Dr. Joel M. Levine,
State University of New York at Stony Brook, Stony Brook, NY), 1:1,000
for mouse monoclonal anti-PCNA (Sigma-Aldrich), 1:1,000 for mouse
monoclonal anti-nestin (CHEMICON International), 1:500 for mouse mono-
clonal anti-NeuN (CHEMICON International), 1:1,000 for rabbit poly-
clonal anti-GAD-67 (CHEMICON International), 1:1,000 for mouse mono-
clonal anti-CNP (Sternberger Monoclonals, Inc.) and 1:1,000 for rabbit
anti-TOAD-64 (CHEMICON International). Brain sections were incubated
in primary antibodies at 4C overnight. Rinse was performed in carrier so-
lution at RT, with three changes of solution every 5–15 min. All secondary
antibodies (Jackson ImmunoResearch Laboratories) were diluted 1:200 in
carrier solution. Cy-5– or AMCA- or TRITC-conjugated goat anti–mouse
IgGs were used for monoclonal antibodies. Cy-5– or TRITC-conjugated
goat anti–rabbit IgGs were used for NG2 staining. Incubation was per-
formed at RT for 1 h, followed by three washes as described above. Sec-
tions were then transferred into 1� PBS, mounted with Mowiol, and later
imaged using a fluorescence microscope (Nikon) equipped with a laser
confocal scanning system (MRC1024; Bio-Rad Laboratories).

Immunocytochemistry
NG2, O4, O1, and BrdU immunostainings were performed as described
previously (Yuan et al., 1998, 2002). For other stainings, coverslips were
fixed with 4% PFA in 1� PBS at RT for 10 min, then permeabilized using
0.2% Triton X-100 at RT for 10 min. Blockage was performed using block-
ing solution at RT for 1 h. Mouse monoclonal anti-nestin antibodies
(1:1000; CHEMICON International), anti-GFAP (1:500; CHEMICON Inter-
national), anti-NeuN (1:250; CHEMICON International) and anti-isoforms
2a,b of MAP2a,b (1:500; Clone AP-20, Lab Vision Corp.) were diluted in car-
rier solution, and cells were incubated at 4C for 1 h. Cells were then
washed as described ini the Immunohistochemistry section, and incubated
in AMCA- or TRITC-conjugated goat anti–mouse IgG (1:200) at 4C for 30
min. After three washes, coverslips were rinsed in 1� PBS and mounted
with Mowiol.

Electrophysiology
For electrophysiological recordings in cultures derived from FACS®-puri-
fied CNP-GFP�, cells were first maintained for 2 d in SCM and then shifted
to EGF- and FGF2-free DME/F12 (1:1, vol/vol) medium supplemented with
10% FBS, 1% N2, and a combination of 30 ng/ml brain-derived neu-
rotrophic factor and 30 ng/ml neurotrophin-3. Between 3 and 6 d after cul-
turing in this neurotrophic medium, the coverslips were transferred to a re-
cording chamber and perfused with extracellular solution (see Online
supplemental material).

Patch electrodes had resistances between 4 and 7 M� when filled with
intracellular solution of the following composition (mM): K-gluconate 130;
NaCl 10; Mg-ATP 2; Na-GTP 0.3, Hepes 10; EGTA 0.6, biocytin 5 mg/ml,
adjusted to pH 7.4 and 275 mosM. To elicit action potentials, whole-cell
current-clamp recordings from both GFP� and GFP� cells were performed
using the Axopatch amplifier (model 200A; Axon Instruments). From a rest-
ing potential of �60 mV, a series of current steps (step size 	 10–30 pA;
step duration 	 300 ms), was applied to depolarize the cell membrane.

After the recordings, the coverslips were immediately fixed with 4% PFA
as described in the previous section. To identify cells from which electro-
physiological recordings were obtained, biocytin staining or rhodamine600

(XRITC) Avidin D fluorescence detection (Vector Laboratories) was used in
combination with anti-NeuN antibody (see Immunocytochemistry).

Slice electrophysiological recordings were obtained from P3–P12 CNP-
GFP mice. In brief, mice were killed after NIH Animal Welfare Guidelines
and 300 �m hippocampal sagittal sections were obtained. After a 1-h re-
covery period, slices were transferred to a recording chamber and perfused
with extracellular solution as described in Online supplemental material.
Weakly CNP-GFP� cells (visualized as described in the legend to Fig. 6
and in Yuan et al., 2002) were identified in the subgranular layer or hilar
region of the dentate gyrus and also in CA1/CA3 pyramidal layers, and
whole-cell current-clamp was used to investigate the ability of these cells
to elicit action potentials. All parameters were as described above for the
FACS®-cultured cells, except that the intracellular solution contained 2
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mg/ml dextran-conjugated tetramethylrhodamine (Molecular Probes, Inc.)
instead of biocytin. This allowed for the immediate visualization of the re-
corded cells under a fluorescence microscope.

For the recording of spontaneous synaptic currents, CNP-GFP� cells dis-
playing weak GFP fluorescence in hilar region of the dentate gyrus and
CA3 regions were voltage clamped at �60 mV and continuous traces were
obtained. Extracellular solution was as described in Online supplemental
material, and intracellular solution comprised of (mM): CsMeSO4 135,
NaCl 8, MgATP 4, NaGTP 0.3, Hepes 10, and EGTA 0.6.

Online supplemental material
Fig. S1 illustrates the correlation between loss of CNP-GFP expression and
morphological differentiation of GFAP� astrocytes derived from CNP-
GFP� progenitor cells. Fig. S2 provides evidence that CNP-GFP� cells de-
rived from transgenic line A2 have similar multipotent properties. Fig. S3
demonstrates that CNP protein is only expressed in mature oligodendro-
cytes and cannot be detected in GAD67� hippocampal neurons, which
maintain a low level of CNP gene transcription, as detected by GFP fluo-
rescence. Fig. S4 shows subregional differences in the anatomical distribu-
tion of NeuN�/CNP-GFP� cells in the postnatal hippocampus. Online
supplemental material available at http://www.jcb.org/cgi/content/full/
jcb.200210110/DC1.
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FACS

 

®

 

For EGFP fluorescence, excitation wavelength of the argon ion laser was set at 488 nm and emission was through a 530-nm
bandpass filter. Cy-5 fluorescence was excited with an HeNe laser (633 nm) and filtered with a 675-nm longpass filter. The
sorting speed was 3,000–4,000 cells/second.

 

Electrophysiology

 

The composition of extracellular solution was as follows (mM): NaCl 124, KCl 3, CaCl

 

2

 

 2.5, MgSO

 

4

 

 1.3, NaHCO

 

3

 

 26,
NaHPO4 1.25, and glucose 15, saturated with 95% O

 

2

 

/5% CO

 

2

 

 at RT. GFP expression in cultured cells was determined
with an upright microscope (model BX50WI; Olympus) fitted with a reflected light fluorescent attachment (model BX-FLA;
Olympus) and a U-MWIBA filter cube (excitation 460–490 nm; emission 515–550 nm).

 

Image analysis

 

We measured GFP fluorescence intensity by using MetaMorph

 

®

 

 v.4.1.2 image analysis software (Universal Imaging Corp.).
We studied NeuN

 

�

 

/CNP-GFP

 

�

 

 and NeuN

 

�

 

/CNP-GFP

 

�

 

 cells in single-plane confocal scanning images of sagittal tissue
sections from CNP-GFP mice. All confocal images were acquired using identical scanning parameters. Random hippocampal
fields were assessed in CA1, CA3, and dentate gyrus areas. The mean background fluorescence intensity was subtracted for
each measurement, and final values were expressed in arbitrary scale units. Cell counts were obtained after classifying cells
according to their GFP fluorescence by intervals of 20 U from 0 to 240.

Publication #5



[HELP with High Resolution Image Viewing]

[View Larger Version of this Image]

Figure S1. Correlation between loss of CNP-GFP expression and morphological 

differentiation of GFAP+ astrocytes derived from CNP-GFP+ progenitor cells. Both sets of 
panels (A-D and E-H) represent photomicrographs from the same microscopic field. Phase 
contrast (A and E), green GFP fluorescence (B and F), red GFAP staining (C and G), and 
overlays (D and H) are shown. After 48 h of adherent culture in SCM, mature astrocytes 

derived from FACS®-purified P2 CNP-GFP+ progenitor cells were GFP-, and displayed 
stellate shapes with GFAP expression in cell body and processes (A-D). In the same 
cultures, we also identified cells still expressing low levels of GFP, but that were also 

GFAP+ (E-H, arrowheads). In all these GFAP+/CNP-GFP+ cells, GFAP expression was 
restricted to their cell body, with no staining of processes (E-H, arrowheads). Bars, 20 µm.
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Figure S2. Quantitative analysis of the multipotent properties of CNP-GFP+ cells derived 
from transgenic line A2. Histograms represent immunocytochemical characterization (% of 
total cells in y axis, immunophenotypes in x axis) of the progeny of early postnatal (P2) 

FACS®-purified CNP-GFP+ cells from line A2 cultured immediately after FACS® under 
adherent conditions for 48 h in SCM. Nestin, NG2, O4, O1, NeuN, and GFAP 
immunophenotypes were assessed. Values (mean ± SD) represent averages of one 
experiment. Countings were performed separately for each staining, and the number of 
total cells counted (from at least 15 separate microscopic fields) ranged between 255 and 
412.
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Figure S3. Developmental regulation of CNP protein expression in CNP-GFP+ cells in situ. 
Confocal images of a representative field in adult (P30) CA3 stratum radiatum area 
showing GFP (A), GAD67 (B), and CNP protein (C) expression. CNP protein is only 
expressed in differentiated oligodendrocytes that display a mature myelin-forming-like 

morphology, and that are highly GFP+, reflecting a high level of transcriptional activation of 
the CNP gene (arrowheads). Conversely, CNP protein expression is not detected in 

GAD67+ hippocampal neurons that maintain low levels of GFP fluorescence, reflecting 
weak transcriptional activation of the CNP gene (arrows). Bars, 40 µm.
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Figure S4. Subregional differences in the anatomical distribution of NeuN+/CNP-GFP+ cells

in the postnatal hippocampus. The absolute density (per volume unit) of NeuN+/CNP-GFP+

cells is not significantly lower in the pyramidal layer as compared with stratum radiatum. In 

CA1, the density of NeuN+/CNP-GFP+ cells is significantly higher in stratum pyramidal than 
in stratum radiatum. However, CA3/CA1 pyramidal layers and DG granule layer represent 
anatomically much smaller tissue volumes than CA3/CA1 stratum radiatum and DG 

molecular and hilar DG areas. This is consistent with the finding that most of NeuN+/CNP-

GFP+ cells were found in these latter regions. We emphasize here that electrophysiological 
recordings (i.e., presence of action potentials and of spontaneous currents) from 

NeuN+/CNP-GFP+ cells were similar in CA3 stratum radiatum and CA3 stratum pyramidal.
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NG2-expressing cells in the subventricular zone are 
type C–like cells and contribute to interneuron 
generation in the postnatal hippocampus

Adan A. Aguirre,1 Ramesh Chittajallu,1 Shibeshih Belachew,2 and Vittorio Gallo1

1Center for Neuroscience Research, Children’s Research Institute, Children’s National Medical Center, Washington, DC 20010
2Center for Cellular and Molecular Neurobiology, University of Liège, 4020 Liège, Belgium

he subventricular zone (SVZ) is a source of neural
progenitors throughout brain development. The identi-
fication and purification of these progenitors and the

analysis of their lineage potential are fundamental issues
for future brain repair therapies. We demonstrate that early
postnatal NG2-expressing (NG2

 

�) progenitor cells located
in the SVZ self-renew in vitro and display phenotypic features
of transit-amplifier type C–like multipotent cells. NG2

 

�

cells in the SVZ are highly proliferative and express the
epidermal growth factor receptor, the transcription factors

T Dlx, Mash1, and Olig2, and the Lewis X (LeX) antigen. We
show that grafted early postnatal NG2

 

� cells generate
hippocampal GABAergic interneurons that propagate action
potentials and receive functional glutamatergic synaptic
inputs. Our work identifies Dlx

 

�/Mash1

 

�/LeX

 

�/NG2

 

�/GFAP-
negative cells of the SVZ as a new class of postnatal multi-
potent progenitor cells that may represent a specific cellular
reservoir for renewal of postnatal and adult inhibitory inter-
neurons in the hippocampus.

Introduction
Neurogenesis continues in restricted areas of the postna-
tal vertebrate brain throughout adulthood (Reynolds and
Weiss, 1992; Doetsch et al., 1999a; Alvarez-Buylla and Garcia-
Verdugo, 2002). Adult neural stem cells (NSCs) that give
rise to neurons are found in specific brain regions, includ-
ing the subventricular zone (SVZ). This germinal layer is
a large reservoir of proliferating NSCs (Doetsch et al.,
1999a,b, 2002a; Capela and Temple, 2002), and is therefore
a potential source of multipotential precursors for use in cell
repair therapies.

Two major multipotent NSC phenotypes have been
described in the adult SVZ, based on expression of the inter-
mediate filament protein GFAP (glial fibrillary acidic protein;
Doetsch et al., 1999a, 2002a; Capela and Temple, 2002).
Type B cells express GFAP and give rise to the rapidly dividing,
transit-amplifying type C cells, which are not immunopositive
for GFAP (Doetsch et al., 1999a). It has been demonstrated
that SVZ type C cells (a) generate neurospheres in the

presence of EGF; (b) express the Dlx2 transcription factor
and the epidermal growth factor receptor (EGFR); and (c)
are the direct precursors of neurons generated in the olfactory
bulb (Doetsch et al., 1999a, 2002a).

Adult NSCs express the Lewis X (LeX) carbohydrate antigen,
which is detected in both GFAP

 

� and GFAP-negative cells
of the SVZ (Capela and Temple, 2002), indicating that this
brain region contains a LeX

 

�/GFAP-negative cell population
with neurogenic potential. Because type C cells are a GFAP-
negative and highly proliferative cell population, it is likely
that the LeX

 

�/GFAP-negative stem cells are in fact type C
progenitors (Capela and Temple, 2002; Doetsch et al., 2002a).

Cells that express the NG2 chondroitin sulfate proteoglycan
represent the largest pool of postnatal/adult proliferative
progenitors in the brain (Dawson et al., 2000). NG2-expressing
cells were thought to be strictly oligodendrocyte progenitors;
however, recent studies have expanded their role by demon-
strating that early postnatal NG2

 

� cells form neurospheres
and generate neurons in vitro (Belachew et al., 2003). These
properties were established by using a 2

 

�,3

 

�-cyclic nucleotide
3

 

�-phosphodiesterase (CNP)-EGFP transgenic mouse, in
The online version of this article includes supplemental material.
Address correspondence to Vittorio Gallo, Center for Neuroscience
Research, Children’s Research Institute, Rm. 5345, Children’s National
Medical Center, 111 Michigan Ave., N.W., Washington, DC 20010.
Tel.: (202) 884-4996. Fax: (202) 884-4988. email: vgallo@cnmcresearch.org
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genes; progenitor cell transplantation; synaptic transmission
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�,3

 

�-cyclic nucleotide 3
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phodiesterase; DG, dentate gyrus; DIV, days in vitro; EGFR, epidermal
growth factor receptor; LeX, Lewis X; NSC, neural stem cell; SVZ,
subventricular zone.
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which NG2

 

� progenitors expressed CNP promoter-driven
EGFP (Yuan et al., 2002; Belachew et al., 2003). Consistent
with these results, a parallel study demonstrated that A2B5

 

�

precursor cells isolated from the adult human subcortical
white matter expressed the CNP gene and generated neurons
in vitro and in vivo (Nunes et al., 2003). Given these find-
ings, it is clear that CNP gene-expressing cells that are NG2
and A2B5 immunopositive display properties of multipotent
progenitor cells (Belachew et al., 2003; Goldman, 2003;
Nunes et al., 2003). These cells could contribute to neuro-
genesis in the postnatal/adult brain, although the precise
characterization and neurogenic potential of NG2

 

� progeni-
tors in the SVZ and the classification of the neuronal sub-
types that they generate remain undefined.

In the present work, we demonstrate that early postnatal
NG2

 

�/EGFP

 

� cells in the SVZ of CNP-EGFP mice are mi-
totically active and express markers of multipotent precursor
cells of the adult SVZ (Dlx, EGFR, and LeX). Based on
these markers, we establish a relationship between NG2

 

�

and LeX

 

� precursor cells, and determine a lineage contin-
uum between NG2

 

�/Dlx

 

� progenitors and hippocampal
GABAergic interneurons. We also show that isochronically
transplanted perinatal NG2

 

�/EGFP

 

� progenitors migrate to
the hippocampus, where they give rise to Dlx

 

� GABAergic
interneurons. Our findings indicate that early postnatal
NG2

 

� cells are Lex

 

�/GFAP-negative type C–like cells in the
SVZ, and identify such type C–like cells as a source of hip-
pocampal GABAergic interneurons in the postnatal brain.

Results
Early postnatal and adult NG2-expressing cells in the 
SVZ display a type C–like immunophenotype
Fig. 1 shows that the majority (

 

�75%; Fig. S3, available
at http://www.jcb.org/cgi/content/full/jcb.200311141/
DC1) of EGFP

 

� cells in the SVZ were NG2

 

� at P8 (Fig.
1, A–G) and at P40 (not depicted). At both ages, all the
NG2

 

� cells were EGFP

 

� and were found subependymally
in the lateral ventricle wall (Fig. 1 A). Staining with anti-
Olig2 (Lu et al., 2000) labeled virtually all the NG2

 

�/
EGFP

 

� cells at P8 (Fig. 1 B) and P40 (not depicted).
Olig2

 

�/EGFP

 

� cells that did not express NG2 were also
found in the SVZ (Fig. 1 B). A significant percentage
(26.5

 

 
 2.4%; mean

 

 
 SEM; n

 

	 356) of the NG2

 

�/
EGFP

 

� cells in the SVZ were also labeled with anti-
Mash1 (Fig. 1 E and Fig. S2, available at http://www.jcb.
org/cgi/content/full/jcb.200311141/DC1).

We determined the proliferative potential of NG2

 

� cells
in the postnatal SVZ. 2 h after a single BrdU injection, 31.9

 

 

5.2 and 25.7

 

 
 4.2% (n

 

	 360 and 239) of the NG2

 

�/
EGFP

 

� cells were BrdU

 

� at P8 and P40, respectively (Fig. 1
C and Fig. 2 G, inset). Consistent with these findings, a
large percentage of NG2

 

�/EGFP

 

� cells (P8, 59.0

 

 
 3.3%,
n

 

	 283; P40, 37.5

 

 
 7.3%, n

 

	 140; Fig. 1 D and Fig. 2
G, inset) were Ki67

 

� (Schluter et al., 1993).
To further define the immunophenotype of NG2

 

�/
EGFP

 

� cells in the SVZ, we immunolabeled tissue sections
with anti-NG2 and the MMA monoclonal antibody, which
recognizes the LeX antigen (Capela and Temple, 2002). At
P8 (Figs. 1 F and 2 G) and P40 (Fig. 2 G and not depicted),

47 and 25% of the NG2

 

�/EGFP

 

� cells were LeX

 

�, respec-
tively. None of the NG2

 

� cells in the SVZ expressed GFAP
or GLAST (Fig. 2, A and B). NG2

 

�/EGFP

 

� cells represented
12.9

 

 
 0.8% of total SVZ cells at P8, and the total LeX

 

�

SVZ population was divided into a 27.4

 

 
 1.5% of cells that
were GFAP

 

� and a nonoverlapping subset of 37.9

 

 
 3.1% of
cells that were NG2

 

� (Fig. S3). Altogether, these results indi-
cate that the NG2

 

�/EGFP

 

� cells that express LeX, but do
not express GFAP, account for approximately half of to-
tal LeX

 

�/GFAP-negative cells. Thus, NG2

 

�/EGFP

 

�/Lex

 

�/
GFAP-negative cells likely represent the population of LeX

 

�/
GFAP-negative cells characterized by Capela and Temple
(2002), and might correspond to type C–like transit-amplify-
ing cells that are present in the early postnatal SVZ and per-
sist throughout adulthood (Doetsch et al., 2002a).

Adult type C cells express the EGFR and the Dlx2
homeobox-containing transcription factor (Doetsch et al.,
2002a). At P8, virtually all (96.0

 

 
 8.2%, n

 

	 395) of the
NG2

 

�/EGFP

 

� cells also expressed EGFR in the SVZ (Figs.
1 G and 2 G). At P40, more than half of the NG2

 

�/EGFP

 

�

cells expressed the EGFR (52.0

 

 
 5.8%, n

 

	 210; Fig. 2
G). After immunostaining with a pan anti-Dlx antibody,
recognizing both the early (dlx1/2) and late (dlx5/6) mem-
bers of the dlx homeobox gene family (Panganiban et al.,
1997), we found that 45.0

 

 
 5.2 (n

 

	 335) and 37.0

 

 

3.3% (n

 

	 160) of the NG2

 

�/EGFP

 

� cells were also Dlx

 

�

at P8 and P40, respectively (Fig. 2, C and G). Dlx was also
expressed in LeX

 

�/EGFP

 

� cells (unpublished data). We
confirmed by RT-PCR that the Dlx2 gene was expressed in
SVZ NG2

 

� cells at P8 (Fig. S2). Among the total Dlx

 

� cell
population of the SVZ, only 7.7

 

 
 0.9% expressed NG2
at P8 (Fig. S3). Because it has been demonstrated that
Dlx proteins are expressed in bipotential oligodendrocyte-
GABAergic neuron progenitors (He et al., 2001; Marshall
and Goldman, 2002; Panganiban and Rubenstein, 2002),
we determined if the pan anti-Dlx antibody also stained
EGFP

 

�/NG2-negative oligodendrocytes. EGFP

 

�/MBP

 

� (my-
elin basic protein) oligodendrocytes were consistently Dlx-
negative (unpublished data).

In summary, it appears that at the end of the first postna-
tal week, NG2

 

�/LeX

 

�/Dlx

 

�/Mash1

 

�/GFAP-negative type
C–like cells may represent 

 

�2–3% of the total SVZ cell
population.

NG2 expression is detected in cells displaying an 
immature neuronal phenotype in the SVZ
Neuroblasts are Dlx

 

�/PSA-NCAM� and can be found mi-
grating through the SVZ into the olfactory bulb (Doetsch et
al., 1997, 1999a). In the SVZ, 22.0 
 2.2 and 11.0 
 1.8%
of the NG2�/EGFP� cells expressed PSA-NCAM (Fig. 2, D
and G) at P8 and P40, respectively. Confirming the identity
of a fraction of NG2�/EGFP� cells as immature neuro-
blasts, we found that 16.0 
 3.2 and 7.0 
 1.6% of NG2�/
EGFP� cells in the SVZ also expressed class III �-tubulin
(stained by TUJ1 antibody) at P8 and P40, respectively (Fig.
2, E and G; and not depicted). Similar percentages were also
obtained with the immature neuronal marker HuC/D (un-
published data).

These data indicate that �15% of endogenous NG2�/
EGFP� cells are postmitotic neuroblasts in the SVZ at P8.
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Consistently, we found that the majority of SVZ NG2�/
EGFP� cells that expressed class III �-tubulin were immu-
noreactive for Dlx at P8 (Fig. 2 F and Fig. S3). Finally, we
could also detect LeX� cells that were TUJ1� (Capela and
Temple, 2002; unpublished data).

The LeX-expressing subset of early postnatal NG2�/EGFP�

cells generates neurospheres and is self-renewing
To demonstrate self-renewal of early postnatal NG2�/
EGFP� cells, we determined whether or not single cells
derived from the dissociation of primary neurospheres

Figure 1. NG2�/EGFP� cells express NSCs markers in the SVZ. Coronal sections of the SVZ at P8. (A1–A3) Anti-NG2 staining (DAB reaction, 
brown) shows that NG2 cells are found lining the wall of the lateral ventricle (yellow line) and throughout the entire lateral SVZ. The dotted 
line (A3) indicates the area analyzed in this paper. (A5–A7) Most of the EGFP� cells (A5, green) were labeled with NG2 antibodies (A6, red), 
and all NG2� cells were EGFP� (A7). (B–G) All micrographs were obtained from the lateral SVZ (laSVZ). (B) All NG2�/EGFP� cells (blue/green, 
respectively) express Olig2 (red). (C and D) NG2�/EGFP� cells proliferate in the SVZ, as shown by BrdU incorporation (C, red) and by Ki67 
immunolabeling (D, red). (E and G) A large percentage of NG2�/EGFP� cells (blue/green, respectively) express the transcription factor Mash1 
(E, red), the adult NSC markers LeX antigen (F, red), and EGFR (G, red). Arrows indicate NG2�/EGFP� cells double-labeled with any of the 
markers used. NG2�/EGFP� cells in boxed areas are shown at higher magnification. LV, lateral ventricle; Str, striatum; CC, corpus callosum. 
Bars: (A1) 500 �m; (A2) 300 �m; (A3) 50 �m; (B–E) 50 �m; (F and G) 100 �m.
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(Belachew et al., 2003) generated secondary neurospheres.
FACS®-purified NG2�/EGFP� cells from P2 brains repre-
sented 4.1 
 0.2% of the total cells (12 separate sortings).
After 7 d in EGF, these cells seeded at clonal dilution
formed neurospheres, displaying the typical morphology
and growth properties of NSCs (Reynolds and Weiss, 1992;
Belachew et al., 2003). NG2�/EGFP� cells dissociated
from primary neurospheres generated secondary neurospheres,
thus indicating self-renewal (Fig. 3 A1, inset).

NG2� cell–derived clonal neurospheres plated on coverslips
comprised TUJ� neurons, GFAP� astrocytes, O4� preoligo-
dendrocytes, and nestin� progenitors (unpublished data). Each
clone contained �15–20% of neurons. The vast majority of
the neurons in each clone were GABAergic, based on GAD-67
coexpression (93 
 0.6% of total TUJ1-expressing cells; Fig. 3,

A–C; and Fig. S1, available at http://www.jcb.org/cgi/content/
full/jcb.200311141/DC1). All of the GAD-67�/EGFP� neu-
rons were Dlx� (Fig. 3 B and Fig. S1), and a small subset coex-
pressed the Ca2�-binding protein PV (parvalbumin; Fig. 3 C).
In contrast with the mixed neuronal fate potential of typical
E14.5 forebrain NSCs, �5% of neurons derived from early
postnatal NG2�/EGFP� cells were immunoreactive for mark-
ers of dopaminergic and glutamatergic neurons (Fig. S1).
These results indicate that NG2�/EGFP� cells predominantly
generate inhibitory GABAergic interneurons in culture, as
demonstrated by their expression of GAD-67, Dlx, and PV
(Ma et al., 1994; Jinno and Kosaka, 2002; Panganiban and
Rubenstein, 2002; Liu et al., 2003).

By proposing that early postnatal SVZ NG2�/EGFP�

cells are type C–like cells (Doetsch et al., 2002a) and that the

Figure 2. A subpopulation of NG2�/
EGFP� cells displays an immature neu-
ronal phenotype in the SVZ. P8 coronal 
sections. (A and B) NG2�/EGFP� cells 
(blue/green, respectively) in the SVZ are 
not labeled for the astroglial markers 
GFAP (A, red) or GLAST (B, red). (C) A 
large percentage of the NG2�/EGFP�

cells (blue/green, respectively) in the 
SVZ are labeled with anti-Dlx antibodies 
(red) for neuronal progenitor cells. (D) A 
significant percentage of the NG2�/
EGFP� cells (blue/green, respectively) in 
the SVZ express the early neuronal 
markers PSA-NCAM (D, red) and �III-
tubulin (E, TUJ1; red). (F) The majority of 
the EGFP�/TUJ1� cells (green/blue, re-
spectively) are Dlx� (red). Arrows indi-
cate double-labeled NG2�/EGFP� cells. 
NG2�/EGFP� cells in boxed areas are 
shown at higher magnification. Bar, 50 
�m. (G) NG2�/EGFP� cells in the lateral 
ventricle of the SVZ. Virtually all NG2�/
EGFP� cells expressed Olig2 at P8 and 
P40, and EGFRs at P8. At P40 the per-
centage of EGFR�/NG2� cells decreases 
by 50%. A similar decrease is also ob-
served for Lex, Dlx, PSA-NCAM, and 
TUJ1. None of the NG2�/EGFP� cells 
are labeled with anti-GFAP or anti-
GLAST antibodies. (inset) Percentage of 
NG2�/EGFP� cells that incorporated 
BrdU after 2 h of pulse labeling. No sig-
nificant differences are detected be-
tween P8 and P40. This result was also 
confirmed by anti-Ki67 immunostaining. 
Percentages were obtained by counting 
NG2�/EGFP� cells located into the SVZ 
region. Data are means 
 SEM (total 
NG2�/EGFP� cells counted equals 850 
at P8 and 400 at P40; for each age, four 
to six brain sections from four different 
brains were used).
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LeX�/GFAP-negative cells described by Capela and Temple
(2002) are NG2�, we are suggesting that NG2�/EGFP�

cells, which also express LeX, are multipotent and have the
potential to self-renew. To demonstrate this property, we pu-
rified P2 LeX�/NG2�/EGFP� cells by triple FACS® (Fig. 3,
D1–D3). All FACS®-purified Lex� cells were consistently

NG2�/EGFP� (Fig. 3, E1–E4), whereas only 26% of the
NG2�/EGFP� cells were also Lex� (Table I).

FACS®-purified LeX�/NG2�/EGFP� cells formed pri-
mary and secondary neurospheres (Fig. 3 F1, inset). Also,
these neurospheres generated GFAP�, O4�, and nestin�

cells in each clone (unpublished data). All clones contained

Figure 3. FACS®-purified NG2�/EGFP� and LeX�/NG2�/EGFP� cells self-renew and generate GABAergic interneurons in vitro. FACS®-purified
NG2�/EGFP� (A–C) and LeX�/NG2�/EGFP� (D–G) cells generate neurospheres. After primary neurosphere formation, cell dissociation to 
single cell suspension and replating in SCM at clonal dilution generated secondary neurospheres (A1 and F1, insets). (A) A single secondary 
neurosphere was plated and processed for immunocytochemistry 6 d after plating. All the TUJ1� cells (red) are labeled with anti–GAD-67 
(blue) antibodies. (B and C) The phenotype of the neurons derived from NG2�/EGFP� cells is GABAergic. Neurons are double labeled with 
anti-Dlx (red) and anti–GAD-67 (blue) antibodies (B), and anti-parvalbumin (PV, red) and anti–GAD-67 (C, blue). (D) Sorting profile for 
NG2�/EGFP� cells (D1; NG2 immunolabeling was scattered with PE-Cy5, R2 box) or MMA�/EGFP� cells (D2; LeX antigen was scattered with 
R-phycoerythrin, RPE). To scatter the triple positive (LeX�/NG2�/EGFP�) cells, the NG2�/EGFP� fraction (R2 box in D1) was double sorted 
using PE-Cy5 for NG2 and RPE for LeX (D3). Note that a significant percentage of NG2�/EGFP� cells (D1, R2 window) express the LeX antigen 
(D3). (E) A typical sample of LeX�/NG2�/EGFP� cells after FACS® shows high purity. (F) LeX�/NG2�/EGFP� FACS®-purified cells were assayed 
for neurosphere formation. LeX�/NG2�/EGFP� neurospheres displayed similar properties to those derived from NG2�/EGFP� cells and 
generated differentiated GABAergic neurons, as shown by immunocytochemistry with anti-NeuN (red) and anti–GAD-67 (blue) antibodies. 
(G) The GABAergic neuronal fate is confirmed by anti-Dlx (red) and anti–GAD-67 (blue) coexpression. EGFP� cells (green) in boxed areas are 
shown at higher magnification. Bars, 50 �m.

Table I. Antigenic characterization of FACS®-purified perinatal and adult NG2�/EGFP� cells

NG2 Ki67 LEX DLX EGFR PSA TUJ GFAP

Postnatal (P2) 100 65.99 
 0.42 26.0 
 1.8 13.13 
 2.2 97.52 
 5.3 26.26 
 0.30 10.17 
 0.50 N/D
Adult (P40) 100 26.43 
 2.2 14.58 
 1.8 9.62 
 1.2 42.20 
 3.4 16.23 
 0.4 6.2 
 1.0 N/D

Postnatal day 2 (P2) and 40 (P40) brains from CNP-EGFP transgenic mice were dissociated and processed for NG2/EGFP FACS® purification, as described
in Materials and methods. After FACS®, cells were plated on polyornithine-coated coverslips (20,000 cells per 35-mm coverslip) and processed for
immunocytochemistry after 2 h. Percentages of NG2�/EGFP� cells labeled with each marker are shown. Cells were not detected at P2 or P40 with the
astrocyte marker GFAP (N/D). Values represent means 
 SEM obtained from a total of five to six separate FACS® experiments and 10 microscopic fields per
experiment. Total number of cells counted for each marker ranged between 2,787 and 3,251 at P2 and 2,020 and 2,485 at P40.
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�10% of NeuN�/GAD-67�/Dlx� neurons (Fig. 3, F and
G). FACS®-purified Lex-negative/NG2�/EGFP� cells did
not generate neurospheres, indicating that, under our cul-
ture conditions, LeX� cells represent the multipotent neuro-
sphere-generating cells among the NG2�/EGFP� lineage.

NG2-expressing progenitors transplanted into the 
lateral ventricle migrate to the hippocampus and 
differentiate into GABAergic interneurons
To determine their developmental fate in vivo, we trans-
planted perinatal NG2�/EGFP� cells FACS®-purified from

P2 CNP-EGFP brains into wild-type mouse brains. Ta-
ble I shows that, in agreement with the in vivo results
(Figs. 1 and 2), a high percentage of the FACS®-purified
NG2�/EGFP� cells were Ki67�, i.e., they displayed a
proliferative phenotype. None of the cells were stained
with anti-GFAP (Table I) or with anti-NeuN antibodies
(Belachew et al., 2003). Both at P2 and P40, a significant
percentage of the cells were stained for all the markers ex-
pressed by NG2�/EGFP� cells in the SVZ in vivo, i.e.,
LeX, Dlx, EGFR, PSA-NCAM, and TUJ1 (Table I). These
percentages were very similar to those found in the SVZ

Figure 4. Grafted NG2�/EGFP� cells differentiate to neurons in the hippocampus. (A–C) 3 wk after transplantation, all the grafted EGFP�

cells (green) in the hippocampus are labeled with TUJ1 (red) antibodies. EGFP�/TUJ1� cells (green/red, respectively) are found in the pyramidal 
layer of the CA1 (A1) and CA3 (B1). Grafted cells are also found in the hilar region of the DG (C1). (D) A large percentage of transplanted 
EGFP� cells (green) are also labeled with anti-NeuN (blue) antibodies in the CA3 area and hilar region of the DG (not depicted), confirming
the neural fate of the grafted NG2�/EGFP� cells. The tissue was also stained with anti-GFP antibodies (D3, red), confirming that these neurons 
are derived from the transplanted NG2�/EGFP� fraction. (E–G) Neurons derived from grafted NG2�/EGFP� cells are viable, as determined by 
TUNEL assay. (E) Positive control (Dnase I-treated tissue). EGFP�/TUJ1� (F, green/blue, respectively) and EGFP�/NeuN� (G, green/blue, 
respectively) grafted cells are TUNEL-negative (red) 6 wk after transplantation. Arrows in A1–D1 indicate EGFP� neurons derived from grafted 
cells. Arrows in E1 indicate EGFP�/TUNEL� cells after DNAse treatment of the tissue (positive control). Arrows in G1 indicate endogenous 
EGFP-negative TUNEL� cells in DG. EGFP� cells in boxed areas are shown at higher magnification. Bars: (A–D , F, and G) 50 �m; (E) 100 �m.
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(compare Table I with Fig. 2 G and Fig. S3), indicating
that the majority of FACS®-purified NG2�/EGFP� cells
display an SVZ-like immunophenotype.

We injected FACS®-purified NG2�/EGFP� cells into the
LV of P2 wild-type mice and analyzed the grafted cells over
the following 3–4 wk. In some experiments, cells were also
labeled with the fluorescent dye PKH26 before transplanta-
tion (Fig. S4 A, available at http://www.jcb.org/cgi/content/
full/jcb.200311141/DC1). Labeled migrating cells were
seen within the wall of the lateral ventricle and striatum as
soon as 48 h after injection (Fig. S4 A). Some of the cells
had migrated tangentially through the subcortical white
matter (Fig. S4 A, arrow and inset). As negative controls, we
transplanted NG2�/CNP-EGFP� cells, which underwent
six freeze–thaw cycles. These cells did not migrate, but were
found as clumps surrounding the area of the lateral ventricle

(unpublished data). EGFP fluorescence intensity was suffi-
cient to detect the grafted cells up to 5 wk after transplanta-
tion. Within the first 2–3 wk, a large number of the trans-
planted cells were found dispersed throughout the olfactory
bulb and striatum (not depicted), hippocampus (Figs. 4 and
5), and cortex and white matter (Fig. S5, available at http://
www.jcb.org/cgi/content/full/jcb.200311141/DC1).

4 d after transplantation, EGFP� migrating neuroblasts
were encountered in the stratum oriens of the hippocampus
and in striatum (Fig. S4, B1 and B2, respectively). The ma-
jority of the migrating cells were PSA-NCAM� (Fig. S4 C)
and TUJ1� (Fig. S4 D). We were not able to identify a sin-
gle EGFP�/TUJ1� cell in the hippocampus or surrounding
the area of injection at 48 h after transplantation (unpub-
lished data). These findings demonstrate that neuronal dif-
ferentiation of NG2�/EGFP� cells observed after 3 wk does

Figure 5. Grafted NG2�/EGFP� cells give rise to GABAergic interneurons in the hippocampus. (A–C) 3 wk after transplantation, EGFP�/Dlx�

cells were found in the stratum radiatum, stratum oriens, and stratum pyramidale of the CA1 (A) and CA3 (B) and in the hilar region of the DG (C). 
(D–F) Immunostaining with anti–GAD-67 antibodies 3 wk after transplantation. Note that at this time the vast majority of the grafted EGFP�

cells (green) were labeled with anti–GAD-67 (blue). Immunoreactivity of the graft-derived GAD-67� neurons for calcium-binding proteins 
and neuropeptides confirmed the interneuron fate of the grafted EGFP� cells. (D and E) A proportion of the graft-derived neurons are double 
labeled with anti–GAD-67 (blue) and parvalbumin (D, PV; red), somatostatin (E, SOM; red), or doublecortin (F, DC; red). Arrows in A1–F1 indicate 
EGFP� neurons derived from grafted cells. EGFP� cells in boxed areas are shown at higher magnification. Bar, 50 �m.
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Figure 6. Grafted NG2�/EYFP� cells give rise to GABAergic interneurons in the hippocampus. (A1–A3) Typical sorting profile for NG2�/EYFP�

cells (NG2 immunolabeling was scattered with RPE-Cy5 [R2 box]). (A4–A6) A typical sample of NG2�/EYFP� cells after FACS® shows high purity. 
(B) 1 wk after grafting, EYFP� cells (green) were found in the hippocampus (arrows) displaying a typical neuronal morphology in the stratum 
oriens of the CA1 (B3) and CA3 (not depicted), in the stratum pyramidale of the CA1 and CA3 (B2 and B4, respectively), and in the DG (B5). 
The tissue was also stained with anti-GFP antibodies (C, red), confirming that these neurons are derived from the transplanted NG2�/EYFP�

fraction. Migratory EYFP� cells acquired immature neuronal markers 1 wk after grafting, as shown by Dlx (D, red) and TUJ1 (not depicted). 
(E and F) 3 wk after transplantation, all the grafted EYFP� cells (green) found in the hippocampus are labeled with anti-NeuN antibodies 
(blue). EYFP�/NeuN� cells (green/blue) are found in the pyramidal layer of the CA1 (not depicted) and CA3 (E) and in the subgranular layer 
of the DG (F). EYFP� cells are also labeled with anti–GAD-67 (red) antibodies in the CA3 area (E) and DG (F), confirming their neural fate. 
In E6 and F6, EYFP was converted to grayscale. Anti-GFP antibodies recognize all the GFP variants, including EGFP, EYFP, and ECFP.
EYFP� cells are shown at higher magnification in boxed areas. Bars: (A, C, E, and F) 50 �m; (B1) 300 �m; (B2–B5) 100 �m.
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not arise from the small fraction of NG2�/EGFP� cells that
may already express markers of early neuronal commitment
(Table I). Finally, no EGFP� cells were found outside the
area of injection, including the hippocampus, within the
first 24–48 h after grafting. These results indicate that
the grafted NG2�/EGFP� cells acquire a neuronal fate dur-
ing the first week after transplantation.

3 wk after transplantation, grafted NG2�/EGFP� cells
were found scattered in the hippocampus (Fig. S4, E–G).
EGFP� cells were seen in the stratum radiatum (Fig. S4, E
and F), stratum lucidum (Fig. S4 E), stratum oriens (Fig. S4
F), and stratum pyramidale (Fig. S4, E and F) of the CA1
and CA3 regions. Cells were also found in the hilar region of
the dentate gyrus (DG; Fig. S4 G). Complete overlap be-
tween green fluorescence and EGFP was confirmed in all
grafted cells found in the hippocampus by using anti-GFP
antibodies (Fig. 4 D). None of the EGFP� cells found in the
hippocampus was labeled for astrocyte (GFAP) or oligo-
dendrocyte (MBP) markers (unpublished data). However,
EGFP�/MBP� cells with a typical oligodendrocyte mor-
phology were found both in subcortical white matter and in
cerebral cortex 2–3 wk after grafting (Fig. S5).

3 wk after transplantation, the majority of the grafted
EGFP� cells in the hippocampus were immunolabeled with
TUJ1 (Fig. 4, A–C) and were found in the stratum oriens,
stratum radiatum, and stratum pyramidale of the CA1 and
CA3 regions (Fig. 4, A and B). Cells with the same pheno-
type were also found in the hilar region of the DG (Fig. 4
C). In the same hippocampal regions, a large percentage of
the EGFP� cells also expressed NeuN (Fig. 4 D), indicating
that grafted cells had differentiated into mature neurons.
TUNEL assays demonstrated that graft-derived TUJ1� and
NeuN� neurons in the hippocampus were still viable 6 wk
after transplantation (Fig. 4, F and G).

Transcription factors of the Dlx homeobox gene family
are implicated in GABAergic interneuron identity and dif-
ferentiation (Panganiban and Rubenstein, 2002). The ma-
jority of the hippocampal graft-derived EGFP� cells were
labeled with anti-Dlx antibody (Fig. 5, A–C) and anti–
GAD-67 (Fig. 5, D–F), indicating that NG2�/EGFP� cells
generated GABAergic interneurons in vivo. Many EGFP�

grafted cells found in CA1, CA3, and DG were GAD-67�/
PV� (Fig. 5 D), GAD-67�/SOM� (somatostatin; Fig. 5 E),
or GAD-67�/DC� (doublecortin; Fig. 5 F), confirming their
interneuron identity (Jinno and Kosaka, 2002).

We repeated the aforementioned grafting experiments by
using NG2�/EYFP� (enhanced YFP�) cells FACS® purified
from P2 �-actin-EYFP mouse brain (Fig. 6 A). NG2�/
EYFP� cells transplanted into the lateral ventricle migrated
to different regions of the hippocampus (Fig. 6 B) and dif-
ferentiated into NeuN�/Dlx�/GAD-67� GABAergic inter-
neurons displaying typically arborized morphologies (Fig. 6,
C–F).

GABAergic hippocampal interneurons derived from 
transplanted NG2-expressing progenitor cells are 
functionally integrated
We investigated whether or not EGFP� cells in the hippo-
campus that could be identified after transplantation elicited
action potentials and received synaptic innervation. We per-

formed whole cell current and voltage clamp from nine
graft-derived EGFP� hippocampal cells (Fig. 7 A). Examples
of two of such cells are shown in Fig. 7 (H and I) for hilar
region and stratum oriens of the CA3, respectively. Cells dis-
played a morphologically differentiated neuronal phenotype
(Fig. 7, H and I). In all cases, depolarizing current pulses
(30–180 pA for 1,000 ms; step 	 30 pA) from a membrane
potential of ��70 mV resulted in the generation of action
potentials (Fig. 7 B, step size 120 pA) at a range of frequen-
cies (Fig. 7 C). At the maximum current injection used, the
mean firing frequency was 50 
 10 Hz (Fig. 7 C; n 	 9;
range 35–106 Hz). Interestingly, minimal spike frequency
adaptation was noted within the duration of the depolariz-
ing current injections (Fig. 7 D). In all cells tested (n 	 6),
spontaneous inward currents were present (single example in
Fig. 7, E and F), which were consistently abolished by the
inclusion of 10 �M NBQX (Fig. 7 E, arrow). The average
inward current (267 events) from the single example trace
shown in Fig. 7 E displayed a decay with � 	 2.2 ms when
fitted to a single exponential (Fig. 7 G).

Endogenous CNP-EGFP� neurons in the hippocampus 
are GABAergic interneurons
Similar to the SVZ, a significant percentage (18.4 
 4.0%;
n 	 342) of NG2�/EGFP� cells in the postnatal and adult
DG of the hippocampus coexpressed NG2 and PSA-NCAM
(Fig. 8 A). Hippocampal TUJ1�/EGFP� cells were also ob-
served and expressed Dlx (Fig. 8 B). The majority of the
Dlx� cells were stained with anti–GAD-67 antibodies both
at P8 and P40 (Fig. 8 C and Table II), confirming their
GABAergic identity. Finally, a large percentage of Dlx�/
EGFP� cells were NeuN� (Fig. 8 D and Table II).

To define the phenotype of the EGFP� GABAergic neu-
rons, we performed immunolabeling for the interneuron
markers PV (Fig. 8 E), DC (Fig. 8 F), SOM (Fig. 8 G), and
CAL (calretinin; Fig. 8 H). A large percentage of the hip-
pocampal EGFP� neurons were double-labeled with these
markers and anti–GAD-67 (Fig. 8, E–H; and Table II). The
majority of GAD-67�/EGFP� neurons were found in CA3
and DG regions (Belachew et al., 2003). Table II shows that
the percentage of GAD-67�/EGFP� cells expressing PV in-
creased by 2–5-fold in all regions between P8 and P40. The
percentage of GAD-67�/EGFP� cells that were DC� also
increased to a similar extent (Table II). In contrast, the per-
centage of GAD-67�/EGFP� cells that were SOM� re-
mained constant (Table II). No EGFP�/CAL� cells were
found (Fig. 8 H). In all hippocampal regions, we observed
that the absolute density of GAD-67�/EGFP� cells and the
total number of EGFP� cells decreased between P8 and P40
(unpublished data).

Together, these results show that endogenous hippo-
campal GAD-67�/EGFP� interneurons display a cellular
phenotype similar to that of interneurons derived from
transplanted NG2�/EGFP� progenitors or neurons gener-
ated from NG2�/EGFP� neurospheres.

Discussion
Recent works demonstrated that the majority of adult CNS
multipotent progenitor cells are rapidly dividing in the SVZ
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(Capela and Temple, 2002; Doetsch et al., 2002a). In the
present work, we show that a large percentage of NG2�/
EGFP� cells in the SVZ incorporated BrdU after a 2-h pulse
at P8 and P40. Furthermore, a similar percentage of the cells
were immunopositive for Ki67 antibodies (Schluter et al.,
1993). From our data, it can be concluded that NG2� pro-
genitors represent a major population of rapidly cycling cells
in the postnatal and adult SVZ. To further characterize the
properties of NG2� cells in the SVZ, we analyzed expression
of several NSC markers (Capela and Temple, 2002; Doetsch
et al., 2002a). Based on LeX expression, Capela and Temple
(2002) have previously identified two main subpopulations
of multipotent NSCs in the adult SVZ. Lex�/GFAP� cells
represent only a small percentage (6%) of the entire Lex�

stem cell population, whereas LeX�/GFAP-negative cells are
the majority and represent a large percentage of cells (Capela
and Temple, 2002). Importantly, only a small percentage of
the LeX�/GFAP� cells proliferate in vivo, whereas the ma-

jority of LeX�/GFAP-negative cells incorporate BrdU (Ca-
pela and Temple, 2002). Based on these observations, it was
proposed that the SVZ contains a stem cell population with
a novel identity, neither astrocytic nor ependymal, but Lex�/
GFAP-negative (Capela and Temple, 2002). Our experi-
ments demonstrate that this population corresponds to
NG2 proteoglycan-expressing cells, based on the findings
that half of Lex�/GFAP-negative cells are NG2� in the early
postnatal SVZ and, vice versa, that a large fraction of NG2�

cells in the postnatal and adult SVZ express LeX, do not ex-
press GFAP, and incorporate BrdU.

A separate study by Doetsch et al. (2002a) demonstrated
that the Lex�/GFAP-negative cells belong to the transit-
amplifying, multipotent type C cells in the adult SVZ. These
cells are also GFAP negative and display intrinsic properties
of multipotent NSCs. Furthermore, type C cells express Dlx
and the EGFR (Doetsch et al., 2002a). In the present work,
we show that a high percentage of NG2� cells in the early

Figure 7. Grafted NG2�/EGFP� cells in the hippocampus possess physiological properties of mature inhibitory interneurons. (A) Schematic of 
hippocampus illustrating the positions of the grafted EGFP� cells that physiological recordings were attained from. The open circle indicates 
the cell from which the single example current (B) and voltage clamp (E and F) traces were obtained. (B) Action potential generation in 
response to a depolarizing current injection (120 pA for 1,000 ms) from a membrane potential of �70 mV. (C) Pooled data of injection current 
(30–180 pA; step 	 30 pA) versus spike frequency during the 1,000-ms depolarizing pulse. (D) Pooled data illustrating spike frequency during 
the first and last 200-ms epochs (0–200 and 800–1,000 ms) of depolarizing current injections (120, 150, and 180 ms pA). (E) Continuous voltage 
clamp trace (holding potential �70 mV; 3 min) illustrating the presence of spontaneous inward currents that were abolished by inclusion 
of 10 �M NBQX (arrow, 2 min; NBQX is present for the remainder of trace). (F) Magnification of part of the trace in E, illustrating the time 
course of individual spontaneous inward currents (four superimposed consecutive traces of 700 ms each). (G) Average time course (267 events; 
average amplitude equals 73 pA) of the inward currents, as determined by single exponential fitting of the decay (dotted line). (H and I) 
Biocytin (brown) images of two cells from which recordings were taken. GCL, granule cell layer; SO, stratum orien; SP, stratum pyramidale;
SR, stratum radiatum. Images were converted to grayscale and inverted for clarity. Insets in H illustrate a high magnification of the biocytin-
conjugated fluorescence (red; top inset) and the corresponding EGFP� fluorescence (green; bottom inset). Bar, 50 �m.
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postnatal and adult SVZ expresses the EGFR, and that a sig-
nificant proportion expresses Dlx. These results, combined
with the proliferative properties of NG2� cells and LeX ex-
pression in these progenitors, indicate that NG2� cells in
the perinatal SVZ represent a transit-amplifying type C–like
cell phenotype, as described by Doetsch et al. (2002a). This
notion is further supported by previous studies (Casaccia-
Bonnefil et al., 1997; Doetsch et al., 2002b) showing that
the absence of p27Kip1 significantly increased the prolifera-
tion of both NG2� cells and of the transit-amplifying type
C cells in the mouse SVZ. This evidence not only corrobo-
rates that NG2� and type C cells are overlapping popula-
tions, but also that their highly proliferative rate is essential

to maintain a reservoir of multipotent progenitor cells in the
SVZ. The unambiguous identification of NG2�/Lex� cells
as type C cells would necessitate the demonstration of ultra-
structural features that were first described for this pheno-
type in the adult SVZ (Doetsch et al., 1999a, 2002a). How-
ever, our findings indicate that perinatal NG2�/Lex� cells
fulfil all the functional and antigenic criteria to be consid-
ered as type C–like progenitor cells of the SVZ.

NG2�/EGFP� cells can be reliably purified by FACS®,
form primary neurospheres, and generate secondary neuro-
spheres after cell dissociation, i.e., they display self-renewal.
Cells in secondary neurospheres maintain their multipoten-
tiality and generate GABAergic neurons that express Dlx

Figure 8. Endogenous EGFP� cells in the postnatal hippocampus display a GABAergic interneuron phenotype. P8 sagittal sections and CA3 
and DG regions of the hippocampus. (A) A proportion of the NG2�/EGFP� cells (blue/green, respectively) in the DG express PSA-NCAM (red). 
(B) A proportion of the EGFP� cells coexpress Dlx (red) and class III �-tubulin (blue). (C) The majority of the EGFP� cells (green) that express 
Dlx (red) also express GAD-67 (blue). (D) All the EGFP�/NeuN� cells (green/blue, respectively) also express Dlx (red). (E and F) A proportion 
of the EGFP� cells in CA3 (E) and DG (F) express parvalbumin (E, PV; red), doublecortin (F, DC; red), and GAD-67 (blue). (G) In the hilar 
region of the DG and in CA3 (not depicted), a significant proportion of the EGFP� cells express the neuropeptide somatostatin (SOM, red) and 
GAD-67 (blue). (H) EGFP� cells that are positive for GAD-67 (blue) are not labeled with antibodies against calretinin (CAL, red). White arrows 
in A1–H1 indicate EGFP� cells that are also labeled for all the markers analyzed. In H1, black arrows indicate EGFP-negative CAL�/GAD-67�

cells. Cells in boxed areas are shown at higher magnification. Quantitative analysis of these data is shown in Table II. Bars, 50 �m.
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and GAD-67. Regarding the self-renewal and multipotential
properties of the NG2� cell population, our results suggest
that the high percentage of NG2�/EGFP� cells in the early
postnatal SVZ that also express LeX correspond to the cell
population that generate neurospheres and displays multipo-
tentiality. The NG2�/EGFP�/Lex-negative cells that did
not form neurospheres could either require different growth
conditions or could be progenitors committed to an oli-
godendroglial fate. These results indicate that, under our
experimental conditions, only the LeX� subpopulation of
NG2�/EGFP� cells is capable of self-renewal and is multi-
potential. Our analysis establishes a link between NG2�/
Lex�/EGFP� cells in the early postnatal SVZ and a GABA-
ergic neuronal progeny expressing Dlx and GAD-67.

To demonstrate that NG2�/EGFP� cells are intrinsi-
cally neurogenic in vivo, and to define the neuronal sub-
types they can generate, we isochronically grafted early post-
natal NG2�/EGFP� cells into wild-type host brains. Our
results clearly show that transplanted NG2�/EGFP� pro-
genitors generate differentiated and synaptically integrated
neurons. The antigenic properties of these grafted NG2�

cell–derived hippocampal neurons indicate that they are in-
terneurons based on expression of GAD-67 and markers
such as PV, SOM, and DC. The hippocampal graft-derived
neurons display the ability to respond to depolarizing cur-
rent pulses with spikes at high frequencies of discharge that
display minimal spike frequency accommodation. Both of
these features are indicative of an inhibitory interneuron
phenotype and are distinct to the physiological properties
commonly seen in principal cells of the hippocampus
(McBain and Fisahn, 2001). In addition, these cells also re-
ceive functional AMPA receptor-mediated inputs. Together,
these data illustrate the neuronal maturation and functional
integration of the early postnatal NG2�/EGFP�-derived
cells after transplantation into a wild-type host.

Several studies that analyzed development of transplanted
neural progenitors concluded that these precursors were un-
able to generate the appropriate neuronal cell types in vari-
ous brain regions (Olsson et al., 1997; Desai and McCon-
nell, 2000). In contrast, our results indicate that NG2�/
EGFP� cells express molecular cues, such as Dlx, that are

necessary for cellular and regional identity. We also show
that temporal and regional information is maintained after
transplantation because both grafted NG2�/EGFP� precur-
sors and hippocampal interneurons derived from these cells
still express Dlx. It has been previously shown that Dlx ex-
pression identifies a bipotential neural progenitor popula-
tion capable of generating GABAergic interneurons and oli-
godendrocytes during embryonic CNS maturation (He et
al., 2001; Yung et al., 2002). Therefore, postnatal Dlx�/
NG2�/EGFP� cells are likely to be developmentally related
to such bipotential embryonic Dlx� progenitors. Dlx expres-
sion in neural progenitors is also associated with a GABAer-
gic fate and plays a crucial role in terminal differentiation
of these neurons (Panganiban and Rubenstein, 2002; Stuh-
mer et al., 2002). Because we transplanted acutely purified
NG2�/EGFP� cells immediately after FACS®, we suggest
that NG2�/EGFP� cells possess intrinsic properties to gen-
erate GABAergic interneurons (Belachew et al., 2003).

The grafted NG2� cell–derived interneurons express the
same antigenic profile and similar physiological properties of
endogenous EGFP�/GAD-67� interneurons found in CA1,
CA3, and DG. This finding indicates that the grafted NG2�

cells follow an existing endogenous developmental pathway
that results in interneuron generation in the postnatal hip-
pocampus, and recruitment of GABAergic interneurons in
the hippocampus significantly contributes to early postnatal
and possibly adult neurogenesis. In agreement with our
results, a recent study demonstrated that A2B5�, CNP
gene-expressing progenitors isolated from the adult human
white matter, generate GABAergic hippocampal neurons af-
ter transplantation into fetal rat brain (Nunes et al., 2003).
These findings contribute to the changing view that a signif-
icant percentage of newly generated neurons in the postnatal
and adult hippocampus are inhibitory interneurons, as dem-
onstrated by Liu et al. (2003) for PV� GABAergic basket
cells in the adult DG.

Our work suggests that postnatal newly-formed GABA-
ergic interneurons derive from exogenous NG2� progenitors
that migrate out of the SVZ into the hippocampus and most
likely to other brain regions. It remains to be determined to
what extent our data suggest that endogenous newborn post-

Table II. Immunocytochemical characterization of GAD-67�/EGFP� neurons in the perinatal and adult hippocampus

PV DC SOM DIx NeuN

P8 P40 P8 P40 P8 P40 P8 P40 P8 P40

DG
GL 23 
 4 52 
 5 0 67 
 7 71 
 7 58 
 8 94 
 2 86 
 2 70 
 8 65 
 8
HL 14 
 4 30 
 4 9 
 3 78 
 5 68 
 5 74 
 6 92 
 1 92 
 2 86 
 5 83 
 7

CA3
SR 11 
 3 45 
 8 12 
 3 76 
 5 67 
 6 66 
 3 92 
 4 83 
 6 84 
 6 83 
 5
SP 11 
 2 53 
 6 15 
 3 67 
 4 76 
 2 72 
 7 90 
 4 86 
 4 86 
 2 92 
 4

CA1
SR 0 28 
 2 0 0 0 58 
 5 95 
 2 89 
 1 90 
 8 92 
 8
SP 0 69 
 2 0 25 
 2 62 
 7 63 
 2 95 
 2 85 
 2 88 
 2 94 
 6

Sagittal sections from postnatal day 8 (P8) and 40 (P40) brains of CNP-EGFP transgenic mice were stained with different antibody combinations, as described
in Materials and methods. Cells were analyzed in dentate gyrus (DG) granule layer (GL) and hylus (HL), and in CA3 and CA1 stratum radiatum (SR) and
stratum pyramidale (SP). Percentages of GAD-67�/EGFP� cells labeled with each marker are shown. Values represent mean 
 SEM obtained from four
different brains (six tissue sections per brain). Total cells counted were 1,080 for P8 and 770 for P40. PV, parvalbumin; DC, doublecortin; SOM, somatostatin.

 on M
ay 26, 2004 

w
w

w
.jcb.org

D
ow

nloaded from
 

Publication #6



NG2� cells are hippocampal interneuron progenitors | Aguirre et al. 587

natal interneurons in the hippocampus may derive from
NG2� SVZ progenitor cells, likely located in the posterior
SVZ. This would raise the possibility that a subpopulation
of type C–like progenitor cells from the SVZ are able to mi-
grate backward and radially (Marshall and Goldman, 2002;
Suzuki and Goldman, 2003), instead of following their clas-
sical route of tangential forward migration through the ros-
tral migratory stream toward the olfactory bulb.

In conclusion, we have taken advantage of a transgenic
mouse to define the cellular properties of CNP gene-
expressing NG2� progenitors in the early postnatal and adult
SVZ, and to demonstrate that they are a subpopulation of
type C–like cells. Based on EGFP expression, we were also
able to graft NG2� cells into the early postnatal brain and
follow their developmental fate. We established that neu-
rons generated from early postnatal NG2�/EGFP� cells in
vivo have the same cellular and functional phenotype of en-
dogenous populations of hippocampal inhibitory interneu-
rons. The possibility of obtaining a viable and highly puri-
fied population of endogenous neural progenitors and to
direct the generation of GABAergic neurons from these
precursors could have very important implications for fu-
ture therapeutic approaches to epilepsy, stroke, and degen-
erative damage of the brain.

Materials and methods
CNP-EGFP transgenic mouse
Line C1 of the CNP-GFP transgenic mouse was used this work (Yuan et al.,
2002). The same results were obtained with line D2. All animal proce-
dures were performed according to Children’s National Medical Center,
Institutional Animal Care and Use Committee, and National Institutes of
Health guidelines.

Isolation of NG2�/EGFP� and NG2�/EYFP� progenitor cells by 
FACS® and cell culture
Brains were dissected out from P2 and P40 CNP-EGFP mice or P2 �-actin-
EYFP mice (Tg ActbEYFP; JAX Mice). Cells were dissociated (Belachew et
al., 2003) and analyzed for light forward and side scatter using a FACStar
plus instrument (Becton Dickinson). For double NG2/EGFP and LeX/EGFP
FACS® analysis, cell suspensions were incubated with appropriate primary
antibodies (see Immunocytochemistry), and then with R-PE– and PECy5-
conjugated secondary antibodies (Caltag).

SVZ microdissection
SVZ areas were microdissected from 300-�m-thick coronal sections of P8
CNP-EGFP brains. Cells were dissociated (Belachew et al., 2003), seeded
(20,000 cells per well) on coverslips, and processed for immunocytochem-
istry 2 h after plating.

Neurosphere preparation and differentiation
FACS®-purified NG2�/EGFP� cells (P2) or E14.5 forebrain cells were
seeded (10 cells/�l) on uncoated 24-well plates (BD Biosciences) and
grown in SCM (StemCell Technologies Inc.) for 6 d in vitro (DIV) with daily
addition of 20 ng/ml EGF. For E14.5 cultures, 10 ng/ml bFGF was also
added. Primary neurosphere colonies (Reynolds and Weiss, 1992) were
subcloned by mechanical dissociation and replating at 10 cells/�l in 24-
well plates. Stem cell self-renewal was assessed after a further 6 DIV. For
differentiation experiments, single neurosphere colonies were transferred
to individual wells of a 24-well culture plate precoated with 0.1mg/ml
polyornithine in serum-free medium � 1% FBS (GIBCO). Cells were pro-
cessed by immunocytochemistry after 6 DIV (Belachew et al., 2003).

Immunocytochemistry
For cell sorting, cell suspensions were incubated with anti-NG2 antibody
(1:1,000; Chemicon) or with antibody from the hybridoma clone MMA (for
LeX antigen; 1:50; Becton Dickinson). For immunocytochemistry, cell cultures
were processed (Yuan et al., 2002) with the following primary antibodies:

anti-NeuN, antityrosine hydroxylase, anti–PSA-NCAM (all from Chemicon),
anti-Ki67 (Novocastra), and anti-panDlx (obtained from G. Panganiban, Uni-
versity of Wisconsin Medical School, Madison, WI), all at 1:250. At a
dilution of 1:500, TUJ1 (BabCo), anti-NG2, anti-GFAP (Sigma-Aldrich), anti–
GAD-67, and anti–choline acetyltransferase (both from Chemicon). Anti-
MMA mouse monoclonal (for LeX antigen; Becton Dickinson), antivesicular
glutamate transporter 1 (Chemicon), and anti-EGFR (Santa Cruz Biotechnol-
ogy, Inc.) were used at 1:50, 1:10,000, and 1:100, respectively.

RT-PCR
RNA was isolated from P8 FACS®-purified NG2�/EGFP� cells and from
neurospheres after 4 d in differentiation medium using Trizol® (Invitrogen).
1 �g RNA from each sample was reverse-transcribed using the Super-
ScriptTM First-Strand cDNA Synthesis kit (Invitrogen). The mouse gene-spe-
cific primers used were obtained from Integrated DNA Technologies, Inc.
Sequences were as follows: Mash1, sense 5� AGC AGC TGC TGG ACG
AGC A 3�, antisense 5� CCT GCT TCC AAA GTC CAT TC 3�; Dlx2, sense
5� GGC ACC AGT TCG TCT CCG GTC AA 3�, antisense 5� CGC CGA
AGT CCC AGG ATG CTG 3�; GAD-67, sense 5� AAG GCA TGG CGG
CTG TGC CCA AAC 3�, antisense 5� ACC ACC CCA GGC AGC ATC CAC
ATG 3�; GAD-65, sense 5� CCA TTA CCC CAA TGA GCT TCT 3�, anti-
sense 5� CCC CAA GCA GCA TCC ACG T 3�; Actin, sense 5� CGT GGG
CCG CCC TAG GCA CCA 3�, antisense 5� TTG GCC TTA GGG TTC AGG
GGG 3�. Genes were amplified by denaturation at 94C for 1 min, anneal-
ing at 60C for 1 min, and extension at 72C for 1 min for 35 cycles. PCR
products were resolved by 1.2% agarose gel electrophoresis and visual-
ized under UV light.

Immunohistochemistry
Frozen 50-�m tissue sections were prepared as described previously (Yuan
et al., 2002). Primary antibody dilutions were as follows: 1:500 for anti-
NG2 antibody, anti-Ki67, anti-CNP (Sternberger Monoclonal Inc.), anti-
MBP (Sternberger Monoclonal Inc.), anti-NeuN, anti-HuC/D (Molecular
Probes), and anti-GFAP; 1:1,000 for anti–Mash-1 (from D. Anderson, Cali-
fornia Institute of Technology, Pasadena, CA), anti-PV (Sigma-Aldrich),
anti–GAD-67, anti–PSA-NCAM, antisomatostatin, antidoublecortin, and
anticalretinin (all from Chemicon). Anti-GLAST (Chemicon) and anti-Olig2
(obtained from D. Rowitch, Dana Farber Cancer Institute, Harvard Medical
School, Boston, MA) were both used at a 1:5,000 dilution. Anti-BrdU and
MMA antibodies (1:100) were purchased from Becton Dickinson.

BrdU administration and detection
Mice were injected intraperitoneally with a single dose of 50 �g/g of BrdU
(Sigma-Aldrich) in sterile 0.9% NaCl solution and killed 2 h after the injec-
tion. Sections were incubated in 2 N HCl for 30 min at 37C, immersed in
0.1 M Na�-borate at pH 8.5, and stained with anti-BrdU and anti-NG2.

Microscopy and cell counting
A confocal laser-scanning microscope (model MRC 1024; Bio-Rad Labora-
tories) equipped with a krypton-argon laser and an inverted microscope
(model IX-70; Olympus) was used to image localization of FITC (488-nm
laser line excitation; 522/35 emission filter), Texas red (568-nm excitation;
605/32 emission filter) of Cy5 (647 excitation; 680/32 emission filter). Op-
tical sections (z 	 0.5 �m) of confocal epifluorescence images were se-
quentially acquired using a 40� (NA 	 1.35), a 60� (NA 	 1.40), or
100� oil objective (NA 	 1.35) with LaserSharp v3.2 software (Bio-Rad
Laboratories). Confocal Assistant 4.02 software was subsequently used to
merge images. Merged images were processed in Photoshop 7.0 with min-
imal manipulations of contrast. For cell counting, NG2�/EGFP� cells were
counted in the SVZ and hippocampus. We consistently found that 100% of
the NG2� cells were EGFP�. The analysis of the SVZ was performed at dif-
ferent rostrocaudal levels of the lateral ventricle. An average of 15–20 sec-
tions were counted for the SVZ and hippocampus to obtain an estimate of
the total number of NG2� cells. Percentages of cells expressing different
antigens were estimated by scoring the number of cells double-labeled
with the marker in question. In cultured cells, 2 coverslips/culture and
8–10 microscopic fields/coverslip were counted from three separate cul-
tures. Statistical analysis was performed by paired t test.

Transplantation and analysis of grafted cells
FACS®-purified NG2�/EGFP� or NG2�/EYFP� donor cells were prepared
from P2 CNP-EGFP or �-actin-EYFP transgenic mice. Immediately after
FACS®, cells were stained with PKH26 (Sigma-Aldrich) and incubated with
the diluent C (5:1,000) for 5 min at RT. Cells were washed with DME �
10% FCS and resuspended in DME at 20,000 cells/�l. As a negative con-
trol, NG2� cells were exposed to six freeze–thaw cycles before grafting.
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Microinjection was performed under deep hypothermia, and 1–2 �l of the
cell suspension was injected directly into the ventricles of wild-type P2
FVB/NxCB6 pups. In some experiments, trypan blue (0.1%) was added to
the cell suspension to confirm targeting of injections. The injection was
performed with a glass capillary pipet (100–150 �m outer diameter with
beveled tip) driven by a micromanipulator (Harvard Instruments). For the
studies of migration and proliferation, mice were reared 24–72 h after in-
jection and processed for immunohistochemistry. For anatomical and
electrophysiological studies of the grafted cells, mice were killed 1–4 wk
after the injection. Grafted NG2� cells were readily visible under confocal
microscopy using a 488-nm laser-line excitation. An anti-GFP rabbit poly-
clonal antibody (IgG; 1:250; BD Biosciences) was used to confirm NG2�

cell differentiation by immunohistochemistry. In three experiments, we
quantified the percentage of transplanted NG2�/EYFP� cells found in the
hippocampus after 1 wk as NeuN� neurons. After injecting 20,000 NG2�/
EYFP� cells, we detected an average of 215.0 
 9.1 NeuN� cells per hip-
pocampus (total four brains counted), i.e., 1.07 
 0.05% of the total in-
jected cells, and 0.04 
 0.002% NeuN-negative cells.

TUNEL assay
Sagittal sections (50 �m, n 	 6 sections per animal) were prepared 6 wk
after transplantation and were processed for TUNEL by using an apoptosis
detection kit (Roche Bioscience) following the protocol from the kit.

Electrophysiology
Acutely isolated hippocampal slices (sagittal; 150–200 �M; Belachew et
al., 2003) were prepared from P10–P15 mice that had received a ventricu-
lar injection of FACS®-sorted NG2�/EGFP� cells. After a 1-h recovery,
slices were perfused in a recording chamber with extracellular solution
(Belachew et al., 2003). EGFP� cells in the stratum oriens and stratum radi-
atum of CA1 and CA3 were identified as described previously (Belachew
et al., 2003). Due to the low levels of EGFP fluorescence, the InvestiGater
integrating box (DAGE-MTI) was used to amplify the fluorescent signal de-
tected by the CCD camera (model CCD-100; DAGE-MTI). Patch elec-
trodes and intracellular solution were as described previously (Belachew et
al., 2003). Action potentials and spontaneous AMPA-receptor currents
were analyzed under current-clamp (current injection 30–180 pA steps;
1,000 ms duration) and voltage-clamp, respectively, as described previ-
ously (Belachew et al., 2003). All data were filtered at 2 kHz and digitized
at 10–20 KhZ. Offline analysis was performed using Clampfit 8 (Axon In-
struments, Inc.) and MiniAnalysis (Synaptosoft Inc.).

Online supplemental material
Fig. S1 shows that neurons derived from P2 NG2�/EGFP� spheres give rise
primarily to GABAergic neurons. Fig. S2 shows the presence of Dlx2 and
Mash1 mRNA in FACS®-purified NG2�/EGFP� cells. Fig. S3 shows the anti-
genic characterization of acutely dissociated P8 striatal-SVZ. Fig. S4 shows
the cellular distribution and migration into the hippocampus of transplanted
NG2�/EGFP� cells at different times after transplantation. Fig. S5 shows the
progenies derived from transplanted NG2�/EGFP� cells in the subcortical
white matter 3 wk after transplantation. Online supplemental material is
available at http:www.jcb.org/cgi/content/full/jcb.200311141/DC1.
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Figure S1. NG2+/EGFP+ cells give rise to GABAergic interneurons in vitro. Neurospheres 

derived from P2 NG2+/EGFP+ cells (A-C) and E14.5 mouse brain (D-G) were grown under 
the same conditions and processed for immunocytochemistry 6 d after plating. Neuronal 
phenotypes were identified using ß-tubulin (A-G, blue) and Dlx (A, red), VGLUT1 (B, E, and 
G, red), and TH (C and F, red) antibodies. (H) RT-PCR results for Dlx, GAD-65, GAD-67, 

and actin genes on RNA derived from NG2+/EGFP+ neurospheres after differentiation. RNA 
without RT was used as negative control (-). (I) Quantification of neuronal phenotypes from 

NG2+/EGFP+ and E14.5 neurospheres. Data are averages + SEM. Cells in boxed areas 

are shown at higher magnification. Arrowheads in A-G show ß-tubulin+ cells that are 
negative for the analyzed markers. Arrows in D and G show double labelling for ß-tubulin 
and GAD-67. Bar, 50 µm.
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Figure S2. The transcription factor Dlx2 and Mash1 are expressed in postnatal SVZ 

NG2+/EGFP+ cells. RT-PCR results from RNA derived from P8 FACS®-purified 

NG2+/EGFP+ cells. Mash1 and Dlx2 genes were amplified using mouse oligonucleotide 
primers selective for these genes. RNA that was not reverse transcribed was used as a 
negative control (-). 

Home | Help | Feedback | Subscriptions | Archive | Search

Full Text of this Article

Full Text of this Article

Home | Help | Feedback | Subscriptions | Archive | Search

Page 1 sur 1JCB -- Data Supplement - JCB -- Aguirre et al. Figure S2

9/06/2004http://www.jcb.org/cgi/content/full/jcb.200311141/DC1/2

Publication #6



[HELP with High Resolution Image Viewing]

[View Larger Version of this Image]

Figure S3. Antigenic characterization of cell derived from microdissected SVZ of P8 CNP-
EGFP mice. (A-J) The striatal SVZ was microdissected and enzymatically dissociated to 
single cells that were stained for markers 2 h after plating. For triple labelling in J1, Dlx 
(brown) was developed with DAB. Cells in boxed areas are shown at higher magnification.

Bar, 50 µm. (K) Percentages of total (DAPI+) and of NG2+/EGFP+ cells were calculated for 

each marker. Data are expressed as averages + SEM. Arrows indicate double-positive 
cells, and arrowheads indicate triple-positive cells.

Home | Help | Feedback | Subscriptions | Archive | Search

Full Text of this Article

Full Text of this Article

Home | Help | Feedback | Subscriptions | Archive | Search

Page 1 sur 1JCB -- Data Supplement - JCB -- Aguirre et al. Figure S3

9/06/2004http://www.jcb.org/cgi/content/full/jcb.200311141/DC1/3

Publication #6



[HELP with High Resolution Image Viewing]

[View Larger Version of this Image]

Figure S4. Grafted NG2+/EGFP+ cells migrate from the postnatal lateral ventricle to the 

hippocampus. NG2+/EGFP+ cells were FACS®-purified from P2 brains, stained with the 
dye PKH26 (red), and transplanted into the lateral ventricle (LV) of P2 wild-type mice. (A) 
48 h after transplantation, green cells are found surrounding the LV area, and some cells 
start migrating tangentially to different areas of the cortex (arrow). One of the migrating 

cells is depicted in the inset (A; PKH26, red). 4 d after grafting, migrating EGFP+ cells 
(green) were observed in the stratum oriens of the CA3 (B1) and in the stratum pyramidale 

of the CA3 (B2). Migratory EGFP+ cells (green) acquired immature neuronal markers 4 d 
after grafting, as shown by PSA-NCAM (C; arrowheads in C2-C4 point to cell body, red) 

and TUJ1 (D, red) expression. (E-G) 3 wk after grafting, a large percentage of EGFP+ cells 
(green) is found in the hippocampus and displays the typical morphology of interneurons. 

EGFP+ cells are integrated into the structure of the CA1 (E), CA3 (F), and DG (G) of the 

hippocampus. Arrows indicate grafted EGFP+ cells. Arrowheads in C2-C4 indicate co 
localization of EGFP and PSA-NCAM. Bars: (A) 200 µm; (B-D) 50 µm; (E-G) 100 µm.
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Figure S5. Grafted NG2+/EGFP+ cells differentiate to oligodendrocytes in the white matter 
and cerebral cortex. 3 wk after transplantation, sagittal brain sections were prepared for 

immunohistochemistry. (A-C) EGFP+ grafted cells (green) found in the cortex and white 

matter display an oligodendrocyte morphology. (A) EGFP+/CNP-protein+ (red) and MBP+

(blue) cells are found in cerebral cortex. (B) EGFP+ grafted cells with oligondendrocyte 
morphology are found in cerebral cortex and are not immunolabeled with anti-GFAP 
antibodies (red). (C) Oligodendrocytes expressing MBP (red) were also found in white 

matter. EGFP+ cells are shown at higher magnification in boxed areas. Bar, 50 µm.
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Abstract During brain ontogenesis, the temporal and
spatial generation of the different types of neuronal and
glial cells from precursors occurs as a sequence of suc-
cessive progenitor stages whose proliferation, survival
and cell-fate choice are controlled by environmental and
cellular regulatory molecules. Neurotransmitters belong
to the chemical microenvironment of neural cells, even
at the earliest stages of brain development. It is now es-
tablished that specific neurotransmitter receptors are
present on progenitor cells of the developing central ner-
vous system and could play, during neural development,
a role that has remained unsuspected until recently. The
present review focuses on the occurrence of neurotrans-
mitters and their corresponding ligand-gated ion channel
receptors in immature cells, including neural stem cells
of specific embryonic and neonatal brain regions. We
summarize in vitro and in vivo data arguing that neuro-
transmitters could regulate morphogenetic events such as
proliferation, growth, migration, differentiation and sur-
vival of neural precursor cells. The understanding of
neurotransmitter function during early neural maturation
could lead to the development of pharmacological tools
aimed at improving adult brain repair strategies.

Keywords Ligand-gated ion channels · Neural 
progenitors · Neurotransmitters · Proliferation · 
Migration · Differentiation · Survival

Introduction

Harmonious development of the mammalian central ner-
vous system (CNS) during embryogenesis not only re-
quires accurate course of genetic schedules but also de-
pends on appropriate influences by various epigenetic
signalling processes. In that respect, much effort has
been recently devoted to characterize intrinsic and ex-
trinsic factors regulating the behaviour of neural progen-
itor cell populations during brain maturation. Recently,
several secreted molecules such as growth factors, hor-
mones and neurotransmitters have been implied in the
extrinsic regulation of cell proliferation within the devel-
oping telencephalon (reviewed by Cameron et al. 1998a).
Among them, neurotransmitters are prominent candi-
dates for transcellular signals that could influence the de-
velopment of CNS cells, since they surround neural cells
throughout the CNS maturation period (Cicirata et al.
1991; Miranda-Contreras et al. 1998, 1999, 2000) and
since functional ligand-gated ionic channel receptors
have been described in neural progenitors before the 
establishment of cortical and subcortical synapses 
(Belachew et al. 1998a; Flint et al. 1998; Haydar et al.
2000; Ma et al. 1998, 2000; Maric et al. 2000; Sah et al.
1997). Furthermore, several studies strongly suggest that
neurotransmitters could behave as growth regulators dur-
ing specific developmental periods (Antonopoulos et al.
1997; Brezun and Daszuta 2000; Butler et al. 1999;
Cameron et al. 1998a; Fiszman et al. 1999; Haydar et al.
2000; Lauder et al. 1998; LoTurco et al. 1995; Ma et al.
1998, 2000; Wang et al. 1996; Weiss et al. 1998).

Our present view of the CNS has changed dramatical-
ly over the past few years. It is now well established that
self-renewing neural stem and progenitor cells (Fig. 1)
do persist in the adult mammalian brain and spinal cord
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(Gage 2000; Weiss et al. 1996). Since various neural pre-
cursors exhibit functional neurotransmitter receptors and
transporters, the pharmacological modulation of the con-
centration of relevant neurotransmitters or of the down-
stream membrane and intracellular events that they in-
duce could provide new pathways for therapeutic inter-
ventions during neural development. Regarding expected
clinical prospects, the improvement of cell replacement
therapies, using properly selected and/or bioengineered
exogenous progenitors or the recruitment of endogenous
stem cells that are induced to migrate and differentiate
into specific phenotypes, are both crucial issues that
could be modified by interacting with neurotransmitter-
controlled events.

This review summarizes our current knowledge on
the various functions of ionotropic neurotransmitter re-
ceptors expressed on neural stem cells (NSCs) and neu-
ronal and glial progenitors. In that respect, we have fo-
cused on the ionotropic glutamate receptors (iGluR) – in-
cluding α-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onate receptor (AMPAR), N-methyl-D-aspartate receptor
(NMDAR) and kainate receptors (KAR) – the type-A γ-
aminobutyric acid receptor (GABAAR), the glycine re-
ceptor (GlyR), the nicotinic acetylcholine receptor
(nAChR) and the type-3 serotonin receptor (5-HT3R).
We also reviewed the roles played by the main agonists
of these receptors during early stages of CNS develop-
ment.

γ-Aminobutyric acid

GABA, the main, fast-acting inhibitory neurotransmitter
in the adult neocortex (Connors et al. 1988; Krnjevic and
Schwartz 1967), is also one of the most abundant neuro-
transmitters detected during mammalian brain develop-
ment (Cicirata et al. 1991; Miranda-Contreras et al.
1998, 1999, 2000).Three classes of GABA receptors
(GABAR) are currently distinguished in the CNS: the
GABAAR and GABACR, which are both ionotropic re-
ceptors, and the metabotropic GABABR (reviewed by
Chebib and Johnston, 1999). Among ionotropic recep-
tors, so far six different subunit families have been iden-
tified to form CNS GABAAR receptors: α1–6, β1–3,
γ1–3, δ, ε, and θ; two additional subunits, ρ1 and ρ2,
have been classified as part of the GABACR (Bonnert et
al. 1999; Bormann and Feigenspan 1995; Davies et al.
1997; Luddens et al. 1995; McKernan and Whiting
1996).

Several types of GABAAR transcripts and subunits
have been previously described in situ as components of
functional GABAAR in rat neuroepithelial cells, as well
as in neuroblasts and glioblasts, during spinal and corti-
cal neurogenesis (LoTurco et al. 1995; Ma and Barker
1995; Ma et al. 1998; Serafini et al. 1998a, 1998b; 
Verkhratsky and Steinhauser 2000). The abundance of
GABA and its receptors in the early developing rodent
CNS both in vivo and in vitro has led to speculations on
the role of this transmitter in immature neural cell prolif-
eration, migration, differentiation and survival (Table 1).
It is now well established that GABA exerts a variety of
trophic influences through the stimulation of the
GABAAR during neural development (reviewed by
Barker et al., 1998; Lauder et al. 1998).

Neural stem cells

Ma et al., using cultures of rat embryonic telencephalic
NSCs expanded by treatment with basic fibroblast
growth factor (bFGF), have shown that the activation of
functional GABAAR induces an increase in [Ca2+]i. This
effect was reversibly blocked by specific antagonists of
the GABAAR (Ma et al. 1998). Similarly, rat embryonic
hippocampal progenitor cells – likely to contain NSCs –
have been reported to express functional GABAAR in
vitro. In these NSCs, GABAergic currents remain pres-
ent to a significant extent even after multiple passages
(Sah et al. 1997). Such in vitro results strengthen the hy-
pothesis of a functional role for GABAAR during pri-
mordial neural development.

Neuroblasts

Several studies have already reported that GABAAR ac-
tivation can control the cell cycle kinetics in neuronal
progenitors (Haydar et al. 2000; LoTurco et al. 1995).
Fiszman et al. have suggested that, in vitro, GABA pro-
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Fig. 1 General schematic view of the early central nervous system
lineage progression: neural stem cell lineage. The possible lineage
relationships between the various defined precursors and mature
neural cells. Immature progenitors are able to self-renew (green
arrow that loops around a cell) and/or to generate more differenti-
ated cells. (NSC Neural stem cell population, APC astrocyte pre-
cursor cells, NB neuroblasts, GB glioblasts, OPC oligodendrocyte
progenitor cells)
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motes rat immature cerebellar granule cell proliferation
by indirect activation of the mitogen-activated protein
kinase (MAPK) cascade (Fiszman et al. 1999). Con-
versely, an in situ study has demonstrated that GABAAR
currents triggered by GABA or muscimol (a GABAAR
agonist) negatively regulate DNA synthesis in neural
progenitors of the rat embryonic neocortical ventricular
zone (E16 and E19), through a depolarization-based
mechanism (LoTurco et al. 1995). Unlike mature neu-
rons, neuroblasts have high [Cl–]i probably maintained
by unopposed, inward Cl– transport (Luhmann and
Prince 1991). The existence of such a chloride gradient
is consistent with the demonstration that either GABA or
muscimol in embryonic and neonatal cortical slices in-
duces membrane depolarization (Owens et al. 1996). On
the other hand, GABAAR antagonists increase DNA syn-
thesis, indicating that endogenous GABA is sufficient
to modulate the cell cycle of neocortical progenitors 
(LoTurco et al. 1995). This GABA-restrictive effect on
progenitor cell proliferation, assessed in situ, is support-

ed by an in vitro study showing that the activation of
GABAAR decreases the proliferation rate of embryonic
dissociated cortical cells cultured in the presence of
bFGF (Antonopoulos et al. 1997). The situation could,
however, be more complex, since Haydar et al. have re-
cently shown that, in embryonic mice brain organotypic
slices, GABA and glutamate affect the cell cycle of sub-
ventricular zone (SVZ) cells by decreasing DNA synthe-
sis, and, hence, actually have an opposite effect on the
proliferation of ventricular zone (VZ) precursors 
(Haydar et al. 2000).

All these data strongly suggest that in vivo the activa-
tion of GABAAR by endogenous GABA could play an
important role during neocortical development, regulat-
ing the proliferation of neuronal progenitors.

Besides its proposed role in progenitor cell prolifera-
tion, various in vitro models suggest that GABA could
have trophic factor-like additional functions. Indeed,
GABA significantly enhances the survival of rat embry-
onic (E18) striatal neurons in vitro. This effect, which is
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Table 1 GABA-induced events in neural progenitors (PC patch-
clamp, IM immunostainings, PA proliferation assay, CaI calcium
imaging, Sbio survival bioassay, VIA video-analysis imaging, Cbio

chemotaxis bioassay, VZ ventricular zone, SVZ subventricular
zones, OPC oligodendroglia-progenitor cells)

GABA

Cell stage Model/Techniques Results References

NSCs El6 rat hippocampal neural GABA-triggered currents mainly remain Sah et al. 1997
precursor cells (including NSCs) present in hippocampal neural precursor 
in vitro: PC cells even after multiple passages
E13–13.5 rat neuroepithelial cells GABA-induced depolarization via Ma et al. 1998
in vitro: PC/IM GABAAR activation elicits calcium entry

in NSC cells

Neuroblasts P6–8 rat cerebellum granule cells GABA promotes proliferation Fiszman et al. 1999
in vitro: PA
Rat embryonic cortical cell cultured Activation of GABAAR by GABA or Antonopoulos et al. 1997
in vitro: IM/PA muscimol inhibits proliferative effect

of bFGF
E16–19 rat VZ cells in situ: GABA decreases DNA synthesis LoTurco et al. 1995
PC/PA/CaI via calcium-dependent pathway
E13–14 mouse VZ and GABA affects cell cycle of SVZ Haydar et al. 2000
SVZ cells in situ: PA/IM population by decreasing DNA synthesis; 

also enhances proliferation of VZ cells
E18 rat striatal neurons GABA enhances survival through Ikeda et al. 1997
in vitro: Sbio/CaI GABAAR activation
Embryonic rat hippocampal neurons Antagonism of GABAAR induces decrease Barbin et al. 1993; 
in vitro: VIA in dendritic outgrowth in pyramidal neurons Mattsson and Kater 1989
Embryonic rat cerebellum cells Activation of GABAAR Michler 1990
and embryonic chick tectum cells in serum-supplemented medium 
in vitro: VIA increases neurite elongation
Embryonic rat spinal GABA enhances neuronal migration Behar et al. 1994, 1996
and cortical cells in vitro: Cbio/VIA

Glioblasts Astrocytes/astroblasts Astrocytes depolarized Bormann et al. 1988; 
in vitro/in situ: PC by GABA application Kettenmann et al. 1984a, 1984b;

MacVicar et al. 1989
Murine and rat OPCs in vitro/ GABA-elicited inward current depolarizes Belachew et al. 1998a, 1998b; 
in situ: PC/CaI OPC membrane and induces rise of [Ca2+]i Kettenmann et al. 1984a, 1984b;

Kirchhoff et al. 1992;
Pastor et al. 1995
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not induced by the GABABR agonist baclofen, is trig-
gered by GABA or muscimol and blocked by GABAAR
antagonists such as bicuculline and picrotoxin. Various
molecules, including L-type voltage-gated Ca2+ channel
(VGCC) blockers (nifedipine and nicardipine) or protein
kinase inhibitors (H-7 and genistein) also block the
GABAAR-mediated increase in cell survival. Based upon
their pharmacological results, the authors proposed that
the activation of GABAAR initiate a cascade which first
triggers a depolarization-evoked Ca2+ influx through L-
type VGCC and second triggers Ca2+-dependent intracel-
lular signalling pathways such as H-7 and genistein-sen-
sitive protein kinases (Ikeda et al. 1997).

GABA also appears to be important for the migration
and the maturation of neuronal precursors, since it en-
hances the rat embryonic spinal and cortical neural cell
motility (Behar et al. 1994, 1996, 2000) and partially
modulates neuritic outgrowth in cultured rat hippocam-
pal pyramidal neurons, rat cerebellar neurons and embry-
onic chick tectum (Barbin et al. 1993; Mattson and Kater
1989; Michler 1990).

Glioblasts

Electrophysiological studies have reported the occur-
rence of functional ionotropic GABAAR in glia. These
receptors were found not only in rodent astrocytes in cul-
ture (Bormann and Kettenmann 1988; Hosli et al. 1997)
and in situ (Butt and Jennings 1994; MacVicar et al.
1989; Pastor et al. 1995) but also in newborn rat and mu-
rine oligodendroglia progenitor cells (OPCs) in vitro
(Belachew et al. 1998a; Gilbert et al. 1984; Kettenmann
et al. 1984a; Williamson et al. 1998) and in situ (Pastor
et al. 1995).

As has been reported for neuroblasts (LoTurco et al.
1995), GABA depolarizes rodent oligodendrocytes and
astrocytes in culture (Kettenmann et al. 1984a, 1984b).
The OPC membrane depolarization mediated by GABA
seems to trigger the opening of VGCCs, leading to a rise
of cytosolic [Ca2+]i (Kirchhoff and Kettenmann 1992).
This depolarization could be sufficient to open Na+ volt-
age-gated channels (Nav), and Na+ subsequent entry is
known to block the outward potassium conductance,
thereby inhibiting OPC proliferation (Knutson et al.
1997). However, GABA modulation of OPC prolifera-
tion has not been reported (Gallo et al. 1996), suggesting
that the level of depolarization mediated by GABA does
not reach the activation threshold of Nav (Barres et al.
1990).Via these mechanisms, GABAAR activation dur-
ing development could modulate biological properties of
the glia lineage committed-cells.

Glycine

Strychnine-sensitive GlyRs are members of the nicotinic
ligand-gated ion channel family (le Novere and Change-
ux 1999). They mediate postsynaptic inhibition by in-

creasing chloride permeability of the postsynaptic cell
membrane in adult spinal cord, brain stem and some
higher brain regions (reviewed by Betz, 1991; Kuhse et
al. 1995; Schofield et al. 1996). The GlyR is a pentamer-
ic transmembrane protein composed of glycosylated in-
tegral transmembrane α- (48 kDa) and β-subunits
(58 kDa; Schofield et al. 1996). Currently, four α- (α1,
α2, α3 and α4; Kuhse et al. 1990, 1995; Matzenbach et
al. 1994) and one β-subunit variant (Schofield et al.
1996) have been described. GlyR heterogeneity also aris-
es from alternative splicing that results in the formation
of two isoforms of the α1-, the α2- and the α3-subunits
(Betz et al. 1994; Nikolic et al. 1998). On the other hand,
the homologous glial GlyR found in OPCs could differ
from its neuronal counterpart by containing a putative β-
subunit variant (Belachew et al. 1998b; Pribilla et al.
1992). In newborn rats, the GlyR is α2-homomeric and
differs from the adult form, which classically includes
three α1- and two β-subunits (Langosch et al. 1988).
Adult GlyRs are mainly clustered at the postsynaptic
membrane by gephyrin, a 93-kDa protein (Kneussel and
Betz 2000; Langosch et al. 1988). Otherwise, it is now
well established that GlyRs assume some functions dur-
ing CNS developmental period (Table 2).

Neuroblasts

GlyRs are expressed by neuronal progenitors of the ro-
dent developing neocortex and the spinal cord neurons in
situ (Malosio et al. 1991) and in vitro (Tapia and Aguayo
1998; Withers and St John 1997). In the developing neo-
cortex, glycine is found at very low concentration as
compared to the spinal cord (Aprison et al. 1969), sug-
gesting that another endogenous ligand might stimulate
GlyR during corticogenesis. One candidate is taurine – a
GlyR agonist (Schmieden et al. 1992) – which is abun-
dant in the developing neocortex and present at lower
concentration postnatally. Moreover, unlike glycine, tau-
rine synthesis is more important in the cerebral cortex
than in the spinal cord (Agrawal et al. 1971). These re-
sults are consistent with a putative role for taurine during
corticogenesis, since Flint et al. have nicely demonstrat-
ed that GlyRs are functionally expressed by immature
migrating and differentiating neurons of rat embryonic
and early postnatal cortical slices (Flint et al. 1998).The
transmitter role of taurine, acting at the GlyR during cor-
tical development, may help explain observations on the
consequence of taurine deprivation during embryogene-
sis. Indeed, abnormal kitten cortex development has
been reported in association with maternal dietary tau-
rine deprivation (Palackal et al. 1986). Flint et al. have
suggested furthermore that GlyR signalling could play a
role in synapse establishment, since the expression of
taurine and GlyR occurs during the peak of synaptogene-
sis in the developing neocortex (Flint et al. 1998).

Other in vivo and in vitro studies, dealing with the
trophic effects of glycine signalling during CNS devel-
opment, suggest that the glycinergic transmission may
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regulate the growth of postsynaptic processes in the lat-
eral superior olive of gerbils (Sanes and Chokshi 1992;
Sanes and Hafidi 1996). In addition, an in vitro study
performed by Tapia et al. shows that GlyR activation in-
creases the number of primary neurites and the total neu-
rite length in developing mouse spinal neurons (Tapia et
al. 2000). Finally, a recent study argues for trophic roles
of astroglia-released glycine and L-serine (a GlyR ago-
nist) on cerebellar Purkinje neurons (PN) in vitro. These
amino acids promote the survival, the dendritogenesis
and the electrophysiological development of rat cerebel-
lar PN in culture (Furuya et al. 2000). Glycine and L-ser-
ine could also play such a role in vivo, since their mea-
sured levels in cerebellar extracellular spaces are com-
patible with the concentrations eliciting significant tro-
phic actions in vitro (Furuya et al. 2000; Hashimoto et
al. 1995). In the cerebellum, the Bergmann glia is likely
to be the main source of glycine and L-serine in vivo,
since it is the only cell type expressing 3-phosphoglycer-
ate dehydrogenase (3PGDH), an essential enzyme for de
novo biosynthesis of these molecules (Jaeken et al.
1996).

Glioblasts

Functional GlyRs have been described in newborn rat as-
trocytes, oligodendrocytes and OPCs in spinal cord slic-
es (Kirchhoff et al. 1996; Pastor et al. 1995). Glycine-in-
duced currents were also recorded from newborn rat cor-
tical oligosphere-derived OPCs, where GlyR seems to be
not only pharmacologically but also structurally distinct

from the homologous neuronal receptor (Belachew et al.
1998b). Moreover, glycine application on cultured OPCs
induces a rise of [Ca2+]i via the opening of VGCC. This
effect is mediated by a depolarization related to the acti-
vation of GlyR and Na+-dependent glycine transporters
GLYT1 and/or GLYT2 (Belachew et al. 2000). These re-
sults raise the question of a possible function of glycine
in the maturation of OPCs into myelinating cells.

Glutamate

In the adult mammalian CNS, excitatory neurotransmis-
sion is mainly mediated by two amino acid neurotrans-
mitters: (1) glutamate, which is the most abundant amino
acid in the adult CNS; and (2) aspartate. Both enhance a
nonselective cationic conductance through the opening
of ionotropic glutamate receptors (iGluRs) (Engelsen
1986; Fonnum 1984). Different studies have reported
that during neurogenesis high levels of glutamate could
be found in several CNS developing areas (Miranda-
Contreras et al. 1998, 1999, 2000).

Glutamate receptors are classified in two main
groups, namely ionotropic and metabotropic. Metabo-
tropic receptors (mGluRs) are G protein-coupled and
regulate the synthesis of various intracellular second
messengers (Pin and Duvoisin 1995), whereas iGluRs
are heteromeric ligand-gated ion channels (Dingledine et
al. 1999; le Novere and Changeux 1999). Based on their
pharmacological and electrophysiological properties, iG-
luRs can be subdivided into three families: AMPAR,
NMDAR and KAR. These receptors are expressed not

Table 2 Glycine-induced events in neural progenitors (PC patch-clamp, CaI calcium imaging, VIA video-analysis imaging, Sbio surviv-
al bioassay, InSitu in situ hybridization, IM immunostainings)

Glycine

Cell stage Model/Techniques Results References

Neuroblasts Perinatal rat neuroblasts in situ: Taurine triggers inward currents Flint et al. 1998
PC/CaI and induces membrane depolarization.

Depolarization opens VGCCs and elevates
intracellular calcium concentrations

P6–7 gerbil lateral superior olive Spontaneous GlyR activation Sanes and Chokshi 1992
neurons in vivo and in situ: VIA reduces neuronal dendritic branching

and total dendritic length
E13–14 mice spinal cord neuroblasts GlyR activation increases number Tapia et al. 2000
in vitro: PC/CaI/VIA/Sbio of primary neurites and total neurite length
E20–21 rat cerebellar Glycine and L-serine promote survival, Furuya et al. 2000
neuronal cultures in vitro: dendritogenesis and electrophysiological 
PC/InSitu/IM/Sbio development of Purkinje neurons in cultures

Glioblasts Neonatal rat spinal cord astrocytes, Expression of functional GlyR in glial cells Kirchhoff et al. 1996; 
oligodendrocytes and OPCs in situ: and progenitors from acute spinal cord slices Pastor et al. 1995
PC/single-cell RT-PCR
Newborn rat cortical OPCs in vitro: Expression of functional GlyR. Belachew et al. 1998a, 1988b, 
PC/IM/CaI Structural and pharmacological differences 2000

from homologous neuronal GlyR.
Glycine application induces rise
of intracellular calcium
(through VGCCs and glycine transporters)
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Table 3 Glutamate-induced events in neural progenitors (PC
patch-clamp, CaI calcium imaging, FACS flow-activated cell sort-
ing, PA proliferation assay, IM immunostainings, Sbio survival

bioassay, EM electron microscopy, Melec microelectrode, W-B
Western-blott, N-B Northern-blott, InSitu in situ hybridization)

Glutamate

Cell stage Model/Techniques Results References

NSCs E16 rat hippocampal neural NMDA and kainate-gated currents recorded Sah et al. 1997
precursor cells (including NSCs) in hippocampal neural precursor cells, 
in vitro: PC including NSCs

Neuroblasts E13 rat differentiating neurons Expression of functional AMPAR. Maric et al. 2000; 
and neuroblasts derived from NSCs Activation triggers inward currents O’Connor et al. 2000
in vitro: PC/RT-PCR/CaI/FACS and cytosolic Ca2+ increases
E16–19 rat VZ cells AMPA/KAR activation decrease DNA LoTurco et al. 1995
in situ: PC/PA/CaI via calcium-dependent pathway
E13–14 mouse VZ and SVZ cells Glutamate agonists affect the cell cycle Haydar et al. 2000
in situ: PA/IM of SVZ population by decreasing

DNA synthesis; also enhance the proliferation
of VZ cells

Neonatal/adult rat dentate NMDAR antagonism, during 1st postnatal week Cameron et al. 1995, 
gyrus cells in vivo: PA/Sbio/IM or in adulthood, leads to increase 1998a, 1998b;

in [3H]thymidine incorporation in rat dentate Gould et al. 1994
gyrus cells maturing mostly in granule neurons

E12–22 rat striatum neuroblasts Antagonism of NMDAR induces a decrease Sadikot et al. 1998
in vivo: PA/IM in proliferation during the proliferative phase

in vivo
P7–11 rat cerebellar immature Activation of NMDAR promotes cell survival Balazs et al. 1988a, 1988b; 
granule neurons in vitro/in vivo: Sbio Monti and Contestabile 2000
Embryonic mice spinal cord neurons Antagonism of NMDAR reduces cell survival Brenneman et al. 1990
in vivo: Sbio
Neonatal/adult rat dentate gyrus Antagonism of NMDAR increases cell death Gould and Cameron 1996;
in vivo: PA/Sbio/IM Gould et al. 1994
18-Day-old rat whole-brain L-Monosodium glutamate promotes Aruffo et al. 1987
dissociated cultures in vivo: EM neuronal growth and differentiation
Rat cerebellar immature Activation of NMDAR Pearce et al. 1987
granule neurons in vivo promotes neurite outgrowth
Rat hippocampal differentiating Activation of NMDAR promotes dendritic Brewer et al. 1989; 
neurons in vitro: VIA/CaI outgrowth and branching Mattsson et al. 1988a, 1988b;

Wilson et al. 2000
Developing rat and mouse cerebellar Increase in tonic NMDA receptor-channel Rossi and Slater 1993; 
neurons in situ: PC/VIA activity during stages of granule Komuro and Rakic 1993

cell differentiation, migration
and synaptogenesis;
driven by endogenous glutamate release,
regulated by NMDAR density
and local glutamate uptake

Glioblasts Postnatal rat cerebral astocyte Functional AMPAR and KAR Kettenmann et al. 1984a,
cultures in vitro: Melec 1984b
Newborn mouse cerebral Activation of AMPA/KAR leads Robert and Magistretti 1997
astrocyte cultures in vitro: PC to substantial blockade of K+ currents

via intracellular Na+-amassing pathway
Rat spinal cord astrocyte K+ channel-blocking reduces Pappas et al. 1994
cultures in vitro: PC/PA astroglial proliferation
Postnatal rat cortical astrocyte Immediate early gene (e.g. c-fos, c-jun, jun-B) Mack et al. 1994; 
cultures and rat optic nerve astrocytes expression modulated by the activation McNaughton and Hunt 1992
in vitro: InSitu of AMPAR and KAR
Neonatal rat hippocampal astrocyte Glutamate, acting at AMPA/KAR, Cornell-Bell et al. 1990
cultures in vitro: VIA/EM induces increase in number of filopodia
Adult human retinal glial cells Proliferation of cultured glial Müller cells, Puro et al. 1996; 
in vitro: PA/PC/IM/W-B enhanced by NMDAR activation. Uchihori and Puro 1993

NMDAR activation also inhibits
inward-rectifying K+ currents
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only by neurons but also by glial cells (reviewed by 
Dingledine et al., 1999; Verkhratsky and Steinhauser
2000). In addition to their role in neurotransmission dur-
ing adulthood, excitatory amino acid transmitters could
also exert neurotrophic functions in the course of CNS
development (Table 3; reviewed by Cameron et al.,
1998a; McDonald and Johnston 1990).

iGluRs are widely expressed throughout the adult and
developing mammalian CNS (reviewed by Bettler and
Mulle, 1995; Borges and Dingledine 1998; Ozawa et al.
1998) among which AMPARs and KARs seem to be the
first, being expressed during early mammalian CNS onto-
genesis (Bardoul et al. 1998a, 1998b; Gallo et al. 1995).

Neural stem cells

During brain embryogenesis, AMPAR and KAR are es-
pecially found on neural precursor cells in periventricu-
lar areas (Lidow and Rakic 1995; LoTurco et al. 1995).
NMDA and kainate-gated currents have been recorded in
primary cultures of embryonic rat hippocampal precur-
sors, including NSCs, grown under proliferative condi-
tions. Kainate-induced currents in NSCs could still be
observed in the presence of various culture conditions
even after multiple passages (Sah et al. 1997).

Neuroblasts

Recent studies have reported that mitotic neuroblasts de-
rived from rat embryonic cortical NSCs and expanded in
vitro in a defined medium do express functional iGluRs.
Actually, inward currents as well as increase in cytosolic
Ca2+ following AMPA and glutamate application were
found in differentiating neurons and in a subpopulation
of proliferating cells expressing the early neuronal mark-

er β-tubulin III (TuJ1). This accounts for an early emer-
gence of AMPA/KAR during terminal cell division of
neuronal committed precursors (Maric et al. 2000;
O’Connor et al. 2000).

Glutamate, via AMPA/KAR activation, could regulate
periventricular progenitor proliferation as attested by its
decreasing effect on [3H]thymidine incorporation in rat
E16 and E19 cortical explant neuroblasts (LoTurco et al.
1995). However, the VZ and SVZ subpopulations are
differentially affected in situ, since glutamate agonists
both increase the proliferation rate of VZ cells and de-
crease the SVZ cell proliferation (Haydar et al. 2000).

The gyrus dentatus retains a neurogenic population of
cells throughout life in rodents (Altman and Das 1965,
1966; Cameron et al. 1993; Schlessinger et al. 1975), in
primates (Gould et al. 1998, 1999) and even in human
brains (Eriksson et al. 1998). Several studies performed
in vivo have shown that the antagonism of NMDAR, ei-
ther during the 1st postnatal week or in the adult, leads
to an increase in [3H]thymidine incorporation in rat gy-
rus dentatus maturing cells, mostly in granule neurons
(Cameron et al. 1995, 1998b; Gould et al. 1994). Activa-
tion of these receptors following intraperitoneal injection
of NMDA decreases the proliferation rate of neuroblasts
in the adult rat gyrus dentatus (Cameron et al. 1995).
The exact mechanism by which glutamate acts to block
gyrus dentatus cell proliferation is currently unknown
(reviewed by Cameron et al., 1998a). Based on similari-
ties with the action of corticosterone, an adrenal steroid
that reduces the gyrus dentatus cell neurogenesis 
(Cameron and Gould 1994), it has been hypothesized
that glutamate and corticosterone may regulate cell divi-
sion through a common pathway (Cameron et al. 1998b).
Conversely, in the time course of rat striatum develop-
ment, the antagonism of NMDAR decreases the prolifer-
ation of striatal neuroblasts during their proliferative
phase in vivo (Sadikot et al. 1998). Additional evidence

Table 3 (continued)

Glutamate

Cell stage Model/Techniques Results References

Glioblasts Rat cerebral and optic nerve OPCs Functional AMPAR and KAR in vitro Barres et al. 1990;
in vitro: PC/PCR/InSitu Gallo et al. 1994;

Jensen and Chiu 1993;
Patneau et al. 1994

P0 rat neurohypophysis OPCs Blockade of functional NMDAR inhibits Wang et al. 1996
in vitro: PA/PCR/IM/CaI PSA-NCAM expression and stops migration
Postnatal rat cerebral cortex cultures AMPA/KAR activation allows Liu and Almazan 1995; 
in vitro: CaI/IM/N-B calcium-dependent regulation of c-fos, Pende et al. 1994

blocks voltage-gated K+ channels,
inhibits proliferation and lineage progression

Postnatal rat cerebral cortex AMPA/KAR activation blocks Gallo et al. 1996; 
in vitro and in situ: PC/PA/IM spontaneous proliferation and lineage Ghiani et al. 1999;

progression through Na+ blockade Knutson et al. 1997
of outward K+ currents mechanism.
Mechanism downstream of blockade
of outward K+ currents involves accumulation
of cyclin-dependent kinase inhibitors
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suggests that, through the activation of iGluRs, gluta-
mate could also interact with various other developmen-
tal processes such as cell survival, growth, differentia-
tion and migration. A striking dependence on glutamate,
acting at NMDAR, has been demonstrated for rat cere-
bellar P7–8 immature granule cell survival in culture
(Balazs et al. 1988a, 1988b) and more recently in vivo
for rat cerebellar P7–11 differentiating neurons (Monti
and Contestabile 2000). These developmental stages cor-
respond to a time period during which the excitatory in-
put carried by incoming mossy fibres becomes massive
in vivo (Arsenio Nunes and Sotelo 1985). This effect is
likely to be dependent on Ca2+ entry through NMDAR
(Burgoyne et al. 1993), since the activation of non-
NMDAR does not affect granule cell survival but instead
promote synaptogenesis in other systems (Mattson et al.
1988a). Similarly, NMDAR antagonism has been report-
ed to reduce the survival of developing spinal cord neu-
rons in vitro (Brenneman et al. 1990), and of gyrus
dentatus neurons in vivo (Gould et al. 1994; Gould and
Cameron 1996).

Glutamate is currently recognized as also playing a
role in neural differentiation (Bading et al. 1995). Aruffo
et al. have found that glutamate application on postnatal
rat whole-brain dissociated cell cultures promotes neuro-
nal growth and differentiation as compared to control
cultures (Aruffo et al. 1987). Many studies have reported
that the glutamate NMDAR activation promotes neurite
outgrowth from cerebellar granule cells (Pearce et al.
1987) and dendritic outgrowth and branching of hippo-
campal cells (Brewer and Cotman 1989; Mattson et al.
1988b; Wilson et al. 2000).

Besides their neurite growth-promoting effect,
NMDARs are also involved in synaptogenesis during de-
velopment (Scheetz and Constantine-Paton 1994).

The migration of postmitotic neurons from brain ger-
minative areas to their final destination in appropriate
spatial and temporal patterns is a very complex process,
involving multiple intrinsic and extrinsic signals (Rakic
et al. 1994). Among these extracellular cues, neurotrans-
mitters, and especially glutamate, are to be considered. If
NMDARs are blocked by specific antagonists (Rossi and
Slater 1993) or by high Mg2+ concentrations in cerebel-
lar brain slices, the rate of mice granule cell migration
from the external to the internal granule layer along the
process of Bergmann glia is slowed down. Conversely,
removal of Mg2+ or an increase in NMDA or glycine
concentrations accelerates this phenomenon (Komuro
and Rakic 1993). Behar et al. have also described a simi-
lar NMDAR-dependent effect in cultured murine embry-
onic cortical cells. In this study, glutamate and NMDA
probably act as neuronal chemoattractants (Behar et al.
1999).

Glioblasts

During the last few years, several groups have found
strong evidence for the expression of AMPAR and KAR

in astrocytes both in culture and in situ (Kettenmann et
al. 1984b; Porter et al. 1998). Glial AMPAR activation
induces an increase in [Na+]i, which in turn blocks out-
ward rectifying K+ currents (Robert and Magistretti
1997). Since the block of K+ channels reduces astroglial
proliferation (Pappas et al. 1994), it has been suggested
that AMPAR activation could be involved in glial differ-
entiation (Verkhratsky and Steinhauser 2000). In addi-
tion, immediate early gene (e.g. c-fos, c-jun, jun-B) ex-
pression can be modulated by the activation of AMPAR
and KAR, which therefore could trigger long-term
changes in cellular function (Mack et al. 1994; Mc
Naughton and Hunt 1992). Glutamate and kainate have
been shown to induce the reorganization of the astrocy-
tic membrane and hence, under physiological conditions
where glutamate is synaptically released, have been pro-
posed to play a role in active synapse detection and sta-
bilization (Cornell-Bell et al. 1990; von Blankenfeld
and Kettenmann 1991). The expression of NMDAR in
glial cells is, in contrast, still debated. However, the pro-
liferation of cultured glial Müller cells seems to involve
these receptors (Uchihori and Puro 1993) and, further-
more, NMDAR activation inhibits their inwardly recti-
fying potassium currents (Puro et al. 1996). OPCs also
express iGluRs. Actually, compelling evidence of AM-
PAR and KAR occurrence in these progenitors in vitro
as well as in situ has been reported (Barres et al. 1990;
Gallo et al. 1994; Jensen and Chiu 1993; Patneau et al.
1994). As is the case for astrocytes, NMDAR expres-
sion in OPCs is still a matter of debate, since one study
has shown the expression of such receptors by OPCs de-
rived from rat neurohypophysial explants. In these cells,
migration depends on polysialic acid-neural cell adhe-
sion molecule (PSA-NCAM) expression, which could
be regulated by NMDAR activity (Wang et al. 1996).
AMPAR, KAR and/or VGCC activation contribute to 
a calcium-dependent regulation of c-fos expression and
inhibit OPC proliferation (Liu and Almazan 1995; 
Pende et al. 1994).

The observation that AMPA/KAR activation revers-
ibly reduces voltage-gated K+ outward currents (Borges
et al. 1994) via Na+ accumulation (Borges and Ketten-
mann 1995) leads to speculation about AMPA/KAR
function in the control of OPC proliferation and differen-
tiation (reviewed by Gallo and Ghiani, 2000). V. Gallo’s
group have demonstrated that AMPA/KAR activation
blocks spontaneous OPC proliferation and lineage pro-
gression through a Ca2+-independent mechanism that in-
volves Na+ blockade of outward K+ currents (Gallo et al.
1996; Knutson et al. 1997). The mechanism downstream
of the blocking of outward K+ currents seems to involve
the accumulation of the cyclin-dependent kinase inhibi-
tors p27/Kip and P21/Cip1 (Ghiani et al. 1999), known
to induce a G1 arrest in the OPCs’ cell cycle (Tikoo et
al. 1998). Similar effects of glutamate on OPC prolifera-
tion and differentiation were reported in situ in postnatal
cerebellar slices (Yuan et al. 1998).

Finally, the discovery of glutamatergic synapses be-
tween OPCs and neurons in situ (Bergles et al. 2000)
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adds one more argument to the probable role that gluta-
mate exerts during the development of OPCs in vivo.

Acetylcholine

Acetylcholine receptors include two classes of receptors
that are named according to their main agonist, the natu-
rally occurring plant alkaloids nicotine and muscarine.
Nicotinic receptors (nAChRs) are the archetypal model
of the ligand-gated ion channel superfamily (le Novere
and Changeux 1999). They are pentamers of subunits
surrounding a central cation-selective pore, and, besides
a significant permeability to Ca2+ (Pugh and Berg 1994;
Rathouz and Berg 1994; Zheng et al. 1994), they do not
readily distinguish among monovalent cations (Waxham
1999). nAChRs form a family of receptors that are dif-
ferentially expressed in many regions of the CNS and the
peripheral nervous system (PNS). Neuronal nACHRs are
solely composed of α- and β-subunits and are pharmaco-
logically distinct from muscle nAChRs, which also in-
clude other subunits. In addition, neural nAChRs can
also be subclassified based upon their sensitivity to the
snake venom α-bungarotoxin (α-Bgtx-nAChRs and α-
Bgtx-insensitive nAChRs; reviewed by Chew and Gallo,
1998; Cordero-Erausquin et al. 2000). Muscarinic recep-
tors (mAChRs), which are composed of seven mem-
brane-spanning domains, are metabotropic and coupled
to G protein(s), thus belonging to another superfamily
that activates second messenger pathways (Caulfield and
Birdsall 1998; Waxham 1999).

nAChRs are widely distributed throughout the mam-
malian CNS (Quik et al. 2000; Zoli et al. 1995) and nota-

bly in adult and developing human brain (Court et al.
1995, 1997; Gotti et al. 1997; Kinney et al. 1993; Pater-
son and Nordberg 2000). The activity of these ionotropic
receptors contributes to a wide range of brain processes
from cognitive functions such as learning, memory for-
mation or reward (Jones et al. 1999; Levin 1992), to cel-
lular events such as degeneration (Zoli et al. 1999) and
neural development (Table 4; Coronas et al. 2000; Jones
et al. 1999; Lauder 1993).

Neuroblasts

The temporal coincidence of the presence of both cho-
line acetyltransferase (ChAT) and various nAChR sub-
units during early embryogenesis (Role and Berg 1996)
strongly suggests a role for acetylcholine during neuro-
nal development. Actually, several studies have shown
that acetylcholine can regulate different aspects of ner-
vous system morphogenesis at least in vitro. For in-
stance, acetylcholine induces neuritic outgrowth in neo-
natal rat primary olfactory bulb cultures through α7-like
nAChR activation (Coronas et al. 2000). Conversely,
acetylcholine inhibits neuritic extension of embryonic
mouse spinal cord neurons (Owen and Bird 1995). In ad-
dition, Zheng et al. have shown that acetylcholine is a
powerful chemoattractant for embryonic nerve growth-
cone guidance in vitro through the activation of Ca2+-
permeable nAChR (Zheng et al. 1994).

Recent physiological studies support the idea that nA-
ChRs are involved in the development of the sensory
cortex in mammals (reviewed by Jones et al. 1999). The
transient activation of nAChR during crucial periods of

Table 4 Acetylcholine-induced events in neural progenitors (IM
immunostainings, BD binding, Sbio survival bioassay, VIA video-
analysis imaging, Ph photograpical analysis, CaI calcium imag-

ing, PC patch-clamp, VIA video-analysis imaging, Phstim photo-
stimulation, Sbio survival bioassay, AU autoradiography)

Acetylcholine

Cell Stages Model/Techniques Results References

Neuroblasts P1–3 rat olfactory bulb in vitro: Activation of α7-like nAChR promotes Coronas et al. 2000
IM/BD/Sbio/VIA neuronal neuritic outgrowth
E15–17 mouse spinal cord neurons Activation of α7-like nAChR inhibits neuronal Owen and Bird 1995
in vitro: Ph neuritic outgrowth and motility
Developing Xenopus neurons Acetylcholine exerts chemoattractance Zheng et al. 1994
in vitro: CaI/VIA for guidance of embryonic nerve growth cones
P8–24 rat cortex and P6–57 Transient activation of nAChR Aramakis et al. 1998; 
ferret cortex in situ: PC/IM/Phstim during crucial periods of cortical development Roerig et al. 1997

promotes formation and strengthening of synapse
Adult/embryonic rodent striatal, Nicotinic agonists prevent rat cortical cell death Belluardo et al. 2000
cortical and hippocampal neurons resulting from glutamate exposure
in vitro: Sbio
E16 rat hippocampi progenitors Nicotinic agonists enhance hippocampal Berger et al. 1998
in vitro: Sbio progenitor death resulting 

rom glutamate exposure

Glioblasts Rat brain stem and Expression of nAChRs Hosli et al. 1988
spinal cord astrocytes in situ: AU
Newborn rat OPCs in vitro: PC/CaI Functional expression of nAChR in culture Belachew et al. 1998a, 1988b
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cortical development may promote the formation and the
strengthening of synapses, both in the developing rat au-
ditory cortex (Aramakis and Metherate 1998) and in the
developing ferret visual cortex (Roerig and Katz 1997;
Roerig et al. 1997).

Experimental evidences have underlined the differ-
ences existing between mature and progenitor cells re-
garding the effect of nAChR activation on their survival.
It has been reported that, via a calcium-dependent path-
way, nicotine can prevent rodent striatal, cortical or hip-
pocampal neuronal death resulting from glutamate expo-
sure (Akaike et al. 1994; Kaneko et al. 1997; Marin et al.
1994). In contrast, the activation of α-Bgtx-nAChR by
nicotine leads to the apoptotic cell death of rat hippo-
campal progenitor cells. This cytotoxic effect of nicotine
is a Ca2+-dependent process and involves the induction
of the tumour suppressor p53 and the cdk inhibitor p21
(Berger et al. 1998). More recently, the implication of α-
Bgtx-nAChR activation in apoptotic cell death in mice
somatosensory cortex was furthermore supported by a
study on transgenic mice expressing mutated α7-
nAChR. The mutation consisted of leucine to threonine
(position 250) substitution, which leads to an increase in
agonist affinity and to a decrease in the desensitization
rate of the receptors, creating a “gain of function”. Ho-
mozygote mutants are not viable and present an abnor-
mal apoptotic cell death, which is observed throughout
their somatosensory cortex, possibly due to calcium in-
flux (Orr-Urtreger et al. 2000). Finally, nAChR activa-
tion has also been shown to enhance early gene expres-
sion prior to neuronal differentiation (reviewed by Role
and Berg, 1996).

Glioblasts

An autoradiographic study has revealed the expression
of nAChRs on astrocytes from rat brain stem and spinal
cord in organotypic cultures (Hosli and Hosli 1988).
Moreover, these nAChRs seem to be fully functional in
astrocytes, since hyperpolarization induced by nicotine
application was antagonized by mecamylamine hydro-
chloride, a specific nAChR antagonist (Hosli et al.
1988). The physiological function fulfilled by these re-
ceptors in glia is currently not understood. The coexis-
tence of both cholinergic and peptidergic receptors on
astrocytes is of great interest, since both neurotransmitter
systems are involved in cognitive functions and impaired
in Alzheimer’s patients. This raises the question of the
potential involvement – besides neurons – of astrocytes
in neurodegenerative disorders (Hosli and Hosli 2000).

Belachew et al. have demonstrated the occurrence of
acetylcholine-elicited currents specifically antagonized
by the nAChR blocker hexamethonium in OPCs located
in the outgrowth zone of expanded cultured oligo-
spheres. The authors have also suggested that acetylcho-
line, through a depolarizing mechanism, could influence
some biological properties of OPCs, perhaps through a
modulation of [Ca2+]i (Belachew et al. 1998a).

Serotonin

A large number of studies have been devoted to the clas-
sification of the mammalian 5-hydroxytryptamine recep-
tors (5-HTR; reviewed by Barnes and Sharp, 1999).
Most of the seven described 5-HTR families (5-HT1–7)
are metabotropic and coupled to G protein. Only the 
5-HT3R is ionotropic and mediates rapid excitatory re-
sponses through a ligand-gated ion channel (Derkach et
al. 1989; le Novere and Changeux 1999). As in other li-
gand-gated ion channels from the nicotinic family, the 
5-HT3Rs are comprised of five transmembrane subunits
that form a multimeric ring surrounding a central cation-
selective channel. This ionic pore is mainly permeant to
Na+ and K+, with a variable permeability for Ca2+ ac-
cording to the receptor subunit stoichiometry (Derkach
et al. 1989; Hargreaves et al. 1994; Ronde and Nichols
1998). To date, two distinct subunits are known to be
part of native 5-HT3Rs, the 5-HT3A [Maricq et al. 1991;
including an alternatively spliced variant (Hope et al.
1993)] and the 5-HT3B (Davies et al. 1999). Despite
some species-to-species variations, the highest levels of
5-HT3R expression are found generally within the brain
stem (especially in the vagal complex), the hippocam-
pus, the amygdala and the superficial layers of the cere-
bral cortex (reviewed by Barnes and Sharp, 1999).

The early appearance of both serotonin (5-HT; Lauder
et al. 1981) and its receptor during prenatal development
(Tecott et al. 1995; Wallace and Lauder 1983), together
with the widespread effects of 5-HT during CNS mor-
phogenesis (reviewed by Whitaker-Azmitia et al., 1996),
strongly suggest that this biogenic amine plays a regulat-
ing role in the development and the maturation of the
mammalian brain, prior to the period when it assumes its
neuromodulatory role (Table 5).

Neuroblasts

A number of investigations indicate that 5-HT plays an
important role during cortical development. The early oc-
currence of serotoninergic innervation in developing cor-
tical pathways (D’Amato et al. 1987; Nakazawa et al.
1992) suggests a role for serotonin in brain circuit forma-
tion (reviewed by Roerig and Feller 2000) and synapto-
genesis (Haydon et al. 1987; Mazer et al. 1997). Seroto-
ninergic fibres invade the ferret visual cortex several
weeks before eye opening. It appears that 5-HT3R signal-
ling may be required during activity-dependent stages of
visual cortex circuit formation (Roerig and Katz 1997;
Roerig et al. 1997). Chubakov et al. have identified vari-
ous 5-HT-induced trophic effects on rat neocortical 
explants that could be partly mediated by 5-HT3R, in-
cluding neuronal differentiation and synaptogenesis 
(Chubakov et al. 1986a). A recent report suggests, more-
over, that 5-HT is required for normal early brain matura-
tion, since the depletion of 5-HT during this critical peri-
od leads to a decrease in synaptic density and impairs the
cognitive capabilities in adult rats (Mazer et al. 1997).
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Glioblasts

So far, very few studies have been devoted to the effects
mediated by 5-HT3R on glia. Our group has identified
functional 5-HT3Rs in neonatal cortical rat oligosphere-
derived OPCs. Serotonin application triggers inward cur-
rents that are reversibly inhibited by 3′5-tropyl-dichloro-
benzoate, a 5-HT3R-specific antagonist. Regarding these
results, we have suggested an increase in 5-HT3R ex-
pression with in vitro differentiation (Belachew et al.
1998a). In vitro, serotonin has been proposed to stimu-
late glial proliferation and myelination (Chubakov et al.
1986b). In addition, recent work has shown that 5-HT
could exert various developmental effects on cultured
postnatal forebrain OPCs, including an increase in my-
elin basic protein (MBP)-expressing cells and a putative
cooperative effect between 5-HT and brain-derived neu-
rotrophic factor (BDNF) to enhance DNA synthesis by
these OPCs (Keise et al. 2000).

Conclusions

Until recently, the adult mammalian brain was consid-
ered as a non-renewable organ devoid of any regenera-
tive neuronal capacities, hence making it particularly
vulnerable to injury or disease (Rakic 1985). This con-
cept has dramatically changed over the last 20 years;
many studies testifying the occurrence of NSCs in adult
CNS have been conducted by numerous groups (Doetsch
et al. 1999a; Johansson et al. 1999; Reynolds and Weiss
1992; Weiss et al. 1996). These cells are characterized
by their ability to self-renew and to generate at least all
the cell phenotypes that constitute their original tissue
(McKay 1997). Despite the existence of such NSCs in
adulthood, the CNS still retains a limited capacity of
self-renewal after traumatic injuries or neurodegenera-
tive damage (Cameron and McKay 1999; Doetsch et al.
1999b; Scharfman et al. 2000). This could be the result
of adult stem cells being generally in a quiescent state
except in the gyrus dentatus (Cameron et al. 1993) and
in the SVZ (Lois and Alvarez-Buylla 1993), where they

can generate, respectively, hippocampal interneurons
(Kaplan and Bell 1984) and neurons that migrate to-
wards the olfactory bulbs (Lois and Alvarez-Buylla
1994; Luskin and Boone 1994).

The generation of distinct types of neurons and glial
cells from NSCs involves a sequence of intermediate
progenitor stages that are controlled by environmental
and intrinsic regulatory signals (Edlund and Jessell
1999). In that respect, one could imagine the restoration
of brain function after injuries caused by trauma or
chronic neurodegenerative diseases by awakening resi-
dent stem cells or by performing stem-like cell grafts.
This is why recently much effort has been devoted to
characterize intrinsic and extrinsic factors regulating the
behaviour of neural progenitor cell populations during
brain maturation. This review provides evidence show-
ing that neurotransmitters and their corresponding li-
gand-gated ion channel receptors exert, in vitro and in
vivo, various roles during primary nervous structure es-
tablishment prior to the emergence of their role in neuro-
transmission. In that way, the early activation of some li-
gand-gated ion channel receptors, expressed by several
kinds of neural progenitors, could account in vivo for the
regulation of proliferation, migration, differentiation or
even survival processes during neural development.

Since many neuropharmacological tools are already
available to treat various disorders such as epilepsy, de-
pression, anxiety and schizophrenia and if, as proposed
here, neurotransmitters actually play a role during early
CNS development, those drugs could well find a second
life as adult brain repair aids. There is therefore an ur-
gent need for further studies aimed at establishing a
functional significance for these neurotransmitter recep-
tors and in particular a need for appropriate in vivo mod-
els.
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Table 5 Serotonin-induced events in neural progenitors (PC patch-clamp, Phstim photostimulation, HSOI high-speed optical imaging,
IM immunostainings, Melec microelectrode, EM electron microscopy, CaI calcium imaging)

Serotonin

Cell stage Model/Techniques Results References

Neuroblasts P6–57 ferret visual cortex in situ: 5-HT3R signalling may be required during Roerig and Katz 1997; 
PC/Phstim/HSOI activity-dependent stages Roerig et al. 1997

of cortex circuits formation
Newborn rat cortical explants Serotonin hastrophic-induced effects, Chubakov et al. 1986a, 1986b
in situ: Melec/EM which could be partly mediated

by 5-HT3R, including neuronal differentiation
and synaptogenesis

Glioblasts Newborn rat cortical OPCs 5-HT3R functionally expressed Belachew et al. 1998a, 1988b
in vitro: PC/CaI
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Abstract: Central nervous system (CNS) neural stem cells (NSCs), which are mostly
defined by their ability to self-renew and to generate the three main cell lineages of the
CNS, were isolated from discrete regions of the adult mammalian CNS including the
subventricular zone (SVZ) of the lateral ventricle and the dentate gyrus in the
hippocampus. At early stages of CNS cell fate determination, NSCs give rise to
progenitors that express the polysialylated form of the neural cell adhesion molecule
(PSA-NCAM). PSA-NCAM+ cells persist in  adult brain regions where neuronal plasticity
 and sustained formation of new neurons occur. PSA-NCAM has been shown to be involved in the regulation of
CNS myelination as well as in changes of cell morphology that are necessary for motility, axonal guidance,
synapse formation, and functional plasticity in the CNS. Although being preferentially committed to a
restricted either glial or neuronal fate, cultured PSA-NCAM+ progenitors do preserve a relative degree of
multipotentiality. Considering that PSA-NCAM+ cells can be neatly used for brain repair purposes, there is
much interest for studying signaling factors regulating their development. With this regard, it is noteworthy
that neurotransmitters, which belong to the micro-environment of neural cells in vivo, regulate morphogenetic
events preceding synaptogenesis such as cell proliferation, migration, differentiation and death. Consistently,
several ionotropic but also G-protein-coupled neurotransmitter receptors were found to be expressed in CNS
embryonic and postnatal progenitors. In the present review, we outlined the ins and outs of PSA-NCAM+ cells
addressing to what extent our understanding of extrinsic and in particular neurotransmitter-mediated
signaling in these CNS precursor cells might represent a new leading track to develop alternative strategies to
stimulate brain repair.

Key Words: PSA-NCAM, acetylcholine, glutamate, serotonin, stem cell, neurotransmitter, oligodendrocyte, neuroblast.

INTRODUCTION

In the mammalian central nervous system (CNS)
development, precursor cells are precisely subdivided into
regionally specific groups, expanded in numbers and then
differentiated into distinct neurons and glia that form
functional networks. The generation of distinct types of
neurons and glial cells from neural stem cells (NSCs)
involves a sequence of intermediate progenitor stages that are
controlled by intracellular regulatory signals [1,2] and
extrinsic factors [3,4]. During the initiation of cell
commitment, multipotent neural stem cells differentiate
primarily into progenitors expressing the polysialylated form
of the neural cell adhesion molecule (PSA-NCAM) [5],
which is a cell membrane molecule playing important roles
in developmental processes as well as in neuronal plasticity
occurring throughout adulthood (see [6] for review).
Although being already committed either to a glial [7] or a
neuronal [8] preferential fate, PSA-NCAM+ precursor cells
can retain complex and context-dependent multipotential
properties in culture [9]. In vivo, PSA-NCAM+ cells located
within the adult subventricular zone (SVZ) have the ability

*Address correspondence to this author at the Center for Cellular and
Molecular Neurobiology, Department of Neurology, University of Liège,
17 Place Delcour, B-4020 Liège, Belgium; Tel: +32 4 366 59 05; Fax: +32
4 366 59 12; E-mail: sbelachew@ulg.ac.be

to produce granular and periglomerular neurons devoted to
the olfactory bulb through a chain migration process via the
rostral migratory stream (RMS) [10], and can be recruited to
generate astrocytes or oligodendrocytes after lysolecithin-
induced demyelination [11] and experimental autoimmune
encephalomyelitis [12].

Besides its expression in neural precursor cells, an
activity-dependent synthesis of PSA-NCAM occurs in
mature neurons and appears to regulate various aspects of
synaptic plasticity that are proposed to underlie the re-
organization of neuronal networks at several levels of the
CNS (reviewed by [13-15]). In the present review, we shall
focus on immature progenitor cells expressing PSA-NCAM,
trying to unravel the developmental function of these cells
which represent a complex phenotype (Fig. (1)) with specific
properties that can be independent of putative PSA-NCAM-
mediated signaling.

BIOSYNTHESIS AND FUNCTION OF PSA-NCAM

NCAM, which is a member of the immunoglobulin
superfamily of adhesion molecules [16,17], is coded by a
single copy gene composed of 26 exons [18]. However, tens
of distinct isoforms can be generated by alternative splicing
and NCAM-180 appears to be one of the most widely
expressed isoforms [18].
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Fig. (1). Correlation between PSA-NCAM expression and cell lineage progression in the central nervous system

Schematic view of the progression of CNS cell specification, proposing possible relationships existing between intermediary
phenotypes. Cells expressing PSA-NCAM were specifically shaded on a blue background. The level of PSA-NCAM expression
decreases with the progression towards more differentiated phenotypes. In fully differentiated cells, PSA-NCAM is only expressed at
the level of synaptic contacts (blue circle). Neural stem cells (NSCs) are per se self-renewing and multipotent, thus generating
astrocytes, oligodendrocytes as well as distinct subsets of neurons, through the differentiation of intermediary progenitors
[144,145]. The proliferative potential of progenitors is pointed by red-circular double-arrows. During the differentiation process,
NSCs produce restricted progenitors, including early-committed bipotential progenitors that are subdivided in two classes, neuron-
oligodendrocyte [59,146-149] and neuron-astrocyte precursor cells [150-153]. Oligodendrocyte pre-progenitors represent restricted
progenitors that mostly generate oligodendrocytes and type-1 astrocytes around birth in vivo, and that may be able to generate type-2
astrocytes in vitro. However, this latter phenotype remains a subject of intense controversy [7,60,61,154]. Neural stem cells can
produce highly proliferative astroblasts devoted to become astrocytes [155,156]. The possible existence of phenotypically
characterized restricted astrocyte precursor or so-called astroblasts in vivo mostly rely on the description of Pax2+ precursors in the
developing optic nerve [157] and FGFR3+ cells in the embryonic CNS neuroepithelium [158], that are both astrocyte-committed
progenitor cells giving rise only to mature astrocytes in vivo. Finally, some recent data suggested that a sub-population of
oligodendrocyte progenitors and GFAP-expressing astrocytes may possibly retain stem cell properties and/or de-differentiate (open
arrows) into multipotent progenitor cells able to give rise to functional neurons [89,159,160].

PSA residues, i.e. long homopolymers of alpha-2,8-
linked sialic acid, were found to be a major macromolecular
component of vertebrate CNS, largely on the basis of an
unusual composition and size [19]. Unlike most
carbohydrates expressed on the cell surface, PSA is
exclusively attached to the neural cell adhesion molecule
(NCAM) [20-22]. A single PSA chain may be made of over
50 monomers and the chain length may vary substantially

between NCAM isolated from different sources (Fig. (2))
[23]. Several levels of regulation are involved in the
biosynthetic machinery required to produce PSA on NCAM.
PST (i.e. ST8SiaIV/PST) and STX (i.e. ST8SiaII/STX)
Golgi-associated polysialyltransferases are members of the
sialyltransferase family, and each is sufficient to bind PSA
chains specifically to NCAM [24-27]. Both PST and STX
add PSA to the fifth Ig domain of NCAM, which contains 3
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Fig. (2). Molecular structure of PSA-NCAM

The neural cell adhesion molecule (NCAM) is a member of the
immunoglobulin superfamily of adhesion molecules. The
extracellular part of NCAM is made of five immunoglobulin
(Ig)-like domains and two fibronectin type III homology
regions. NCAM protein is coded by a single gene composed of
26 exons. Alternative splicing and post-translational
modifications generate several isoforms. NCAM-180 is one of
the major isoform. Two sialyltransferases, ST8SiaIV/PST and
ST8SiaII/STX, are responsible for the synthesis of linear
homopolymers of α-2-8-linked acetylneuraminic acid (= sialic
acid residues forming polysialic (PSA) carbohydrate chains)
which bind to two Asn amino acids in the fifth Ig domain of the
extracellular part of NCAM.

of the 6 potential N-linked glycosylation sites of the protein
[28]. PSA synthesized by PST appears to be longer than that
generated by STX and both enzymes can cooperate to
produce a higher level of polysialylation than either of them
separately [26,28]. The intensity of NCAM polysialylation
is mostly dependent on the transcriptional activation of
sialyltransferase genes that are developmentally regulated.
STX transcripts are abundant in the embryonic brain where
overall PSA expression is high, and decrease drastically after
birth, while transcription of the PST gene is lower in
embryonic tissue but remain more constant in the postnatal
CNS [25,29]. Furthermore, there are also distinct patterns of
mRNA expression in the different postnatal brain regions for
the two enzymes with notably persistence of PST transcripts
in the subependymal layer, the glomerular layer of the
olfactory bulb, the granule cell layer of the dentate gyrus and

in some scattered cells of the cortex, whereas STX had
become almost undetectable except in the hippocampus in
adulthood [30,31]. However, despite an overall correlation
between sialyltransferase mRNA levels and PSA-NCAM
expression, non-transcriptional calcium-dependent
mechanisms of regulation may also be involved in the
control of NCAM polysialylation in specific developmental
events [32].

A consensus view of PSA-NCAM biology is to consider
this molecule a modulator of cell-cell and cell to matrix
interactions establishing the physical anchorage to the
environment that is necessary for cell cycle progression,
differentiation and migration of cells. The different NCAM
isoforms can mediate cis-, trans-, homo- and heterophilic
interactions in which the large negatively charged PSA
residues could play the role of a spacer decreasing adhesion
forces between cells, thus allowing a dynamic re-shaping of
membrane contacts that favors migratory processes
[15,33,34]. Recent experimental evidences have supported
the idea that PSA-NCAM plays a delaying role in
organizing membrane-membrane adhesive links, thereby
acting as an inhibitory cue of myelination of CNS axons
[35,36]. The same pattern of anti-adhesive properties may be
implicated in the role of PSA-NCAM in axonal pathfinding,
nerve branching [37,38], cell migration [39,40], axonal
fasciculation and synaptic plasticity [41].

In order to address the function of PSA and NCAM in
vivo, different types of loss-of-function models have been
developed. In NCAM-deficient mice, chain formation in the
rostral migratory stream (RMS) is altered and a massive
accumulation of neural precursors occurs, resulting in a
defect in migration of cells in this tissue finally giving rise
to an abnormally small olfactory bulb [42]. In contrast to
NCAM-deficient mice, knock-out mice lacking the PST
polysialyltransferase have olfactory precursor cells in the
RMS that do express PSA and follow their normal
migration pathway likely thanks to the synthesis of PSA by
the STX transferase [43]. Furthermore, the absence of
NCAM is correlated with the unexpected presence of
differentiated oligodendrocytes and astrocytes in the RMS
[44]. This latter feature possibly results from the lack of
PSA since the removal of PSA on NCAM by
endoneuraminidase (endoN) affects only moderately cell
migration but accelerates neural precursor cell differentiation
[45,46]. With respect to synaptic plasticity, it was shown
that endoN-induced PSA deficiency or genetic lack of
NCAM alter spatial learning and long-term potentiation
(LTP) in the hippocampus [41,42,47,48]. Interestingly, in
PST-deficient mice, which express normal levels of PSA
during development but develop a progressive loss of PSA
in the presence of NCAM in most adult brain regions, LTP
was impaired only at CA1 but not at CA3 synapses [43].
Conversely, in NCAM-deficient mice, LTP was disrupted in
CA3 [48], suggesting the important role of the NCAM
protein backbone for synaptic transmission in CA3 and of
the PSA moiety in CA1.

In vitro, binding soluble NCAM has been shown to
inhibit the proliferation of nestin-expressing hippocampal
progenitor cells and to promote their differentiation to a
neuronal phenotype [49]. Finally, the addition of PSA on
NCAM may also generate binding sites for soluble
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extracellular ligands, thereby concentrating them at the cell
surface [50]. Likewise, it was shown that PSA-NCAM
sensitizes hippocampal and cortical neurons to the effect of
growth factors such as brain-derived neurotrophic factor
(BDNF) [51,52].

PSA-NCAM EXPRESSION DURING CNS DEVELOP-
MENT: A PHENOTYPIC MARKER OF IMMATURE
NEURAL PRECURSOR CELLS MULTIPOTENT OR
COMMITTED TO A RESTRICTED NEURONAL OR
GLIAL FATE

During embryonic spinal cord development, PSA-
NCAM-negative multipotent neuroepithelial (NEP) stem
cells [53,54] generate self-renewing neuronal restricted
precursor cells (NRPs, or neuroblasts) that do express PSA-
NCAM and fully differentiate subsequently into multiple
neuronal phenotypes [8,55]. The expression of PSA-NCAM
appears in motor neurons, presumptive commissural neurons
and floor plate at embryonic day 12, and then spreads
throughout the spinal cord during late embryonic and early
postnatal stages [56]. In the telencephalon, the
developmental pattern of PSA-NCAM expression within the
ganglionic eminences at E14-E16 (lateral = LGE and medial
= MGE) with a dynamic migration towards perinatal
subventricular zones (SVZ) suggests that PSA-NCAM+ cells
invade the VZ wedge and are involved in the formation of
the perinatal SVZ [57]. This migratory behaviour is similar
to that of progenitor cells expressing the ventral forebrain
markers homeobox genes dlx1/2 [58]. Recent experiments in
short term lineage analysis have convincingly shown that a
large percentage of SVZ perinatal PSA-NCAM+ cells were
the progeny of dlx2-expressing cells and generated astrocytes
and oligodendrocytes in the cerebral cortex and white matter
[57]. However, since dlx1/2 progenitors from the ganglionic
eminences not only give rise to glia but also have the ability
to generate GABAergic neurons in vitro [59], there might
exist different subpopulations of dlx-expressing LGE and
MGE precursors that could underlie the genesis of distinct
subsets of PSA-NCAM+ SVZ cells with specific fate
potentials.

Unfortunately, most experimental approaches studying
the phenotype of cultured PSA-NCAM+ cells from postnatal
brain dealt with entire cerebral hemispheres, including deep
nuclei, white matter and SVZ areas altogether. Hence, with
such a material, the behavior of purified immunopanned
PSA-NCAM+ cells has to be interpreted as the sum of
putative specific properties of cells derived from several
locations. In oligodendroglial culture conditions, PSA-
NCAM+ cells from early postnatal whole brain [7,60-62]
represent so-called oligodendrocyte early pre-progenitor cells
that express the intermediate filament protein nestin [63].
Postnatal cerebral PSA-NCAM+ oligodendrocyte pre-
progenitor cells are negative for A2B5 [64] and GD3
gangliosides [65] which are markers of the oligodendrocyte
progenitors (OPs), but do express platelet-derived growth
factor α receptors (PDGFRα) [61] like OPs. Spontaneous
and growth factor-induced migration of PSA-NCAM+ cells
is more important than that of GD3+ OPs in vitro [45] and
the enzymatic removal of PSA residues from NCAM
decreased migration and induced the differentiation of PSA-

NCAM+ cells into GD3+ OPs and GFAP+ astrocytes [45].
When cultured in the absence of the classical OP cell
mitogen, i.e. PDGF, but in the presence of type 2-fibroblast
growth factor (FGF2) or epidermal growth factor (EGF),
neonatal cerebral PSA-NCAM+ cells retained a mostly glial
fate and allowed a significant but yet marginal neuronal
differentiation [7]. Nevertheless, the neuronal potential of
immunopanned neonatal PSA-NCAM+ cells remained much
lower than that of striatal neonatal stem cells in the same
culture conditions [7]. In contrast, neonatal PSA-NCAM+

cells derived specifically from the cortex exhibited a robust
proliferation in response to EGF and displayed real
multipotent properties with the capacity to clonally give rise
to neurons, astrocytes and oligodendrocytes [9]. Finally, it
was shown that cultured neonatal PSA-NCAM+ cells can
self-renew in response to EGF and FGF [66].

PSA-NCAM-EXPRESSING CELLS DO PERSIST IN
THE ADULT CNS

PSA-NCAM which is broadly expressed during
development also persists in scattered adult CNS regions
associated with plasticity [67] such as notably the SVZ and
RMS [5,68,69], the dentate gyrus [70,71], the amygdala
[72], the hypothalamo-neurohypophysial system [73], the
olfactory bulb [74], the piriform cortex [75,76], the
brainstem dorsal vagal complex [77,78], the laminae I and II
of the dorsal horn of the spinal cord as well as around the
central canal [69,79].

In the dentate gyrus (DG), it has been shown that newly-
formed granule neurons are continuously generated
throughout life and became integrated into adult functional
hippocampal synaptic circuits [80]. These adult-born
synaptic networks are likely to have the potential to affect
hippocampal functions such as memory and learning [81].
Immature neuronal progenitors in the adult DG were found
to express PSA-NCAM [71,82], simultaneously with other
markers of newly-born hippocampal granule cells such as the
basic helix-loop-helix protein (bHLH) NeuroD [83-85] and
collapsin response-mediated protein-4 (CRMP-4) [85-87]
also referred to as TOAD-64 (Turned on after division, 64
kDa) [88,89]. Furthermore, cell-to-cell interaction studies
[90] have suggested that the clustering and micro-
environment provided by PSA-NCAM+ immature neurons
contribute to the early developmental events involved in
adult neurogenesis such as proliferation, apoptosis,
differentiation and neurophilic migration. It remains to be
assessed to what extent the biological properties and in
particular fate specification of these PSA-NCAM+ immature
hippocampal neurons may involve PSA-NCAM-mediated
signaling.

In the adult rodent brain, PSA-NCAM-expressing cells
are also observed all along the chain migratory pathway of
SVZ neuroblasts that start in the lateral wall of the lateral
ventricle where they form weblike patterns extending
rostrally between the corpus callosum and the striatum
towards the anterior ventral telencephalon into the olfactory
bulb [91,92]. Dividing cells along the RMS are so-called
type A cells [5] that are PSA-NCAM+ or closely associated
with PSA-NCAM+ cells forming chains of tethered
migrating cells [91]. In the mammalian SVZ of the lateral
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ventricle, type B cells which express GFAP represent the
adult stem cells [93], but the most actively dividing cells of
the SVZ correspond to type C cells that are the progeny of B
cells and that do not express PSA-NCAM [5]. Whereas type
C cells are present throughout the SVZ, they are not found
in the RMS, suggesting that chains of migrating neuroblasts
in the RMS could be derived from type C cells [5] that
would turn on PSA-NCAM expression once they become
committed to a neuronal fate. It has recently been shown that
the majority of EGF-responsive cells in the SVZ are not
derived from relatively quiescent type B stem cells in vivo,
but from the highly mitotic transit-amplifying C cells that
are Dlx2+ and that retain stem cell competence under the
influence of growth factors [94]. When exposed to EGF,
type C cells downregulate Dlx2, arrest neuronal production,
and become highly proliferative and invasive [94].

In contrast with the tight developmental link between
PSA-NCAM expression and SVZ-derived neurogenesis in
the intact adult brain, it is noteworthy that PSA-NCAM can
also be associated with the emergence of glial progenitor
cells in pathological conditions, notably after demyelination
[11,12,95-97]. After lysolecithin-induced demyelination of
the corpus callosum, PSA-NCAM+ progenitors of the rostral
SVZ and RMS proliferate, migrate towards the lesion and
differentiate into oligodendrocytes, astrocytes but not
neurons [11,97] .  Exper imental  autoimmune
encephalomyelitis also mobilizes PSA-NCAM+ neural
progenitors from the SVZ to undergo oligodendrogenesis in
adult mice, thus underlying that oligodendrogenesis in
response to inflammatory demyelination also occurs in sites
where it does not take place in normal conditions, outlining
thereby the impact of environment on cell fate specification
[12]. Furthermore, it was shown that adult SVZ harbors a
focal reservoir of FGF2- and PDGF-responsive PSA-
NCAM+ precursor cells that are able to differentiate toward a
neuronal and oligodendroglial fate, and that generate myelin-
forming mature oligodendrocytes after transplantation into
the brain of neonate shiverer mutant mice [96].

EXTRACELLULAR SIGNALING IN PSA-NCAM+

PRECURSOR CELLS

The biology of PSA-NCAM+ precursor cells is regulated
by multiple secreted factors present within the CNS during
critical stages of development. To date, most of the available
knowledge about trophic molecules supporting the growth of
PSA-NCAM+ precursor cells was provided by in vitro
models [7,9,62,98]. Multipotent PSA-NCAM+ precursor
cells able to give rise to neurons, astrocytes and
oligodendrocytes were purified from early postnatal cerebral
cortex devoid of generative zones [9]. Such multipotent
PSA-NCAM+ cells were shown to express the EGF receptor
(EGFR) and were highly proliferative in response to EGF
treatment. Moreover, both FGF2 and PDGFAA stimulated
cortical PSA-NCAM+  multipotent progenitors to
differentiate into oligodendrocyte precursors in vitro [9]. The
earliest identifiable pool of postnatal glial precursors
expressing PSA-NCAM were isolated from the newborn
cortex and described as restricted either to oligodendroglial
or astroglial commitment [60,64]. As previously mentioned,
these particular PSA-NCAM+  cells, also termed

“oligodendrocyte pre-progenitors”, express the platelet-
derived growth factor-α receptors (PDGF-αR) [64,99], the
activation of which is necessary for their proliferation,
survival and restriction to an oligodendroglial fate in vitro
[61,64]. The treatment of cultured PSA-NCAM+

oligodendrocyte pre-progenitors with bone morphogenetic
proteins (BMPs) BMP2 or BMP4 has been reported to
induce astrocyte commitment, while the addition of
fibroblast growth factor along with BMPs inhibited the
switch to the astrocyte lineage [100]. Other groups have
isolated and purified by immunopanning PSA-NCAM+

oligodendrocyte pre-progenitor cells from the whole
telencephalon of newborn rats [7,45]. These cells also
expressed PDGF-αRs, thyroid hormone-α  receptors
isoforms (THR-α), fibroblast growth factor receptors
(FGFR1, 2, and 3), and were able to grow as proliferating
floating spheres and to generate mostly oligodendrocytes and
astrocytes in pro-differentiating conditions [7]. Such PSA-
NCAM+ oligodendrocyte pre-progenitor cells responded to
FGF2 with an increased survival and proliferation, and both
effects were enhanced by thyroid hormone (T3) [7]. In
addition to FGF2, EGF also allowed the proliferation of
PSA-NCAM+ pre-progenitors as floating neurospheres [7].
Decker et al. [45] have demonstrated that the addition of
B104 conditioned medium [101] or growth factors such as
FGF2 and PDGFAA to N1-containing medium enhanced the
migration velocity of PSA-NCAM+ pre-progenitors isolated
from the cerebral cortex and cultured in proliferating spheres
[45].

NRPs expressing PSA-NCAM could be isolated from
E13.5 rats spinal cord [8]. After clonal isolation, these cells
actively proliferated in a medium containing both FGF and
Neurotrophin-3 (NT-3), and generated multiple neuronal
phenotypes but not astrocytes or oligodendrocytes after
replacing FGF by retinoic acid in the culture medium [8].

The striatal development proceeds for several weeks after
birth in rodents and a dense expression of PSA-NCAM still
persists within the striatum during the first two postnatal
weeks [102-104]. Our recent works have demonstrated that a
high amount of PSA-NCAM+ precursor cells could be
purified from newborn rat striatum [105], proliferate as
floating spheres (Fig. (3)) in the presence of EGF [105], and
differentiate mainly into neurons (Fig. (5)) after adhesion a
coated substrate in a medium devoid of mitogen [105].

In the adult mammalian CNS , PSA-NCAM+ precursor
cells are mostly restricted to SVZ and RMS areas where they
are dedicated to oligodendrogliogenesis [11] or neurogenesis
[10], but similar cells are also responsible for the generation
of newborn neurons in the adult dentate gyrus [71,85]. The
intracerebroventricular infusion of a combination of EGF and
FGF2 stimulated the proliferation of PSA-NCAM+ neuronal
progenitors located within the germinal areas of the adult rat
brain and in spinal cord ventricular neuroaxis, where they
generated supraependymal “neuron-like” progenitors
expressing class III β -tubulin [69]. PSA-NCAM+

oligodendrocyte pre-progenitors were also mobilized in non-
pathological condition by infused mitogenic factors such as
PDGFAB, FGF2, and transforming growth factor-α that
favored their proliferation, migration and differentiation
within the SVZ and the RMS [96,97,106]. Likewise, PSA-
NCAM+ oligodendrocyte pre-progenitors can be recruited
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Fig. (3). Purification and growth in vitro of proliferative and neurogenic PSA-NCAM+ progenitors from early postnatal striatum

(A-D) Cells were dissociated from postnatal striatum and isolated by a previously described technique [105] which required two steps
of purification. First, cells were processed by the technique described by Reynolds and Weiss [161,162] to isolate primary striatal
cell suspensions enriched in NSCs. These cells were then layered on top of a pre-centrifugated Percoll density gradient. After ultra-
centrifugation, cells with a density ranging from 1,052 to 1,102 g/mL were harvested, seeded in a defined medium containing EGF (20
ng/mL) and cultured as floating spheres for 3 days in vitro (3 DIV). (A) Confocal optical section showing such acutely purified cells
from the striatum. More than 95 % of these cells are PSA-NCAM+ (PSA-NCAM in green and nuclear dye in red). (B) After 24 hours of
culture on a poly-ornithine-coated substrate, these cells conserved PSA-NCAM immunoreactiviy and extended networks of web-like
processes towards each other (PSA-NCAM in green and nuclear dye in red). (C, D) Finally, after 3 DIV of EGF-driven expansion, cells
have formed spheres (C) that remain mainly composed of PSA-NCAM+ cells (D, PSA-NCAM in green and nuclear dye in red). Scale
bars = 20 µm for panels A and B, and 25 µm for panels C and D.

from the SVZa to form new oligodendrocytes after
lysolecithin-induced demyelination of the corpus callosum
[11].

Other extracellular cues such as neurotransmitters and
extracellular matrix (ECM) molecules also seem to be of
interest for the regulation of basic developmental events
affecting PSA-NCAM+ lineage cells. Hence, the binding of
ECM to integrin receptors regulated the migration of PSA-
NCAM+ cells in vitro [45] but also in vivo [107] within the
SVZ and the RMS [108]. On the other hand,
neurotransmitter receptors and neurotransmitters, which are
fully part of the chemical environment surrounding
immature cells during and after the CNS developmental
period, have been described in neural precursors before the
establishment of cortical and subcortical synapses. Early
expression of neurotransmitters and their corresponding
receptors could be consistent with a significant biological
function for their interaction during neural development
(reviewed in [3]). As a matter of fact, it has been

demonstrated that ligand-gated ionotropic channels (LGICs)
are already expressed in nestin+ multipotent neural stem
cells (NSCs) and in committed precursors before
synaptogenesis [3]. Functional glycine receptors [98] and
nicotinic acetylcholine receptors [109,110] have been
described in nestin+ NSCs. Embryonic FGF2-responsive
telencephalic NSCs express type A γ-aminobutyric acid
receptors (GABAAR) in vitro [111] and their activation by
GABA has been reported to inhibit the mitotic effect of
FGF2 [112]. In organotypic slice cultures, GABA and
glutamate also interact with cell cycle progression in cortical
ventricular progenitors with actually opposite effects on the
proliferation kinetics of ventricular zone (VZ) and
subventricular zone (SVZ) cells [113]. Serotonin promotes
neurogenesis within the adult dentate gyrus and in the SVZ
likely by activation of its metabotropic receptor(s)
[114,115]. Other functional metabotropic neurotransmitter
receptors were also described in nestin+ NSCs, where their
activation stimulated cell proliferation through intracellular
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cascades involving pertussis toxin-sensitive G-proteins,
Ca2+ signaling, protein kinase C activation, and mitogen-
activated protein kinase (MAPK) phosphorylation [116].

Later in cell lineage progression, glycine-induced inward
currents were recorded in OPs cultured in oligospheres [117].
We also reported that the concurrent activation by glycine of
both glycine receptors and glycine transporters in OPs was
able to trigger a cell-membrane depolarization sufficient to
open L-type voltage-gated calcium channels allowing the
entry of calcium [118]. The N-methyl-D-aspartate subtype of
glutamatergic receptor (NMDAR) also plays a critical role in
many aspects of CNS development [3]. In neurohypophysial
oligodendroglial progenitor cells, the activation of NMDAR
regulates the expression of PSA-NCAM which is required
for the migration of these cells [39,40]. NMDAR also plays
a role in synaptogenesis occurring within the striatum by
regulating the establishment of asymmetric synapses
expressing PSA-NCAM [104]. NMDAR activation is
important for the age-dependent modulation of PSA
expression at synapses in the dorsal vagal complex (DVC)
where it could support structural reorganizations and
synaptic plasticity in response to visceral afferent signals
[77,78]. The pharmacological blockade of NMDAR has been
reported to stimulate neurogenesis leading to an increased
number of newborn PSA-NCAM+ immature neurons in the
adult rat dentate gyrus [119]. Finally, the inhibition of
NMDAR was shown to modulate the expression of PSA
within the adult pyriform cortex where it is likely to be
involved in structural plastic events or migration processes
[76].

A recent work has suggested that allopregnanolone, a
positive allosteric modulator of GABAAR, promoted the
proliferation of PSA-NCAM+ oligodendrocyte pre-
progenitors cultured as floating spheres by enhancing the
endogenous activation of GABAAR (Abstract of the Fifth
European Meeting on Glial Cell Function in Health and
Disease, Gago, N., El-Etr, M., Sananês, N., Avellana-
Adalid, V., Baron-van Evercooren, A. and Schumacher, M.
2002, Glia 38 (S1), 14).

By using the whole-cell patch-clamp technique, we
reported that inward currents triggered by glutamate,
acetylcholine, and serotonin (Fig. (4 )) occurred in
proliferative neurogenic PSA-NCAM+ progenitors derived
from postnatal rat striata (Fig. (3)). Currents elicited by
glutamate were obtained in a vast majority of the cells
(±70%). In contrast, acetylcholine and serotonin induced
inward currents only in the minority of the recorded
population (±15%) (see Fig. (4 ) for details). The
identification of the biological function(s) of these
neurotransmitter receptors during the maturation of
neurogenic PSA-NCAM+ progenitors has yet to be
determined.

TRANSPLANTING PSA-NCAM+ CELLS VERSUS
STIMULATING AN ENDOGENOUS POOL: WHO’S
THE BEST SUITED GUEST FOR BRAIN REPAIR
STRATEGIES ?

Multiple strategies preventing neural cell death have so
far been explored with insufficient success toward
developing therapeutics for neurological disorders. Cell-

replacement approaches to restore function in
neurodegenerative diseases have been based on intra-cerebral
transplantation of primary fetal cells, restricted progenitor
cells pre-differentiated in vitro or stem cells [120]. These
studies have shown that cell transplantation can serve to give
rise to remyelination or to achieve neuronal replacement and
partial reconstruction of neuronal circuitry in the adult brain.
On the other hand, local endogenous progenitor cells have
also been shown to underlie partial brain repair processes
allowing to a certain extent remyelination or neuronal
replacement to occur after initial insults [121]. It is
exhaustively documented that various lesions or growth
factor treatments stimulate the proliferation of endogenous
progenitors and the generation of new neurons either in
known neurogenic regions [122-126] or in sites where
neurogenesis normally does not take place [127-132]. In
demyelinating disorders, in spite of the overall failure to
generate extensive remyelination (reviewed in [133]),
endogenous precursor cells do support a limited sketch of
myelin repair [12,134-136] occurring however over a
restricted area around the lesion without long-distance cell
recruitment [137,138]. To date, we remain yet far from being
capable to drive endogenous progenitors toward repairing
CNS lesions on a functional basis. The spontaneously latent
regenerative capacities of endogenous progenitors imply that
complex modulations of extrinsic signaling should be a
prerequisite to mobilize these cells enough to make them
proliferate and differentiate into the appropriate cell types at
a sufficient rate.

The enthusiasm arising from stem cell biology data has
recently been mitigated by the results of stem cell
transplantation studies that highlighted our inability to
control the fate of stem cell populations following their
implantation into the CNS [139]. Since we can exert little or
no control on environmental cues and cellular deficiencies
operating at the site of interest, most significant advances for
the cell transplantation field could notably come from
alternative strategies that would include pre-differentiation of
stem cells prior to transplant. With respect to that in view of
their in vivo context-dependent plasticity and given their
relatively restricted fate and self-renewal potential in vitro,
purified PSA-NCAM+ cells may represent a most promising
graft material [66]. In the developing brain of shiverer
mutant mice, as compared with committed GD3+ OPs,
transplanted neonatal PSA-NCAM+ cells from cerebral
hemispheres displayed similar myelination potential but
were also able to generate neurons and astrocytes, and had
higher migratory properties [66]. Furthermore,
immunoselected neonatal PSA-NCAM+ cells from rat brain
expanded into spheres in vitro and grafted in focally
demyelinated adult spinal cord have completely remyelinated
the lesions by generating both CNS and peripheral nervous
system (PNS) myelin-forming cells, i.e. oligodendrocytes
and Schwann cells [140]. Intracerebroventricularly- or
intrathecally-injected neonatal PSA-NCAM+ cells were also
shown to migrate into inflamed white matter and to
differentiate into astroglial and oligodendroglial cells after
induction of experimental autoimmune encephalomyelitis
[141]. Altogether, these results obtained with animal models
of myelin disorders provided evidence that transplanted
PSA-NCAM+ cells derived from whole brain at the early
postnatal period displayed worthy regenerative potential with
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Fig. (4). Glutamate, acetylcholine, and serotonin trigger inward currents in PSA-NCAM+ progenitor cells

Using the patch-clamp technique in the voltage-clamp mode (holding potential at -70 mV), we recorded cells within PSA-NCAM+

spheres, as previously described [105]. The mean membrane potential was -58 mV (n=52 cells). (A) Histograms showing cell
responsiveness for the following neurotransmitters: glutamate (n=35 cells), acetylcholine (n=31 cells), and serotonin (n=38 cells).
The percentage of PSA-NCAM+ cells eliciting an inward current in response to glutamate application was much higher than that of
serotonin and acetylcholine. (B) All applied neurotransmitters were tested at 1mM, i.e. a saturating concentration allowing to measure
a peak maximum current amplitude that represented an indirect assessment of corresponding receptor densities. Glutamate-evoked
currents were observed in 68,8% of total cells (n=35) with a mean amplitude of 85,7 ± 17,5 pA. Acetylcholine and serotonin were also
able to induce inward currents, respectively in 16,1% (n=31 cells) and in 13,2% ( n=38 cells) of total cells with mean current
amplitudes of 151,6 ± 54 pA for acetylcholine and 73,4 ± 19,7 pA for serotonin. (C) Drawing representing a PSA-NCAM+ cell recorded
with a whole-cell patch-clamp micro-electrode within a sphere cultured in suspension for 3 DIV and then plated on a polyornithine-
coated substrate for 1 hour to allow attachment before recording. (D-F) Traces illustrating inward currents elicited in PSA-NCAM+

cells by glutamate (1 mM) (D), acetylcholine (1 mM) (E), and serotonin (1 mM) (F). Traces in (E) and (F) have the same scale displayed
in (E).

a preferentially glial fate and a high migrating velocity likely
due to the anti-adhesive properties of PSA residues [34].

In contrast, nothing has ever been assessed with regard to
the putative use of PSA-NCAM+ precursor cells in neuronal
replacement strategies [120]. Recently, we demonstrated that
PSA-NCAM+ precursor cells isolated from early postnatal
striatum [105] displayed a highly pro-neuronal fate in vitro

(Fig. (5)), unlike PSA-NCAM+ cells derived from whole
brain at the same developmental period [7]. We emphasize
here that striata-derived postnatal PSA-NCAM+ cells might
be awesomely a suited guest for neuronal replacement
therapies given their cocktail of adapted features that
combine a neuron-oriented pre-differentiation and a
predisposition to motility thanks to PSA-NCAM
biochemical properties [34,44]. Furthermore, likewise neural
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Fig. (5). Striata-derived PSA-NCAM+ spheres expressing the green fluorescent protein: Neuronal-restricted precursor cells suited for
transplantation experiments

(A-F) Immunocytochemical characterization of 3DIV-old PSA-NCAM+ spheres isolated from striata of transgenic mice expressing the
green fluorescent protein (GFP) driven by the ubiquitous β -actin promoter (The Jackson Laboratory, Strain C57BL/6-
TgN(ACTbEGFP)1Osb). (A-F) Confocal microscopy optical sections of 3DIV-old PSA-NCAM+ spheres showing the co-expression of
GFP (green) and several lineage-specific markers (red) : PSA-NCAM (A), the neuronal proteins βIII-tubulin (recognized by the Tuj1
antibody) (B), type 2a,b-microtubule-associated protein (MAP2ab) (C) and neurofilament-M (NFM) (D), the astrocytic glial fibrillary-
acidic protein (GFAP) (E), and the oligodendroglial ganglioside recognized by the O4 antibody (F). These results demonstrated that
early postnatal striatal PSA-NCAM+ cells purified by ultracentrifugation on Percoll density gradient (see Fig. (3)) led to the
formation of spheres that were made of mainly proliferative neuroblasts, since almost no staining was observed for glial markers (E,
F). Such neuron-oriented GFP+/PSA-NCAM+ precursor cells may be of great interest to be tested as cell therapy vectors in animal
models of neurodegenerative diseases (in particular Huntington’s and Parkinson’s diseases). Scale bars = 20 µm for all panels.

stem cells [142,143], it is possible that PSA-NCAM+

precursor cells could be temporally but also regionally
specified by local inductive cues favoring them to generate
region-appropriate progeny. One would thus expect striata-

derived PSA-NCAM+ neuroblasts to be the best accurately
designed tool for cell therapy strategies aiming for the broad
array of degenerative diseases affecting striatal areas.
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ABBREVIATIONS

BDNF = Brain-derived neurotrophic factor

BMP = Bone morphogenetic protein

CNS = Central nervous system

ECM = Extracellular matrix

EGF = Epidermal growth factor

FGF = Fibroblast growth factor

GABA = γ-Aminobutyric acid

GFAP = Glial fibrillary acidic protein

LGE = Lateral ganglionic eminence

LTP = Long-term potentiation

MGE = Medial ganglionic eminence

NCAM = Neural cell adhesion molecule

NMDA = N-Methyl D-aspartate

NRP = Neuronal restricted progenitor

NSC = Neural stem cell

NT-3 = Neurotrophin-3

OP = Oligodendrocyte progenitor

PDGF = Platelet-derived growth factor

PSA = Polysialic acid

RMS = Rostral migratory stream

SVZ = Sub-ventricular zone
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Introduction

Oligodendrocytes are the neural cells responsible for
the synthesis and maintenance of myelin in the central
nervous  system (CNS). In cerebral cortex, they arise
from progenitors which are located in the subven-
tricular zone and migrate into the white matter where
they proliferate and differentiate into mature oligo-
dendrocytes.1 The various stages of differentiation
along the oligodendroglial lineage have been defined
in vitro2 as well as in vivo.3 In vitro, the oligoden-
drocyte progenitor (OP) is a bipotential cell that,
depending on the culture medium, can develop either
into type-2 astrocytes (A2B5+, GFAP+, GAL-C–)
or into oligodendrocytes (A2B5–, GFAP–, Gal-C+).
The actual occurrence of type-2 astrocytes in vivo
remains to be demonstrated, however.4,5 Oligo-
dendrocyte (ODC) commitment in vitro occurs in a
defined medium, while the type-2 astrocyte differ-
entiation is induced by supplementing the medium
with fetal calf serum (FCS).

During the last few years, it has been shown 
that growth factors such as platelet-derived growth
factor (PDGF),6 insulin-like growth factor 1 (IGF-
1),7 basic fibroblast growth factor (bFGF),6 ciliary
neuronotrophic factor (CNTF)5 and neurotrophin-3
(NT-3)8 promote and/or modulate OP proliferation
and differentiation. In vivo, these soluble factors

probably arise from the neuronal and astroglial
microenvironment of OP cells. Since neurotransmit-
ters and neuropeptides are also an integral part of the
chemical environment surrounding OP cells, possible
paracrine effects should be considered in which case
the corresponding receptors to these transmitters
should be present on OP and ODC cells.

Oligodendrocytes express �1A-adrenergic,9 �-
adrenergic,10 serotoninergic (5-HT), somatostatin and
muscarinic G protein-coupled receptors,11 GABA and
glutamate-activated ion channels, voltage-dependent
calcium and potassium channels and tetrodotoxin-
sensitive sodium channels.12,13 Regarding calcium
signalling within oligodendroglial cells, a few studies
have reported heterogeneous ATP, histamine,
bradykinin and substance P receptor-mediated intra-
cellular calcium responses.14

The only well-characterized biological effects of
these neuroligands are the glutamate- and carbachol-
induced modulation of OP cell proliferation which 
is correlated with an increased c-fos expression.15,16

In order to obtain more insight into the biological
meaning of such a complex array of receptor expres-
sion, we investigated the developmental regulation of
O2A lineage cell responses to these various neuro-
ligands. Therefore, using whole-cell patch-clamp
techniques, we studied the evolution of various lig-
and-induced ionotropic responses during oligoden-
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USING whole-cell patch-clamp techniques, we show that
oligosphere-derived oligodendrocyte progenitor cells
(OP) display GABA-, glutamate-, 5-HT-, glycine- and
acetylcholine-gated inward currents. When OP differ-
entiate into oligodendrocytes (ODC), the amplitude of
peak currents elicited by saturating concentrations of
these transmitters decreases except for 5-HT. Intra-
cellular Ca2+ concentration changes induced by microp-
erfusion of glutamate, 5-HT, TRH, met-enkephalin and
substance P were monitored using a fluo-3-based calcium
imaging system. When OP cells differentiate into ODC,
a global decrease of the proportion of responding 
cells is observed. During type-2 astrocytes commitment,
this proportion decreases for 5-HT, TRH- and met-
enkephalin stimulations whereas it remains constant for
substance P and glutamate. These data demonstrate a
development regulation of neurotransmitter- and
neuropeptide-induced responses within the oligoden-
droglial lineage. NeuroReport 9: 973–980 © 1998 Rapid
Science Ltd.

Key words: Development; Fluo-3; Neuropeptide; Neuro-
transmitter; Oligodendrocyte; Patch-clamp
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drocyte differentiation. Considering neuroligand-
induced calcium signalling, we also performed a
development study of oligodendroglial responses as
compared with type-2 astrocytes which were used as
positive controls for the calcium imaging method.

In these experiments, we used the recently
described culture technique of OP oligospheres,17

which allows large numbers of homotypic OP aggre-
gates to be obtained after only 2 days in vitro.
Compared with the most commonly used culture
technique described by Cole and de Vellis,18 this
procedure enabled us to analyse OP after a short time
in vitro, thus presumably having metabolic proper-
ties closer to the in vivo phenotype. Immuno-
cytochemical characterization17 has shown that cells
within oligospheres express nestin and PSA-NCAM,
two antigens specific of the early OP stage.
Interestingly, such immature OP are known to persist
in adult brain and to be a potential source of remyeli-
nating oligodendrocytes after experimental demyeli-
nation in the subcortical white matter of adult rats.19

Materials and Methods

Cell culture: To prepare B104-conditioned medium,
the B104 rat CNS neuroblastoma cell line was main-
tained in logarithmic phase of growth in Dulbecco’s
modified minimum essential medium (DMEM,
Gibco) supplemented with 10% fetal calf serum and
2 mM glutamine. For conditioned medium produc-
tion, confluent B104 cultures were washed twice 
with phosphate buffered saline (PBS) and incubated
in serum-free DMEM containing 2 mM glutamine
and N1 supplement (insulin 5 �g/ml, transferrin 
5 �g/ml, progesterone 20 nM, putrescine 100 �M and
selenium 30 nM).20 After 3 days, the medium was
collected, filtered (0.22 �m) and stored at –20�C
until use.

Primary oligodendrocyte cultures were prepared
using a slight modification of the isolation procedure
described by Avellana-Adalid et al.17 The cerebral
cortices of 1- to 3-day-old rat pups were dissected
and collected in PBS supplemented with glucose at
4.5 g/l, carefully freed of meninges and vessels, and
dissociated by sieving successively through a 225 �m
and a 25 �m nylon mesh. Cells were collected in 
PBS containing 25 mM HEPES. The cell suspension
was layered on top of a pre-centrifuged (30 min
at 26 000 � g) Percoll density gradient (1.04 g/ml;
Pharmacia) and centrifuged for 15 min at 26 000 � g.
Cell debris which remained in the top aqueous phase
was discarded and the interphase below the debris
and just above the red blood cells was resuspended
in PBS–HEPES. The suspension was centrifuged
three times (10 min at 400 � g) in PBS–HEPES to

eliminate Percoll. The final pellet was resuspended in
DMEM supplemented with N1, biotin (10 ng/ml) and
30% (v/v) B104 conditioned medium (B104-CM).
Five milliliters of the cell suspension were then seeded
on an uncoated 25 cm2 tissue culture flask (Falcon;
Becton/Dickinson) at a concentration of 4 � 106 cells/
ml. After 24 and 48 h the flask was gently shaken
and the suspension transferred into a new flask,
allowing the elimination of adhering cells. After these
preplatings, the progenitor cells make up spheroid
aggregates termed oligospheres (150–300 �m diam-
eter). To obtain an oligodendrocyte commitment,
oligospheres were switched to DMEM–N1 medium
and seeded on polyornithine-coated (0.1 mg/ml) glass
coverslips in the center of 35 mm plastic Petri dishes
(NUNC; 10–25 oligospheres/coverslip). To induce
type-2 astrocyte commitment, the same procedure
was used except that DMEM–N1 was supplemented
with 10% (v/v) FCS.

Immunocytochemistry: Cultures on coverslips were
fixed in 4% (v/v) paraformaldehyde for 10 min
at room temperature. Non-specific binding was
blocked by a 60 min incubation in PBS containing
non-fat dry milk (15 mg/ml). This was followed 
by 60 min incubation at 37�C in the presence of a
rabbit polyclonal anti-Gal-C antibody (Sigma) and a
mouse monoclonal anti-A2B5 antibody (Boehringer-
Mannheim) both at 1:100 dilution. As secondary 
antibodies, a rhodamine-conjugated anti-rabbit IgG
(Jackson) at 1:400 and a FITC-conjugated anti-mouse
Ig (Boehringer-Mannheim) at 1:30 dilution was used
for a 60 min at room temperature. For GFAP
staining, the same fixation protocol was followed by
a 30 min incubation in PBS containing non-fat dry
milk and Tween 20 (1:2000). Monoclonal anti-GFAP
(1:1000) was diluted in the same solution and applied
for 45 min at 37�C. A 10 min Triton-X100 (0.1% 
in PBS) permeabilization preceded the 45 min incu-
bation with a FITC-conjugated anti-mouse IgG
(1:250; Jackson). Triple PBS rinses were performed
between steps. For anti-neurofilament staining, we
used the mouse antibodies SMI 31 and SMI 32
(Sternberger-Meyer, Jarretsville, MD) as described by
Malgrange et al.21

Electrophysiology: For recording of membrane
currents, the cells were transferred to the stage of an
inverted Hoffman contrast microscope and main-
tained at room temperature (20–25�C) in a recording
chamber which was continuously perfused allowing
application of drugs. The extracellular perfusion solu-
tion contained (mM): NaCl 116.0; D-glucose 11.1;
KCl 5.4; CaCl2.2H2O 1.8; MgCl2.6H2O 2.0; HEPES
10.0; pH 7.2. All the neurotransmitters were from
Sigma except glycine which was from UCB. The
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reagents were applied by a rapid microperfusion
system (SPS-8, List-Medical) at 1 mM in standard
external solution.

Recording electrodes were made from borosilicate
capillaries (Hilgenberg, Malsfeld, Germany) using a
Flaming-Brown microelectrode puller (Model P97,
Sutter Instruments Co). Recording pipettes (10–20
M�) were filled with a solution containing (mM):
KCl 130.0; CaCl2.2H2O 1.0; D-glucose 11.1; EGTA
10.0; and Na2- or Mg-ATP 5.0; HEPES 10.0; pH 7.4.

Voltage-clamp recordings were performed with 
a Bio-Logic RK-400 patch-clamp amplifier using 
the tight-seal whole-cell recording configuration.22

Series resistances were in the range 10–20 M� and
were electronically compensated (up to 85–90%).
Current traces were digitized and stored on an 
AT-compatible computer system. Control of drug
application, data acquisition and data analysis 
were achieved using an ITC-16 acquisition board
(Instrutech Corporation) and the TIDA for Windows
software (HEKA Elektronik).

Calcium imaging: Cells were loaded with the
calcium indicator dye fluo-3 AM (6 �M; Molecular
Probes) by bath application for 45 min at 37�C.
Fluo-3 AM is a non-ratiometric indicator dye 
that increases cellular fluorescence intensity with
increased intracellular calcium concentration. Loaded
cells were then washed three times with Hank’s
balanced salt solution (HBS). The responses of cells
to experimental conditions were recorded as digitized
images acquired with a Bio-Rad MRC 1000 laser
scanning confocal system coupled to Zeiss Axiovert
135 microscope with a plan-NEOFLUAR objective
(40�, 1.3 n.a., oil immersion). The TCSM program
(Bio-Rad) was used to control the confocal micro-
scope in order to acquire a series of images at 2–5 s
intervals. The different reagents were applied by a
fast microperfusion system (SPS-8, List-Medical)
diluted in Hank’s solution at the following concen-
trations (�M): glutamate (Sigma) 1000; 5-HT (Sigma)
100; thyrotropin releasing hormone (TRH) (UCB)
50; substance P (Sigma) 2; met-enkephalin (Sigma)
10. The series of digitized fluorescence images 
was analyzed by a program determining the average
level of fluorescence of each cell above background
level for every time point sampled. The locations of
cells are delimited by placing rectangular boxes
around every cell in a field. A background box was
also defined in a non-cellular area of the scanned
image. The averaged intensity of the pixels within 
a boxed cellular region was calculated by the 
program and the averaged intensity of the pixels
within the background box defined for the image 
was subtracted from this value. In order to compen-
sate for variable dye loading between cells, these

background-corrected values were normalized by
conversion to percent changes relative to a baseline
measurement for each boxed cellular region at the
start of a time series (Ft/F0). Statistical analysis was
performed using GraphPAD Prism software and
GraphPAD InStat.

Results

Electrophysiological recordings: The cultured cells
were studied in the outgrowth zone of expanded
oligospheres at various differentiation stages, i.e. 1, 3
and 7 days after switching to DMEM-N1. In this
growth factor-free medium, immunocytochemical
staining demonstrated that after 7 days, 97% of the
cells were Gal-C+ while at day 1 95% of the cells
were A2B5+. Three-day-old cultures contained a
mixed population with 60% A2B5+ cells and 60%
Gal-C+ cells, thus including double-stained cells.
After 7 days in DMEM-N1 only 3% of the cells were
GFAP positive. In the areas from where electro-
physiological and calcium imaging recordings were
made, no cells were positive after immunocyto-
chemical staining using anti-phosphorylated and
unphosphorylated neurofilament antibodies.

Under our recording conditions, day 1 progenitor
cells and day 7 oligodendrocytes had respective mean
(± s.d.) membrane potentials of –70 ± 6 mV (n = 14)
and –56 ± 5 mV (n = 22). All our patch-clamp exper-
iments were performed in the whole-cell configura-
tion and in voltage-clamp conditions at a holding
membrane potential of –70 mV. We recorded inward
currents elicited by bath application (10 s) of five
different neurotransmitters (GABA, glutamate,
glycine, serotonin and acetylcholine) at 1 mM
concentration (Fig. 1A). At such concentrations, the
induced currents are maximum currents (Imax), the
amplitude of which reflects receptors density. The
glycine, 5-HT and acetylcholine responses could be
reversibly inhibited respectively by strychnine, 3-5-
tropyl-dichlorobenzoate (5-HT3 antagonist) and
hexamethonium (nicotinic blocker; Fig. 2). As shown
in Fig. 1B, values of Imax were maximum at the inter-
mediate differentiation stage (3 days in vitro) except
for 5-HT, when Imax increased from day 1 to day 3
and remained thereafter constant. If the proportion
of responding cells rather than Imax is used to compare
cells between the different differentiation stages 
(Fig. 1C), neurotransmitters fall into three categories:
roughly all cells were responsive to GABA and
glutamate whatever the differentiation stage; for
glycine and acetylcholine, the percentage of respon-
sive cells culminates at the intermediate stage; the
proportion of 5-HT responsive cells increases with
the cell differentiation.

Neuroligand-induced responses in oligodendroglia
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Calcium imaging: For calcium studies, we imaged
day 1 OP cells, day 3 intermediate differentiated cells,
mature ODC (day 7 in DMEM–N1) and type-2
astroglial cells (day 7 in DMEM–N1–FCS). In this
latter medium, 95% of the cells were GFAP+. Typical
recordings are illustrated in Fig. 3. For the five
neuroactive substances tested (Fig. 4), we observed a
decrease in the proportion of responding cells when
OP matured to ODC. After ODC differentiation,
we also demonstrated a decrease of the percentage of
calcium responding cells during a depolarizing stim-
ulus induced by extracellular solutions containing
high potassium concentration (50 mM). When OP
differentiated into type-2 astrocytes, we observed an
unchanged proportion of responding cells for
substance P and glutamate stimulations, and a
decreased proportion of responding type-2 astrocytes
as compared to OP for 5-HT, TRH, met-enkephalin
and high K+ applications.

Discussion

GABAA and non-NMDA ionotropic receptors have
already been demonstrated in cells of the ODC
lineage and their development regulation has been
described.13 Glycine receptors had only been
described on spinal cord ODC cells.23 Here we
extend these data to other ionotropic receptors
studied on primary cortical ODC cultures. The
reversible inhibition of glycine-, 5-HT- and acetyl-
choline-induced currents by selective antagonists
demonstrates that the corresponding receptors are
present in cultured cortical ODC. At the concentra-
tion used in the present study, the amplitude of the
inward current measured at the same holding poten-
tial allows a comparison of receptor densities. As
already reported for GABA and glutamate,13 glycine
and acetylcholine induced a decrease in Imax with
progressive ODC differentiation, while the 5-HT Imax
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FIG. 3. Fluo-3 measurements of neuroligand-induced calcium mobilization. (A) Time-course of depolarization- and neuroligand-induced intra-
cellular calcium increase in day 1 progenitor cells. High potassium concentration (50 mM) (1), glutamate (2), serotonin (3), TRH (4) substance
P (5) and met-enkephalin (6) were applied by microperfusion for 30 s. (B) Example of three fluo-3 loaded OP cells in control condition, during
application of glutamate and during application of 5-HT.
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response increased, suggesting a parallel evolution of
the corresponding receptors densities between days
3 and 7 in culture. Surprisingly, the values of Imax
recorded in day 1 OP cells were much lower than
those recorded at day 3. This could reflect a lower
expression of neurotransmitters receptors at the early
progenitor stage. Nevertheless, it has to be pointed
out that the cells recorded at day 1 have just been
switched from a medium containing 30% B104CM
which might contain neurotransmitters. Therefore,
the low Imax measured at day 1 could result from a
down-regulation of the receptors.

Regarding intracellular calcium studies, type-2
astrocytes differed from ODC commitment by the
maintenance of substance P and glutamate respon-
siveness. During ODC differentiation, we observed
a decrease in cells responding to the five neuroactive
substances tested. If we consider only the ODC cells
which do not respond to high K+ depolarization by
increasing intracellular calcium (43%, n = 78), we
never observed calcium responses to neuroligands 
in these cells except in the case of glutamate, and 
then only in a few cells (11%) (data not shown). This
suggests that neuroligand-induced calcium responses

in the oligodendroglial lineage depend on the pres-
ence of voltage-dependent calcium channels (VDCC).
Therefore, the decrease of responsiveness during
ODC differentiation could simply result from the
decrease of VDCC expression. Further experiments
are needed to demonstrate that this correlation
between the absence of calcium response to neuroli-
gands and depolarization results indeed from a
decreased density of VDCC expression with ODC
differentiation.

If on the contrary, we correlate the depolarizing
effects of glycine, GABA24 and acetylcholine in
oligodendroglial cells with the well known high
densities of VDCC especially at the progenitor
stage,13 it can be suggested that the neuroligands
tested in the present study interfere through depo-
larization with intracellular calcium homeostasis of
oligodendroglial cells. Calcium signals are known to
be involved in the regulation of glial differentiation,
protein synthesis, and gene expression through
modulation of calcium-binding proteins, kinases 
and phospholipases.25 However, the precise role 
of receptor-mediated calcium signalling in oligoden-
drocytes in vivo remains undefined. We speculate

Neuroligand-induced responses in oligodendroglia
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FIG. 4. Proportion of responsive cells as a function of cell type (OP, pre-oligodendrocyte, oligodendrocyte and type-2 astrocyte). Responsive
cells were defined as cells with neuroligand-induced increase of Ft/F0 of � 10% above the baseline within 30 s of drug application.
Responsiveness is expressed as in Fig. 1C.
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that neuroligand-mediated communications between
neurons and oligodendrocytes might influence the
behavior of the cells within the ODC lineage.
Furthermore, as it is established that developing
oligodendrocytes are connected by functional gap
junctions,14 the neuroligand-induced effects might
spread to adjacent myelinating cells.

Conclusion

We studied oligodendroglial neuroligand receptors
densities using Imax measurements and the percentage
of responding cells as a function of the differentia-
tion stages. The results demonstrate that expression
of neurotransmitters and neuropeptide receptors is
regulated during differentiation and suggest a role for
these ligands during the emergence of myelinating
cells within the CNS.
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Cultured oligodendrocyte progenitors derived from
cerebral cortex express a glycine receptor which is
pharmacologically distinct from the neuronal isoform
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Abstract

Using the whole-cell patch-clamp technique, we demonstrate glycine-induced currents in oligosphere-derived
oligodendrocyte progenitors cultured from newborn rats. Similar inward currents are also triggered by β-alanine
and taurine, two established glycine receptor agonists. In our recording conditions, glycine-gated currents in
oligodendrocyte progenitors reverse about 0 mV and are reversibly inhibited by the glycine competitive
antagonist strychnine, the Cl– channel blocker picrotoxinin and the non-competitive antagonist
cyanotriphenylborate. The oligodendrocyte progenitors glycine receptor (GlyR) differs from the corresponding
neuronal receptor: [3H]strychnine binding data and the strychnine inhibition curve of glycine-induced currents in
oligodendrocyte progenitor cultures suggest the existence of two strychnine binding sites on the oligodendroglial
GlyR. Using total RNA isolated from oligodendrocyte progenitors cultures, reverse transcription–polymerase
chain reaction analysis of glycine receptor subunit expression shows the presence of α2 and β subunits and
immunocytochemical stainings confirm that this GlyR contains an α subunit which is not α1. The molecular
structure of the oligodendroglial GlyR could be either homopentameric α2 or heteromeric α2β but in both cases,
the sequence of the α2 or β subunits have to be different from the known neuronal sequences in order to
explain, respectively, the cyanotriphenylborate (α2) and picrotoxinin (β) sensitivities. This work thus demonstrates
that GlyR are expressed by oligodendrocytes obtained not only from spinal cord but also from supraspinal
structures. The pharmacological properties and presumably the molecular structure of oligodendroglial GlyR are
original. The physiological meaning of the presence of such receptors on developing and mature
oligodendrocytes remains unknown.

Introduction

Fast synaptic inhibition in the central nervous system (CNS) is mostly
mediated by γ-aminobutyric acid (GABA) and glycine. Binding of
these amino acids to specific receptors on the postsynaptic membrane
opens intrinsic chloride channels resulting in inhibition of neuronal
firing (Curtis et al., 1968). The glycine receptor (GlyR) is an hetero-
pentameric transmembrane protein composed of α (48 kDa) and β
(58 kDa) subunits (Betz et al., 1994). This structure is characteristic
of the ligand-gated ion channel superfamily (Betz, 1990). Develop-
mentally and regionally regulated expression of the different subunit
variants of the GlyR occurs and leads to their assembly into
functionally and pharmacologically distinct receptors(Betz, 1991). To
date, cDNAs of three different genes encoding GlyR α subunits (α1–
α3) are known in rats and humans (Betz et al., 1994). In addition, a
murine gene (α4) and a cDNA encoding a rat α2 subunit variant
(α2*) have been described (Kuhse et al., 1990; Matzenbach et al.,
1994). Moreover, alternative splicing contributes to GlyR heterogen-
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eity resulting in the formation of two isoforms for both the α1 and
α2 subunits (Betz et al., 1994). The sequences of all α-subunits
display a high degree of amino acid identity. The α1 polypeptide is
the originally described adult GlyR ligand-binding subunit whereas
α2 is mainly expressed at the perinatal period and α3 during a
transient postnatal period (Betz, 1991).

The α subunit variants carry the GlyR binding sites for the agonists
glycine, β-alanine and taurine (Langosch et al., 1990; Vandenberg
et al., 1992b), for the competitive antagonist strychnine, a convulsive
alkaloid (Grenningloh et al., 1987) and for cyanotriphenylborate, a
non-competitive use-dependent channel blocker (Rundström et al.,
1994). In contrast, the β subunit is expressed in a single form
throughout the CNS at all developmental stages. This subunit is not
required for ligand binding (Grenningloh et al., 1990) but confers via
one of its four hydrophobic segments (M2) the resistance to the
alkaloid picrotoxinin (Schmieden et al., 1989; Pribilla et al., 1992).
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TABLE 1. PCR primers sequences for the different GlyR subunits, and predicted sizes of PCR fragments

GlyR receptor subunits Primer sequences (5�-3�) Annealing temperature Predicted product size (bp)

α1 426-AGACAACCATGGACTACAGGGT-447 57 °C 323
748-ACCAAAGCTTTCCAGTTGCATG-727 (Grenningloh et al., 1987)

α2 1058-AAGAAGAGAAGGAACTTGG-1076 52 °C 316
1373-AACACAAACAGAAGGCAC-1356 (Grenningloh et al., 1990

α3 1191-CCTTCTGATTGTCATTCTGTCC-1212 56 °C 344
1534-TCTCCCTCACCTCATCATCC-1515 (Kuhse et al., 1990)

β 50-AAAGGGAAGGGGAAAAAG-67 53 °C 419
468-TCCCGAAAGATAAACAACAG-449 (Mülhardt et al., 1994)

Cells of the oligodendroglial lineage have been shown to express
different developmentally regulated voltage- and ligand-gated ion
channels (Kettenmann et al., 1991; Belachew et al., 1998). So far,
little information about glial GlyR is available. Using patch-clamp
techniques, glycine-induced currents have been demonstrated in
astrocytes, oligodendrocytes and precursor cells from spinal cord
slices derived from newborn rats (Pastor et al., 1995). Single-cell
reverse transcription–polymerase chain reaction (RT–PCR) studies
have provided evidence for two populations of spinal cord glial cells
expressing the GlyR: one group expresses only α1 transcripts while
the second expresses both α1 and β. The α2 and α3 subunits transcripts
were not detected in newborn spinal cord glial cells and no correlation
was found between the GlyR molecular structure and the differenti-
ation stage (Kirchhoff et al., 1996).

The present study was undertaken in order to see if glycine
receptors are also expressed on oligodendrocytes obtained from
the cerebral cortex where the role of glycine as an inhibitory
neurotransmitter is at best marginal. We characterized in detail the
pharmacology of these receptors as compared with their neuronal
counterparts. These details are important to elucidate the functional
meaning of oligodendrocyte glycine receptor during both physiologi-
cal and pathological processes.

Materials and methods

Cell culture

Preparation of B104-conditioned medium

The B104 is a rat CNS neuroblastoma cell line that is maintained in the
logarithmic phase of growth in Dulbecco’s modified minimum essential
medium (DMEM, Gibco, Menelbke, Belgium) supplemented with 10%
heat-inactivated fetal calf serum and 2 mM glutamine. Medium condi-
tioning was made after 2 days of culture. The B104 cultures (seeding
density: 100–150 cells/mm2) are washed twice with phosphate-buffered
saline (PBS) and then incubated in serum-free DMEM containing 2 mM

glutamine and the N1 supplement (insulin 5 µg/mL; transferrin 5 µg/
mL; progesterone 20 nM; putrescine 100 µM, selenium 30 nM)
(Bottenstein & Sato, 1979). After 3 days of incubation, the medium is
collected, filtered (0.22 µm) and stored at –20 °C until use.

Primary oligodendrocyte progenitor cell cultures

They are prepared using a slight modification of the procedure
described by Avellana-Adalid et al. (1996). The cerebral cortices of
1–3-day-old rat pups are dissected (in PBS supplemented with glucose
at 4.5 g/L), carefully freed of meninges and vessels, and dissociated
by sieving through successive 225 µm and 25 µm nylon meshes.
Cells are collected in PBS containing 25 mM HEPES. The cell
suspension is layered on top of a precentrifuged (30 min; 26 000 g)
Percoll density gradient (1.04 g/mL; Pharmacia, Roosendeal, the

© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3556–3564

Netherlands) and centrifuged for 15 min at 26 000 g. Cell debris
remaining in the top aqueous phase are discarded and the interphase
between the debris and the red blood cells is resuspended in PBS–
HEPES. This suspension is centrifuged three times (10 min; 400 g)
in PBS–HEPES to eliminate Percoll. The final pellet is resuspended
in DMEM supplemented with N1, biotin (10 ng/mL) and 30% (v/v)
of B104 conditioned medium (B104-CM). Five millilitres of the cell
suspension are then seeded on an uncoated 25 cm2 tissue culture
flask (Falcon, Delta-Bio, Nivelles, Belgium) at a concentration of
4.106 cells/mL. After 24 and 48 h, the flask is smoothly shaken and
the suspension transferred into a new flask allowing the elimination
of adhering cells. After these platings, the progenitor cells make up
spheroid aggregates termed ‘oligospheres’ (150–300 µm diameter).
To obtain an oligodendrocyte commitment, oligospheres are switched
to a DMEM-N1 medium and 50 µL of that suspension are seeded on
polyornithine (0.1 mg/mL in distilled water) -coated glass coverslips
(10 mm diameter) in the centre of 35-mm plastic Petri dishes (NUNC,
Life Technologies, Menelbeke, Belgium) at a concentration of 200–
500 oligospheres per mL.

Embryonic rat spinal cord neurons culture

Spinal cord neurons in culture were obtained from 13-day-old rat
embryos using an adaptation of a method fully described by Withers
et al. (1997). Briefly, spinal cords are carefully dissected and freed of
meninges and attached dorsal root ganglia. They are, then, incubated
in trypsin (0.25%) and deoxyribonuclease (1%) in Ca2�–Mg2� free
salt solution for 20 min at 37 °C. They are, then, washed in DMEM
supplemented with the previously described N1 supplement, bovine
insulin (5 µg/mL; Sigma, St Louis, MO, USA), fetal calf serum (5% v/v;
Gibco) and horse serum (5% v/v; Gibco). After mechanical dissociation
using flame-narrowed Pasteur pipettes, the resulting cell suspension is
filtered through a 40-µm-nylon sieve and diluted to a concentration of
1 � 106 cells/mL. Fifty microlitres of this final cell suspension is seeded
on polyornithine coated glass coverslips as described above for OP. The
medium is renewed twice weekly and cells are used for electrophysiolo-
gical recordings after 10–12 days old in vitro.

Immunocytochemistry

Cultures on coverslips are fixed in 4% (v/v) paraformaldehyde for
10 min at room temperature. Non-specific binding is blocked by a
60-min incubation in PBS containing non-fat dry milk (15 mg/mL).
This is followed by a 60-min incubation at 37 °C in the presence of
a rabbit polyclonal anti-Gal-C antibody (Sigma) and of a mouse
monoclonal anti-A2B5 antibody (Boehringer Mannheim, Brussels,
Belgium) both of them at 1 : 100 dilution. As secondary antibodies,
a rhodamine-conjugated antirabbit IgG (Jackson, Lucron, Brussels,
Belgium) at 1 : 400 and a FITC-conjugated antimouse immunoglob-
ulin (Boehringer Mannheim) at 1 : 30 dilution are used for a 60 min

Publication #10



3558 S. Belachew et al.

FIG. 1. Characterization of glycine-induced currents during oligodendrocyte
maturation in vitro. (A) Currents evoked in day 3 OP cells by increasing
glycine concentrations are expressed as mean 
 SEM (n 	 15). The EC50
and Hill coefficient derived from the curve fitting procedure are 140 
 2.5 µM

and 2.0 
 0.1, respectively. (B,C) Histograms representing, respectively (B)
the percentage of responding cells and (C) mean amplitudes of maximum
peak currents induced by glycine (1 mM) at three progressive stages of
maturation in DMEM-N1 (1, 3 and 7 days). The statistical results are expressed
as compared with the day 3 population; *P � 0.05 and **P � 0.01.

incubation at room temperature. For GFAP staining, the same fixation
protocol is followed by a 30 min incubation in PBS containing
non-fat dry milk and Tween 20 (1 : 2000). Monoclonal anti-GFAP
(1 : 1000) is diluted in the same solution and is applied for 45 min
at 37 °C. A 10-min Triton-X100 (0.1% in PBS) permeabilization
precedes the 45 min incubation with a FITC-conjugated antimouse
IgG (1 : 250) (Jackson). Triple PBS rinses are performed between
the different steps. For antineurofilament staining, we used the mouse
antibodies SMI 31 and SMI 32 (Sternberger-Meyer, Jarretsville, MD,

© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3556–3564

USA) as described by Malgrange et al. (1994). For labelling with mAB
4a and 2b (Pfeiffer et al., 1984) (ConneX, Martinsried, Germany), we
used the same procedure than for GFAP staining with primary
antibodies diluted at 50 µg/mL and rhodamine-conjugated antimouse
IgG (Jackson) at 1 : 500 as secondary antibody. Digitized images are
acquired with a Bio-Rad MRC 1000 laser scanning confocal system
coupled to Zeiss Axiovert 135 microscope with a plan-NEOFLUAR
objective (40 �, 1.3 n.a., oil immersion). For all the different immuno-
stainings, negative control experiments were performed by using the
same procedures without the primary antibodies.

Electrophysiology

For recording of membrane currents, the cells are transferred to the
stage of an inverted Hoffman contrast microscope and maintained at
room temperature (20–25 °C) in a recording chamber which is
continuously perfused permitting application of drugs.

The extracellular perfusion solution contains (mM): NaCl, 116.0;
D-glucose, 11.1; KCl, 5.4; CaCl2.2H2O, 1.8; MgCl2.6H2O, 2.0;
HEPES, 10.0; pH 7.2. In Cs�-containing solutions, KCl is replaced
by equimolar amount of CsCl and BaCl2.2H2O is added at 5 mM. In
low Cl– solutions 108 mM NaCl is replaced by equimolar amount of
sodium gluconate. Glycine is purchased from UCB, cyanotriphenyl-
borate (CTPB) from ABCR (Karlsruhe, Germany) and taurine, β-
alanine, strychnine, bicucullin and picrotoxin are from Sigma. The
reagents diluted in the external solution are applied by a rapid
microperfusion system (SPS-8, List-Medical).

Recording electrodes are made from borosilicate capillaries
(Hilgenberg) using a Flaming-Brown microelectrode puller (Model
P97, Sutter Instruments Co). Recording pipettes (10–20 MΩ) are
filled with a solution containing (mM): KCl, 130.0; CaCl2.2H2O, 1.0;
D-glucose, 11.1; EGTA, 10.0; and Na- or Mg-ATP, 5.0; HEPES, 10.0;
pH 7.4. In Cs�-containing pipettes, KCl is equimolarly replaced by
CsCl and BaCl2.2H2O is added at 5 mM.

Voltage-clamp recordings are performed with a Bio-Logic RK-
400 patch-clamp amplifier using the tight-seal whole-cell recording
configuration (Hamill et al., 1981). Series resistances are in the range
10–20 MΩ and were electronically compensated (up to 85–90%).
Current traces are digitized and stored on an AT-compatible computer
system. Control of drug application, data acquisition and data analysis
were achieved using an ITC-16 acquisition board (Instrutech Corpora-
tion) and the TIDA for Windows software (HEKA Elektronik,
Lombrecht/Pfolz, Germany). Curve fitting is made using GraphPAD
Prism software. Statistical significance of the data is derived from
analysis of variance (ANOVA) and, when significance is reached,
Dunnett’s post-test are used for multiple comparisons (GraphPAD
InStat software, San Diego, CA, USA).

[3H]Strychnine binding assays

Day-3 oligodendrocyte progenitor (OP) cells are incubated with
[3H]strychnine (0.01–20 nM, 27 Ci/mM; DuPont NEN, Brussels,
Belgium) diluted in PBS, using 100 µM cold strychnine to determine
non-specific binding. After incubation to equilibrium at 4 °C for
20 min, 100 µL aliquots of the cells incubation medium are sampled
to determine free ligand concentration. The cells are then washed
four times with cold PBS to stop binding and digested for 10 min
with NaOH 0.1 M at 37 °C. The digestion products are transferred
into vials containing 7 mL scintillation fluid (Ecoscint-a, National
diagnostics, Atlanta, GA, USA) and 10 µL of 12 M HCl. Protein
determination was done according to Bradford (1976). Radioactivity
is determined by conventional liquid scintillation counting using a
Beckman LS3801 counter. All experimental points are done in
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FIG. 2. Reversal potential of glycine-induced currents. The recordings were obtained from day 3 OP. A series of depolarizing (–40, –20, 0, 20, 40, 60, 100) and
hyperpolarizing voltage steps (–105, –140) from a holding potential of – 70 mV was applied repeatedly. Glycine applied for 10 s in a Cs�-containing solution
supplemented with the K� channel blocker Ba2� (5 mm) induced a significant conductance increase and an inward current at –70 mV. To characterize the
glycine-induced conductance, currents prior to the application of glycine were subtracted from currents at the peak of the glycine response. The current–voltage
relationship of glycine-induced currents is linear and the reversal potential was 2.0 
 1.9 mV in control chloride gradient conditions (A–C) and 42.9 
 4.1 mV
when extracellular chloride concentration was decreased (B–D). The calculated slope of the linear regression curve display lower glycine-induced membrane
conductance in the low external chloride condition (7.5 
 0.4 nS in B vs. 11.9 
 0.2 nS in A).

triplicate. The Kd and Bmax values for [3H]strychnine specific binding
are estimated using the GraphPAD Prism software.

Isolation of total RNA, cDNA synthesis and polymerase chain
reaction

Total RNAs from day 3 OP (100 mg of fresh weight) and from adult
and neonatal rat cortex and spinal cord are extracted in guanidine
thiocyanate buffer using the single step method of Chomczynski &
Sacchi (1987). RNAs are quantified spectrophotometrically. The
cDNA synthesis and PCR are performed using the TITAN One Tube
RT–PCR system from Boehringer Mannheim. Briefly, a 50 µL RT–
PCR tube containing 0.2 mM of each dNTP, 250 ng of each primer
(forward and reverse), 300 ng of total RNA, 5 mM of dithiothreitol,
5 U of RNAse inhibitor (Promega, Leiden, the Netherlands), 1.5 mM

of MgCl2 and 1 µL of the Expend High Fidelity AMV Reverse
Transcriptase enzyme mix is placed in a MJ Research PTC 200
engine. The programme is: 50 °C for 30 min, 94 °C for 2 min, 10
cycles of 94 °C for 30 s, appropriate annealing temperature for 30 s
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and 68 °C for 1 min, 25 cycles of 94 °C for 30 s, appropriate annealing
temperature for 30 s and 68 °C for 1 min plus 5 s for each additional
cycle. A final 68 °C extension time of 7 min is performed.

The PCR products are purified using Qiaex Extraction Kit from
Qiagen, Westburg, Leusden, the Netherlands and analysed on a 1.5%
Agarose TAE gel containing ethidium bromide. The products are
cloned in a PCR 2.1. plasmid (In Vitrogen, Leek, the Netherlands)
and sequenced using the dideoxy sequencing method (Sanger et al.,
1977) according to the instructions from the manufacturer (Pharmacia).
The oligonucleotide primers for PCR (obtained from Pharmacia) are
listed in Table 1.

Results

In oligodendrocyte progenitor cells, glycine induces inward
currents which are developmentally regulated

The cultured cells were studied in the outgrowth zone of expanded
oligospheres at various differentiation stages, i.e. 1, 3 and 7 days
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FIG. 3. Strychnine competitive inhibition of glycine-induced currents. (A) Day
3 OP cells were perfused for 10 s with glycine, taurine and β-alanine (1 mM)
alone or in combination with strychnine (25 s, 1 µM). The three recordings
for each agonist were obtained from a single cell and are separated by 60 s.
Similar recordings were obtained in six different day 3 OP cells. (B) Currents
evoked by 0.15 mM glycine for OP and 0.05 mM for neurons (concentrations
which elicit a half-maximum response in both cell types) were recorded in
the presence of increasing strychnine concentrations. Results are expressed
as percentage of glycine-induced currents in the absence of strychnine
(mean 
 SEM, n 	 5). The best fitting curve for strychnine inhibition of
glycine-induced currents in day 3 OP is described by a two-site competition
curve. As compared with cultured embryonic rat spinal cord neurons, strychnine
sensitivity was much more important in OP cells. The curve fitting procedure
yielded a IC50 of 71 
 7 nM for neurons (Hill coefficient of 0.5) and two
IC50 for OP cells, respectively, 7 
 1 nM (Hill coefficient of 1.6) and 5 
 1 pM

(Hill coefficient of 0.8).

after switching to DMEM-N1. In this growth factor-free medium,
immunocytochemical staining demonstrated that after 7 days, 97% of
the cells are multipolar, A2B5 negative and Gal-C positive while in
1 day cultures 95% of the cells are bipolar, A2B5 positive and Gal-
C negative. Three-day-old cultures contained a mixed population
with 60% A2B5 positive cells and 60% Gal-C positive cells, thus
including many double-stained cells. After 7 days in DMEM-N1 only
3% of the cells are GFAP-positive cells. In the areas where the
electrophysiological recordings were made, no cells were positive
after immunocytochemical staining using antiphosphorylated and anti-
unphosphorylated neurofilament antibodies.
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In our recording conditions, day 1 progenitor cells and day 7
oligodendrocytes had respective mean resting potentials of
–70 
 6 mV (SEM; n 	 14) and –56 
 5 mV (SEM; n 	 22). In cells
voltage-clamped at a holding potential of –70 mV, bath application of
glycine (10 s) elicited inward currents. The plot of absolute current
amplitudes as a function of glycine concentrations obtained from day
3 cultures (Fig. 1A) was best fitted by a sigmoidal curve yielding an
EC50 of 140 
 2.5 µM glycine (mean 
 SEM; n 	 7) and a Hill
coefficient (nH) of 2.0 
 0.1. Maximum current amplitudes (elicited by
1 mM glycine) were measured at different stages of cell differentiation.
Confirming previous data (Belachew et al., 1998), we observed
significantly larger responses in the day 3 population and a similar
trend for the evolution of the percentage of responding cells
(Fig. 1B,C). As maximum current amplitudes is an indirect measure
of receptor density, these data suggest a decreased expression of
GlyR at the differentiated oligodendrocyte stage. To be noticed is the
large range of current amplitudes observed during application of
1 mM glycine: 10–281 pA in day 1, 45–2179 pA in day 3 and 11–
590 pA in day 7 cultures.

Glycine activates a chloride conductance

In order to define the ionic species carrying the glycine-induced
currents, cells with large responses were selected. For this purpose,
day 3 cells were particularly suitable. The resting K� conductance
was blocked by adding Ba2� (5 mM) in the external solution and
replacing K� by equimolar concentrations of Cs� both in the pipette
and the bathing solution. To study glycine-evoked currents at different
membrane potentials, the membrane was clamped at a series of
potentials ranging between � 100 and –140 mV. From a holding
potential of –70 mV, each voltage step lasted for 100 ms and the
series of voltage steps was applied every 4 s (Fig. 2C,D). Specific
glycine-induced membrane currents were obtained by subtracting
currents under control conditions from those measured at the peak of
the glycine response. The resulting current–voltage curve was linear
and reversed at �2.0 
 1.9 mV (range –4.7 to �7.2 mV; n 	 5)
(Fig. 2A) which is close to the calculated Nernst chloride equilibrium
potential (�0.5 mV). When the extracellular chloride concentration
was decreased by substituting for the sodium chloride equimolar
concentration of sodium gluconate, the reversal potential was shifted
to �42.9 
 4.1 mV (range �30.6 to �48.6 mV; n 	 4) (Fig. 2B)
which again is close to the calculated chloride equilibrium potential
(�45.8 mV) in those conditions. These experiments thus demonstrate
that glycine-induced currents in oligosphere-derived OP are mainly
carried by Cl– ions.

Pharmacological characterization of glycine-induced currents

The GlyR agonists β-alanine and taurine also triggered inward currents
that were studied in day 3 cells. However, the relative amplitudes of
β-alanine- and taurine-evoked currents were significantly different
from those elicited by glycine at the same concentration in the same
cell (respectively 130 
 8 and 81 
 5% of Iglycine, mean 
 SEM).
Moreover, currents induced by β-alanine and taurine at 1 mM did not
show the typical biphasic pattern of an initial peak rapidly inactivating
to a plateau (Fig. 3A) as seen with glycine. The glycine-, β-alanine-
and taurine-induced responses were all reversibly blocked by the
GlyR antagonist strychnine (1 µM) but the inhibition of β-alanine
currents was not complete. The GABAA receptor antagonist bicucullin
had no effect on glycine-induced currents (data not shown). The best
fitting curve for strychnine inhibition of glycine-induced currents was
given by a two sites competition model allowing calculation of two
distinct IC50 (Fig. 3B). Thus, unlike rat spinal cord neuronal GlyR,
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FIG. 4. Picrotoxinin and cyanotriphenylborate (CTPB) blockade of glycine response. (A,B) Representative recordings of day 3 OP cells superfused with glycine
(1 mM) alone or together with cyanotriphenylborate (0.01 mM) or picrotoxinin (0.1 mM). (B–D) Results are expressed as in Fig. 3B. The statistical data are
expressed as compared with glycine-induced currents; ***P � 0.001.

the OP GlyR seems to have two different strychnine binding sites.
One hundred per cent of the glycine-responding cells (n 	 15) were
sensitive to the chloride channel blocker picrotoxinin (0.1 mM) which
inhibited 90 
 2% (mean 
 SEM) of the glycine-induced currents
(Fig. 4B–D). All the tested day 3 OP cells (n 	 10) were also sensitive
to cyanotriphenylborate (CTPB, 10 µM) which inhibited 55% 
 11%
(mean 
 SEM) of glycine currents (Fig. 4A–C).

[3H]Strychnine binding assays with cultured oligodendrocyte
progenitor cells

We next used [3H]strychnine binding assays to further confirm the
existence of two different strychnine binding sites on OP GlyR. After
Scatchard transformation (Fig. 5), [3H]strychnine binding data are
best fitted with a two-sites (Kd1 	 0.46 nM, Bmax1 	 0.56 pmol/mg
protein, r21 	 0.88 and Kd2 	 16.23 nM, Bmax2 	 7.43 pmol/mg pro-
tein, r22 	 0.76) than a one-site model (Kd 	 4.77 nM, Bmax 	 3.51
pmol/mg protein, r2 	 0.46). It has, however, to be pointed out that
the binding assays, which were performed four times, showed
important variations in the high affinity site calculated values (Kd1
ranging from 0.13 to 0.85 nM and Bmax1 from 0.55 to 3.03 pmol/mg
protein). These variations are likely to be a consequence of the
relatively low specific activity of commercially available [3H]stry-
chnine, the low number of these high affinity strychnine binding sites
and an uneven cell distribution inherent in the oligosphere culture
model. Although these binding data are not conclusive, they strengthen
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FIG. 5. [3H]Strychnine binding assays with day 3 oligodendrocyte progenitor
cells cultures. Scatchard transform analysis of the data showed a very bad
fitting with the one-site model. It was also possible to get two different
Scatchard plots with much better fitting (dashed lines) determining two distinct
KD (values in the text).
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the conclusion drawn from electrophysiological experiments on the
existence of a high affinity strychnine site on the oligodendroglial
GlyR.

FIG. 6. RT–PCR amplification of GlyR subunit transcripts in neonatal rat
cortical OP cultures. PCR with α1-, α2-, α3- and β-specific oligonucleotide
combinations were performed in parallel using equal amounts of cDNA
reversely transcribed from RNA isolated from day 3 oligosphere-derived OP
cultures. Left margin: migration of standard DNA markers with size indicated
in base pairs.

FIG. 7. Fluorescence microscopy of day 3 OP cells. (A–C) Digital interferential contrast view of OP cells after 3 days in culture. (B) Fluorescence view of the
cells in field (A) labelled with mAB 4a. (D) Fluorescence view of the cells in field (C) labelled with mAB 2b. Bar 	 10 µm.
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Reverse transcription–polymerase chain reaction and
immunocytochemical characterization of the GlyR subunits
expressed in oligodendrocyte progenitor cultures

Total RNA extracted from pooled day 3 OP cultures were reverse
transcribed and amplified with primers for either α1, α2, α3 and β
subunit transcripts. This procedure yielded bands for α2 and β, the
size of which corresponding to that predicted for each set of primers
(Fig. 6). The amplified material was cloned, sequenced and found to
be identical to the published sequence of each GlyR subunit. These
experiments were repeated four times all yielding identical results.
α1- or α3-amplified products were never detected whereas control
experiments using adult and neonatal rat spinal cord total RNA gave
positive signals with the four sets of primers. Moreover, using mAB
2b which is a monoclonal antibody that selectively labels the GlyR
α1 subunit and mAB 4a which has been mapped to an epitope
(Schröder et al., 1991) common to all rat GlyR α subunits, we showed
that oligodendroglial cells at various time in culture were never
labelled by mAB 2b while they were positive for mAB 4a staining
(Fig. 7) thus confirming that OP cells express GlyR that do not
contain the α1 subunit.

Discussion

The inhibitory GlyR has been characterized as a ligand-gated chloride-
selective channel expressed by neurons throughout the CNS. In this
study, we report that exogenously applied glycine induces inward
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currents in voltage-clamped oligosphere-derived cortical OP. We
show that these glycine-evoked currents are the consequence of the
activation of the GlyR, as: (i) they are also elicited by β-alanine and
taurine; (ii) they are bicucullin-insensitive; (iii) they are blocked by
strychnine, a GlyR competitive antagonist, and by picrotoxin and
cyanotriphenylborate, two chloride channel blockers; and (iv) they
reverse at a potential close to the Nernst chloride equilibrium potential.
Glycine-induced currents were recorded all along the differentiation
process from early progenitors (day 1) up to mature oligodendrocytes
(day 7). The pattern of evolution of maximum current amplitudes
suggests a transient increased GlyR expression during an intermediate
period along the oligodendrocyte lineage. Immunocytochemical stain-
ings and RT–PCR experiments confirm the presence of glycine
receptor on cultured OP derived from cortex and further demonstrates
that only the α2 and β subunits are present.

As compared with in vitro studies of neuronal GlyR (EC50 µ 40–
90 µM) (Tokutomi et al., 1989; Xu et al., 1996), or to α2 and α2β
transfected cells (EC50, respectively, 60 and 85 µM) (Pribilla et al.,
1992), OP GlyR has a glycine affinity (EC50 	 140 
 2.5 µM)
which although slightly lower is not significantly different. The Hill
coefficient value (2.0 
 0.1) suggests that several glycine molecules
are required to activate one single oligodendroglial GlyR channel.
The strychnine inhibition curve of OP glycine-induced currents
demonstrates a higher antagonist affinity for OP as compared with
typical neuronal GlyR (Tokutomi et al., 1989) including embryonic
spinal cord neuronal GlyR that we have used for comparison.
Moreover, unlike neuronal GlyR, our electrophysiological and ligand
binding data suggest the existence of two strychnine binding sites on
the oligodendrocyte progenitor glycine receptor with high (picomolar
range) and low (nanomolar range) affinities. In the classical model
of GlyR α subunit, two domains of the amino-terminal extracellular
region (Tyr-161; Lys-200 and Tyr-202) are required for strychnine
binding to the receptor (Vandenberg et al., 1992b). It is now demon-
strated that the agonist binding site of this receptor is distinct from
the strychnine binding site and located at the residue Thr-204
(Vandenberg et al., 1992a). The current hypothesis for the mechanism
of strychnine antagonism is a steric blockade of the secondary
structure motif of the glycine binding site. The existence of a second
strychnine binding site has never been suggested by studies on
neurons. Unexpectedly, our electrophysiological characterization of
OP GlyR provides evidence for a double site model for strychnine
interaction with glycine-induced currents. Unfortunately, the relatively
low specific activity of the commercially available [3H]strychnine
preparations and the low number of high affinity strychnine binding
sites in OP cultures prevents an accurate determination of its dissoci-
ation constant. Regarding the molecular basis of this new potential
strychnine binding site, sequencing of the whole OP α2 subunit that
has been detected in our PCR experiments is needed before any
suggestion is made. This work is currently in progress in our
laboratory.

In spinal cord slices, Pastor et al. (1995) demonstrated that picrotox-
inin reversibly blocked the glycine-induced currents in all precursor
cells which have voltage-dependent sodium channels, whereas in
astrocytes and fully mature oligodendrocytes, the effect of picrotoxinin
is more heterogeneous. In the present study, we observed picrotoxinin
blockade of the glycine response in 100% of the day 3 oligosphere-
derived cortical OP. This result fits with the lack of β subunit in the
OP GlyR complex as described by Pribilla et al. (1992) but is
discordant with our detection by RT–PCR of β subunit in day 3 OP
cultures. This discrepancy could be due to a minor contamination by
fully mature oligodendrocytes which are known to be partially
picrotoxin-insensitive (Pastor et al., 1995) as a consequence of the
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presence of a β subunit within the GlyR complex. However, since
all the tested day 3 OP cells were also sensitive to cyanotriphenylborate
which has no effect on α2-subunit homo-oligomers (Rundström et al.,
1994), we suggest that OP GlyR could either correspond to (i) a
hetero-oligomeric α2β structure in which the β subunit would be a
yet undescribed variant with differences for instance in the M2
segment sequence which is known to confer picrotoxinin resistance
(Pribilla et al., 1992), or (ii) a homo-oligomeric α2 structure with a
new α2 sequence that would fit with both the CTPB sensitivity and
the double site strychnine interaction hypothesis.

Considering now the physiological significance of the presence of
GlyR in the oligodendroglial cells derived from subcortical white
matter, it is interesting to point out that non-ketotic hyperglycinaemia
is a heritable disorder of amino acid metabolism in which large
amounts of glycine accumulate in plasma and cerebrospinal fluid
(Nyhan, 1989). Pathological features of non-ketotic hyperglycinaemia
include decreased or absent myelination of supratentorial white-
matter tracts whereas myelination of the brainstem and cerebellum
progresses normally (Press et al., 1989). It is tempting to speculate
that pathological findings in hyperglycinaemic patients could, at least
partially, be mediated by cortical oligodendroglial GlyR hyperactiv-
ation. As for the GABAA receptor, the functional role of GlyR in
oligodendroglial cells could be associated with its depolarizing effect
(Gilbert et al., 1984). Indeed, spinal cord oligodendrocytes possess a
furosemide-sensitive Na�/K�/Cl–-uptake system (Hoppe &
Kettenmann, 1989) that keeps intracellular chloride concentration
above the value expected from pure passive distribution. In these
conditions, glycine-induced increase of chloride conductance would
result in a depolarization of the cell as has already been established
for GABA (Gilbert et al., 1984). Such a depolarization could be
sufficient to open voltage-gated Ca2� channels thus leading to an
increase of intracellular calcium concentration. This intracellular Ca2�

concentration increase could trigger downstream events which are
important for the generation of the mature CNS myelin-forming.
Comparison of maximum current amplitude values, which are an
indirect measure of receptor density, at the different stages of the
O2A lineage shows that the expression of GlyR culminates at an
intermediate stage of differentiation. This suggests that the functional
consequences of GlyR activation are likely to concern the regulation
of early events during cell progression along the oligodendrocyte
lineage such as proliferation, motility or migration, the deficit of
which could lead to defective myelination such as seen in non-ketotic
hyperglycinaemia.
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Abbreviations

B104-CM B104 cell line conditioned medium
CNS central nervous system
CTPB cyanotriphenylborate
DMEM Dulbecco’s modified Eagle’s medium
GABA γ-aminobutyric acid
Gal-C galactocerebroside
GFAP glial fibrillary acidic protein
GlyR glycine receptor
HEPES N-(2-hydroxyethyl)piperazine-N�-(2-ethanesulphonic acid)
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OP oligodendrocyte progenitor
PBS phosphate-buffered saline
RT–PCR reverse transcription–polymerase chain reaction
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Immunocytochemical analysis showed that ionotropic glycine re-
ceptors are expressed in neurogenic progenitors puri¢ed from
the newborn rat striatum and expressing the polysialylated form
of the neural cell adhesion molecule, both in vitro and in situ. To
ascertain whether glycine receptors were functional in vitro,
whole-cell patch-clamp recordings demonstrated that glycine
triggers inward strychnine-sensitive currents in the majority of
these cells. Moreover, we found that glycine receptors expressed

by these neurogenic progenitors display intermediate electrophy-
siological characteristics between those of glycine receptors ex-
pressed by neural stem cells and bymature interneurons from the
rat striatum. Altogether, the present data show that functional
strychnine-sensitive glycine receptors are expressed in neurogenic
progenitors puri¢ed from the newborn rat striatum. NeuroReport
15:583^587�c 2004 LippincottWilliams &Wilkins.

Key words: Glycine receptors; Immunocytochemistry; Neuroblast; Newborn rat; PSA-NCAM; Strychnine;Whole-cell patch-clamp

INTRODUCTION
During CNS development, neural stem cells differentiate
initially into progenitors that express the polysialylated
form of the neural cell adhesion molecule (PSA-NCAM) [1],
a molecule which plays important roles in developmental
processes and in neuronal plasticity occurring throughout
the adulthood [2,3]. Although already committed either to a
glial [4] or a neuronal [5,6] preferential fate, PSA-NCAM+

progenitors preserve a relative degree of pluripotentiality in
culture [7]. Considering that PSA-NCAM+ progenitors are
well suited for brain repair purposes [3,7,8], there is much
interest in studying signalling factors that regulate their
development. In this respect, recent studies reported
possible roles for neurotransmitter receptors in the regula-
tion of neural stem/progenitor cell biology before the onset
of synaptogenesis (see [9] for review). In the adult CNS,
strychnine-sensitive glycine receptors (GlyR) are ligand-
gated anion channels widely expressed within the spinal
cord and brainstem, where they mediate inhibitory neuro-
transmission [10]. GlyRs are also found in the developing
CNS in neural stem/progenitor cells [11], in oligodendro-
cyte progenitors [12] and in neuroblasts [13], where they
have been suggested to mediate developmental signals. In
the present study, we found evidence for the expression of
functional GlyRs in neurogenic progenitors bIII-tubulin+/
PSA-NCAM+ isolated from newborn rat striatum and
cultured as proliferative spheres. Moreover, their electro-

physiological and pharmacological characterization inter-
estingly suggests an intermediate functional profile between
neural stem cells and mature interneurons.

MATERIALS AND METHODS
Cell culture: Care and use of animals reported in this
study were approved by the Belgian National Fund for
Scientific Research in accordance with NIH guidelines.
Newborn Wistar rats (0–3 days old) raised in our animal
facility were sacrificed following National Institutes of
Health animal welfare guidelines. They were first anaes-
thetized on ice and subsequently decapitated. Striata were
dissected out and collected in phosphate buffer saline (PBS)
solution supplemented with glucose at 4.5 g/l. Isolated
striata, possibly including small parts of subventricular
zones, were next triturated in PBS-HEPES (25mM) before
being filtered with a 15mm nylon mesh. The cell suspension
was then layered on top of a pre-centrifuged (15min at
26 000 � g) Percoll density gradient (1.04 g/ml, Amersham
Biosciences, Uppsala, Sweden) and further ultracentrifuged
for 15min at 26 000 � g. Proliferating PSA-NCAM+

precursor cells were separated from differentiated post-
mitotic neural cells and cell debris by collecting the
interphase located between the bands at 1.052 and 1.102 g/
ml, as determined using density marker beads (Amersham
Biosciences) for the calibration of the Percoll gradient after
centrifugation [14]. The resulting suspension was then
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centrifuged three times (10min at 400 g) in PBS-HEPES to
eliminate Percoll. The final pellet was resuspended in
DMEM/F12 (1:1, v:v, Invitrogen, Merelbeke, Belgium)
medium supplemented with 1% (v:v) of N2 (25 mg/ml
bovine insulin, 100mg/ml transferrin, 20 nM progesterone,
60mM putrescine, 30 nM sodium selenite), 1% (v:v) B27
(Invitrogen) and epidermal growth factor (EGF, 20 ng/ml;
PeproTech, Rocky Hill, NJ, USA). Cells grown in uncoated
conditions generated floating spheres (Fig. 1a,b). After 3
days in EGF-containing medium, growing spheres were
allowed to attach for 1 h onto polyornithine-coated cover-
slips before being used for patch-clamp recordings or
immunocytochemical studies.

Immunostaining: Cells were fixed with 4% (v:v) paraform-
aldehyde for 10min at room temperature and permeabilized
in 0.1% Triton X100 (v:v) for 15min, when subsequent
immunostaining was directed towards cytoplasmic epi-
topes. For all immunostaining, non-specific binding was
blocked by a 30min treatment in a PBS solution containing
non-fat dry milk (15mg/ml). Cells were then incubated
overnight at 41C with primary antibodies: mouse anti-PSA-
NCAM at 1:500 (AbCys S.A., Paris, France), mouse anti-bIII
tubulin at 1:1500 (clone Tuj1, BAbCO, USA), rabbit anti-
GlyRa1/2 at 1:100 (Chemicon, Temacula, CA), rabbit anti-
glial fibrillary acidic protein (GFAP) at 1:1500 (Dako, Prosan,
Belgium), and mouse monoclonal anti-O4 at 1:150 (Chemi-
con, Temacula, CA, USA). Secondary antibodies were
diluted in PBS solution and applied for 45min at room
temperature. These included: FITC-, rhodamine-conjugated
anti-mouse IgM (1:500), rhodamine-, Cy5-conjugated anti-
mouse IgG, and FITC-conjugated anti-rabbit Ig antibodies

(all purchased from Jackson Immunoresearch Laboratory,
Inc., West Grove, USA). Three rinses in PBS were performed
between all different steps. Preparations were mounted in
Fluoprep (Biomerieux, France). Frozen 30 mm tissue sections
were prepared as described previously [15]. Immunohisto-
chemical stainings were processed following a procedure
identical to that of cultured cells. In the control experiments,
where primary antibodies were omitted, no detectable
immunofluorescence was observed. Images were acquired
using a laser scanning confocal microscope (MRC1024,
BioRad, Hertfordshire, UK).

BrdU incorporation assay: To label cells in S phase in vitro,
BrdU (20mM, Sigma, USA), which is incorporated into
replicating DNA, was added to the cultures for 18 h prior to
fixation and staining. The PSA-NCAM and Tuj1 labellings
were performed as described in the preceding section.
Coverslips were next post-fixed for another 10min incuba-
tion in 4% (v/v) paraformaldehyde, incubated in NaOH
0.07N for 10min, post-fixed again for 10min, permeabilized
in Triton X100 (0.1%) and finally incubated for 45min with
an anti-BrdU FITC-conjugated antibody (1:3, Becton-Dick-
inson, USA).

Cell counting: For quantitative immunostainings, spheres
were mechanically dissociated prior to immunocytochem-
ical procedure and further plated onto polyornithine-coated
coverslips. Cells were allowed to attach for 1 h before
fixation. Cells were counterstained with the nuclear dye:
ethidium homodimer-1 (Etd1, applied at 6� 10�7M for
7min, Molecular Probes, Leiden, The Netherlands). Ten
non-overlapping microscopic fields (B50 cells/field; Axio-
vert 135 fluorescence microscope, �40 objective, Zeiss) were
counted for each coverslip in a minimum of three separate
experiments. Results are expressed as mean7 s.e.m.

Electrophysiological recordings: Cell-Tak (Becton Dickin-
son)-coated coverslips containing 1–3 h adhesive spheres
were transferred to the stage of a Zeiss interferential
contrast microscope equipped with fluorescence. Coverslips
were maintained at 371C in a recording chamber which was
continuously perfused with a physiological saline solution
containing (in mM): NaCl, 116; D-glucose, 11.1; KCl, 5.4;
CaCl2.2H2O, 1.8; MgCl2.6H2O, 2.0; HEPES, 10.0; pH 7.2.
Glycine was purchased from UCB (Brussels, Belgium) and
strychnine and SR-95531 were obtained from Sigma. All the
drugs were applied by means of a local microperfusion
system (SPS-8, List Medical). Borosilicate recording electro-
des (15–20MO) were made using a Flaming-Brown micro-
electrode puller (P97, Sutter Instrument Co). Micropipettes
were filled with an intracellular-like solution containing
(in mM): KCl, 130.0; CaCl2.2H2O, 1.0; D-glucose, 11.1; EGTA,
10.0; Na2-ATP, 2.5; Mg-ATP, 2.5; HEPES, 10.0, pH 7.4.
Electrophysiological recordings were performed with a Bio-
Logic RK400 patch-clamp amplifier using the whole-cell
configuration of the patch-clamp technique [16]. Series
resistances (10–20O) were electronically compensated (80–
85%) and current traces were filtered at 3 kHz, acquired and
digitized at 0.5 kHz, and stored on a personal computer
system. Control of drug application, data acquisition and
data analysis was achieved using an ITC-16 acquisition
board (Instrutech Corporation) and the TIDA for Windows
software (HEKA Elektronik Lombrecht/Pfolz, Germany).

(a) (b)

(d)(c)

Etd1

Tuj1

PSA-NCAM

Merge

Fig. 1. Immunocytochemical analysis of neurogenic PSA-NCAM+ pro-
genitors fromearlypostnatal striatum.Confocal images of a 3-DIV sphere
showing respectively: nuclei stained by the nuclear dye ethidium-homo-
dimere 1 (Etd1, a), the corresponding ¢eld where cells were immuno-
stained for PSA-NCAM (b), immunostaining for bIII-tubulin (Tuj1, c), and
themerge of (a^ c) (d). Inserts display in each panel a highermagni¢cation
view (5 times) of two cells co-expressing PSA-NCAM and Tuj1 (a^ d).
Bars¼15mm.
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RESULTS
Using a procedure allowing the purification of neurogenic
PSA-NCAM+ progenitors from the newborn rat striatum
[6], we isolated and cultured neurogenic PSA-NCAM+

progenitors in suspension for 3 days (3 DIV) in EGF-
containing medium where they proliferate and form
spheres. As described previously [6], these spheres are
mainly composed by neuronal precursors co-expressing
PSA-NCAM (92.87 3.2% of the total cells, n¼ 6 experi-
ments) and bIII-tubulin (Tuj1+ ; 52.37 7.8% of the total cells,
n¼ 6 experiments), with all Tuj1+ cells expressing PSA-
NCAM (Fig. 1). Markers of oligodendrocytes (O4) or
astrocytes (glial fibrillary acidic protein, GFAP) were almost
absent from the spheres (O4, 4.87 1.0% of the total cells,
n¼ 8 experiments; GFAP, 8.77 1.3% of the total cells, n¼ 4
experiments). The cells proliferate since 18.57 8.3% (n¼ 4
experiments) of striatal PSA-NCAM+ cells within 3 DIV
spheres incorporate BrdU (18 h treatment).
Given that previous works reported the expression of

functional GlyRs before synaptogenesis in early progenitors
from the newborn rat brain [11–13], we sought to investigate
the presence of GlyRs in neurogenic PSA-NCAM+ pre-

cursors from the postnatal rat striatum. The expression of
GlyR proteins was firstly analyzed by immunocytochem-
istry in 3 DIV PSA-NCAM+ spheres. For that purpose, we
used polyclonal antibodies directed against the a1 and a2
subunits of GlyR. As illustrated in Fig. 2a–c staining (highest
magnification in Fig. 2c) for GlyR proteins was found in
62.17 2.6% of the total PSA-NCAM+ cells (n¼ 3; Fig. 3a),
probably corresponding to the Tuj1+ PSA-NCAM+ cell
subpopulation that composes the spheres. Indeed, we
observed that all Tuj1+ cells co-expressed GlyRs (Fig. 2d–
f). Finally, simultaneous immunostainings of striatal tissue
sections from newborn rat with anti-PSA-NCAM (Fig. 2g)
and anti-GlyR (Fig. 2h) antibodies also revealed a co-
expression of PSA-NCAM and GlyRs in situ (Fig. 2i).
We next performed an electrophysiological characteriza-

tion of GlyRs in PSA-NCAM+ cells cultured in proliferative
spheres by using the patch-clamp technique in the whole-
cell configuration. The mean membrane potential of cells
located at the periphery of 3-DIV spheres and recorded in
current-clamp was �58.37 20.8mV (n¼ 52 cells). In vol-
tage-clamp mode and at a holding potential of �70mV, bath
application of 1mM glycine, a concentration that saturates

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Fig. 2. GlyRs are expressed by PSA-NCAM+ progenitors from early postnatal striatum. (a^c) Immunodetection of GlyRs in 3-DIV PSA-NCAM+

progenitors.Confocal images of 3-DIV striatal cells showing GlyR immunostaining (green) and cell nuclei (Etd1, red) in an intact sphere (a) or after acute
dissociation (b). (c) Highermagni¢cation view showing the labelling of GlyRs (green) in acutely dissociated cells. (d^f ) Immunodetection of GlyRs inTuj1+

cells dissociated from 3-DIV PSA-NCAM+ spheres showing the co-expression of bothTuj1 (d) and GlyR (e) in a majority of cells (see (f) for co-expres-
sion). (g^i) Immunostaining of striatal slices from newborn rat displaying immunoreactive cells for both PSA-NCAM (g) and GlyR (h). Bars¼ 25mm for
(b,d,e,f); 10mm (a,c,g,h,i).

Vol 15 No 4 22 March 2004 585

GLYCINERECEPTORS IN STRIATAL PSA-NCAM+ CELLS NEUROREPORT

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Publication #12



GlyRs (see Fig. 3b), elicited inward currents in 64.6% of the
cells (Fig. 3a). Glycine-induced current amplitudes distribu-
tion ranged from 25pA to 1042 pA, with a mean maximum
amplitude of 231.37 48.9 pA (n¼ 31 cells). In glycine-
responsive PSA-NCAM+ progenitors, the EC50 value
calculated from the sigmoidal concentration–response curve
was 86.17 1.2 mM with a Hill coefficient (nH) of 1.87 0.5
(n¼ 10 cells, Fig. 3b). Confirming that glycine-elicited
currents were specifically due to the activation of GlyRs,
co-application of strychnine, a GlyR antagonist, completely
and reversibly inhibited glycine responses (Fig. 3c). The
effect of strychnine was concentration dependent with an
IC50 value of 1.27 1.8 mM (n¼ 10 cells; Fig. 3d). All the data
were obtained in the presence of 10 mM SR-95531, preclud-
ing any cross-activation of GABAA receptors by glycine.

DISCUSSION
During CNS maturation, PSA-NCAM+ progenitor cells
differentiate into neurons [17,18] and glial cells [4] for
which the spatial and temporal generation is orchestrated
by a combination of intrinsic and extrinsic molecules,
probably including neurotransmitters. It is now well
established that specific neurotransmitters and their corre-
sponding receptors are expressed by progenitor cells during
CNS development and may play a role as growth regulatory
signals [9]. Along this line, we had already demonstrated
that some nestin+ neural stem/progenitors cells derived
from the newborn rat striatum express functional GlyRs

[11]. Here we clearly demonstrate by combining immuno-
cytochemical and electrophysiological techniques that func-
tional GlyRs are also expressed at a later developmental
stage, i.e. in neurogenic Tuj1+ PSA-NCAM+ progenitors
isolated from the newborn rat striatum and cultured 3 DIV
on a non-adhesive substrate as floating spheres. These in
vitro data were corroborated by the demonstration that
GlyRs are also expressed in situ in PSA-NCAM+ cells of the
newborn rat striatum.

The GlyRs of neurogenic Tuj1+ PSA-NCAM+ progenitors
show intermediate elecrophysiological characteristics be-
tween those of the GlyRs expressed by nestin+ neural stem/
progenitors derived from the postnatal rat striatum [11] and
by mature striatal neurons [21]. Glycine displayed a mean
effective concentration (EC50) of 86.17 1.2 mM in neurogenic
Tuj1+ PSA-NCAM+ progenitors that is intermediate be-
tween 68.27 1.7 mM in nestin+ neural stem/progenitors [11]
and 1067 4 to 1257 7 mM in mature striatal neurons
[20,21]. Differences in Hill coefficient for glycine have also
been observed between neurogenic Tuj1+ PSA-NCAM+

progenitors (nH¼ 1.8), nestin+ neural stem/progenitors
(nH¼ 1) [11] and mature striatal neurons (nH¼ 1.7–2.1)
[20,21]. Moreover, the mean effective concentration (IC50)
of the antagonist strychnine to block glycine currents
differed significantly between Tuj1+ PSA-NCAM+ progeni-
tors (1.27 1.8 mM), nestin+ neural stem/progenitors
(192.77 1.2 nM) [11], and mature striatal neurons
(707 5 nM) [20]. As described for cortical neuroblasts
[13], this could reflect the incorporation, at the Tuj1+
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Strychnine (M)
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Fig. 3. GlyR activation triggers strychnine-sensitive inward currents in striatal PSA-NCAM+ progenitor cells. (a) Histogramrepresenting respectively,
the percentage of cells responding to1mM glycine, and the percentage of total cells immunostained for GlyR in the population of 3-DIV PSA-NCAM+

cells. All recordings were performed in the continuous presence of 100mM SR-95531 (a speci¢c antagonist of GABAAR) to avoid the cross-activation of
GABAAR by glycine. (b) Concentration^response curve obtained from glycine-responsive PSA-NCAM+ progenitors. (c) Recording from a PSA-
NCAM+ cell illustrating an inward currentelicitedby100mMglycine (a concentration close to its EC50, see (b)) andreversiblyblockedby10mMstrychnine
(an antagonist of the GlyR). (d) In 3-DIV striatal PSA-NCAM+ cells, glycine-induced currentswere completely, reversibly and dose dependently inhibited
by strychnine.
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PSA-NCAM+ maturation stage, of GlyR a2*, an a2 isoform
known for its weak sensitivity to strychnine [24]. Previous
studies have indicated that neuronal development can
induce several changes in the properties of GlyRs, e.g. the
switch from an a2 homopentameric structure to a1/b
heteromeres in spinal cord motoneurons [25]. Our observa-
tion of graded differences in terms of EC50, nH, and
strychnine sensitivity with neuronal maturation suggests
that a change in GlyR stoichiometry could also occur within
the striatum.
In the adult striatum, GlyRs are expressed in medium

spiny projection neurons and in cholinergic aspiny inter-
neurons [19–21], where they do not seem to participate in
inhibitory neurotransmission [19]. Our findings could
suggest that GlyR-expressing Tuj1+ PSA-NCAM+ cells are
direct precursors of these two subpopulations of striatal
neurons [21]. Moreover, those GlyRs expressed before
synaptogenesis could regulate some processes for the
maturation of striatal Tuj1+ PSA-NCAM+ progenitors along
the restriction pathway leading to functional striatal
neurons. This hypothesis is consistent with previous studies
that have indicated a role of GlyRs in the early development
of cortical neuroblasts [13] and of progenitors of cerebellar
Purkinje neurons [22], and in the neuronal maturation [23].

CONCLUSION
It is now well established that neurotransmitters and their
corresponding ligand-gated ion channel receptors exert
numerous roles during CNS development, prior to the
emergence of their role in neurotransmission [9]. In the
present study we demonstrate that functional GlyRs are
expressed in neurogenic Tuj1+ PSA-NCAM+ progenitors
from the postnatal rat striatum. The roles of those GlyRs
remain to be elucidated, and our future studies will be
dedicated to untangle their function(s) in the regulation of
proliferation, and/or differentiation of neurogenic Tuj1+

PSA-NCAM+ progenitors within the developing striatum.
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�?�+ ��1 �* �� *�%�& ��� 1 M �� ��= ���
������ �+������ ���

?�	��������#� ��� +%8 ������� ��� �������� �� � +�% &JJ
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ABSTRACT Oligodendrocyte precursor (OP) cells are exposed to multiple extrinsic
signals that control their proliferation and differentiation. Previous cell proliferation
studies and electrophysiological analysis in cultured cells and in brain slices have
suggested that outward potassium channels, particularly Kv1 subunits, may have a
prominent role in OP cell proliferation. In the present study, we assessed to what extent
overexpression of Kv1.3, Kv1.4, Kv1.5, and Kv1.6 can affect OP cell proliferation and
differentiation in culture. We observed that overexpression of Kv1.3 or Kv1.4 increased
OP cell proliferation in the absence of mitogens, whereas Kv1.6 overexpression inhibited
mitogen-induced OP cell cycle progression. Interestingly, Kv1.3, Kv1.4, Kv1.5, and
Kv1.6 overexpression did not interfere with the kinetics of oligodendrocyte differentia-
tion. This study represents the first demonstration that the activity of potassium
channels containing distinct Kv1 subunit proteins directly controls oligodendroglial
proliferation in the presence of mitogens, as well as in growth factor-free conditions.
© 2004 Wiley-Liss, Inc.

INTRODUCTION

During the development of the central nervous sys-
tem (CNS), proliferation and differentiation of neural
cells are regulated by extrinsic and intrinsic signals.
Mature oligodendrocytes, the principal myelinating
cells in the CNS, originate primarily from highly pro-
liferative oligodendrocyte precursor (OP) cells (Levison
et al., 1993; Levison and Goldman, 1993). The complex
array of extrinsic signals required for OP cells to mi-
grate, proliferate, and differentiate into oligodendro-
cytes is not yet completely defined.

It has been demonstrated that OP cell cycle progres-
sion in vitro and in situ (Gallo and Ghiani, 2000) can be
controlled by extracellular cues such as glutamate, nor-
epinephrine, and adenosine (Gallo and Ghiani, 2000;
Ghiani et al., 1999a), but also by pharmacological K�

channel blockade (Ghiani et al., 1999b; Chittajallu et
al., 2002). Previous studies in cultured cells and in
mutant mice have analyzed some of the intrinsic cell
cycle regulatory mechanisms in OP cells, with a focus
on proteins involved in G1/S progression (Durand et
al., 1997, 1998; Casaccia-Bonnefil et al., 1997, 1999;
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Tang et al., 1998; Ghiani et al., 1999a,b; Ghiani and
Gallo, 2001). One of the mechanisms that have received
much attention involves the endogenous cdkis p21Cip1

and p27Kip1 and their binding to the cyclin E-cdk2
complex. The levels of these cdkis increase in OP cells
either during permanent cell cycle withdrawal associ-
ated with differentiation (Durand et al., 1997, 1998;
Casaccia-Bonnefil et al., 1997, 1999; Ghiani et al.,
1999a) or during reversible cell cycle arrest in G1
caused by extracellular signals, such as K� channel
blockade (Ghiani et al., 1999b), which inhibit cell cycle
progression driven by the mitogen platelet-derived
growth factor (PDGF). Finally, it was demonstrated
that cdk2 overexpression prevented G1 cell cycle arrest
induced by the K� channel blocker tretraethylammo-
nium (TEA), providing evidence that a causal relation-
ship exists between regulation of K� conductance, cy-
clin E-cdk2 activity, and OP cell proliferation
(Belachew et al., 2002).

K� channels are formed by tetrameric protein com-
plexes, which can be homomeric or heteromeric (Rup-
persberg et al., 1990; Chandy and Gutman, 1993;
Sheng et al., 1993). Pharmacological blockage of such
potassium channels prevents cell proliferation in dif-
ferent cell types (DeCoursey et al., 1984; Dubois and
Rouzaire-Dubois, 1993; Wonderlin and Strobl, 1996;
Knutson et al., 1997; MacFarlane and Sontheimer,
1997; Sobko et al., 1998).

In OP cells, all six Shaker-type Kv1 (Kv1.1 to 1.6)
potassium channel subunits can be detected with dif-
ferent RNA and protein levels (Attali et al., 1997; Chit-
tajallu et al., 2002). Proliferative OP cells express large
Ik, whereas nondividing and mature oligodendrocytes
display much smaller outward currents (Knutson et
al., 1997). We demonstrated previously that Ik currents
are upregulated in G1 phase of the cell cycle, which is
attributed to an RNA synthesis-dependent and selec-
tive increase of K� channel subunit proteins Kv1.3 and
Kv1.5 (Gallo et al., 1996; Knutson et al., 1997; Ghiani
et al., 1999b; Chittajallu et al., 2002). Furthermore,
inhibition of outward K� channels by blocker tetraeth-
ylammonium or by cell membrane depolarization
through Na� channel opener veratridine inhibits OP
cell proliferation (Knutson et al., 1997; Ghiani et al.,
1999b). Interestingly, selective pharmacological block
of Kv1.3 closely mimics the inhibitory effect of TEA on
OP cell proliferation, indicating a critical role of this
subunit in OP cell cycle progression (Chittajallu et al.,
2002).

In the present study, our goal was to determine
whether a direct causal link exists between the expres-
sion of specific Kv1 subunits and OP proliferation and
differentiation. Therefore, we took advantage of a pre-
viously characterized model system (Ghiani et al.,
1999b; Belachew et al., 2002) to overexpress different
Kv subunits in OP cells. We assessed proliferation and
differentiation of purified OP cells after transfection
with plasmid vectors bearing different Kv1 potassium
channel subunits.

MATERIALS AND METHODS
DNA Constructs

The oligodendroglial promoter used (in Bluescript
SK�, Stratagene) was the 3.7-kb XbaI–HindIII se-
quence that contains the CNP1 and CNP2 promoter
core elements of the mouse 2�,3�-cyclic nucleotide 3�-
phosphodiesterase (CNP) gene (Gravel et al., 1998;
Belachew et al., 2001; Yuan et al., 2002) (Genebank
accesssion no. M31810). The first ATG (position 0, end
of exon 0), located in the promoter region, was mutated
by replacing the A with a C (pSK-CNP-Mut). The GFP
reporter sequence was derived from the pIRES2-EGFP
plasmid (Clontech Laboratories, Cat no. 6064-1). The
unique NotI site (position 1977) was deleted to create the
pIRES2-EGFPNot plasmid. Kv1.3–1.6 rat cDNAs (gen-
erous gift from Olaf Pongs, Institute for Neural Signal
Transduction, Hamburg, Germany; Genebank accession
no. Kv1.3: X16002, Kv1.4: X16002, Kv1.5: M27158,
Kv1.6: X17621) were extracted from pAS18 (Kv1.3),
pNKS2 (Kv1.5), and pAKS2 (Kv1.4 and Kv 1.6) plasmids.

The CNP-GFP control vector was obtained by sub-
cloning the BamHI-blunt/SspI 1.6-kb fragment from
pIRES2-EGFPNot in the HindIII-blunt site of pSK-
CNP-Mut.

Kv1.3 cDNA (BamHI/HindIII 1.85-kb fragment from
pAS18-Kv1.3) was first subcloned in pBluescript SK�

(BamHI/HindIII). The BamHI-blunt/SalI fragment from
SK-Kv1.3 was then cloned downstream of the CNP pro-
moter (in HindIII-blunt/SalI sites of pSK-CNP-Mut). The
NotI-blunt/SalI fragment from this plasmid was cloned
upstream of IRES-GFP (in pIRES2-EGFP SacI-blunt/
SalI). In a final step, the pCMV promoter (from in
pIRES2-EGFP) was discarded, to obtain the CNP-Kv1.3-
GFP vector. Kv1.4 cDNA was extracted from pAKS2-
Kv1.4 by enzymatic digestion HindIII/KpnI (2.7 kb) and
cloned downstream of the CNP promoter in pSK-CNP-
Mut. The IRES-GFP sequence (SspI/BamHI fragment
from pIRES2-EGFP) was then cloned downstream of
CNP-Kv1.4 (KpnI-blunt/BamHI) to obtain the CNP-
Kv1.4-GFP vector. Kv1.5 cDNA (ApaI/ApaI double blunt
fragment from pNKS2-Kv1.5, 2 kb) was first subcloned in
pBluescript SK�. The BamHI-blunt/SalI fragment from
SK-Kv1.5 was then cloned downstream of the CNP pro-
moter (in HindIII-blunt/SalI sites of pSK-CNP-Mut), and
the IRES-GFP (SspI/SalI fragment from pIRES2-EGFP)
was cloned downstream of CNP-Kv1.5 (KpnI-blunt/SalI),
to form the CNP-Kv1.5-GFP vector. Finally, Kv1.6 cDNA
was extracted from pAKS2-Kv1.6 and cloned (1.8 kb)
downstream of the CNP promoter between SalI-blunt/
HindIII sites of pSK-CNP-Mut. The IRES-GFP (NotI-
blunt/SalI fragment from pIRES2-EGFP) was then
cloned downstream of CNP-Kv1.6 (BamHI-blunt/SalI) to
obtain the CNP-Kv1.6-GFP vector.

Cell Cultures

All culture media were from Life Technologies (Gaith-
ersburg, MD). Fetal bovine serum (FBS) was from Hy-
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clone (Logan, UT). Platelet-derived growth factor (PDGF)
was from Upstate Biotechnology (Lake Placid, NY). Pu-
rified cortical OP cell cultures were prepared as previ-
ously described from neonatal (P0) Sprague-Dawley rat
pups, using a standard experimental protocol (McCarthy
and de Vellis, 1980) with slight modifications (Ghiani et
al., 1999b). OP cells were expanded for 2–3 weeks (3–4
passages) in poly-D-ornithine-treated 100-mm plastic
Petri dishes in DME-N1 medium supplemented with
B104-conditioned medium (30% v/v) (Louis et al., 1992).
One day before transfection, OP cells were transferred
onto poly-D-ornithine treated 12-mm glass coverslips at a
density of 80,000 (differentiation experiments) or 100,000
(proliferation experiments) cells/coverslip in DME-N1
medium supplemented with platelet-derived growth fac-
tor (PDGF, 10 ng/ml) (Upstate Biotechnology).

Transfection Procedure

All plasmid constructs were introduced into cultured
OP cells by liposomal transfection in 24-well dishes,
using 0.2 �g of DNA and 0.8 �l of lipofectamine in
OPTI-MEM (Life Technologies) for each well (80,000–
100,000 cells/coverslips). The duration of the transfec-
tion procedure was 6 h. After transfection, OP cells
were cultured in DME-N1 supplemented with PDGF
(10 ng/ml). The average efficiency of the transfection
procedure for each plasmid (48 h post-transfection;
GFP-expressing cells as percentage of total cells) was:
13% with CNP-GFP, 11% with CNP-Kv1.3-GFP, 15%
with CNP-Kv1.4-GFP, 19% with CNP-Kv1.5-GFP, and
17% with CNP-Kv1.6-GFP. Transient transfection
with any of the Kv subunits did not affect OP cell
viability or number (data not shown; see also Belachew
et al., 2002).

At 24 h after transfection, OP cells were switched to
different experimental conditions: (1) PDGF withdrawal,
culture in DME-N1 � 0.5% FBS; (2) DME-N1 � 0.5%
FBS supplemented with r-margatoxin (50 nM, Alomone
Laboratories) or with dendrotoxin (100 nM, Alomone
Laboratories). Proliferation assays were performed by
adding bromodeoxyuridine (BrdU, 20 �M, Sigma) 24 h
after the end of the transfection for 24 h. Cells were then
fixed as previously described (Belachew et al., 2002).

Differentiation into O4� postmitotic pre-oligodendro-
cytes and O1� mature oligodendrocytes was assessed
by growing transfected OP cells for 4 days after the end
of the transfection procedure.

Immunostaining

Immunohistochemical characterization of trans-
fected OP cells (as assessed by the presence of GFP
fluorescence) with O4, O1, and anti-BrdU staining was
carried out as previously described (Yuan et al., 1998;
Belachew et al., 2003). For BrdU immunostaining,
since the necessary alkaline denaturation of cell DNA
(NaOH 0.07 N) was partially quenching GFP fluores-

cence, GFP immunostaining (1:100, polyclonal anti-
GFP, Santa Cruz Biotechnology, Santa Cruz, CA) was
performed before BrdU staining, to permit more pre-
cise detection of transfected cells.

RESULTS

To determine the functional role of potassium chan-
nels subunits in OP cell proliferation and differentia-
tion, we overexpressed GFP-tagged Kv1.3, Kv1.4,
Kv1.5, or Kv1.6 subunits in rat primary cultures of OP
cells, using the CNP gene promoter (Fig. 1). A CNP-
GFP empty vector was used as a control. Cell prolifer-
ation was assessed by using bromodeoxyuridine (BrdU)
incorporation assays, to quantify GFP-expressing S-
phase precursors, either in the presence of PDGF (for
24 h; OPs in cell cycle), or after PDGF withdrawal (24 h
without PDGF; cell cycle-arrested OPs) (Ghiani and
Gallo, 2001).

Overexpression of Kv1.3 and 1.4 Prevents OP
Cell Cycle Arrest Induced by Mitogen

Withdrawal, Whereas Kv1.6 Inhibits Mitogen-
Induced OP Cell Proliferation

Overexpression of Kv1.3, Kv1.4, or Kv1.5 in the pres-
ence of PDGF did not modify OP proliferation (Fig. 2A).
In contrast, Kv1.6 overexpression inhibited mitogen-
induced proliferation. After PDGF withdrawal, overex-
pression of Kv1.3 or Kv1.4, but not of Kv1.5 or Kv1.6,
increased the percentage of proliferating OP cells (Fig.
2B). Interestingly, Kv1.3 and Kv1.4 overexpression al-
most completely restored the level of cell proliferation
to that of OP cells that were cultured in the presence of
PDGF.

Effect of Kv1.3 Overexpression on OP Cell
Proliferation Is Dependent of

Kv1.3-Containing Channels

To establish that the pro-mitotic effect observed with
Kv1.3 overexpression was mediated by an increase in

Fig. 1. Schematic diagrams of plasmid vectors. The different con-
structs used for cell transfections contained cDNAs encoding for the
shaker-type potassium channel subunits Kv1.3, Kv1.4, Kv1.5, or
Kv1.6 (1852, 2658, 2004, and 1,754 bp, respectively) under the control
of the CNP gene promoter. GFP was used as reporter gene and was
cloned downstream of an internal ribosomal entry site (IRES), allow-
ing concomitant transcription of GFP and Kv1 subunits RNAs, but
translation of GFP protein independent from that of potassium chan-
nels subunits. The control vector (CNP-GFP) contained only the
IRES-GFP sequence driven by the CNP promoter.
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Kv1.3-containing functional channels, we performed
pharmacological experiments using margatoxin
(MgTx), a specific antagonist for Kv1.3-containing
channels previously used in OP cells (Chittajallu et al.,
2002). Margatoxin (50 nM) was added to transfected
OP cultures at the time of PDGF withdrawal (Fig. 3).

We first confirmed that MgTx itself had no effect on
the proliferation of mitogen-deprived CNP-GFP-
transfected control cultures (Fig. 3). This is consis-
tent with the low level of expression of Kv1.3 in OP

cells maintained in the absence of PDGF (Chittajallu
et al., 2002). In contrast, MgTx completely blocked
the increase in OP proliferation observed in mitogen-
deprived OP cells that overexpressed Kv1.3 (Fig. 3).
This provides evidence that overexpression of the
Kv1.3 subunit in OP cells results in the formation of
MgTx-sensitive functional potassium channels, and
that these newly formed channels are causally linked
to the increase in cell proliferation observed in these
OP cells. Consistent with its pharmacological profile,

Fig. 2. Differential effects of Kv1 subunits overexpression on oligo-
dendrocyte precursor (OP) cell proliferation. OP cells were transfected
with plasmid constructs containing cDNAs encoding for Kv1.3, 1.4,
1.5, and 1.6 subunits (see methods). The BrdU incorporation index
was calculated as number of BrdU� cells/number of total transfected
GFP� cells � 100. In the presence of platelet-derived growth factor
(PDGF) (for 24 h), Kv1.6 overexpression strongly inhibited OP cell
proliferation (33% decrease, **P 
 0.01, Dunnett’s test). Overexpres-
sion of Kv1.3, 1.4, and 1.5 subunits had no effect on cell proliferation
in the presence of the mitogen (DME-N1 � PDGF) (P � 0.05, Dun-
nett’s test). After PDGF withdrawal (24 h without PDGF), the per-
centage of BrdU� OP cells dramatically decreased in the control
cultures (compare the first two black bars). Overexpression of Kv1.3
and Kv1.4 prevented the cell cycle arrest induced by PDGF with-
drawal (**P 
 0.01 Dunnett’s test). Kv1.5 and Kv1.6 overexpression
did not affect OP cell proliferation after PDGF withdrawal. Histo-
grams represent mean 	 SEM of counts from four separate experi-
ments (� 600 GFP� cells counted for each condition, triplicate cover-
slips for each condition).

Fig. 3. Effect of Kv1.3 overexpression is inhibited by a blocker of
Kv1.3-containing channels. Transfected oligodendrocyte precursor
(OP) cells were treated with r-margatoxin (MgTx). R-margatoxin had
no effect on cell proliferation of cultures transfected with the control
vector (CNP-GFP). In contrast, MgTx abolished the Kv1.3-induced
increase of OP cell proliferation observed after platelet-derived
growth factor (PDGF) withdrawal (24 h without PDGF; ***P 
 0.001,
Bonferroni’s multiple comparison test). Consistently, MgTx did not
inhibit the increase in OP proliferation induced by Kv1.4 overexpres-
sion in the absence of mitogen (P � 0.05, Bonferroni’s multiple com-
parison test). Histograms represent mean 	 SEM of counts from two
separate experiments (� 200 GFP� cells counted for each condition,
triplicate coverslips for each condition).
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MgTx did not interfere with the Kv1.4-mediated in-
crease in OP cell proliferation (Fig. 3).

Kv1.6 Overexpression Inhibits Mitogen-, Kv1.3-,
and Kv1.4-Driven OP Cell Proliferation

Kv1.6 overexpression prevented the effect of PDGF
on OP cell proliferation, as no difference in cell prolif-
eration was observed in Kv1.6-overexpressing OPs be-
fore or after PDGF withdrawal (Fig. 4A). In the ab-
sence of PDGF, overexpression of Kv1.6 partially
inhibited Kv1.3-driven OP proliferation, and com-
pletely blocked the stimulating effects of Kv1.4 on OP
proliferation (Fig. 4A,B). Interestingly, co-overexpres-
sion of Kv1.3 � Kv1.4, Kv1.3 � Kv1.5 or Kv1.4 � Kv1.5
did not yield any significant difference in OP cell pro-
liferation rate (P � 0.4, Student’s t-test), as compared
to Kv1.3 or Kv1.4 alone (data not shown).

Effect of Kv1.6 Overexpression on OP Cell
Proliferation Is Dependent on

Kv1.6-Containing Channels

To define whether the effect of Kv1.6 overexpression
was mediated by an increase in the activity of Kv1.6-
containing channels, we used dendrotoxin (DTx, 100
nM), which is known to block Kv1.6-containing chan-
nels without affecting channels containing Kv1.3, 1.4,
or 1.5 subunits. DTx did not influence control-trans-
fected cells or did not modify the increase in cell pro-
liferation observed in Kv1.3-overexpressing cells. In
contrast, DTx totally reversed the inhibition of OP
proliferation caused by Kv1.6 overexpression in the
presence of PDGF (Fig. 5).

Overexpression of Kv1 Subunits Does Not
Affect OP Cell Differentiation

At 3–4 days after PDGF withdrawal, only Kv1.3
overexpression slightly increased (by 15%) the percent-
age of pre-oligodendrocytes immunostained with the
O4 antibody (Fig. 6A). Overexpression of Kv1.4, 1.5,
and 1.6 subunits did not modify the percentage of O4

�

cells. None of the Kv1.3, 1.4, 1.5, and 1.6 subunits had
any effect on OP differentiation to O1

� mature oligo-
dendrocytes (Fig. 6B).

DISCUSSION

In the present study, we provide the first experimen-
tal evidence that Kv1.3, Kv1.4, and Kv1.6 potassium
channel subunits directly regulate proliferation of peri-
natal OP cells. Overexpression of Kv1.3 and Kv1.4
mimics the mitogenic effect of PDGF. OP cells main-
tained in culture without mitogens and with increased

Fig. 4. Kv1.6 prevents the effects of Kv1.3–1.4 overexpression.
Kv1.6 was co-transfected with Kv1.3 or Kv1.4. Oligodendrocyte pre-
cursor (OP) cells were transfected with either Kv1.6, or Kv1.3, or
Kv1.3 � Kv1.6 (***P 
 0.001, Bonferroni’s multiple comparison test).
OP cells were transfected with either Kv1.6 or Kv1.4, or Kv1.4 �
Kv1.6 (***P 
 0.001, Bonferroni’s multiple comparison test). Histo-
grams represent mean 	 SEM of counts from two separate experi-
ments (� 250 GFP� cells counted for each condition, triplicate cover-
slips for each condition).
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levels of Kv1.3 and Kv1.4 display a cell proliferation
rate similar to that of cells cultured in the presence of
the mitogen. Interestingly, the proliferative effects of
Kv1.3 and Kv1.4 overexpression are not additive (data
not shown), nor do they enhance the cell proliferation
rate of dividing OP cells cultured in the presence of
PDGF. Our data thus suggest that the maximum rate
of OP cell proliferation (75–80% of total cells) is Kv1.3
or Kv1.4 dependent. These results are consistent with
previous studies, which demonstrated that PDGF stim-
ulates Kv1.3 expression in OP cells and that blockers of
Kv1.3-containing channels inhibit OP cell proliferation
(Chittajallu et al., 2002).

In the present study, we also show that the effect of
Kv1.3 overexpression is indeed dependent on Kv1.3-
containing channels, since is blocked by MgTx. In
contrast, Kv1.4-induced proliferation is completely
unaffected by MgTx, indicating that Kv1.4 overex-
pression leads to the formation of multimeric potas-
sium channels that are MgTx-insensitive. Alto-
gether, given that selective inhibition of Kv1.3 does
not alter the effects of Kv1.4 overexpression, it is
likely that Kv1.3 and Kv1.4 do not co-assemble in the
same multimeric channels in OP cells, at least under
the conditions of our experimental system. Further-

Fig. 6. Overexpression of Kv1.3, 1.4, 1.5, and 1.6 did not signifi-
cantly influence with oligodendrocyte lineage progression. Trans-
fected oligodendrocyte precursor (OP) cell cultures were allowed to
undergo mitogen withdrawal-induced differentiation for 4 days after
transfection. Immunostainings were then performed with markers of
pre-oligodendrocytes (O4 antibody) and mature oligodendrocytes (O1
antibody). Only Kv1.3 overexpression caused a small (�15% in-
crease), but significant change in the percentage of O4

� pre-oligoden-
drocytes (P 
 0.001, Bonferroni’s multiple comparison test). Overex-
pression of Kv1.4, 1.5, and 1.6 subunits did not have any effect.
Overexpression of any of the Kv1.3, 1.4, 1.5, and 1.6 subunits did not
affect the generation of O1

� oligodendrocytes (P � 0.05, Bonferroni’s
multiple comparison test).

Fig. 5. Effect of Kv1.6 overexpression is inhibited by a blocker of
Kv1.6-containing channels. Dendrotoxin (DTx, 100 nM) had no effect on
the proliferation of oligodendrocyte precursor (OP) cells transfected with
the control plasmid (CNP-GFP). DTx selectively prevented the anti-
proliferative effect of Kv1.6 overexpression in the presence of platelet-
derived growth factor (PDGF) (for 24 h; ***P 
 0.001, Bonferroni’s
multiple comparison test), but did not modify the increase of OP prolif-
eration induced by Kv1.3 overexpression in the absence of mitogen (24 h
without PDGF; P � 0.05, Bonferroni’s multiple comparison test). Histo-
grams represent mean 	 SEM of counts (� 200 GFP� cells counted for
each condition, triplicate coverslips for each).
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more, since PDGF is known to stimulate Kv1.3 ex-
pression in OP cells and not that of Kv1.4 (Chitta-
jallu et al., 2002), it could be speculated that Kv1.3-
containing channels are the essential mediator of
PDGF-driven proliferation in the oligodendroglial
lineage. Nevertheless, Kv1.4-containing channels
can functionally replace the role of Kv1.3-containing
channels in OP cell cycle progression. Kv1.4-contain-
ing channels may also be regulated by extracellular
signals, other than PDGF, other than PDGF that are
part of the complex network that controls OP cell
proliferation during CNS development. Studies of
chronic spinal cord injury showed that Kv1.4 is
largely upregulated in OP cells after insult, and that
cells exhibiting changes in Kv1.4 expression may
represent proliferating oligodendroglia in the chron-
ically injured spinal cord (Edwards et al., 2002).
Therefore, we propose that, under pathological con-
ditions, “reactive” OP cells might divide under the
control of the Kv1.4 subunit, rather than through
Kv1.3-dependent mechanisms.

Kv1.5 overexpression does not increase prolifera-
tion of OP cells in the absence of PDGF, and does not

interfere with the proliferative effects of Kv1.3 and
Kv1.4 overexpression. These results are consistent
with previous demonstration that Kv1.5 antisense
oligonucleotides do not cause OP cell cycle arrest, in
spite of reducing the functional outward K� current
(Attali et al., 1997). Thus, both gain-of-function and
loss-of-function in vitro studies failed at yielding sig-
nificant data to support a role of Kv1.5 in oligoden-
drocyte development, whereas Kv1.5 is known to reg-
ulate astrocyte development (MacFarlane and
Sontheimer, 2000). Further investigation in vivo af-
ter genetic manipulation of this subunit in OP cells
will unravel the potential role of Kv1.5 in the oligo-
dendroglial lineage.

Surprisingly, Kv1.6 overexpression had a strong
inhibitory effect on OP cell proliferation, i.e. it com-
pletely blocked the mitogenic effects of PDGF and
antagonized Kv1.3- and Kv1.4-driven proliferation.
This could be due to the formation of homomeric
Kv1.6-containing channels that negatively modulate
OP cell proliferation because of their distinct bio-
physical properties (Coetzee et al., 1999). Alterna-
tively, overexpression of Kv1.6 by itself could act as

Fig. 7. Schematic illustration of the effects of Kv1 subunit overex-
pression on oligodendrocyte precursor (OP) cell proliferation and dif-
ferentiation, summarizing the major findings of the current study.
Green boxes denote a significant effect on cell cycle following overex-
pression of the corresponding Kv1 subunits. Red and orange boxes
denote antagonism of these effects. Blue boxes denote no effect fol-
lowing overexpression of Kv1 subunits. Note that experiments in
which Kv1.5 was overexpressed consistently resulted in no effect on
cell cycle and so are omitted from the schematic for clarity. A: Over-
expression of Kv1.3 and 1.4 had no effect on OPCs that were already
within platelet-derived growth factor (PDGF)-induced cell cycle. B: In

contrast, overexpression of Kv1.6 causes withdrawal from the cell
cycle. This effect was completely antagonized by DTx. C,D: Kv1.3 and
1.4 overexpression in cell cycle arrested OPCs led to the induction of
proliferation in a manner similar to PDGF. MgTx inhibited this cell
cycle entry only in response to Kv1.3 overexpression. Co-expression of
Kv1.6 partially inhibited the Kv1.3 induced cell cycle entry and com-
pletely abolished the Kv1.4 effect. E,F: Prolonged withdrawal of
PDGF leads to differentiation of OPCs through O4 and O1 lineage
stages. Kv1.4 and 1.6 overexpression does not affect this process.
However, a small increase in O4� cell number (but not O1�) is noted
with Kv1.3 overexpression.
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a dominant-negative subunit with formation of het-
eromeric Kv1.3/Kv1.4/Kv1.6-containing channels,
whose pro-mitotic effects are reduced by the presence
of Kv1.6. Finally, overexpression of Kv1.6 could in-
directly or directly prevent the generation of Kv1.3-
and Kv1.4-containing channels and reduce their den-
sity. Since DTx completely reversed the effects of
Kv1.6 overexpression, Kv1.6-induced inhibition of
OP cell proliferation is related to functional Kv1.6-
containing channels.

Of all four subunits tested, only overexpression of
Kv1.3 had a minor effect on OP cell differentiation,
albeit restricted to the early stages of the oligodendro-
cyte lineage leading to the formation of O4

� pre-oligo-
dendrocytes. None of the Kv1 subunits affected cell
differentiation to the stage of mature O1� oligodendro-
cytes. These results are consistent with our previous
findings that OP cell proliferation and differentiation
are uncoupled (Belachew et al., 2002).

In conclusion, the present study indicates that spe-
cific shaker-type Kv1 potassium channel subunits may
play differential roles during oligodendrocyte develop-
ment (Fig. 7). Kv1.3 and Kv1.4 mimic the effects of a
well characterized and potent mitogen (PDGF) to pro-
mote OP cell proliferation, because they are likely to be
the mediators of such effects. In contrast, Kv1.6 pre-
vents the mitogenic effects of PDGF, and of Kv1.3 and
Kv1.4 overexpression (Fig. 7). The extent to which
these functions of Kv1 channels can be regulated by
spatial, temporal, and contextual cues in vivo remains
to be explored. Another essential issue to be addressed
in the near future will be to understand how early
stages of oligodendroglial development can be influ-
enced by distinct stoichiometry of potassium channel
subunits, which elicit similar Ik currents with only
subtle kinetic differences.
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Autocrine/Paracrine Activation of the GABAA Receptor
Inhibits the Proliferation of Neurogenic Polysialylated
Neural Cell Adhesion Molecule-Positive (PSA-NCAM�)
Precursor Cells from Postnatal Striatum
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GABA and its type A receptor (GABAAR) are present in the immature CNS and may function as growth-regulatory signals during the
development of embryonic neural precursor cells. In the present study, on the basis of their isopycnic properties in a buoyant density
gradient, we developed an isolation procedure that allowed us to purify proliferative neural precursor cells from early postnatal rat
striatum, which expressed the polysialylated form of the neural cell adhesion molecule (PSA-NCAM). These postnatal striatal PSA-
NCAM � cells were shown to proliferate in the presence of epidermal growth factor (EGF) and formed spheres that preferentially
generated neurons in vitro. We demonstrated that PSA-NCAM � neuronal precursors from postnatal striatum expressed GABAAR
subunits in vitro and in situ. GABA elicited chloride currents in PSA-NCAM� cells by activation of functional GABAAR that displayed a
typical pharmacological profile. GABAAR activation in PSA-NCAM � cells triggered a complex intracellular signaling combining a tonic
inhibition of the mitogen-activated protein kinase cascade and an increase of intracellular calcium concentration by opening of voltage-
gated calcium channels. We observed that the activation of GABAAR in PSA-NCAM� neuronal precursors from postnatal striatum
inhibited cell cycle progression both in neurospheres and in organotypic slices. Furthermore, postnatal PSA-NCAM� striatal cells
synthesized and released GABA, thus creating an autocrine/paracrine mechanism that controls their proliferation. We showed that EGF
modulated this autocrine/paracrine loop by decreasing GABA production in PSA-NCAM � cells. This demonstration of GABA synthesis
and GABAAR function in striatal PSA-NCAM � cells may shed new light on the understanding of key extrinsic cues that regulate the
developmental potential of postnatal neuronal precursors in the CNS.

Key words: GABAA receptors; newborn rat striata; proliferation; PSA-NCAM; whole-cell patch-clamp; RT-PCR; HPLC;
immunocytochemistry

Introduction
During CNS development, all types of neurons and glial cells are
derived from primordial neural stem cells (NSCs) (Edlund and
Jessell, 1999) and emerge, according to a precise time schedule,
through a complex sequence of intermediate precursors. Al-
though the conventional view of the adult CNS used to be a
structurally constant organ, recent experimental evidence deter-
mined that cells are regularly added de novo to several CNS areas

during adulthood (for review, see Gross, 2000). NSCs are defined
by their ability to self-renew and to generate the main cell lineages
of the CNS (McKay, 1997). NSCs have been isolated from em-
bryonic and newborn CNS as well as from specific restricted re-
gions of the adult mammalian CNS, including the subventricular
zone [(SVZ) postnatally termed the subependymal zone] and the
dentate gyrus of the hippocampus (for review, see Weissman et
al., 2001). At early stages of CNS cell fate determination, NSCs
give rise to progenitors that express the polysialylated form of the
neural cell adhesion molecule (PSA-NCAM) (Doetsch et al.,
1999). Many tissues expressing PSA-NCAM during development
show a progressive loss of PSA carbohydrate residues, but PSA-
NCAM� cells persist in several adult brain regions in which neu-
ronal plasticity and sustained formation of new neurons occur
(Bonfanti et al., 1992; Seki and Arai, 1993; Doetsch et al., 1997).
PSA-NCAM has been shown to be involved in changes of cell
morphology that are necessary for motility, axonal guidance, syn-
apse formation, and functional plasticity in the CNS (for review,
see Yoshida et al., 1999; Bruses and Rutishauser, 2001).

Although they are already restricted to either a glial (Trotter et
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al., 1989; Grinspan and Franceschini, 1995; Ben Hur et al., 1998;
Vitry et al., 1999) or a neuronal (Mayer-Proschel et al., 1997)
preferential fate, cultured PSA-NCAM� progenitors preserve a
relative degree of pluripotentiality (Marmur et al., 1998; Vitry et
al., 2001). Considering that PSA-NCAM� cells can be neatly used
for brain repair purposes (Keirstead et al., 1999; Vitry et al.,
2001), there is much interest in studying signaling factors that
regulate their development. In this regard, it has been known for
many years that neurotransmitters, which belong to the micro-
environment of neural cells in vivo, regulate morphogenetic
events preceding synaptogenesis such as cell proliferation, migra-
tion, differentiation, and death (for review, see Nguyen et al.,
2001). Along this line, previous reports have suggested that
GABA, the major inhibitory neurotransmitter in the mammalian
brain, exerts trophic roles during CNS embryonic and postnatal
development (Barker et al., 1998).

To investigate whether GABA may control the proliferation of
postnatal PSA-NCAM� neural precursors, we first established an
isolation procedure that allows the purification of PSA-NCAM�

precursors from newborn rat striata. Using this in vitro prepara-
tion together with postnatal striatal organotypic slices, we report
the following: (1) epidermal growth factor (EGF)-responsive
proliferative PSA-NCAM� precursors generate spheres commit-
ted mostly to a neuronal fate; (2) postnatal PSA-NCAM� precur-
sors express functional type A GABA receptors (GABAARs) and
glutamate decarboxylase (GAD) 65 and GAD 67; (3) prolifera-
tion of PSA-NCAM� precursors is inhibited by an EGF-
controlled endogenous production of GABA that activates
GABAAR in these cells; and (4) GABAAR-dependent inhibition of
PSA-NCAM� cell proliferation is mediated by a complex intra-
cellular signaling involving notably the inhibition of the mitogen-
activated protein kinase (MAPK) pathway and an increase of
intracellular calcium concentration by opening of voltage-gated
calcium channels.

Materials and Methods
Sequential purification of PSA-NCAM� progenitors. Newborn Wistar rats
(0- to 3-d-old rat pups) were raised from our animal facility. They were
killed following National Institutes of Health animal welfare guidelines.
Briefly, rats were anesthetized and subsequently decapitated. Striata were
dissected out and collected in PBS solution supplemented with glucose at
4.5 gm/l. Next, isolated striata, possibly including small parts of subven-
tricular zones, were gently triturated in PBS-HEPES (25 mM) by passing
through a fire-polished Pasteur pipette before being filtered with a 15 �m
nylon mesh. The cell suspension was then layered on top of a pre-
centrifuged (15 min at 26,000 � g) Percoll density gradient (1.04 gm/ml;
Amersham Biosciences, Uppsala, Sweden) and further ultracentrifuged
for 15 min at 26,000 � g. Proliferating PSA-NCAM � precursor cells were
separated from differentiated postmitotic neural cells and cell debris by
collecting the interphase located between the bands at 1.052 and 1.102
gm/ml as determined by using density marker beads (Amersham Bio-
sciences) for the calibration of the Percoll gradient after centrifugation
(Maric et al., 1997) (see Fig. 1 A, B). The resulting suspension was then
centrifuged three times (10 min at 400 � g) in PBS-HEPES to eliminate
Percoll. The final pellet was resuspended in DMEM/F12 (1:1, v/v; In-
vitrogen, Merelbeke, Belgium) medium supplemented with 1% (v/v) N2
(25 �g/ml bovine insulin, 100 �g/ml transferrin, 20 nM progesterone, 60
�M putrescine, 30 nM sodium selenite), 1% (v/v) B27 (Invitrogen) with
or without EGF (20 ng/ml) supplementation (PeproTech, Rocky Hill,
NJ). We refer hereafter to these media as either EGF-containing or EGF-
free medium. The final cell suspension was plated either in 50 �l droplets
on poly-ornithine-coated (Becton Dickinson, Erembodegem, Belgium)
coverslips at a density of 2.10 6 cells/ml for immunocytochemical studies
or onto uncoated nonadherent T25 culture flasks in 5 ml of EGF-
containing medium at a density of 2.10 5 cells/ml (Sarstedt, Newton,

NC). Cells grown in uncoated conditions generated floating spheres (see
Fig. 1 I). After 3 d in EGF-containing medium, growing spheres were
allowed to attach for 1 hr on poly-ornithine-coated coverslips before
being used further for patch-clamp recordings or immunocytochemical
studies.

Immunostainings. Cultures were fixed with 4% (v/v) paraformalde-
hyde for 10 min at room temperature and permeabilized in 0.1% Triton
X-100 (v/v) for 15 min during which subsequent immunostainings were
directed toward cytoplasmic epitopes. For anti-GABAA � subunit stain-
ing, cells were fixed with a methanol/acetic acid (95:5, v/v) mixture for 5
min. For all immunostainings, nonspecific binding was blocked by a 30
min treatment in a PBS solution containing nonfat dry milk (15 mg/ml).
Cells were then incubated overnight at 4°C with primary antibodies, i.e.,
mouse anti-PSA-NCAM at 1:500 (anti-Men-B antibody; generous gift
from G. Rougon, Université de la Méditerranée, Marseille, France), rab-
bit anti-nestin at 1:400 (generous gift from Prof. J. Eriksson, University of
Turku, Turku, Finland), mouse anti-A2B5 at 1:100 (Boehringer Mann-
heim, Mannheim. Germany), mouse anti-�III tubulin at 1:1500 (clone
Tuj1, Babco, Richmond, CA), mouse anti-MAP2ab at 1:100 (clone AP20,
Boehringer Mannheim), mouse monoclonal anti-O4 at 1:150 (Chemi-
con, Temecula, CA), rabbit anti-glial fibrillary acidic protein (GFAP) at
1:1500 (Dako, Prosan, Belgium), rabbit anti-NF-M at 1:350 (Chemicon),
mouse anti-synaptophysin at 1:200 (Sigma-Aldrich, Bornem, Belgium),
goat anti-GABAA � subunits (�1–�3, �5) at 1:40 (clone C-20, Santa Cruz
Biotechnology, Santa Cruz, CA), goat anti-GABAA �1–3 subunits at 1:50
(clone N-19, Santa Cruz Biotechnology), goat anti-GABAA �1–4 subunits
antibody at 1:50 (clone M-20, Santa Cruz Biotechnology), rabbit anti-
GABA at 1:400 (Incstar, Stillwater, MN), rabbit anti-GAD (GAD 67) at
1:500 (Biogenesis, Poole, UK), and rabbit anti-GAD 65 at 1:50 (clone
H-95, Santa Cruz Biotechnology). Secondary antibodies were diluted in
PBS solution and applied for 45 min at room temperature. These in-
cluded Cy5-, FITC-, or TRITC-conjugated anti-rabbit Ig antibodies (1:
500), Cy5-, FITC-, or TRITC-conjugated anti-mouse IgG (1:500), and
Cy5-, FITC-, or TRITC-conjugated anti-mouse IgM (all from Jackson
ImmunoResearch Laboratory, West Grove, PA), or FITC- or TRITC-
conjugated anti-mouse IgG2a (ImTec Diagnostics, Antwerp, Belgium).
Three rinses in PBS were performed between different steps. Prepara-
tions were mounted in Fluoprep (Biomerieux). Images were acquired
using a laser scanning confocal microscope (MRC1024, Bio-Rad, Hert-
fordshire, UK).

For quantitative immunostainings, before immunocytochemical pro-
cedure, spheres were mechanically dissociated and further plated onto
poly-ornithine-coated coverslips. Cells were allowed to attach for 1 hr
before fixation. For counting, cells were counterstained with the nuclear
dye ethidium homodimer-1 (Etd1) (applied at 6.10 � 7

M for 7 min; Mo-
lecular Probes, Leiden, The Netherlands) or Hoescht 33258 (0.4 �g/ml
for 15 min). Ten nonoverlapping microscopic fields (	50 cells per field)
(Axiovert 135 fluorescence microscope, 40� objective; Zeiss) were
counted for each coverslip in a minimum of two or three separate
experiments.

Frozen 30 �m tissue sections were prepared as described previously
(Yuan et al., 2002). Immunohistochemical stainings were processed fol-
lowing a procedure identical to that of cultured cells.

Electrophysiological recordings. For patch-clamp recordings, Cell-Tak
(Becton Dickinson)-coated coverslips containing 1–3 hr adhesive
spheres were transferred to the stage of a Zeiss interferential contrast
microscope equipped with fluorescence. Coverslips were maintained at
37°C in a recording chamber that was perfused continuously with a saline
solution containing (in mM): 116.0 NaCl, 11.1 D-glucose, 5.4 KCl, 5.4, 1.8
CaCl2�2H2O, 2.0 MgCl2�6H2O, 10.0 HEPES, pH 7.2. Cs �-containing
solutions were composed as follows (in mM): 116.0 NaCl, 5.4 CsCl, 11.1
D-glucose, 1.8 CaCl2�2H2O, 2.0 MgCl2�6H2O, 9.0 HCl, 5.0 HEPES, 26.2
NaHCO3, 5.0 BaCl2�2H2O, pH 7.2. Low chloride solution contained (in
mM): 8.0 NaCl, 108.0 Na-gluconate, 5.4 CsCl, 5.4, 11.1 D-glucose,
1.8 CaCl2�2H2O, 2.0 MgCl2�6H2O, 17.0 HCl, 5.0 HEPES, 26.2 NaHCO3,
5.0 BaCl2�2H2O, pH 7.4. All drugs were applied by a microperfusion
system (SPS-8, List Medical). Borosilicate recording electrodes (15–20
M�) were made using a Flaming-Brown microelectrode puller (P97,
Sutter Instruments Novato, CA). Micropipettes were filled with an
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intracellular-like solution containing (in mM): 130.0 KCl, 1.0
CaCl2�2H2O, 11.1 D-glucose, 10.0 EGTA, 2.5 Na2-ATP, 2.5 Mg-ATP, 10.0
HEPES, pH 7.4. In Cs �-containing pipettes, used for the establishment
of the GABA-evoked current–voltage relationship, KCl was equimolarly
replaced by CsCl and BaCl2�2H2O was added at 5 mM to block K � chan-
nels. Current–voltage relationships were obtained using a series of volt-
age steps (ranging from �140 to �100 mV) before, during, and after
application of GABA. The current–voltage curve was established by fit-
ting experimental data to the Goldman-Hodgkin and Katz equation:

IS 	 PS � ZS �
E � F2

R � T
�

�S� i � �S�o � exp��ZS �
F � E

R � T�
1 � exp��ZS �

F � E

R � T�
,

where Is corresponds to the current generated (ampere), Ps the mem-
brane permeability, Zs the valence, [S]i the intracellular concentration
(M�l � 1), and [S]o the extracellular concentration (M�l � 1) of the ion S,
respectively. E corresponds to the membrane potential, F is the Faraday’s
constant, R is the ideal gas constant, and T is the absolute temperature.
Electrophysiological recordings were performed with a patch-clamp am-
plifier (RK400, Bio-Logic, Claix, France) using the whole-cell configura-
tion of the patch-clamp recording technique (Hamill et al., 1981). Cells
were injected with Lucifer yellow (Molecular Probes) (1 �g/ml Lucifer
yellow solution in the recording pipette) during voltage-clamp record-
ings to allow their post hoc immunocytochemical characterization. Series
resistances (10 –20 �) were electronically compensated (80 – 85%), and
current traces were filtered at 3 kHz, acquired and digitized at 0.5 kHz,
and stored on an personal computer system. Control of drug application,
data acquisition, and data analysis was achieved using an ITC-16 acqui-
sition board (Instrutech Corporation, Great Neck, NY) and the TIDA for
Windows software (HEKA Elektronik Lombrecht/Pfolz, Germany).

RT-PCR. Total RNAs from adult Wistar rat brains and from PSA-
NCAM � spheres derived from postnatal day 0 (P0)–P3 Wistar rat striata
were extracted and purified using the RNAgents Total RNA Isolation
System kit (Promega, Leiden, The Netherlands). One microgram of total
RNA was reverse transcribed using primers with oligo-dT and 200 U of
reverse transcriptase (Kit Superscript 1, Life Technologies). Two micro-
liters resulting from the RT reaction were used as template and added to
50 �l of PCR reaction mixture containing 0.2 �M of both forward and
reverse primers synthesized by Eurogentec (Seraing, Belgium) (see Table
1), 0.2 mM of each dNTP, 1.5 mM of MgCl2, and 5 U of Taq Polymerase
(Promega). The PCR program was run with an MJ Research PTC 200
instrument. The thermal cycling protocol started with a 2 min preincu-
bation at 94°C followed by 35 cycles made (1) 30 sec at 94°C, (2) 30 sec at
60°C, and (3) 30 sec at 72°C. The protocol was finally completed by an
extension step at 72°C for 7 min. We used 64°C for the annealing of �3

primers and 55°C for �3, GAD 65, and GAD 67 primers. Ten microliters
of the PCR reaction were analyzed in a 1.4% agarose gel in Tris–acetic
acid–EDTA (TAE) buffer.

Bromodeoxyuridine and [3H]thymidine incorporation assays. After 2 d
of growth in EGF-containing medium (as described previously), PSA-
NCAM � spheres were harvested, centrifuged (10 min at 200 � g), and
rinsed three times in the EGF-free medium before being transferred into
uncoated nonadherent T25 culture flasks (Sarstedt) in mitogen-free me-
dium. After 24 hr in this medium, bromodeoxyuridine (BrdU) (20 �M;
Sigma), which is a S-phase marker, was added to the cultures for 18 hr
before fixation and staining. All treatments were performed simulta-
neously with the addition of BrdU. PSA-NCAM, �III tubulin, O4, and
GFAP immunolabelings were performed as described above. Coverslips
were then postfixed for 10 min in 4% (v/v) paraformaldehyde, perme-
abilized in 0.1% Triton X-100 for 10 min, incubated in 0.07N NaOH for
10 min, and finally postfixed again for 10 min before incubation with an
anti-BrdU FITC-conjugated antibody for 45 min (1:3, v/v; Becton-
Dickinson). The preparations were mounted in Fluoprep and imaged
using a Bio-Rad MRC1024 laser scanning confocal microscope. The frac-
tion of cells that incorporated BrdU was determined by counting 10
nonoverlapping microscopic fields (	50 cells per field) (Axiovert 135

fluorescence microscope, 40� objective, Zeiss) for each coverslip in at
least three separate experiments.

In similar culture conditions, the proliferation of PSA-NCAM �

spheres was also quantified by measuring the incorporation of [ 3H]thy-
midine (Amersham Biosciences, Roosendaal, The Netherlands). All
treatments were performed simultaneously with the addition of
[ 3H]thymidine (2 �Ci/ml) to the medium for 18 hr. Cultures were
washed three time with PBS and digested with NaOH (0.1N), and the
radioactivity was counted in a liquid scintillation counter (Wallac Win-
Spectral 1414 liquid scintillation counter, Turku, Finland). The [ 3H]thy-
midine incorporation was normalized for cellular protein concentration
measured by the Bradford technique (Bradford, 1976) and expressed as
disintegrations per minute of [ 3H]thymidine incorporated per milli-
gram of protein. Results from the treated conditions were then expressed
as percentages of control values. We always performed three separate
experiments in triplicate wells for each condition.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
assay. To assess apoptosis occurring in our cultures, spheres were gently
dissociated after treatments, and cells were plated for 15–30 min on
Cell-Tak (Becton Dickinson)-coated coverslips at a density of 2.10 6 cells/
ml. Terminal deoxynucleotidyl transferase-mediated dUTP nick end la-
beling (TUNEL) staining was then performed according to the method of
Gavrieli et al.(1992), using the ApopTag fluorescent detection kit (On-
cor, Gaithersburg, MD). Cultures were fixed with 4% paraformaldehyde
for 10 min at room temperature. Equilibration buffer was then applied
for 30 min at 20°C. Cultures were incubated with working strength stop/
wash buffer, washed, and further incubated with anti-digoxigenin–FITC.
For cell counting, cultures were counterstained with ethidium
homodimer-1 (Molecular Probes; applied at 6.10 � 7

M for 7 min). Ten
nonoverlapping microscopic fields (	50 cells per field) (Axiovert 135
fluorescence microscope, 40� objective, Zeiss) were counted for each
coverslip in a minimum of three separate experiments.

HPLC procedure. We used an adaptation of a procedure described
previously (Bettendorff et al., 1996). Cultures of PSA-NCAM � spheres
(25 mg) were homogenized in 1 ml of an 80% ethanol solution at 0°C in
a glass– glass homogenizer (Potter-Elvehjem device). Homogenates were
centrifuged (30 min at 5000 � g), and the supernatants were saved. The
pellets were resuspended in 1 ml of a 60% ethanol solution, homoge-
nized, and centrifuged as described above. The second supernatant was
pooled with the first, and the liquids were evaporated under a stream of
nitrogen. The residue was dissolved in 300 �l of water and centrifuged
(30 min, 5000 � g). An aliquot of 100 �l from the supernatant was added
to 100 �l of LiCO3 (80 mM, pH 8.5) before dansylation by addition of 100
�l dansyl chloride (1.5 mg/ml in acetonitrile). The mixture was incu-
bated in the dark for 35 min at 25°C, and the reaction was stopped with 10
�l of 2% ethylamine.

We used a Bio-SiL C18 HL column (5 �m, 150 � 4.6 mm; Bio-Rad
Laboratories, Nazareth-Eke, Belgium) heated at 50°C. After injection of
the dansylated solution (20 �l), GABA was eluted by means of a linear
gradient at a flow rate of 1.5 ml/min. The column was equilibrated in
85% solvent A (3% tetrahydrofuran, 0.57% acetic acid, 0.088% triethyl-
amine in water) and 15% solvent B (3% tetrahydrofuran, 0.57% acetic
acid, 0.088% triethylamine, 70% methanol in water). After injection, the
percentage of solvent B was increased linearly to reach 100% after 40 min.
Initial conditions were restored within 2 min, and the next sample was
injected after a reequilibration period of 5 min. A fluorescent spectrom-
eter (LS-4, Perkin-Elmer, Norwalk, CT) was used with the wavelengths
set at 334 nm for excitation and 522 nm for emission. A reference stan-
dard, composed of a GABA solution (0.1 mM) in water, was dansylated
simultaneously with samples.

Calcium imaging. PSA-NCAM � cells were loaded with the calcium
indicator dye fluo-3 AM (6 �M) (Molecular Probes) by bath application
for 30 min at 37°C. Fluo-3 AM is a non-ratiometric indicator dye that
triggers an increase of cell fluorescence intensity when the intracellular
calcium concentration increases. After fluo-3 loading, cells were washed
three times in Locke solution containing (in mM): 154 NaCl, 5.6 KCl, 5.6
glucose 5.6, 2.3 CaCl2�2H2O, 10.0 HEPES, pH 7.2. Calcium responses
were recorded as digitized images acquired with a Bio-Rad MRC 1000
laser scanning confocal system coupled to a Zeiss Axiovert 135 micro-
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scope with a plan-NEOFLUAR objective (40�, 1.3 numerical aperture,
oil immersion). The Time Course Software Module program (Bio-Rad)
was used to control the confocal microscope to acquire a series of images
at intervals from 2 to 5 sec. The different reagents diluted in Locke solu-
tion were applied by a microperfusion system (SPS-8, List-Medical). The
series of digitized fluorescence images were analyzed by a program that
determined the average level of fluorescence above the background level
of each cell for every time point sampled. The recorded areas were delim-
ited by placing rectangular boxes around every cell in a field. A “back-
ground” box was also defined in a noncellular area of each scanned
image. The averaged intensity of the pixels within a boxed cellular region
was calculated by the program, and the averaged intensity of the pixels
within the “background” box defined for the image was subtracted from
this value. To compensate for variable dye loading between cells, these
background-corrected values were normalized by conversion to percent-
age changes relative to a baseline measurement for each boxed cellular
region at the start of a time series (Ft/F0).

Organotypic slice cultures. We used a technique adapted from Yuan et
al. (1998). Briefly, whole brains were dissected from P1 Sprague Dawley
rats and placed in oxygenated (carbogen, 95% O2/5% CO2) artificial CSF
containing (in mM): 120 NaCl, 25 NaHCO3, 3.3 KCl, 1.2 NaH2PO4, 1.8
CaCl2, 2.4 MgSO4, 10 glucose, pH 7.2. Brains were then sliced coronally
(400 �m) using a vibratome. The SVZ and striatum (as depicted in Fig.
10 A1) were separately microdissected to allow a distinct assessment of
SVZ and striatal cells. SVZ and striatal slices were placed into sterile
Millicell (Millipore, Bedford, MA) in six-well plates (Falcon) containing
1 ml of EGF-free medium (as described previously). Treatments with
drugs began 4 hr after the slicing procedure. The medium was replaced by
EGF-free medium containing simultaneously BrdU (20 �M; Sigma) and
drugs for 18 hr. Cell viability was assessed in each experiment at the end
of the BrdU incorporation time frame by using a LIVE/DEAD viability/
cytotoxicity kit (L-3224, Molecular Probes). Slices were then gently me-
chanically dissociated, and cells were plated for 1 hr on poly-ornithine-
coated coverslips before fixation and immunocytochemical analysis.

Drugs. GABA, muscimol, bicuculline, picrotoxin, pentobarbital, ba-
clofen, saclofen, SR-95531, U0126, and nifedipine were obtained from
Sigma-Aldrich, and clonazepam was purchased from Roche Diagnostics
Belgium (Brussels, Belgium).

Data analysis. For electrophysiological recordings, n represented the
number of recorded cells. Peak currents in the different experimental
conditions were measured and subsequently normalized to the initial
response (100%) in control conditions. Agonist concentration–response
profiles were fitted to the following equation: I/Imax � 1/(1�(EC50/[ago-
nist])nh), where I and Imax, respectively, represent the normalized
agonist-induced current at a given concentration and the maximum cur-
rent induced by a saturating concentration of the agonist. EC50 is the
half-maximal effective agonist concentration, and nh is the Hill slope.
The concentration–response of modulations was fitted by a similar pro-
cedure, except for clonazepam, where a polynomial curve was used.

The quantitative results of [ 3H]thymidine incorporation assays and
immunocytochemical experiments were expressed as mean 	 SEM val-
ues arising from a minimum of three independent experiments (n).

For all experiments, a statistical analysis was performed either using
unpaired two-tailed Student’s t test between control and experimental
conditions or using a one-way ANOVA (ANOVA-1) followed by a Dun-
nett’s post-test for multiple comparisons (GraphPad Prism software,
version 2.04 a, San Diego, CA). The level of significance was expressed as
follows: *p 
 0.05, **p 
 0.01, and ***p 
 0.0001.

Results
Purification and characterization of PSA-NCAM �

progenitors acutely isolated from newborn rat striata
To obtain a highly enriched population of PSA-NCAM� progen-
itors, newborn rat (P0 –P3) striata were first dissociated as de-
scribed previously for neural stem cell cultures (Reynolds and
Weiss, 1992). The cell suspension was then layered on top of a
buoyant density Percoll gradient and further ultracentrifuged
(Fig. 1A). This isopycnic centrifugation allowed cells to sediment

in an equilibrium position equivalent to their own natural buoy-
ant density. We demonstrated that viable, small (7 	 1 �m in
diameter), round cells were separated from more differentiated
cells and cell debris by collecting the interphase located in the
range of densities between 1.052 and 1.102 gm/ml (Fig. 1B). The
final cell suspension harvested according to these density criteria
was resuspended in EGF-containing medium.

To validate our protocol of purification, we assessed PSA-
NCAM� cells before and after the Percoll centrifugation. The
isopycnic centrifugation of cell suspension in a buoyant density
gradient allowed us to increase the percentage of PSA-NCAM�

cells from 62.5 	 15.1% (n � 3) to 94 	 1.0% of total cells (n �
6) (Fig. 1C–E). After purification by the Percoll centrifugation
step, the phenotype of PSA-NCAM� cell suspension was charac-
terized more extensively. Nestin was observed in 74.9 	 8.3%
(n � 4) of total cells, and all nestin� cells also expressed PSA-
NCAM (Fig. 1E). We observed that 47.6 	 4.5% of total cells
(n � 2) were A2B5� (Fig. 1E). Neuronal phenotypes were inves-
tigated by studying the expression of neuron-specific antigens.
We found that 74.6 	 1.4% (n � 4) of total acutely purified cells
expressed �III-tubulin (i.e., Tuj1�) (Fig. 1E,F), 4.5 	 2.6% (n �
2) expressed type 2a,b microtubule-associated protein (i.e.,
MAP2ab�) (Fig. 1E,G), and 2.6 	 1.6% (n � 2) were neurofila-
ment 145 kDa-positive (i.e., NF-M�) (Fig. 1E,H). Importantly,
we never found cells that were immunoreactive for synaptophy-
sin, which is a marker of synapse formation (Fig. 1E). Finally, we
found a low expression of oligodendrocyte (O4) or astrocyte
(GFAP) specific markers. Respectively, 2.8 	 1.2% (n � 4) of
total cells were O4� and 4.4 	 0.8% of total cells (n � 4) were
GFAP� (Fig. 1E). These results provide evidence that purified
PSA-NCAM� cells from early postnatal rat striatum mostly show
antigenic features of neuron-committed progenitor cells.

Purified proliferative PSA-NCAM � cells form spheres that
preferentially generate neurons
After 3 d in vitro (DIV) in EGF-containing medium, PSA-
NCAM� progenitor cells proliferated and formed spheres with a
mean diameter of 61.8 	 7.3 �M (n � 4) (Fig. 1 I). A vast majority
of cells within 3-DIV-old spheres remained PSA-NCAM�

(89.6 	 4.7% of total cells; n � 6), and Tuj1� (57.3 	 1.2% of
total cells; n � 4) (Fig. 1 J,M). Interestingly, we observed that all
Tuj1� cells were still PSA-NCAM� in 3-DIV spheres (data not
shown). To quantify cell proliferation within PSA-NCAM�

spheres, we performed a BrdU incorporation assay (18 hr) at 3
DIV. The BrdU incorporation index (BrdU� cells per total cells)
was 17.2 	 4.0% in the presence of EGF (20 ng/ml) (n � 2) (Fig.
1K,L). By double immunostaining, we observed that proliferat-
ing cells were mostly PSA-NCAM� because 16.0 	 4.1% of total
cells (n � 3) were immunoreactive for both PSA-NCAM and
BrdU (Fig. 1K,L, left panel). The other way around, we showed
that 92.9 	 4.1% of the total BrdU� cells were PSA-NCAM�

(Fig. 1L, right panel). Conversely, cells expressing markers of
lineage commitment were weakly involved in the overall BrdU
incorporation index because only 3% of Tuj1� cells, 1% of O4�

cells, and 2% of GFAP� cells were also BrdU� (Fig. 1L, left
panel). Interestingly, cultured PSA-NCAM� cells generated pre-
dominantly neuron-committed cells after 3 DIV in EGF-
containing medium (Fig. 1E,M–O). As compared with acutely
purified cells, we observed a fourfold and a fivefold increase,
respectively, of the relative percentages of MAP2ab� and
NF-M� cells in 3-DIV spheres, whereas no change was observed
for O4� or GFAP� cells. Furthermore, with respect to the calcu-
lated 1.8-fold increase of the total cell number during the 3-DIV
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growth of PSA-NCAM� spheres (data not
shown), the absolute number of cells ex-
pressing mature neuronal antigens
MAP2ab and NF-M were increased by
seven- and eightfold, respectively (Figs.
1N,O).

PSA-NCAM � spheres express type A
GABA receptors
Given that previous works reported the ex-
pression of GABAAR in early postnatal
neuronal progenitor cells, notably in the
anterior subventricular zone, we sought to
investigate the presence of these receptors
in striatal PSA-NCAM� neuronal precur-
sors (Stewart et al., 2002). To characterize
GABAAR subunit transcripts expressed in
PSA-NCAM� progenitors, total RNAs ex-
tracted from 3-DIV spheres were reverse
transcribed, and the subsequent cDNAs
were amplified by PCR using specific sets
of primers aimed at detecting transcripts
for �1–5, �1–3, �1–3, and �GABAAR subunit
genes (Table 1). Experiments were repli-
cated three times and consistently yielded
bands with the appropriate amplicon size
for �2 (549 bp), �4 (532 bp), �5 (300 bp),
�1 (578 bp), �3 (587 bp), �1 (296 bp), �2

(423 bp), and �3 (336 bp) transcripts, re-
spectively (Fig. 2A,B). RNAs isolated from
total adult rat brains were used as positive
control.

The expression of GABAAR subunit
proteins was analyzed by immunocyto-
chemistry in PSA-NCAM� spheres. We
used three polyclonal antibodies directed
against �1–3,5, �1–3, and �1– 4 subunits, re-
spectively, of GABAAR. As illustrated in
Figure 2C–E, 70.6 	 13.8% of total cells
(counted after mechanical dissociation of
spheres) were immunoreactive for
GABAAR � subunit proteins (i.e., �1–3,5;
n � 2) (Fig. 2C), 65.6 	 4.3% of total cells
were immunoreactive for GABAAR � sub-
units (i.e., �1–3; n � 2) (Fig. 2D), and
66.6 	 6.2% of total cells expressed
GABAAR � subunits (i.e., �1– 4; n � 3) (Fig.
2E).

GABA triggers whole-cell currents in
PSA-NCAM � spheres by GABAA

receptor activation
We wanted to ascertain by electrophysio-
logical recordings whether PSA-NCAM�

cells expressed functional GABAA recep-
tors. We therefore recorded cells within
PSA-NCAM� spheres using the whole-
cell patch-clamp technique. Occasionally,
the Lucifer yellow fluorescent dye was
added to the intracellular solution and al-
lowed to diffuse in the recorded cell for
post hoc immunostainings. All recorded
cells filled with Lucifer yellow were PSA-

Figure 1. Purification and in vitro amplification of proliferative and neurogenic PSA-NCAM � progenitors from early postnatal
striatum. A, Bands of color-coded density marker beads in ultracentrifuged Percoll gradient. According to their isopycnic buoyant
densities, living PSA-NCAM � cells ( B) were separated from differentiated neural cells and cell debris in a continuous Percoll
gradient. Cells were collected in the interphase located between the ranges of density: 1052–1102 gm/ml as determined by a tube
containing control density beads that was ultracentrifuged simultaneously. C, D, Confocal images of acutely dissociated cell
suspension from newborn rat striatum before ( C ) and after ( D) selection by centrifugation in a Percoll density gradient. Cells were
immunostained for PSA-NCAM (green) and counterstained with the nuclear dye Etd1 (red). Cells acutely purified from early
postnatal striatum (1 hr) or dissociated from 3-DIV-old spheres were allowed to adhere onto poly-ornithine-coated coverslips and
were assessed by immunostaining. E, Histogram comparing the percentage of total cells expressing various markers 1 hr after
purification (blue bars) and after 3 d of growth in vitro in EGF-containing medium (red bars). F–H, Confocal images of represen-
tative fields showing acutely purified cells immunostained for markers of neuronal commitment: F, Tuj1 (green); G, MAP2ab
(green); H, NF-M (green), and F–H, counterstaining with Etd1 (red). Purified cells cultured in EGF-containing medium for 3 d in
uncoated conditions formed spheres ( I ) that were composed almost exclusively of PSA-NCAM � cells. J, PSA-NCAM in green and
Etd1 in red. K, Confocal optical section of a 3-DIV sphere immunostained for BrdU after 18 hr of BrdU incorporation assay in
EGF-containing medium (PSA-NCAM in green and BrdU in red). L, Histograms representing the percentage of total cells that
incorporated BrdU (20 �M) for each immunophenotype (left panel) and the percentage of total BrdU � cells that expressed a
given immunophenotype (right panel), respectively, in the presence (black bars) or absence (open bar) of EGF (20 ng/ml). M–O,
Confocal optical section of 3-DIV spheres expressing markers of neuron commitment: M, Tuj1 (green); N, MAP2ab (green); O, NF-M
(green) and counterstaining with Etd1 (red). Scale bars: B–D, 10 �m; F–K, 25 �m; M–O, 20 �m.
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NCAM� in 3-DIV spheres (Fig. 3A). We selectively assessed cells
that were located at the accessible periphery of the spheres. The
mean membrane potential recorded in current-clamp configura-
tion was �52.9 	 1.9 mV (n � 110 cells). All recordings were
performed in the presence of 1 �M strychnine to avoid cross-
activation of ionotropic glycine receptors. In voltage-clamp
mode (the holding potential was kept at �70 mV), bath applica-
tion of 1 mM GABA, a concentration that saturates GABAARs
(Fig. 3C), elicited inward currents in 94.6% of total cells with a
peak current displaying a mean maximum amplitude of 408.9 	
46.8 pA (n � 53 cells) (Fig. 3B).

In GABA-responsive PSA-NCAM� progenitors, the EC50

value (i.e., the concentration that yielded an inward current of
half-maximum amplitude) calculated from the sigmoidal con-
centration–response curve was 6.2 	 1.1 �M, with a Hill coeffi-
cient (nh) of 0.7 	 0.2 (n � 11 cells) (Fig. 3C,D). To confirm that
GABA-elicited currents were caused specifically by the
activation of GABAARs, we showed that the specific GABAAR ago-
nist muscimol also induced inward currents in PSA-NCAM� cells
(Fig. 3F). For muscimol-induced currents, the concentration–
response curve, fitted by the Hill equation, yielded an EC50 of 6.5 	
1.1 �M, with a Hill coefficient (nh) of 0.5 	 0.2 (n � 5 cells) (Fig.
3E,F).

The current–voltage relationship of GABA-evoked currents
was obtained by applying voltage steps ranging from �140 to
�100 mV during GABA application. As shown in Figure 3, G and
I, the resulting current–voltage curve could be fitted by the
Goldman-Hodgkin-Katz relation (see Materials and Methods)
and reversed at �5.9 mV (n � 4 cells), which is close to the
calculated Nernst chloride equilibrium potential (�1.1 mV).

When 108 mM of extracellular sodium
chloride was replaced by sodium glu-
conate, the reversal potential shifted to a
more positive value (�27.9 mV; n � 5
cells) (Fig. 3H, J), consistent with the pre-
dicted shift of the calculated Nernst chlo-
ride equilibrium potential (�29.0 mV).

Pharmacological characterization of
functional GABAARs expressed in
striata-derived PSA-NCAM �

progenitors
In 3-DIV PSA-NCAM� cells, GABA-
induced currents were completely and re-
versibly inhibited in a dose-dependent
manner by the competitive antagonists
bicuculline (IC50 � 1.54 	 1.12 �M; n � 5
cells) (Fig. 4A,B) and SR95531 (IC50 �
0.15 	 0.01 �M; n � 6 cells) (Fig. 4C,D)
and by the noncompetitive antagonist pi-
crotoxin (IC50 � 4.5 	 1.1 �M; n � 7 cells)
(Fig. 4E,F). We also assessed the effect of
benzodiazepines and barbiturates, which
are positive allosteric modulators of
GABAAR. The effects of clonazepam and
pentobarbital were studied on currents
elicited by a low concentration of GABA (1
�M � EC10 � GABA concentration induc-
ing an inward current corresponding to
10% of the maximum GABA-evoked cur-
rent) to sensitize the detection of a en-
hancing effect. Our results showed that
clonazepam potentiated GABA currents at

concentrations ranging from 10 nM to 100 �M, with a maximum
effect at 1 �M (212% of IGABA at EC10) (Fig. 4G,H). Pentobarbital
triggered a maximal 5.6-fold increase of the amplitude of GABA-
evoked currents in a concentration-dependent manner (EC50 �
2.1 	 0.3 �M; n � 11 cells) (Fig. 5 I, J).

GABAAR activation inhibits the proliferation of
PSA-NCAM � progenitors
Because the activation of ionotropic GABAAR has been reported
to affect the proliferation of neural progenitors in the ventricular
and subventricular zones of the embryonic neocortex (LoTurco
et al., 1995; Haydar et al., 2000), we decided to analyze the effect
of GABA on proliferation kinetics in striatal early postnatal PSA-
NCAM� progenitor cells. After 48 hr of growth in EGF-
containing medium, spheres were transferred to the same me-
dium but devoid of EGF for the next 24 hr. This procedure
allowed us to obtain a synchronization of most cells in G0 (Jones
and Kazlauskas, 2001) before starting BrdU or [ 3H]thymidine
incorporation assays (18 hr). The removal of EGF from the me-
dium did not affect the phenotype of cells within these 3-DIV
spheres (data not shown).

To compare the proliferation rates of the different cell pheno-
types present within 3-DIV spheres, cells were colabeled for BrdU
and lineage markers (i.e., PSA-NCAM, Tuj1, O4, and GFAP)
(Fig. 5C,F, I). Cytosine arabinoside (10 �M) was used as an inter-
nal control inhibiting proliferation in all phenotypes. Although
agonists and antagonists of GABAAR did not modify the percent-
ages of O4�/BrdU� and GFAP�/BrdU� cells (data not shown),
treatment with GABAAR agonists (GABA at 100 �M and musci-

Table 1. Sequences of primers (forward, reverse) used for PCR

cDNA Primer
Size of product
(base pairs) Sources

GABAAR �1 For 5�-CAT TCT GAG CAC TCT CTC GGG AAG-3�
Rev 5�-GTG ATA CGC AGG AGT TTA TTG GGC-3�

396 (Khrestchatisky et al., 1989)

GABAAR �2 For 5�-AGG TTG GTG CTG GCT AAC ATCC-3�
Rev 5�-AAC AGA GTC AGA AGC ATT GTA AGT CC-3�

549 (Khrestchatisky et al., 1991)

GABAAR �3 For 5�-CAA CAT AGT GGG AAC ACC TAT CC-3�
Rev 5�-GGG AGC TCT GGG GTT TGG GAT TT-3�

350 (Criswell et al., 1997)

GABAAR �4 For 5�-CAA AAC CTC CTC CAG AAG TTC CA-3�
Rev 5�-ATG TTA AAT AAT GCC CCA AAT GTG ACT-3�

532 (Wisden et al., 1991)

GABAAR �5 For 5�-TGA CCA AAA CCC TCC TTG TCT TCT-3�
Rev 5�-ACC GCA GCC TTT CAT CTT TCC-3�

300 (Khrestchatisky et al., 1989)

GABAAR �1 For 5�-GTT TGG GGC TTC TCT CTC TTT TCC T-3�
Rev 5�-AGT TAC TGC TCC CTC TCC TCC ATT-3�

578 (Ymer et al., 1989a)

GABAAR �2 For 5�-CAG GTT CTT ATC CCA GAT TGT CCC-3�
Rev 5�-GGT CCA TCT TGT TGA CAT CCA GG-3�

408 (Ymer et al., 1989b)

GABAAR �3 For 5�-CTT TTC GGC ATC TTC TCG GC-3�
Rev 5�-TCC ACG CCA GTA ACA GCC TTG-3�

587 (Ymer et al., 1989b)

GABAAR �1 For 5�-TAG TAA CAA TAA AGG AAA AAC CAC CAG A-3�
Rev 5�-CCA GAT TGA ACA AGG CAA AAG CT-3�

296 (Ymer et al., 1990)

GABAAR �2 For 5�-TGG TGA CTA TGT GGT TAT TGC CGT G-3�
Rev 5�-AGG TGG GTG GCA TTG TTC ATT T-3�

423 (Khrestchatisky et al., 1989)

GABAAR �3 For 5�-GAA ATC ATG GCG GCT CTA GTT-3�
Rev 5�-CTC CAT CAG TGC GGC AAA GAC AAA-3�

336 (Stewart et al., 2002)

GABAAR� For 5�-GAC TAC GTG GGC TCC AAC CTG GA-3�
Rev 5�-ACT GTG GAG GTG ATG CGG ATG CT-3�

398 (Zhao and Joho, 1990)

GAD 65 For 5�-CCA TTA CCC CAA TGA GCT TCT-3�
Rev 5�-CCC CAA GCA GCA TCC ACG T-3�

698 (Dkhissi et al., 2001)

GAD 67 For 5�-AAT TGC ACC CGT GTT TGT TCT TAT G-3�
Rev 5�-AGC GCA GCC CCA GCC TTC TTT A-3�

252 (Stewart et al., 2002)

For, Forward; Rev, reverse.
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mol at 100 �M), but not with GABABR ag-
onist (baclofen 100 �M), significantly re-
duced the percentage of PSA-NCAM�

cells that incorporated BrdU (Fig. 5A) at
both the Tuj1� (Fig. 5G) and Tuj1� (Fig.
5D) stages. The addition of SR-95531 (10
�M) totally abolished the muscimol (100
�M)-induced decrease of proliferation in
PSA-NCAM� cells (Fig. 5A) at Tuj1�

(Fig. 5G) and Tuj1� stages (Fig. 5D).
EGF (20 ng/ml) increased the prolifera-

tion of PSA-NCAM� cells (Fig. 5B) similarly
at Tuj1� (Fig. 5H) and Tuj1� stages (Fig.
5E) (n � 4; Student’s t test; **p 
 0.01,
***p 
 0.0001) but had no effect on O4�

and GFAP� cells (data not shown). Interest-
ingly, muscimol (100 �M) inhibited EGF-
induced increase of proliferation (n�4; Stu-
dent’s t test; *p 
 0.05) in PSA-NCAM�

cells (Fig. 5B) at the Tuj1� stage only (Fig.
5E,H), whereas addition of SR-95531 (10
�M) totally abolished the effect of muscimol
(Fig. 5B,E). This discrepancy may reflect de-
velopmental differences of GABAAR expres-
sion and/or function between potentially
more immature Tuj1�/PSA-NCAM� pre-
cursors and their Tuj1�/PSA-NCAM� neu-
roblastic progeny.

The influence of GABAAR modulators
assessed by BrdU incorporation was also
analyzed on the whole-cell population us-
ing the [ 3H]thymidine incorporation as-
say with similar results (data not shown,
but see Fig. 8).

EGF-controlled GABA-mediated autocrine/paracrine
inhibition of proliferation in cultured PSA-NCAM � cells and
Tuj1 � neuron-committed precursor cells from early
postnatal striatum
To investigate whether PSA-NCAM� progenitors were able to
synthesize GABA, we performed RT-PCR experiments with spe-
cific primers to detect the enzymes required for GABA synthesis
by decarboxylation of glutamate,: i.e., the 65 kDa (GAD 65) and
67 kDa (GAD 67) glutamate decarboxylases (Table 1). During
brain development, alternative splicing produces three transcript
isoforms for the GAD 67 but not the GAD 65 gene (Szabo et al.,
1994). With RNAs extracted both from 3-DIV PSA-NCAM�

spheres and from control adult total brain, we detected an appro-
priate 698 bp band by using a specific set of primers for GAD 65
(Fig. 6A). For GAD 67 RT-PCR, we used a set of primers aimed at
amplifying cDNAs for the three alternatively spliced isoforms.
However, we detected only a 252 bp band corresponding to the
full-length functional isoform of GAD 67 with RNAs extracted
both from PSA-NCAM� spheres and control adult total brain
(Fig. 6A). We next sought for the presence of GABAergic cells
among PSA-NCAM� progenitors by immunocytochemical
stainings using antibodies directed against GABA, GAD 65, and
GAD 67. We found that GAD 65� cells represented 48.9 	 5.2%
(n � 2) (Fig. 6B) of total cells from 3-DIV PSA-NCAM� spheres,
whereas 61.5 	 4.1% (n � 3) (Fig. 6C) of the progenitors ex-
pressed GAD 67. GABA� cells represented 19.3 	 9.8% (n � 3)
(Fig. 6D) of total cells.

Given this demonstration of GABA synthesis in striatal PSA-

NCAM� cells, we next investigated whether these cells were able
to actively secrete GABA, which in turn could regulate their pro-
liferation level by an autocrine or paracrine activation of
GABAAR. To test this hypothesis of an endogenous activation of
GABAAR within PSA-NCAM� spheres, we studied the effects on
proliferation of antagonists (SR-95531 at 10 �M, picrotoxin at 5
�M, and bicuculline at 100 �M) and positive allosteric modula-
tors (clonazepam at 1 �M and pentobarbital at 10 �M) of
GABAAR in the absence of exogenously added GABA in our pro-
liferation assay. In the absence of EGF, GABAAR antagonists trig-
gered an increase (n � 3; ANOVA-1 followed by a Dunnett’s
post-test; *p 
 0.05, **p 
 0.01), whereas positive allosteric mod-
ulators induced a decrease (n � 3; not significant) of proliferation
in total PSA-NCAM� and Tuj1�/PSA-NCAM� cells (Fig.
6E,F). The lower level of increase of BrdU labeling in total PSA-
NCAM� cells in comparison with the Tuj1� subpopulation in
the presence of GABAAR antagonists underlies the fact that
Tuj1�/PSA-NCAM� cells were less sensitive to this pharmaco-
logical effect (data not shown). Our data suggest the existence of
an endogenous GABA-dependent inhibition of proliferation in
PSA-NCAM� spheres.

Furthermore, in the presence of EGF (20 ng/ml), the GABA
antagonist SR-95531 (10 �M) did not increase the proliferation of
total PSA-NCAM� and Tuj1�/PSA-NCAM� cells (Fig. 6G,H).
Therefore, using the HPLC technique, we measured the GABA
contents in spheres synchronized for 24 hr and subsequently
grown for 18 hr in DMEM/F12/N2/B27 with or without EGF (20
ng/ml). We found that EGF-treated spheres contained a lower
amount of GABA when compared with untreated cultures (n �
3; Student’s t test; *p 
 0.05) (Fig. 6 I). These results emphasize

Figure 2. GABAA receptors are expressed by PSA-NCAM � progenitors from early postnatal striatum. A, B, RT-PCR amplifica-
tion of GABAAR �1–5, �1–3, �1–3, and � subunit transcripts using RNA extracted from 3-DIV PSA-NCAM � spheres ( A) and adult
rat brain tissue ( B). Bands corresponding to �2 (549 bp), �4 (532 bp), �5 (300 bp), �1 (578 bp), �3 (587 bp), �1 (296 bp), and �3

(336 bp) were detected (�, with RT;�, without RT). Left margins indicate migration of standard DNA markers with size indicated
in base pairs. C, Z-series confocal image of 3-DIV PSA-NCAM � cells immunoreactive for GABAAR � subunits (green). D, E, Confocal
images of 3-DIV PSA-NCAM � spheres showing GABAAR �� cells (D, green), and GABAAR �� cells (E, green), respectively. All
cultures were counterstained with Etd1 (red). Scale bars: C–E, 10 �m.
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Figure 3. GABAA receptor activation triggers chloride-mediated inward currents in PSA-NCAM � progenitor cells. A, Confocal image showing a GABA-responsive cell injected with Lucifer yellow (green) and
expressing PSA-NCAM (red). B, Histogram representing the mean maximum current induced by GABA 1 mM and the percentage of responding cells in the total recorded population of 3 DIV PSA-NCAM � cells,
respectively. C, Concentration–response curve obtained from GABA-responsive PSA-NCAM � progenitors. E, The specific GABAAR agonist muscimol also induced concentration-dependent currents in PSA-
NCAM � cells. D, F, Traces illustrating inward currents elicited by different concentrations of GABA ( D) and muscimol ( D). G–J, Reversal potential of GABA-induced currents (EGABA ). I, J, Current–voltage
relationship of GABA-evoked currents was studied by applying voltage steps ranging from�140 to�100 mV repetitively every 5 sec before, during, and after GABA (100�M) application. Mean control currents
(before and after GABA application) were subtracted from the currents recorded at the peak of the GABA response. G–I, Using the currents obtained in I, we constructed a current–voltage curve reversing at
�5.89 mV (n � 4 cells), which is close to the calculated Nernst chloride equilibrium potential (�1.1 mV) (left panel). H–J, When extracellular chloride concentration was lowered ( J), the reversal potential
shifted to �30.63 mV (n � 5 cells), which again is close to the expected chloride equilibrium potential in this condition (�29.00 mV).
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that GABA production in PSA-NCAM�

cells may be controlled by EGF signaling.

GABAAR activation does not interfere
with the survival of PSA-NCAM � cells
We performed TUNEL bioassays to ascer-
tain that GABAAR agonists, antagonists,
and positive allosteric modulators did
not modify the percentage of BrdU-
incorporating PSA-NCAM� cells by in-
terfering with apoptotic cell death. As
shown in Figure 7A, GABAAR agonist
(muscimol 100 �M), antagonist (SR-
95531 10 �M), or positive allosteric mod-
ulators (pentobarbital and clonazepam)
did not influence the apoptotic events in
PSA-NCAM� cells. Roscovitine at a high
concentration (40 �M) (Ljungman and
Paulsen, 2001) was used as positive control
(n � 3; ANOVA-1 followed by a Dunnett’s
post-test; **p 
 0.01) (Fig. 7A,B).

Intracellular signaling pathways
mediating the effects of GABAAR
activation on cell cycle progression in
PSA-NCAM � progenitors
Because the mitogen-activated protein ki-
nase (MAPK) signaling pathway has been
shown to be involved in the regulation of
cell cycle progression in neuronal progen-
itor cells (Li et al., 2001), we studied the
effect of a chemical inhibition of this cas-
cade on GABAAR-mediated modulation
of PSA-NCAM� cell proliferation. We
used U0126, a specific inhibitor of the
mitogen-activated kinase kinases MEK1
and MEK2 (Duncia et al., 1998). U0126
(10 �M) had no effect on basal prolifera-
tion or on muscimol-induced arrest of
proliferation (Fig. 8). Conversely, we
found that U0126 totally abolished the in-
crease of proliferation induced by SR-
95531 or EGF (n � 5; Student’s t test; *p 

0.05, **p 
 0.01) (Fig. 8).

As described (Belachew et al., 2000), to
assess GABA-induced calcium responses,
PSA-NCAM� cells have been imaged us-
ing confocal microscopy and the calcium
indicator dye fluo-3 in Locke standard ex-
tracellular solution. In such conditions, we
first tested the presence of voltage-gated
calcium channels (VGCCs) in PSA-
NCAM� cells by studying the effects of
depolarization. The application of a depo-
larizing solution containing a high K�

concentration (50 mM) resulted in a pro-
longed rise of intracellular calcium con-
centration ([Ca 2�]i) in 28.3% of the cells
(28 of 99 cells tested) (Fig. 9A,B). A cell
was considered to be a responding cell if it
displayed a sustained increase of its fluo-
rescence intensity that was significantly (at
least 20%) above the average baseline flu-

Figure 4. Pharmacological characterization of GABAAR expressed by PSA-NCAM � progenitors. A–F, GABA was applied at 10
�M (IGABA 10 �M), a concentration close to its EC50. GABA-evoked currents were reversibly inhibited by bicuculline (A, B), SR-95531
(C, D), and picrotoxin (E, F ). G–J, We also tested positive allosteric modulators of GABAAR. Clonazepam potentiated GABA-induced
currents (GABA at 1 �M, EC10 ) in a range of concentrations between 10 nM and 100 �M, with a maximal effect at 1 �M (G, H ). I–J,
Pentobarbital also enhanced GABA-evoked currents in a concentration-dependent manner.
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orescence. A muscimol-evoked [Ca 2�]i increase was observed in
20.2% of PSA-NCAM� cells (20 of 99 cells tested), and all
muscimol-responsive cells exhibited intracellular calcium re-
sponses to depolarization induced by high extracellular K� (Fig.
9A,B). Muscimol-induced calcium responses in PSA-NCAM�

cells were consistently inhibited by the VGCC blocker nifedipine
(10 �M; n � 20 cells) (Fig. 9A,B). These data suggest that GABA
interferes with [Ca 2�]i homeostasis in a subpopulation (20%) of
postnatal PSA-NCAM� cells from striatum by inducing a suffi-
cient depolarization to open VGCCs.

We have also investigated the effect of the VGCC blocker nifed-

ipine on GABAAR-mediated regulation of
cell cycle progression in PSA-NCAM� cells.
Therefore, we provided evidence that a
GABAAR-mediated increase of [Ca2�]i in
striatal PSA-NCAM� cells was involved in
GABAAR-mediated inhibition of prolifera-
tion in neuron-committed Tuj1�/PSA-
NCAM� progenitor cells but not in Tuj1�/
PSA-NCAM� cells (Fig. 9C,D).

GABAAR is expressed in PSA-NCAM �

cells in situ and autocrine/paracrine
GABAAR activation regulates
proliferation of postnatal striatal PSA-
NCAM � cells in organotypic slices
We performed immunostaining in coro-
nal frozen tissue sections (30 �m) from
postnatal (P1) rat brains. We were able to
demonstrate that PSA-NCAM� cells from
striatum as well as from the adjacent SVZ
were immunoreactive for GABAAR � sub-
units (Fig. 10A–C). GABA- expressing
cells were also detectable in the postnatal
striatum and adjacent SVZ regions (Fig.
10E,F). Finally, we wanted to assess cell
proliferation, as described previously
(Yuan et al., 1998), in organotypic slice
(P1, 400 �m thick) cultures to gain more
insights from a cytoarchitecturally intact
postnatal striatum (Fig. 10G), closer to the
in vivo situation. To restrict our analysis to
the postnatal striatum, SVZ regions (as de-
fined in Fig. 10A1) were microdissected
out and assessed similarly but separately.
BrdU incorporation was performed dur-
ing the first 24 hr of culture, i.e., between
�4 and �22 hr after dissection. Slices next
were mechanically dissociated and plated
onto poly-ornithine-coated coverslips to
attach for 1 hr before fixation and immu-
nostaining (Fig. 10H). We ascertained the
viability of our slice culture system by run-
ning LIVE/DEAD cytotoxicity assays just
before fixation after each experiment,
yielding to values of 88.6 	 0.6 living cells
and 11.4 	 0.6 dead cells (percentage of
total cells; mean 	 SEM; n � 3 indepen-
dent experiments).

In EGF-free conditions, consistent with
our data from cultured cells, we observed
in situ that the GABAAR agonist muscimol
(100 �M) inhibited proliferation of striatal

PSA-NCAM� cells both at the Tuj1� stage (Fig. 10 I) and in
neuron-committed Tuj1� cells (Fig. 10 J). Likewise, the addition
of SR95531 (10 �M) totally abolished muscimol-induced inhibi-
tion of proliferation in striatal PSA-NCAM� cells at both the
Tuj1� (Fig. 10 I) and Tuj1� stages (Fig. 10 J). Furthermore, in the
absence of exogenously applied GABAAR agonists, SR95531
stimulated the proliferation of Tuj1� (Fig. 10 I) and Tuj1� (Fig.
10 J) cells within the PSA-NCAM� population, just as was shown
in spheres.

We also confirmed with this ex vivo paradigm that EGF (20
ng/ml) stimulated proliferation of striatal PSA-NCAM� cells

Figure 5. GABAAR activation inhibits the proliferation of PSA-NAM � cells at both Tuj1 � and Tuj1 � stages. Cells were
incubated simultaneously with drugs and BrdU (20 �M) for 18 hr in EGF-free medium. The anti-mitotic agent cytosine arabinoside
(AraC, 10 �M) was used as an internal control condition. (A, D, G). GABAAR agonists (100 �M GABA and 100 �M muscimol)
inhibited the incorporation of BrdU (n � 6; ANOVA-1 followed by a Dunnett’s post-test; *p 
 0.05, **p 
 0.01, ***p 
 0.0001)
in total PSA-NCAM � cells ( A), in Tuj1 �/PSA-NCAM � cells ( D), and in Tuj1 �/PSA-NCAM � cells ( G). The effect of muscimol was
totally abolished by SR-95531 (100 �M). Baclofen (100 �M), a GABABR agonist, had no effect on BrdU incorporation. (A, D, G).
Muscimol (100 �M) significantly inhibited (n � 4; Student’s t test; *p 
 0.05) the mitogenic effect of EGF (20 ng/ml) (n � 4,
Student’s t test; **p 
 0.01, ***p 
 0.0001) in total PSA-NCAM � cells ( B) and in Tuj1 �/PSA-NCAM � cells ( E), but not in
Tuj1 �/PSA-NCAM � cells ( H ). C, F, I, Confocal images of double-immunostaining for PSA-NCAM (red) and BrdU (green) ( C ),
triple-immunostaining for PSA-NCAM (red), Tuj1 (blue), and BrdU (green) (F, I ), respectively, showing that both Tuj1 �/PSA-
NCAM � and Tuj1 �/PSA-NCAM � cells are proliferative. Because a vast majority of cells constituting 3-DIV spheres expressed
PSA-NCAM, we found similar results on the whole-cell population, and these results were confirmed in [ 3H]thymidine incorpo-
ration assay (data not shown, but see Fig. 8). Scale bars: C, F, I, 10 �m.
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at both the Tuj1� (Fig. 10 I) and Tuj1�

stages (Fig. 10 J). In contrast to data from
cultured cells, muscimol (100 �M) inhib-
ited EGF-induced increase of proliferation
in striatal PSA-NCAM� cells not only at
the Tuj1� (Fig. 10 I) but also at the Tuj1�

stage, although without statistical signifi-
cance. Finally, in the presence of EGF,
SR95531 (10 �M) did not increase prolif-
eration of PSA-NCAM� cells at either the
Tuj1� (Fig. 10 I) or Tuj1� stage (Fig. 10 J),
thus suggesting that EGF may also interact
with GABA synthesis in situ in such orga-
notypic striatal slices. Altogether, such
findings emphasize that an autocrine/
paracrine GABAAR activation may be an
essential mechanism for cell cycle control
in PSA-NCAM� cells from the postnatal
striatum in vivo.

Interestingly, using this organotypic
slice culture technique, we observed that
the regulation of proliferative kinetics of
Tuj1�/PSA-NCAM� and Tuj1�/PSA-
NCAM� cells in response to EGF applica-
tion and GABAAR activation appears to be
qualitatively identical in the SVZ (micro-
dissected as defined in Fig. 10A1) (Fig.
10K,L) as compared with that of the stria-
tum area (microdissected as defined in Fig.
10A1) (Fig. 10 I, J).

Discussion
The generation of cell diversity from
mammalian NSCs is likely to be controlled
by the interaction between both extrinsic
and intrinsic cues. In addition to growth
factors, hormones, integrins, and extracel-
lular matrix components, neurotransmit-
ters are present in the developing brain
well before the onset of synaptic activity
and have been shown to be part of the ex-
trinsic control of CNS neurogenesis in-
volving progenitor cell proliferation, mi-
gration, and differentiation as well as cell
death (for review see Lauder, 1993; Cam-
eron et al., 1998; Herlenius and Lager-
crantz, 2001; Nguyen et al., 2001). Recent
studies reported that functional neuro-
transmitter receptors are expressed by a
wide variety of neuronal progenitors dur-
ing embryonic development, thus pointing to a possible role in
the transduction of important developmental cues (LoTurco et
al., 1995; Flint et al., 1998; Haydar et al., 2000; Maric et al., 2000).
In the present work, we show that (1) proliferative PSA-NCAM�

neuronal precursors from early postnatal rat striata synthesize
and release GABA and express functional GABAAR in vitro and in
situ, (2) an EGF-dependent GABA-mediated autocrine/para-
crine loop regulates neuronal precursor cell division in the post-
natal striatum, and, (3) the levels of GABA synthesized by PSA-
NCAM� cells in vitro were found to be in the same range of
concentration as that of GABAergic brain areas in vivo (Miranda-
Contreras et al., 1999). This work emphasizes that GABA may

serve as a physiological signal that could regulate proliferation of
neuronal progenitors and likely neurogenesis in the postnatal
striatum.

Functional GABAA receptors are expressed in postnatal
PSA-NCAM � cells
GABA, the principal inhibitory neurotransmitter of the adult
CNS, may act as a trophic factor during CNS development long
before the onset of inhibitory synaptogenesis (Barker et al., 1998).
We wanted to determine whether functional GABAARs were ex-
pressed in neurogenic PSA-NCAM� progenitors isolated from
rat striatum at the early postnatal period, when spontaneous and
growth factor-stimulated proliferation is established to persist at

Figure 6. EGF-dependent production of endogenous GABA intrinsically inhibits the proliferation of PSA-NCAM � precursor
cells. A, RT-PCR amplification of both GAD 65 and GAD 67 transcripts from 3-DIV PSA-NCAM � spheres and from control adult rat
brain using specific sets of primers. RT-PCR analysis yielded bands with the appropriate amplicon size for GAD 65 (698 bp) and for
the full-length functional GAD 67 (252 bp). Left margin indicates migration of standard DNA markers with size indicated in base
pairs. B, C, Three-DIV-old dissociated PSA-NCAM � spheres labeled for GAD 65 (B, green) or GAD 67 (C, green) and counterstained
by Etd1 (red). D, Dissociated 3-DIV progenitors immunostained for GABA (green) and counterstained with Etd1 (red). Scale bars:
B–D, 10 �m. E, F, Histograms representing the differences of BrdU incorporation index (BrdU � cells/total cells, %) between
treated and untreated conditions, respectively, in total PSA-NCAM � ( E) and Tuj1 �/PSA-NCAM � cells ( F ). Antagonists and
positive allosteric modulators of GABAAR were applied on 3-DIV-old synchronized cells for 18 hr of BrdU incorporation assay.
GABAAR antagonists (10 �M SR-95531, 5 �M picrotoxin, and 100 �M bicuculline) significantly increased the percentage of
PSA-NCAM �/BrdU � cells (n � 3; ANOVA-1 followed by a Dunnett’s post-test, ns; *p 
 0.05) ( E ) and Tuj1 �/PSA-NCAM �/
BrdU � cells (n � 3; ANOVA-1 followed by a Dunnett’s post-test; *p 
 0.05, **p 
 0.01) ( F ). Conversely, GABAAR-positive
allosteric modulators decreased the percentage of PSA-NCAM �/BrdU � cells ( E) and Tuj1 �/PSA-NCAM �/BrdU � cells ( F ) as
compared with control. Saclofen (10 �M), a GABABR antagonist, had no effect (E, F ). G, H, In the presence of EGF (20 ng/ml) (n �
4; Student’s t test; ***p 
 0.0001), SR-95531 (10 �M) (n � 4; Student’s t test; **p 
 0.01, ***p 
 0.0001) had no effect on
proliferation of total PSA-NCAM � cells ( G) and of Tuj1 �/PSA-NCAM � cells ( H ). I, Histogram showing the concentration of GABA
measured by HPLC in synchronized 3-DIV-old PSA-NCAM � spheres treated or not with EGF for 18 hr. EGF-treated spheres
contained a lower amount of GABA than that of untreated cultures (n � 3; Student’s t test; *p 
 0.05).

3288 • J. Neurosci., April 15, 2003 • 23(8):3278 –3294 Nguyen et al. • GABA Inhibits the Proliferation of Postnatal Rat PSA-NCAM� Progenitors

Publication #15



a significant rate (Reynolds and Weiss, 1992; Craig et al., 1996;
Pencea et al., 2001). Because immature proliferative cells are
characterized by lower buoyancy or higher specific buoyant den-
sities (Maric et al., 1997), we used these isopycnic properties to
develop a selection procedure that allowed us to obtain highly
pure PSA-NCAM striatal cell suspensions that were enriched in
proliferative progenitors.

After 3 d of growth in uncoated conditions, PSA-NCAM�

cells generated spheres and were shown to express multiple
GABAAR subunit genes (i.e., �2,4,5, �1,3, and �1–3) that are known
to be necessary for forming heteromeric functional receptors
(Levitan et al., 1988; Malherbe et al., 1990; Sigel et al., 1990;
Verdoorn et al., 1990). It is acknowledged that at least �4, �1, and
�1, which are detected in rodent progenitors from the neocortical
proliferative zone (Ma and Barker, 1995, 1998; Ma et al., 1998),
may compose GABAARs that have an extrasynaptic function in
neural development. The absence of transcript coding for �1, �3,
�2, and � subunits in PSA-NCAM� spheres was expected because
these GABAAR subunits have been reported mostly in differenti-

ating postmitotic neurons (Maric et al., 1997; Serafini et al., 1998;
Stewart et al., 2002). At the protein level, we observed that PSA-
NCAM� cells were intensely (�70%) immunoreactive for �-,
�-, and �-GABAAR subunits. Our electrophysiological record-
ings confirmed that GABA and muscimol elicited chloride cur-
rents in PSA-NCAM� cells. Finally, we provided evidence that
GABA-evoked currents in PSA-NCAM� progenitors displayed a
typical pharmacological profile with reversible inhibition by es-
tablished antagonists and potentiation by positive allosteric
modulators of GABAAR. Altogether, our findings indicate that
fully functional GABAARs are expressed by striatal PSA-NCAM�

precursor cells from early postnatal brain.

Autocrine/paracrine activation of GABAA receptor blocks cell
cycle progression in PSA-NCAM � neuronal progenitor cells
from postnatal striatum
In the present study, we provided evidence in vitro and in situ that
EGF increased the proliferation of postnatal striatal PSA-
NCAM� progenitors at both the Tuj1� and neuron-committed
Tuj1� stages. Furthermore, we showed that the activation of
GABAAR had no effect on apoptotic events but inhibited the
proliferation of postnatal striatal PSA-NCAM� progenitors and
of their Tuj1� neuroblastic progeny in vitro and in situ, either in
the presence or in the absence of EGF mitogenic stimulation.
Conversely, GABAAR activation had no effect on the prolifera-
tion of O4� oligodendroglial cells and GFAP� astrocytes that
were only sparsely present in cultured PSA-NCAM� spheres. In
our culture conditions, a large majority of striatal PSA-NCAM�

cells were Tuj1� and underwent preferentially a neuronal differ-
entiation as depicted by the expression of antigenic features of
mature neurons. These results suggest that, in the postnatal stri-
atum, GABAAR-mediated signaling may be involved in the regu-
lation of cell cycle progression specifically in PSA-NCAM� pre-
cursor cells that are directed toward a neuronal fate.

GABA-, GAD 65-, and GAD 67-expressing cells have been
detected in embryonic and early postnatal rat striatum (Lauder et
al., 1986; Greif et al., 1992), and extrasynaptically released GABA
was found to be necessary for the establishment and patterning of
functional neuronal networks by promoting the survival and po-

Figure 7. GABAAR modulators do not interfere with PSA-NCAM � cell survival. A, Histogram
showing a TUNEL bioassay that demonstrated the absence of effect of GABAAR modulators on
apoptotic events in PSA-NCAM � cell cultures (3-DIV, 18 hr of treatment in the different condi-
tions. Roscovitine (40 �M) was used as a positive control (n � 3; ANOVA-1 followed by a
Dunnett’s post-test; **p 
 0.01). B, Confocal images displaying representative fields compar-
ing the percentage of TUNEL � cells (green) in control (top row) versus roscovitine-treated
(bottom row) conditions.

Figure 8. GABAAR activation inhibits proliferation of PSA-NCAM � progenitors by blocking
MAPK signaling pathways. Histogram shows that the increase of [ 3H]-thymidine incorporation
induced by the GABAAR antagonist SR95531 (10 �M) and by EGF (20 ng/ml) was significantly
blocked by U0126 (10 �M), a specific inhibitor of the mitogen-activated protein kinase kinases
MEK1 and MEK2 (n � 5; Student’s t test; *p 
 0.05, **p 
 0.01).
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sitioning of newly generated neurons in the striatum (Ikeda et al.,
1997; Luk and Sadikot, 2001). With respect to hypotheses about
the potential source of GABA that could activate GABAAR in
PSA-NCAM� cells in vivo, it is noteworthy that these cells ap-
peared to produce GABA and express consistently GABA-
synthesizing enzymes in vitro. In the absence of extrinsic addition
of GABA or GABAAR agonist, we also showed that the prolifera-
tion of both PSA-NCAM� and Tuj1� neuronal precursors was
increased by GABAAR antagonists and decreased by positive al-
losteric modulators of GABAAR. Without extrinsic addition of
GABA but in the presence of the EGF mitogenic effect, we ob-
served that the application of GABAAR antagonists did not fur-
ther stimulate cell cycle progression in PSA-NCAM� and Tuj1�

neuronal precursors from early postnatal striatum. However, this
discrepancy might be attributable to the fact that EGF decreased
endogenous GABA synthesis in PSA-NCAM� spheres. In con-
clusion, these findings demonstrate convincingly that cultured
postnatal PSA-NCAM� cells from striatum not only express
GABAARs that regulate their cell cycle but also produce and re-
lease GABA.

Furthermore, in organotypic slice preparations from early
postnatal striatum, we were able to detect GABA and GABAAR
subunits in PSA-NCAM� cells, and we provided evidence that an
endogenous GABA production also inhibited proliferation of
PSA-NCAM� cells in situ, both at the Tuj1� stage and in
neuron-committed Tuj1� precursor cells. These data suggest
that this autocrine/paracrine mode of regulation of cell cycle pro-
gression through GABAAR activation in postnatal PSA-NCAM�

neuronal precursors may likely exist in vivo and could regulate
postnatal striatal neurogenesis. By using a similar experimental
approach, we confirmed that the same mechanism appears to
occur in the SVZ area, as shown previously by other work sug-
gesting that endogenous GABAAR activation does exist in the
proliferative ventricular zone (VZ) and SVZ during late embry-
onic stages of murine cortical development (LoTurco et al., 1995;
Haydar et al., 2000). Studies in organotypic slices have already
demonstrated that GABAAR agonists may have contrasting ef-
fects on neuronal progenitors; i.e., they were found to be mito-
genic in the embryonic VZ and anti-proliferative in the SVZ, but
these works failed to ascertain whether it could be caused by an
indirect receptor activation on other cells that in turn would
regulate proliferation in VZ and SVZ cells (Haydar et al., 2000).
We show here that a direct autocrine/paracrine GABA-mediated
feedback can regulate proliferation of PSA-NCAM� cells both in
the striatum and SVZ in situ.

The finding in vitro and in situ that EGF stimulates the prolif-
eration of early postnatal PSA-NCAM� cells and particularly
Tuj1�/PSA-NCAM� neuronal progenitors must be put in per-
spective with the effect of EGF on GABA synthesis in these cells. It
has not yet been determined to what extent the EGF mitogenic

4

over, the [Ca]i increase induced by muscimol (100 �M) was significantly reduced by nifedipine
(10 �M; n � 20) (ANOVA-1 followed by a Dunnett’s post-test; **p 
 0.01). Examples of
responsive cells are represented on the right in the image series. Cells that were both depolar-
ization responsive and muscimol responsive are indicated by open arrows, and cells that were
depolarization responsive but muscimol nonresponsive are indicated by white arrows. C, Histo-
grams showing that the inhibition of proliferation induced by muscimol (100 �M) in Tuj1 �/
PSA-NCAM � cells was completely blocked by nifedipine (10 �M). When applied alone, nifed-
ipine significantly increased the proliferation of Tuj1 �/PSA-NCAM � cells (n � 4 –5; Student’s
t test; ***p 
 0.0001). D, In contrast, nifedipine (10 �M) did not block the inhibition of prolif-
eration mediated by muscimol (100 �M) in Tuj1 �/PSA-NCAM � cells and did not increase the
proliferation of these cells when applied alone (n � 4 –5; Student’s t test; *p 
 0.05).

Figure 9. GABAAR activation inhibits the proliferation of Tuj1 �/PSA-NCAM � progenitors
by inducing a rise of intracellular calcium concentration. A, Time course (Ft /F0 ) of intracellular
calcium concentration [Ca]i assessed in cultured (3 DIV) fluo-3 AM-loaded PSA-NCAM � cells.
We displayed fluorescence data recordings and fluo-3 AM on the basis of confocal images from
two different cells (i.e., depolarization and muscimol responsive, open circles in the dot plot;
depolarization responsive and muscimol nonresponsive, black circles in the dot plot) during
successive treatments with solutions containing a high extracellular K � concentration (50 mM),
muscimol (100 �M), or muscimol (100 �M) � nifedipine (10 �M). The [Ca]i increase mediated
by muscimol (100 �M) was abolished by the L-type voltage-gated calcium channel-blocker
nifedipine (10 �M) (open circle-containing curve). B, Histogram representing the increase of
[Ca]i (�Ft /F0 , %) triggered by a high extracellular K � concentration (50 mM; n � 28) and
muscimol (100 �M; n � 20) (ANOVA-1 followed by a Dunnett’s post-test; **p 
 0.01). More-
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effect on PSA-NCAM� cells may be caused in part by an EGF-
mediated decrease of endogenous GABA production by PSA-
NCAM� cells. Previous works have shown in vivo that intracere-
broventricular administration of EGF induced newly formed
cells in the adult mouse brain (Craig et al., 1996; Kuhn et al.,
1997). However, although EGF promoted an increase of newborn
cells in the adult SVZ and striatum, most of these cells were glial
cells (Kuhn et al., 1997). There is an apparent discrepancy be-
tween our data showing that EGF is a potent mitogen for PSA-
NCAM� neuronal precursors from the early postnatal striatum
and the demonstration that EGF signaling has no effect on adult
striatal neurogenesis and is preferentially a glial inducer in the
adult SVZ and striatum (Craig et al., 1996; Kuhn et al., 1997),
which contain PSA-NCAM� cells (Butler et al., 1997; Doetsch et
al., 1997). We propose the following: (1) there may be a develop-
mental regulation of the phenotypic potential of adult versus
neonatal EGF-responsive PSA-NCAM� precursors from a given
germinative postnatal region of the CNS, and (2) the effect of
EGF on GABA synthesis, or the expression and function of
GABAAR, might differ in adult PSA-NCAM� precursors. To ad-
dress this issue, adult PSA-NCAM� cells obtained from the SVZ
and tightly adjacent areas will need to be investigated further with
the experimental paradigm used in the present study.

MAPK signaling pathways and intracellular calcium are
involved in GABAA receptor-mediated inhibition of
proliferation in PSA-NCAM � neuronal progenitor cells from
postnatal striatum
We also wanted to determine whether the proliferation of post-
natal PSA-NCAM� precursors could be dependent on the
MAPK pathway (Grewal et al., 1999), which is activated in the
EGF receptor-signal transduction cascade (Grant et al., 2002) and
appears to play a crucial ubiquitous role in the regulation of cell
cycle progression in many cell types (Wilkinson and Millar, 2000;
Li et al., 2001). Hence, to investigate the function of MAPK in the
signal transduction of EGF- and GABAAR-mediated regulation
of cell cycle progression in PSA-NCAM� cells, we used U0126, a
specific inhibitor of the MAPK kinases MEK1 and MEK2. As in
other cell types (Grant et al., 2002), our results confirmed that
EGF-dependent stimulation of PSA-NCAM� cell proliferation is

Figure 10. GABAAR expression and activation in brain slices: the activation of GABAAR inhib-
its the proliferation of PSA-NCAM � cells in the postnatal striatum and adjacent SVZ. A1–3,
Confocal single plane images of immunohistochemical stainings (30-�m-thick tissue sections)
showing a field containing the striatum separated from the subventricular zone (SVZ) by a white
dotted line and bordered by the lateral ventricle (LV). PSA-NCAM staining appears in green (A1),
GABAAR � appears in red (A2), and merge of A1 and A2 appears in A3. B1– 4, High-
magnification views of the field delimited by the boxed area B of A1, which is a representative
field of the striatum, with nuclei in blue (B1), PSA-NCAM in green (B2), GABAAR � in red (B3),
and merge of B1, B2, and B3 in B4. Insets display two PSA-NCAM � cells (high magnification)
that are immunoreactive (arrowhead) or not immunoreactive (arrow), respectively, for GABAAR
�. C1– 4, High-magnification views of the field delimited by the boxed area C of A1, which is a
representative field of the SVZ, with nuclei in blue (C1), PSA-NCAM in green (C2), GABAAR � in
red (C3), and merge of C1, C2, and C3 in C4. Insets show two PSA-NCAM � cells (high magnifi-
cation) immunoreactive (arrowhead) or not immunoreactive (arrow), respectively, for GABAAR
�. E, F, Confocal images showing immunostaining of a striatal area ( E ) and an SVZ area ( F) with
nuclei in red and GABA staining in green. Insets display a GABA � cell (arrow in full image) at
higher magnification. G, Proliferation assay in acutely dissected organotypic tissue slices from
postnatal striatum (Z-series confocal image) treated with EGF. We show BrdU (green) immu-

4

nostaining in a PSA-NCAM (red)-expressing cell of a striatal slice after 18 hr of BrdU incorpora-
tion. Inset displays one cell (corresponding to the arrow in the full image) viewed as stacked
Z-dimension images, comprising 0.5 �m optical sections taken 3 �m apart. The Z-dimension
reconstruction was also observed orthogonally in both X–Z and Y–Z planes that are shown
under and to the right of each Z-dimension composite, respectively. H, Confocal image of
acutely isolated cells derived from mechanical dissociation of the striatal part of 400-�m-thick
tissue slices at the end of the BrdU incorporation assay. These cells were immunostained for
PSA-NCAM (red) and BrdU (green). Scale bars: C1– 4, 30 �m; B1– 4, E–H, 40 �m; A1–3, 500
�m. I–L, Histograms showing BrdU labeling indexes in Tuj1 �/PSA-NCAM � (I, K ) and Tuj1 �/
PSA-NCAM � (J, L) cells from the striatum (I, J ) and the SVZ (K, L), as defined in A1. Striatal and
SVZ areas were separated by microdissection of organotypic slices, placed in the same well, and
then incubated with drugs and BrdU (20 �M) for 18 hr. In EGF-free medium, 100 �M muscimol
inhibited the incorporation of BrdU in Tuj1 �/PSA-NCAM � and Tuj1 �/PSA-NCAM � cells from
the striatum (I, J ) and from the SVZ (K, L). These effects were totally abolished by SR-95531 (10
�M). Moreover, when applied alone, SR-95531 significantly increased the incorporation of BrdU
in Tuj1 �/PSA-NCAM � cells and in Tuj1 �/PSA-NCAM � cells from the striatum (I, J ) and from
the SVZ (K, L) (n � 2– 4; ANOVA-1 followed by a Dunnett’s post-test; *p 
 0.05, **p 
 0.01).
EGF (20 ng/ml) significantly increased the incorporation of BrdU in Tuj1 �/PSA-NCAM � and
Tuj1 �/PSA-NCAM � cells from the striatum (I, J ) and from the SVZ (K, L). In EGF-containing
medium, muscimol exerted similar but less significant effects than in EGF-free conditions,
and SR95531 had no effect when applied alone (n � 2–5; Student’s t test; *p 
 0.05,
**p 
 0.01).
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mediated by the activation of the MAPK cascade because U0126
totally abolished the increase of proliferation induced by EGF.
Furthermore, U0126 had no effect on the low level of PSA-
NCAM� cell proliferation in basal conditions in which endoge-
nous GABA was shown to inhibit cell cycle progression. Con-
versely, U0126 inhibited the higher level of proliferation of PSA-
NCAM� cells observed in the presence of pharmacological
blockers that antagonized GABAAR activation by endogenous
GABA and thereby repressed the potential intracellular pathways
of GABAAR-mediated signaling. Thus, these data consistently
suggest that the autocrine/paracrine activation of GABAAR inter-
acts with cell cycle progression in PSA-NCAM� cells, leading
directly or indirectly to a tonic inhibition of MAPK activity.

Despite its role as a major inhibitory neurotransmitter in the
adult brain, GABA is known to exert excitatory depolarizing in-
puts during the period of embryonic neurogenesis and until the
first postnatal week (Owens and Kriegstein, 2002). Membrane
depolarization evoked by GABA in immature neural cells results
from a high intracellular chloride concentration maintained by
specific regulations of chloride transport mechanisms (Kakazu et
al., 1999; Rivera et al., 1999; Bettendorff et al., 2002).
Depolarization-induced Ca 2� entry through VGCCs (LoTurco
et al., 1995) is known to be a major mechanism by which GABA-
mediated changes in membrane potential used to regulate gene
expression (Ganguly et al., 2001). We showed here that GABAAR
activation induced an increase of [Ca 2�]i in a subset of postnatal
PSA-NCAM� neuronal precursor cells. However, as a matter of
fact, because only 28% of striatal PSA-NCAM� cells expressed
VGCCs, only 20% of the total cells responded to GABAAR ago-
nists with an increase of [Ca 2�]i, all by a mechanism involving
VGCC opening. We also demonstrated that VGCC blockade by
nifedipine reversed GABAAR-mediated inhibition of proliferation
in Tuj1�/PSA-NCAM� striatal neuronal precursors but had no ef-
fect on uncommitted Tuj1�/PSA-NCAM� cells. To explain this
difference, one could assume that in comparison with Tuj1�/PSA-
NCAM� striatal precursors, more immature Tuj1�/PSA-NCAM�

cells either have specific calcium-insensitive cell cycle signaling path-
ways or may not elicit a [Ca2�]i rise in response to GABAAR agonists
because of lower levels of VGCC expression or specific regulations of
chloride transport mechanisms or express nifedipine-insensitive
VGCC. It remains to be elucidated to what extent and by which
mechanism GABAAR-induced depolarization and elevation of
[Ca2�]i might account for the tonic inhibition of the MAPK path-
way that actively decreases proliferation in PSA-NCAM� neuronal
precursors.

In conclusion, altogether our findings show that GABA acting
via GABAAR activation is a growth regulatory signal that controls
proliferation of PSA-NCAM� neuronal progenitors isolated
from early postnatal striatum. Because cell cycle arrest and neu-
ronal differentiation are tightly linked biological events (Perez-
Juste and Aranda, 1999), GABAAR activation could influence not
only the maintenance but also the fate specification and the rate
of neuronal differentiation of PSA-NCAM� precursor cells in
the postnatal brain.
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