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Coordinate Regulation of Motor Neuron Subtype
Identity and Pan-Neuronal Properties
by the bHLH Repressor Olig2

esis is initiated by secreted signals that partition neural
progenitor cells into spatially discrete domains (Briscoe
et al., 2000). Within the ventral spinal cord, the secretion
of Sonic hedgehog (Shh) from the notochord and floor
plate has a key role in establishing ventral neuronal
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fates (Briscoe and Ericson, 2001). Graded Shh signalingCenter for Neurobiology and Behavior
controls the patterned expression of a set of homeodo-Columbia University
main (HD) transcription factors that have been subdi-701 West 168th Street
vided into two major groups, termed class I and II pro-New York, New York 10032
teins, on the basis of their mode of regulation by Shh
signaling (Briscoe and Ericson, 2001). The class I pro-
teins are constitutively expressed by neural progenitorsSummary
and are repressed by Shh signaling, whereas the class
II proteins depend on Shh signaling for their expressionWithin the developing vertebrate nervous system, the
(Briscoe et al., 2000). Most of these HD proteins havemechanisms that coordinate neuronal subtype identity
been shown to function directly as transcriptional re-with generic features of neuronal differentiation are
pressors (Muhr et al., 2001), and their repressive activi-poorly defined. We show here that a bHLH protein,
ties underlie the crossregulatory interactions betweenOlig2, is expressed selectively by motor neuron pro-
class I and II proteins that refine boundaries betweengenitors and has a key role in specifying the subtype
adjacent ventral progenitor domains (Briscoe and Eric-identity and pan-neuronal properties of developing
son, 2001; Vallstedt et al., 2001 [this issue of Neuron]).motor neurons. The role of Olig2 in the specification of
Moreover, once established, the profile of progenitormotor neuron subtype identity depends on regulatory
HD proteins expressed within an individual domain ap-interactions with progenitor homeodomain proteins,
pears to direct the subtype identity of its neuronal prog-whereas its role in promoting pan-neuronal properties
eny (Briscoe and Ericson, 2001).is associated with expression of another bHLH protein,

Many of these basic features of ventral neural pat-Ngn2. Both aspects of Olig2 function appear to depend
terning have emerged through an analysis of the genera-on its activity as a transcriptional repressor. Together,
tion of motor neurons. All motor neurons in the spinalthese studies show that Olig2 has a critical role in
cord, whether destined to supply somatic or visceralintegrating diverse features of motor neuron differenti-
targets, arise from a common and apparently uniformation in the developing spinal cord.
set of progenitor cells within the pMN domain (Jessell,
2000). The pMN domain is flanked dorsally by the p2Introduction
domain which generates V2 interneurons, and ventrally
by the p3 domain which generates V3 interneuronsA critical early step in the development of the vertebrate
(Briscoe et al., 2000). In the chick neural tube, pMNcentral nervous system (CNS) is the generation of spe-
domain progenitors express three HD proteins, Pax6,cific subclasses of neurons in constant numbers, in dis-
Nkx6.1, and Nkx6.2 (Briscoe et al., 2000; Cai et al., 2000;tinct positions, and at defined times. The precision with
Vallstedt et al., 2001). The distinction in identity of thewhich these diverse aspects of neuronal differentiation
pMN and p3 domains depends on crossrepressive inter-are coordinated implies that neural progenitor cells pos-
actions between Pax6 and the p3 progenitor HD proteins

sess mechanisms for integrating independent develop-
Nkx2.2 and Nkx2.9 (Ericson et al., 1997; Briscoe et al.,

mental decisions into a coherent program of neurogen-
1999). How the distinction in pMN and p2 progenitor

esis. Despite considerable progress in defining individual identity is achieved is less clear. The class I HD protein
steps in the specification of neuronal subtype identity Irx3 is expressed by p2 progenitors, and its repressive
(Cepko, 1999; Jessell, 2000), and in the control of generic action constrains the dorsal limit of the pMN domain
neuronal character (Anderson and Jan, 1997; Guillemot, and prevents motor neuron generation (Briscoe et al.,
1999), the mechanisms through which neuronal identity, 2000). The existence of a complementary class II protein
number, and position are regulated in coordinate fashion expressed selectively within pMN progenitors is pre-
within any specific class of neuron remains poorly de- dicted by derepression models of neuronal patterning
fined. (Briscoe et al., 2000; Muhr et al., 2001), but such a class

The spinal cord represents one region of the CNS in II protein has not been identified.
which some progress has been made in defining the Within the pMN domain itself, where progenitors ex-
steps involved in the conversion of progenitor cells into press Nkx6.1 and Nkx6.2 but not Nkx2.2 or Irx3, the
specific subclasses of neurons. Here, distinct neuronal unconstrained activities of these two Nkx6 repressor
classes emerge in a precise spatial and temporal order proteins promotes the expression of downstream deter-
from progenitor cells arrayed along the dorsoventral axis minants of motor neuron identity, including the HD pro-
of the neural tube (Lee and Jessell, 1999; Briscoe and teins MNR2 and Lim3 (Tanabe et al., 1998; Sharma et
Ericson, 2001). This fine-grained pattern of neurogen- al., 1998; Briscoe et al., 2000; Vallstedt et al., 2001).

MNR2 is noteworthy in that its expression begins during
the final division cycle of motor neuron progenitors, and1Correspondence: tmj1@columbia.edu

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82485083?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Neuron
774

its activity directs many features of post-mitotic motor express differentiation markers characteristic of post-
neuron differentiation (Tanabe et al., 1998). Neverthe- mitotic neurons.
less, the motor neuron promoting activity of MNR2 is
only functional in post-mitotic neurons, and MNR2 ex- Results
pression itself does not drive progenitors out of the
cell cycle (Tanabe et al., 1998). Indeed, none of the HD Selective Expression of Olig2 by Motor
proteins implicated in the control of ventral neuronal Neuron Progenitors
fate in the spinal cord have been shown to control neu- To examine the role of Olig2 in early neural differentia-
ronal cell cycle exit or to promote the expression of pan- tion, we first defined the pattern of Olig2 expression in
neuronal markers. prospective brachial and thoracic levels of the chick

Generic programs of neuronal differentiation in verte- neural tube from Hamburger-Hamilton stages 10 to 27.
brates, as in Drosophila (Anderson and Jan, 1997), are Expression of Olig2 was first detected at stage 10 in a
regulated by members of the basic-helix-loop-helix restricted group of cells in the ventral neural tube at
(bHLH) class of transcription factors. Many neurally ex- rostral levels, adjacent to the floor plate (Figures 1B and
pressed bHLH proteins have the ability to promote the 1D). Between stages 10 and 15, the domain of Olig2
expression of neuronal differentiation markers (Ma et expression expanded, and at stage 15, the onset of
al., 1996; Guillemot, 1999), and in some instances these motor neuron generation (Ericson et al., 1992; Hollyday
proteins can also direct the exit of neural progenitors and Hamburger, 1977), Olig2 expression encompassed
from the cell cycle (Morrow et al., 1999; Farah et al., much of the ventral third of the neural tube (Figures 1E
2000). Moreover, studies in both insects and vertebrates and 1J; data not shown). From stages 16 to 25, the peak
have begun to provide evidence that bHLH proteins can period of motor neuron generation, Olig2 expression
impose certain subtype-specific features of post-mitotic persisted in progenitor cells within the ventral spinal
neuronal identity (Chien et al., 1996; Jarman and Ahmed, cord, but was rapidly extinguished in post-mitotic neu-
1998; Morrow et al., 1999; Fode et al., 2000). In the rons (Figures 1F, 1G, and 1J). From stage 26 onward,
developing spinal cord, however, most of the well-char- after motor neuron generation, Olig2 expression per-
acterized bHLH proteins are broadly expressed over sisted in a medial progenitor domain within the ventral
several progenitor domains (Gradwohl et al., 1996; Som- spinal cord, and was also evident in cells dispersed
mer et al., 1996; Ma et al., 1997; Roztocil et al., 1997), throughout the spinal cord (Figure 1H). This late, dis-
and their specific functions in neuronal differentiation persed pattern of Olig2 appears to be associated with
have not been resolved. oligodendrocyte precursors (Lu et al., 2000; Zhou et al.,

Recently, a pair of closely related bHLH genes, Olig1 2000, 2001 [this issue of Neuron]).
and Olig2, have been found to exhibit a restricted pattern The expression of Olig2 in the ventral neural tube
of expression within the ventral spinal cord (Lu et al., over the period of motor neuron generation raised the
2000; Zhou et al., 2000), and at later stages of spinal possibility that Olig2 participates in the specification
cord development, these two genes are expressed by and/or differentiation of motor neurons. To begin to test
oligodendrocyte precursors as they disperse within the

this possibility, we mapped Olig2 mRNA and protein
spinal cord. Misexpression of the Olig genes has further

expression in relation to distinct ventral neural progeni-
been reported to induce the expression of oligodendro-

tor domains that have been defined on the basis of the
cyte markers (Zhou et al., 2000; Lu et al., 2000). Based

profile of HD transcription factor expression (Briscoe eton these studies, the Olig genes have been proposed
al., 2000). The three ventral-most progenitor (p) domains,to play a role in oligodendrocyte differentiation (Lu et
termed the p2, pMN, and p3 domains, can be distin-al., 2000; Zhou et al., 2000). Nevertheless, Olig1 and
guished by the expression of the HD transcription fac-Olig2 are expressed by cells in the ventral neural tube
tors Nkx6.1, Nkx6.2, Irx3, and Nkx2.2 (Briscoe et al.,before the onset of oligodendrocyte differentiation (Lu et
2000; Cai et al., 2000; Vallstedt et al., 2001). Expressional., 2000; Takebayashi et al., 2000), raising the possibility
of Nkx6.1 and Nkx6.2 alone defines pMN progenitors;that these bHLH proteins participate in other aspects
coexpression of Nkx6.1, Nkx6.2, and Irx3 defines p2of ventral cell differentiation.
progenitor cells; and coexpression of Nkx6.1, Nkx6.2,In this study, we provide evidence that one of these
and Nkx2.2 defines p3 progenitors (Figure 1T; Briscoetwo proteins, Olig2, has a pivotal role in coordinating
et al., 2000; Cai et al., 2000; Vallstedt et al., 2001)diverse aspects of motor neuron differentiation: inte-

The onset of expression of Nkx6.1 occurred prior tograting motor neuron subtype specification, generic
that of Olig2 and Nkx6.2, and before neural tube closureneuronal differentiation, and cell cycle exit. During the
(Figures 1A–1D; Cai et al., 2000; data not shown). Byperiod of motor neuron generation, Olig2 is expressed
stages 16 to 19, the domain of Olig2 expression wasselectively by progenitor cells within the pMN domain,
contained within a broader dorsoventral domain of ex-and appears to function as a class II transcriptional
pression of Nkx6.1 and Nkx6.2 (Figure 1I; data notrepressor that complements the activity of the class I
shown). From its initiation at stage 10, the dorsal limitHD protein Irx3 in establishing a distinction between the
of Olig2 expression coincided with the ventral limit ofpMN and p2 domains. We provide evidence that the
Irx3 expression (Figures 1J and 1K; data not shown),repressor activity of Olig2 within pMN progenitors di-
indicating that the dorsal limit of Olig2 expression isrects the expression of motor neuron subtype determi-
positioned at the p2/pMN domain boundary (Briscoe etnants. In addition, Olig2 appears to direct expression
al., 2000). Consistent with this, the dorsal limit of Olig2of the neural bHLH protein Neurogenin2 (Ngn2) within
was always separated from the p1/p2 domain boundary,pMN domain progenitors and, directly or through Ngn2,

drives pMN progenitor cells to leave the cell cycle and marked by the ventral limit of Dbx2 expression (data not
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Figure 1. Expression of Olig2 in the Chick
Spinal Cord

(A–D) Analysis of Olig2 and Nkx6.1 expression
at rostral and caudal levels of the chick neural
tube at stage 10.
(E–H) Analysis of Olig2 expression at brachial
levels at stages 16–27.
(I–S) Pattern of expression of Olig2 and other
transcription factors at brachial levels at
stage 18.
(T) Summary of the patterns of Olig2 and HD
protein expression in ventral progenitor do-
mains. For details see Briscoe et al. (2000).

shown; Briscoe et al., 2000). Irx3 expression was also genitor cells in the pMN domain and is excluded from
the adjacent p2 and p3 domains (Figure 1T).detected in post-mitotic motor neurons at the lateral

margin of the ventral spinal cord (Figure 1K), whereas We next examined the temporal pattern of Olig2 ex-
pression in the pMN domain in relation to several ofOlig2 expression was confined to progenitor cells (Fig-

ure 1J). Thus, Olig2 and Irx3 are expressed in comple- the HD factors implicated in the specification of motor
neuron identity. The onset of expression of Olig2 pre-mentary patterns in the ventral spinal cord. We also

defined the ventral limit of Olig2 expression. From ceded that of the motor neuron subtype determinants
MNR2 and Lim3, which are not expressed until stagesstages 10 to 25, the ventral limit of Olig2 expression

coincided with the dorsal limit of Nkx2.2 expression 12 to 13 (data not shown; Tanabe et al., 1998). Moreover,
at stage 18, Olig2 was expressed by progenitor cells(Figure 1L; data not shown). Thus, over the entire period

of motor neuron generation, Olig2 is expressed by pro- along the entire mediolateral axis of the pMN domain,
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Figure 2. Regulatory Interactions between
Olig2 and Progenitor Homeodomain Proteins
in the Chick Neural Tube

(A and B) Misexpression of Nkx6.1 leads to a
dorsal expansion in Olig2 expression.
(C and D) Misexpression of myc-tagged Olig2
leads to a small dorsal expansion in Nkx6.1
expression.
(E and F) Misexpression of Irx3 represses
Olig2 expression.
(G and H) Olig2 misexpression represses Irx3
expression, in a position-dependent manner
(see Figure 4A and Results). The bracket in
(H) denotes the region of effective Irx3 repres-
sion. Ventrolateral expression of Irx3 corre-
sponds to motor neurons.
(I and J) Misexpression of Nkx2.2 represses
Olig2 expression.
(K) Misexpression of Olig2 does not repress
Nkx2.2 expression.
Images representative of 5–10 embryos for
each experiment.
(L) Regulatory interactions between Olig2 and
progenitor HD proteins (see Supplemental
Figure S1 on Neuron website).

whereas the levels of MNR2 and Lim3 expression were class proteins regulate Olig2 expression in the ventral
higher in more laterally positioned progenitors (Figures spinal cord.
1M–1O). Over this period, the pattern of expression of We then tested whether regulatory interactions be-
Olig2 showed little overlap with Isl1, Isl2, and HB9, mark- tween Olig2 and Irx3 establish the pMN/p2 domain
ers of post-mitotic motor neurons (Figure 1P; data not boundary. Ectopic ventral expression of Irx3 repressed
shown; Ericson et al., 1992; Tanabe et al., 1998). To- Olig2 expression within the pMN domain (Figures 2E
gether, these findings indicate that the expression of and 2F), supporting the idea that Irx3 expression nor-
Olig2 by motor neuron progenitors precedes that of mally limits the dorsal extent of Olig2 expression. Con-
MNR2 and Lim3, and is extinguished as progenitors versely, ectopic expression of Olig2 repressed Irx3 ex-
leave the cell cycle and express markers of post-mitotic pression within the p2 domain (Figures 2G and 2H). This
motor neurons. result, combined with prior data showing that Olig2 re-

quires Shh signaling for its expression (Lu et al., 2000),
provides evidence that Olig2 functions as a class II pro-Crossregulatory Interactions between Olig2
tein, and exerts crossrepressive interactions with Irx3and Progenitor Homeodomain Proteins
to establish the pMN/p2 domain boundary. However,To determine whether Olig2 has a role in establishing
the efficiency with which Olig2 repressed Irx3 variedthe pMN domain, we assayed regulatory interactions
along the dorsoventral axis of the neural tube (see Figurebetween Olig2 and selected progenitor HD proteins
4Ai). Within an intermediate region of the neural tubethrough misexpression experiments in chick embryos
corresponding to the position of the p0 to p2 domains (ausing a replication-competent retroviral expression vec-
domain designated as the r domain—for Irx3 repressed)tor, and through analysis of mouse mutant embryos.
(bracketed region in Figure 2H), the expression of Irx3We first examined whether the Nkx6 class proteins
was repressed to low levels (Figures 4Aii and 4Aiii),are involved in promoting the expression of Olig2 in pMN
whereas in more dorsal regions of the neural tube (desig-domain progenitors. Ectopic expression of Nkx6.1 in the
nated the m domain—for Irx3 maintained), Irx3 was re-neural tube resulted in a dorsal expansion in the domain
pressed much less efficiently, and high levels of Irx3of Olig2 expression (Figures 2A and 2B). Conversely,
were maintained (Figures 2H, 4Aii, and 4Aiii). The impactOlig2 expression was virtually absent from pMN domain
of the differential repression of Irx3 on neuronal specifi-progenitors in mice lacking both Nkx6.1 and Nkx6.2
cation is discussed below.function (Figures 3A and 3F; Vallstedt et al., 2001). To-

gether, these results provide evidence that the Nkx6 We next examined the interactions of Olig2 and
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Figure 3. Genetic Evidence for Regulation of Olig2 Expression by Progenitor Homeodomain Proteins

(A and F) Olig2 expression at cervical levels of e10.5 Nkx6.1; Nkx6.2 mouse mutant embryos (Vallstedt et al., 2001). A low level of Olig2
expression was detected at lumbar levels (see Vallstedt et al., 2001).
(B, C, G, and H) Olig2 and Nkx2.2 expression at rostral spinal cord levels in Pax6 mutants.
(D, E, I, and J) Olig2 expression in Nkx2.2 mutants. Dotted lines indicate the lateral edge of floor plate marked by expression of Shh; arrowheads
indicate the ventral limit of Olig2 expression.

Nkx2.2 at the pMN/p3 domain boundary. Dorsal misex- indirectly, in the deregulation of Nkx6.1 expression. Mis-
expression of Olig2 did occasionally result in an expan-pression of Nkx2.2 in the chick neural tube repressed

Olig2 expression within the pMN domain (Figures 2I and sion in the domain of Nkx6.1 expression into the p1
domain (Figures 2C, 2D, and 4E), but the pattern of Nkx6.22J). In addition, at rostral levels of the spinal cord of

Pax6 mutant mouse embryos, the dorsal expansion in expression was not altered (data not shown). Thus, Olig2
misexpression can indirectly influence Nkx6.1 expres-the domain of Nkx2.2 expression and loss of somatic

motor neurons (Ericson et al., 1997) were accompanied sion, albeit subtly, and probably through regulation of
Dbx2 expression. Ectopic expression of Olig2 did notby the extinction of Olig2 expression (Figures 3G and

3H). However, Pax6 is not directly required for Olig2 change the pattern of Shh expression (data not shown),
indicating that the patterning changes observed afterexpression since in the caudal spinal cord, where the

extent of Nkx2.2 expansion and loss of somatic motor Olig2 misexpression do not result from a change in ex-
trinsic inductive signaling.neurons is more limited, Olig2 was expressed (data not

shown; Ericson et al., 1997). In Nkx2.2 mutant embryos In summary, these results provide evidence that the
restriction in expression of Olig2 to motor neuron pro-(Briscoe et al., 1999), Olig2 expression expanded ven-

trally to occupy the p3 domain (Figure 3J). Thus, Nkx2.2 genitors is regulated by the actions of selected class I
and II HD repressor proteins, and suggest that Olig2expression defines the ventral boundary of Olig2 expres-

sion. In contrast, misexpression of Olig2 within p3 do- itself has a role in establishing the identity of pMN pro-
genitors, primarily through its crossrepressive interac-main progenitors did not extinguish expression of

Nkx2.2 (Figure 2K). This finding indicates that the repres- tion with Irx3 at the pMN/p2 boundary (Figure 2L).
sive relationship between Nkx2.2 and Olig2 is not recip-
rocal, consistent with prior studies showing that Nkx2.2 Olig2 Directs Expression of Motor Neuron

Transcription Factorsrepression at the pMN/p3 boundary is controlled by
Pax6 (Ericson et al., 1997; Briscoe et al., 2000). The restricted expression of Olig2 in pMN progenitors

raised the question of whether the protein has a role inClass II proteins can also repress the expression of
class I proteins that do not exhibit a common progenitor the specification of motor neuron fate. To explore this

possibility, we examined the pattern of expression ofdomain boundary (Sander et al., 2000; Vallstedt et al.,
2001). We therefore tested whether misexpression of markers of motor neuron and ventral interneuron differ-

entiation after misexpression of Olig2 in the neural tube.Olig2 represses class I genes other than Irx3. Misexpres-
sion of Olig2 did not repress the expression of Pax7 Irx3 has previously been found to inhibit motor neuron

generation (Briscoe et al., 2000), and we therefore com-(data not shown), but expression of Dbx2 within the p0
and p1 domains was repressed by Olig2 (see Supple- pared changes in neuronal pattern in the r domain (in

which Irx3 expression is repressed to low levels by Olig2)mental Figures S1A and S1B at http://www.neuron.org/
cgi/content/full/31/5/775/DC1). Since the dorsal limit of with changes in the m domain (in which Irx3 expression

is maintained at high levels).Nkx6.1 expression is normally constrained by expres-
sion of Dbx2 (Briscoe et al., 2000), we examined whether Misexpression of Olig2 resulted in a marked dorsal

expansion in the domain of MNR2 expression (Figuresthe repression of Dbx2 expression by Olig2 might result,
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Figure 4. Olig2 Directs the Expression of Motor Neuron Transcription Factors

(A) Position-dependent repression of Irx3 by Olig2.
(Ai) Diagram summarizing the graded repression of Irx3 expression. The 0.00 value on the position scale corresponds to the nadir of the roof
plate, and the 1.00 value corresponds to the apex of the floor plate. The m or r designation indicates regions of the spinal cord in which Irx3
expression is maintained (m) or repressed (r). The r domain corresponds approximately to the p0, p1, and p2 domains.
(Aii) Densitometric analysis of Irx3 expression levels in Olig2-transfected and control sides of spinal cord as a function of dorsoventral position.
Data points taken from six sections from three embryos (mean � SEM). The vertical dotted line indicates the mean level of Irx3 expression
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4B, 4C, 4F, and 4J). However, the ectopic expression ures 4H and 4I; data not shown). At the border of the
r and m domains, we occasionally detected ectopicof MNR2 was limited almost exclusively to the r domain,

with �5% of ectopic MNR2� cells evident in the m do- neurons that coexpressed Isl1/2 and Chx10 (data not
shown), suggesting that an intermediate level of Irx3main (Figures 4C, 4F, and 4J). Misexpression of Olig2

also promoted ectopic expression of Lim3 within both repression results in a hybrid motor neuron-V2 neuron
phenotype. The ectopic generation of motor neuronsthe r and m domains (Figures 4B, 4D, and 4H–4J). Within

the r domain, the incidence of ectopic Lim3 expression and V2 neurons within the p0 and p1 domains after
expression of Olig2 was associated with a correspond-was greater than that of MNR2, suggesting that Olig2

is more efficient at inducing Lim3 than MNR2. Ectopic ing loss of Evx1� V0 and En1� V1 neurons (data not
shown).expression of MNR2 directs motor neuron generation,

and in the absence of MNR2, Lim3 directs the generation We infer from these data that Olig2 activity is sufficient
to direct the ectopic expression of both MNR2 and Lim3of Chx10� V2 neurons (Tanabe et al., 1998). Consistent

with these findings, the expression of Olig2 within the in neural progenitor cells, but that the spatial pattern of
expression of these two markers, and consequently ther domain was accompanied by the differentiation of

Isl1/2�, HB9� motor neurons and Chx10� V2 neurons. selection of motor neuron or V2 neuronal fate, may be
gated by the efficiency with which Olig2 represses Irx3In contrast, very few Isl1/2�, HB9� motor neurons were

detected within the m domain (Figures 4F, 4H, and 4J). expression (Figure 4K). In the r domain, where more
efficient Irx3 repression is achieved, MNR2 is expressedAll ectopic motor neurons expressed Olig2, indicating

that its patterning activity is cell autonomous. Misex- and thus many cells give rise to motor neurons. But in
the m domain, where a high level of Irx3 expressionpression of mouse Olig2 led to similar changes in neu-

ronal pattern, but misexpression of mouse Olig1 or hu- is maintained, MNR2 expression is inhibited and thus
ectopic Lim3� cells generate V2 neurons. In support ofman Olig3 had no activity (data not shown).

Nkx6.1 can direct expression of MNR2, Lim3, and this, coexpression of Olig2 with Irx3 blocked the genera-
tion of ectopic MNR2� cells, but still permitted the ec-post-mitotic motor neuron markers (Briscoe et al., 2000),

raising the concern that the neuronal patterning actions topic appearance of Lim3� cells and V2 neurons (data
not shown).of Olig2 might result solely from the expansion in the

domain of Nkx6.1 expression (Figures 2C and 2D). We
therefore compared the domain of ectopic expression A Repressor Form of Olig2 Mimics the Patterning

Activity of the Wild-Type Proteinof Nkx6.1 with that of motor neuron transcription factor
markers. Most of the ectopic MNR2�, Lim3�, Isl1/2�, Most of the class I and II HD proteins that control progen-

itor cell pattern act as transcriptional repressors (Muhrand HB9� cells detected within the r domain after misex-
pression of Olig2 lacked Nkx6.1 expression, and were et al., 2001). Since Olig2 also appears to function as a class

II protein, we examined whether its neural patterningfound in positions dorsal to the position of ectopic
Nkx6.1� cells (Figure 4E; data not shown). In addition, activity reflects its function as an activator or repressor.

To begin to analyze this issue, we measured the activitywe found that Olig2 misexpression occasionally induced
MNR2 and Lim3 expression in sensory neurons of the of Olig2 in a Gal4 transcriptional reporter assay (Sadow-

ski and Ptashne, 1989; Muhr et al., 2001). COS-1 cellsdorsal root ganglion and in cells of the otic vesicle,
tissues that lack Nkx6.1 expression (data not shown). were cotransfected with a full-length Olig2 protein fused

to the DNA binding domain of yeast Gal4, or with aTogether, these findings provide evidence that Olig2
activity promotes the expression of transcription factors similar Gal4 fusion with MyoD, a known transcriptional

activator (Weintraub et al., 1991). Gal4-Olig2 reduced thecharacteristic of motor neuron progenitors and post-
mitotic motor neurons, in a manner downstream and level of transcription 8-fold, whereas Gal4-MyoD increased

the level of transcription 6-fold, compared to basal levelsindependent of Nkx6 protein activity.
Misexpression of Olig2 in the m domain, where Lim3� (Figure 5B). These results suggest that Olig2 possesses

transcriptional repressor activity, and prompted us tocells but few if any ectopic MNR2� cells were detected,
resulted in the ectopic generation of many Chx10� V2 examine whether Olig2 also functions as a repressor in

patterning the neural tube.neurons (Figures 4B, 4G, 4I, and 4J). Consistent with
this, the position of ectopic V2 neurons always extended To test this possibility, expression constructs con-

sisting of Olig2 subdomains, alone or fused to heterolo-more dorsally than that of ectopic motor neurons (Fig-

in the p2 domain. The blue and red plots indicate Irx3 expression on the control and Olig2-electroporated sides, respectively.
(Aiii) Extent of Irx3 expression on the Olig2-transfected side as a function of dorsoventral position.
(B–D) Misexpression of Myc-tagged Olig2 leads to ectopic MNR2 and Lim3 expression. Yellow horizontal lines in inset panels indicate the
dorsal limit of marker expression on the control side.
(E) Ectopic expression of MNR2/HB9 extends beyond the region of Nkx6.1 expansion.
(F) Olig2 misexpression leads to ectopic HB9 expression.
(G) Olig2 misexpression also leads to ectopic Chx10� V2 neuron generation.
(H and I) Ectopic Lim3�, Chx10� V2 neurons are found dorsal to the position of ectopic Lim3�, Isl1/2� motor neurons.
Images in (B)–(I) are representative of �10 embryos.
(J) Distribution of ectopic transcription factor expression in the m or r domains. Values obtained from �7 sections, from �3 embryos. Data
are displayed as percentage of total ectopic cells, plotted as mean � SEM. The asterisk above the m bar for HB9 indicates that some of the
HB9� cells found in the m domain likely arise by virtue of the expression of Lim3 in dorsal D2 interneurons (Tanabe et al., 1998).
(K) The status of Irx3 expression appears to determine whether Olig2 expression generates ectopic motor neurons or V2 neurons.
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Figure 5. Olig2 Functions as a DNA Binding-
Dependent Repressor

(A) Constructs used. M � Myc epitope tag.
(B) Gal4-repression/activation assay. COS-1
cells were cotransfected with Gal4-fusion con-
structs and a Gal4-E1b-luciferase reporter
plasmid. Mean values from four experiments �

SEM are plotted. In controls, a Gal4-EnR con-
struct repressed E1b-luciferase activity 66 �

10-fold (data not shown).
(C–K) Analysis of ectopic Lim3 and MNR2/
HB9 expression in embryos expressing the
indicated constructs. Higher power images
of embryos expressing Myc-tagged Olig2�b
confirmed that this protein is present in the
nucleus of transfected cells (Supplemental
Figure S2). Images representative of five em-
bryos for each construct.

gous transcriptional activator or repressor domains (Fig- ectopic MNR2, Lim3, or HB9 expression (data not
shown; see below). Lastly, expression of a full-lengthure 5A), were expressed in the neural tube, and the

ectopic expression of MNR2, Lim3, and HB9 was as- Olig2 protein lacking the basic region (Olig2�b) did not
result in ectopic MNR2, Lim3, or HB9 expression (Fig-sayed. Expression of the bHLH domain of Olig2 alone

had no patterning activity, but the Olig2 bHLH domain ures 5I–5K; Supplemental Figure S2 on Neuron website;
data not shown), suggesting that DNA binding is re-fused to the repressor domain of the Drosophila En-

grailed protein (Olig2-EnR; Smith and Jaynes, 1996) quired for Olig2 function. Together, these results sup-
port the idea that Olig2, like class II HD proteins, exertsmimicked the patterning activities of full-length Olig2

(Figures 5C–5E; data not shown). The Olig2 bHLH-EnR its neural patterning activity through its function as a
DNA binding-dependent transcriptional repressor.fusion also effectively repressed Irx3 expression from

p2 domain progenitors (data not shown). In contrast,
expression of an equivalent Olig1 bHLH-EnR fusion had Olig2 and Ngn2 Expression Coincides in Motor

Neuron Progenitorsno neural patterning activity (Figures 5F–5H). Similarly,
expression of the Olig2 bHLH domain fused to the her- Olig2 shares functional features with class I and II HD

proteins in ventral neural patterning, yet belongs to thepes simplex virus protein 16 transactivation domain
(Olig2-VP16; Triezenberg et al., 1988) did not promote bHLH family of transcription factors. Certain bHLH pro-
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teins have been shown to regulate the expression of whether the pattern of Ngn2 expression restricts the
ability of Olig2 to generate motor neurons. To test this,general neuronal markers and promote exit from the cell

cycle (Morrow et al., 1999; Farah et al., 2000), raising we examined whether ectopic expression of Ngn2 ex-
pands the spatial domain in which Olig2 can inducethe possibility that Olig2 might also promote the expres-

sion of pan-neuronal features of motor neuron differenti- motor neurons. Coexpression of Olig2 and Ngn2 in the
dorsal spinal cord, however, did not expand the domaination.

To begin to test this idea, we compared the spatial of ectopic motor neuron generation (Supplemental Fig-
ure S3). This finding suggests that the ability of Olig2 toand temporal patterns of expression of Olig2 with that

of other bHLH class genes in the ventral neural tube. induce motor neurons is not limited by constraints on
Ngn2 expression. Since both Ngn2 and MNR2 appearNgn2 and NeuroM are expressed during the early phase

of progenitor cell differentiation in the spinal cord and to function downstream of Olig2, we also examined
whether Ngn2 alters the efficiency with which MNR2have been implicated in neurogenesis (Sommer et al.,

1996; Roztocil et al., 1997; Perez et al., 1999; Scardigli generates motor neurons. Coexpression of Ngn2 and
MNR2 resulted in a marked increase in the number ofet al., 2001; Simmons et al., 2001). We therefore com-

pared the patterns of expression of Olig2, Ngn2, and ectopic Isl1/2� neurons in dorsal regions of the spinal
cord, compared with the actions of MNR2 alone (dataNeuroM. In the ventral neural tube, the expression of

Ngn2 begins at stage 12, after that of Olig2 (data not not shown). Together, these findings suggest that HD
and bHLH domain proteins induced in pMN domain pro-shown). By stages 15–18, as progenitors begin to gener-

ate post-mitotic motor neurons, Ngn2 is expressed at genitors by Olig2 act together to promote the efficient
generation of motor neurons.high levels within the pMN domain, whereas most other

progenitor domains express little or no Ngn2 (Figure
1R). Virtually all cells within the pMN domain expressed Olig2 and Ngn2 Direct Cell Cycle Exit
Olig2 (Figure 1Q), but Ngn2 expression appeared more and Neuronal Differentiation
scattered (Figures 1R and 1S). NeuroM was also ex- We next turned to the issue of whether Olig2 or Ngn2
pressed at high levels by pMN domain progenitors at influence the acquisition of generic neuronal character,
stages 15 to 20, but its expression was more prominent through assays of the expression of pan-neuronal mark-
in cells in the lateral extent of the pMN domain, close ers and the exit of neural progenitor cells from the cell
to the position of newly differentiated motor neurons cycle. Forty-eight hr after misexpression of Olig2 with
(data not shown). Together, these data indicate that, a replication-competent retroviral vector, we detected
within pMN domain progenitors, Olig2 expression coin- an increase in the number of Olig2-transfected cells that
cides with that of Ngn2 and other bHLH genes impli- expressed the cyclin-dependent kinase inhibitor p27
cated in the control of neurogenesis. (Farah et al., 2000) and the neuronal cytoplasmic marker

Cyn1 (Tanabe et al. 1998), proteins expressed by all
post-mitotic neurons in the chick spinal cord and theseOlig2 Regulates Ngn2 Expression

We next examined whether Olig2 expression influences embryonic stages (data not shown). However, the high
incidence of secondary infection of cells with Olig2 whenthe pattern of Ngn2 expression within the neural tube.

Misexpression of Olig2 resulted in a marked dorsal expressed with replication-competent retroviral vectors
precluded a detailed analysis of the ability of Olig2 toexpansion in the domain of Ngn2 mRNA and protein

expression (Figures 6A–6D). Ectopic Ngn2� cells were promote expression of pan-neuronal markers.
To overcome this problem, we performed an analysisdetected in both the r and m domains, although ectopic

Ngn2 expression was less extensive in the most dorsal of Olig2 and Ngn2 activity through misexpression of
these two bHLH genes using either a replication-incom-region of the neural tube (Figures 6A–6D). Coexpression

of Olig2 with Irx3 still led to the ectopic dorsal expres- petent retroviral vector or a CMV-based expression sys-
tem. Qualitatively similar results were observed withsion of Ngn2 (data not shown). A similar expansion in

Ngn2 expression was detected after misexpression of both expression systems, and we present data using
the CMV-based vector. We first assayed the proliferativeOlig2-EnR, but not after expression of the Olig2-VP16 or

Olig2�b constructs (Figures 6E and 6F; data not shown), state of neural cells by measuring incorporation of bro-
modeoxyuridine (BrdU) after a 30 min pulse. 48 hr aftersupporting the idea that Olig2 promotes the expression

of Ngn2 through its function as a transcriptional repres- misexpression of Olig2, �80% of cells transfected with
Olig2 failed to incorporate BrdU, whereas only �30%sor. Olig2 misexpression also led to a dorsal expansion

in the domain of NeuroM expression (data not shown). of cells expressing a control marker lacked BrdU incor-
poration (Figures 7B, 7J, and 7N). In addition, most cellsThe ability of Olig2 to expand Ngn2 expression dorsally

was not mimicked by MNR2 or Lim3 (Figures 6I–6L). transfected with Olig2 were located in a lateral position,
characteristic of post-mitotic neurons. Cells transfectedMisexpression of Ngn2 did not lead to ectopic expres-

sion of Olig2, or to the generation of Isl1/2� motor neu- with a neutral marker were evenly dispersed along the
mediolateral axis of the neural tube (Figures 7A, 7I, androns, although the domain of NeuroM expression was

expanded (Figures 6G and 6H; data not shown). These 7M). Similar results were seen with Ngn2 misexpression,
where �80% of transfected cells failed to incorporateresults therefore show that Olig2 regulates the expres-

sion of Ngn2 in neural progenitor cells. BrdU and were positioned laterally (Figures 7E, 7F, 7M,
and 7N). Analysis of electroporated embryos at 24 hrThe limited expansion of Ngn2 into the most dorsal

region of the spinal cord after Olig2 misexpression, revealed that a substantial proportion of Olig2-trans-
fected cells maintained a medial position in the neuraltaken together with the absence of ectopic motor neu-

rons in these dorsal regions, prompted us to examine tube and still incorporated BrdU (data not shown). In
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Figure 6. Olig2 Expands the Domain of Ngn2 Expression

(A and B) Myc-tagged Olig2 misexpression expands Ngn2 in the intermediate and dorsal spinal cord, assayed at stage 18 (red or yellow
dotted lines indicate limit of Ngn2 expression in medial progenitor cells).
(C and D) Myc-tagged Olig2 misexpression expands Ngn2 into the intermediate and dorsal spinal cord, analyzed at stage 23.
(E and F) Misexpression of Myc-tagged Olig2-EnR expands Ngn2.
(G and H) Equivalent misexpression of Myc-tagged Ngn2 does not expand Olig2.
(I–L) Misexpression of MNR2 or Lim3 does not alter the pattern of Ngn2.
Images representative of at least five embryos for each construct.

contrast, at 24 hr, most cells transfected with Ngn2 had the expression of transcription factors implicated in mo-
tor neuron fate specification.exited the cell cycle and were positioned laterally (data

not shown). These data suggest that Ngn2 is more po- We first examined the influence of Olig2-VP16 on the
expression of Nkx6.1 and Nkx6.2, proteins that appeartent than Olig2 in promoting cell cycle exit.

To determine whether cells driven out of the cell cycle to function upstream of Olig2. Expression of Olig2-VP16
did not reduce the number of Nkx6� cells at the dorso-by Olig2 or Ngn2 expressed generic markers of post-

mitotic neurons, we analyzed the expression of p27 and ventral position of motor neuron generation (Figures 8A,
8G, and 8H; data not shown). In addition, no changeCyn1 at 48 hr. About 85% of cells transfected with Olig2

expressed p27 and Cyn1, whereas �30% of cells trans- in endogenous Olig2 was detected after expression of
Olig2-VP16 (data not shown). Moreover, the expressionfected with a control marker were p27� or Cyn1� (Fig-

ures 7C, 7D, 7K, 7L, 7O, and 7P). Similarly, about 90% of Nkx2.2 within the p3 domain was not altered (data
not shown). Thus, Olig2-VP16 does not inhibit the ex-of cells transfected with Ngn2 expressed p27 and Cyn1

(Figures 7G, 7H, 7O, and 7P). The neurogenic activity of pression of HD proteins that function upstream of Olig2,
or the expression of Olig2 itself. We next examined theOlig2 was detected in cells located in both the m and r

domains, implying that the ability of Olig2 to promote influence of Olig2-VP16 on expression of MNR2 and Lim3,
motor neuron subtype determinants that appear to func-cell cycle exit and neuronal differentiation is not subject

to the positional constraints imposed on motor neuron tion downstream of Olig2. Expression of Olig2-VP16
within pMN domain progenitors reduced the number ofspecification. These findings provide evidence that mis-

expression of Olig2 and Ngn2 in neural progenitor cells MNR2� and Lim3� cells by �80% and �55%, respec-
tively, compared to controls (Figures 8B, 8C, and 8H).promotes their exit from the cell cycle and directs the

expression of pan-neuronal markers. In contrast, no reduction in MNR2� or Lim3� cells was
detected after expression of an equivalent Olig1-VP16
construct (data not shown). We also examined whetherAn Activator Form of Olig2 Inhibits Motor

Neuron Generation the loss of MNR2� cells was accompanied by the derepres-
sion of Irx3 within pMN domain progenitors. In someCollectively, our findings suggest that Olig2 generates

motor neurons through its ability to repress the expres- experiments, ectopic Irx3 expression was detectable
within the pMN domain, but only at very low levels (datasion of a set of target genes that themselves serve as

repressors of motor neuron differentiation. We therefore not shown, see Discussion). We then examined the pro-
file of expression of markers of post-mitotic motor neu-considered whether an activator form of Olig2 might

induce the expression of some of these target genes rons. Expression of Olig2-VP16 within the pMN domain
resulted in a �50% reduction in the number of Isl1/2�and thus interfere with endogenous Olig2 function. To

examine this possibility, we tested whether misexpres- motor neurons (Figures 8D and 8H). Together, these
results confirm that Olig2 functions downstream of Nkx6sion of Olig2-VP16 within the pMN domain influenced
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Figure 7. Olig2 and Ngn2 Promote Cell Cycle
Exit and Neuronal Differentiation

(A, E, and I) Mediolateral location of cells
transfected at stages 11–13 with CMV-based
vectors driving the expression of either a nu-
clear localization signal fused to 6 Myc tags
(NLS-MT6), or Myc-tagged forms of Olig2 or
Ngn2. The medial or lateral position of cells
was defined by cell location within or lateral
to the region of BrdU� cells.
(B, F, and J) BrdU incorporation, (C, G, and
K) p27 expression, and (D, H, and L) Cyn1
expression in cells transfected with Myc-
Olig2, Myc-Ngn2, or NLS-MT6.
Images representative of at least five em-
bryos for each construct.
(M–P) Quantitative analysis of transfected
cells. Data points represent mean values �

SEM from �600 cells, analyzed from at least
three transfected embryos. Olig2 and Ngn2
promote cell cycle exit and neuronal marker
expression, compared to the NLS-MT6 con-
trol (p � 0.0001).

proteins, but upstream of MNR2, Lim3, and Isl1/2 in a 1997). We detected an increase (35 � 4%; mean � SEM,
n � 12 sections from 3 embryos) in the number of Pax6�pathway of motor neuron specification. The loss of Isl1/2�

motor neurons that resulted from Olig2-VP16 misex- cells within the pMN domain after expression of Olig2-
VP16, consistent with the idea that cells that lose neu-pression was not compensated for by the generation of

V0, V1, or V2 interneurons within the motor neuron do- ronal markers retain progenitor cell characteristics.
main (data not shown).

This latter finding raised the issue of whether ex- Discussion
pression of pan-neuronal markers is also inhibited by
Olig2-VP16. Olig2-VP16 expression reduced the number This study provides evidence that Olig2, a bHLH protein

expressed selectively by motor neuron progenitors, co-of Ngn2� cells within the pMN domain by �70% (Figures
8E, 8G, and 8H). In addition, we detected an �60% ordinates subtype-specific and pan-neuronal features

of spinal motor neuron differentiation (Figure 9A). Olig2reduction in the expression of p27 and Cyn1 (Figures
8D, 8F, 8G, and 8H; data not shown). Together, these appears to specify the subtype identity of motor neurons

through crossregulatory interactions with progenitor HDresults show that expression of Olig2-VP16 results in a
concomitant loss in subtype-specific and pan-neuronal transcription factors, and to direct pan-neuronal proper-

ties by promoting Ngn2 expression, cell cycle exit, andfeatures of motor neuron differentiation. We also exam-
ined whether the loss of neurons in the pMN domain is neuronal marker expression. Olig2 directs both branches

of this neuronal differentiation program through its ac-accompanied by an increase in the proportion of cells
that retain progenitor characteristics. Since the Nkx6 tions as a transcriptional repressor, providing further

evidence that repressive interactions lie at the heart ofproteins are expressed both by progenitor cells and
post-mitotic motor neurons (Sander et al., 2000), we motor neuron specification (Muhr et al., 2001; Figure

9B). A companion paper, Zhou et al. (2001), providesaddressed this issue by determining the number of cells
within the pMN domain that express Pax6, a protein evidence that Olig2 has a later function, in collaboration

with Nkx2.2, in the control of oligodendrocyte differenti-extinguished as motor neuron progenitors exit the cell
cycle and acquire neuronal markers (Ericson et al., ation in the ventral spinal cord. Together, these two
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Figure 8. Olig2-VP16 Expression Inhibits Motor Neuron Differentiation

(A–F) Repressive effects of Myc-tagged Olig2-VP16 misexpression on the expression of differentiation markers within the domain of motor
neuron generation. Note that Nkx6 proteins are expressed by both progenitors and post-mitotic motor neurons.
Embryos were electroporated at stages 11–13 and analyzed at stages 18–19. Images representative of at least five embryos.
(G and H) Quantitative analysis of marker expression. (G) Repression of marker expression is plotted as the relative number of cells that
express each marker on electroporated and control sides. (H) Analysis of the expression of individual markers in VP16� cells. Data points
represent the mean � SEM from �300 cells counted from at least three embryos. The repression of MNR2, Lim3, Ngn2, p27, and Isl1/2
expression is significant at the p � 0.0001 level.

studies reveal that a single bHLH protein, Olig2, has key by the differential profiles of class I and II HD protein
roles in specifying distinct ventral cell types, at different expression (Briscoe et al., 2000). Class II proteins are
developmental stages and through divergent molecular characterized by four main features: their dependence
programs. on Shh signaling, their involvement in establishing pro-

genitor domains through crossrepressive interactions
with class I proteins, their role in specifying the identityOlig2 Specifies Motor Neuron Subtype
of the neuronal progeny that emerge from these do-Identity through Repressive Interactions
mains, and their activity as transcriptional repressorswith Homeodomain Proteins
(Briscoe and Ericson, 2001; Muhr et al., 2001).The spatial precision of motor neuron and interneuron

Functionally relevant class II proteins have been de-generation in the ventral spinal cord has been proposed
fined for many ventral progenitor domains, but the twoto depend on the prior subdivision of the ventral neural

tube into distinct progenitor domains that can be defined adjacent domains that generate motor neurons and V2

Figure 9. Proposed Role of Olig2 in the Reg-
ulation of Motor Neuron Subtype Identity and
Pan-Neuronal Properties

(A) Within the pMN domain, Nkx6 proteins
initiate motor neuron generation by promot-
ing Olig2 expression. In turn, Olig2 promotes
MNR2 and Lim3 expression to impose motor
neuron subtype identity, and Ngn2 expres-
sion to direct general neuronal character.
(B) Selected repressive interactions between
Olig2 and HD proteins during motor neuron
generation. Nkx6 and Pax6 proteins promote
Olig2 expression by repressing the Dbx and
Nkx2.2 proteins, respectively. Once expressed,
Olig2 appears to establish the dorsal limit of
the pMN domain through a crossrepressive
interaction with Irx3. Irx3 expression inhibits
MNR2 expression (Briscoe et al., 2000). Olig2
is likely to repress additional targets (desig-
nated X) that repress Lim3 and Ngn2 expres-
sion within the pMN domain. For further de-
tails, see text.
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neurons are not distinguishable by any of the known repressor in expanding Lim3 and Ngn2 expression well
class II HD proteins. Our findings show that Olig2 is beyond the domain of ectopic MNR2 expression. Our
expressed selectively by progenitors in the pMN domain findings indicate that Irx3 does not function as a relevant
over the entire period of motor neuron generation, and repressor of either Ngn2 or Lim3, implying that Olig2
possesses each of the four attributes of a typical class represses additional and as yet undefined repressors
II protein. Nevertheless, this functional assignment of of these two genes (Figure 9B).
Olig2 is unusual since all of the previously identified
class II proteins are HD transcription factors. Moreover, A Role for Olig2 in Promoting Ngn2 Expression
our data clearly place Olig2 downstream of the class and Generic Neuronal Character
II HD proteins Nkx6.1 and Nkx6.2 within pMN domain One function of Olig2 within pMN domain progenitors
progenitors, and the dedicated role of Olig2 in motor appears to be to promote the expression of MNR2 and
neuron generation is more typical of neuronal subtype other motor neuron subtype determinants. Once ex-
determinants such as MNR2. Thus, Olig2 appears to pressed, MNR2 can impose many subtype-specific fea-
possess attributes of both a class II protein and a motor tures of motor neurons (Tanabe et al., 1998). However,
neuron subtype determinant. The finding that Olig2 func- the activity of MNR2 is evident only in conjunction with a
tions as a motor neuron subtype determinant is notewor- parallel pathway of neurogenesis that directs progenitor
thy in view of the fact that a mouse homolog of MNR2 cells out of the cell cycle and promotes the acquisition
has not yet been identified. It is possible therefore that of generic neuronal character (Tanabe et al., 1998). Olig2
in the mouse, Olig2 acts downstream of Nkx6 proteins appears to regulate this other aspect of motor neuron
to promote the expression of motor neuron subtype differentiation since misexpression of Olig2 markedly
markers without the intermediary function of MNR2. increases the probability of cell cycle exit and promotes

Previous studies of neuronal specification in the verte- pan-neuronal marker expression.
brate CNS have begun to suggest that certain widely How does Olig2 promote neurogenesis? The ectopic
expressed bHLH proteins, notably Mash1, Ngn1, and expression of Olig2 during the period of motor neuron
Ngn2, participate in the specification of regional neu- generation markedly expands the dorsoventral domain
ronal identity in the forebrain (Guillemot, 1999; Fode et of expression of Ngn2. Ngns have been shown to pro-
al., 2000), and in cell type specification in the developing mote the expression of generic neuronal markers in a
retina (Cepko, 1999). Here, we extend these findings by wide variety of settings (Ma et al., 1996; Perron et al.,
showing that Olig2 is expressed in a single progenitor 1999; Farah et al., 2000), and we find that ectopic expres-
domain along the dorsoventral axis of the neural tube sion of Ngn2 effectively directs the expression of such
and has a dedicated role in the generation of one specific pan-neuronal markers in the spinal cord. One line of
neuronal subtype. In the dorsal spinal cord, the bHLH evidence that favors the idea that Olig2 promotes ge-
protein Math1 is similarly expressed in a restricted do- neric neuronal character through the activity of Ngn2
main, in the progenitors of D2 neurons (Helms and John- comes from the analysis of the later function of Olig2 in
son, 1998; Lee et al., 1998). Math1 activity is necessary oligodendrocyte differentiation (Zhou et al., 2001). Here,
for the differentiation of D2 neurons (Bermingham et al.,

Olig2 expression in oligodendrocyte progenitors is pre-
2001), and misexpression of Math1 in the spinal cord

ceded by the extinction of Ngn expression, and in the
directs the ectopic generation of D2 neurons (K. Lee

absence of Ngns, cells that express Olig2 retain their
and T.M.J., unpublished data). Thus, Olig2 and Math1

proliferative capacity. Moreover, in mice lacking Ngn2,may represent prototypic examples of domain-restricted
the number of ventral Lim3� and Isl1� neurons is re-bHLH proteins that possess dedicated roles in speci-
duced, and in Ngn1; Ngn2 double mutants, pan-neu-fying the identity of individual neuronal subtypes in the
ronal marker expression is lost (Scardigli et al., 2001).developing spinal cord.
Together, these results suggest that Ngns participateAlthough Olig2 is able to elicit the ectopic differentia-
downstream of Olig2 in promoting the efficient expres-tion of motor neurons, its activity along the dorsoventral
sion of motor neuron subtype properties, and in impos-axis of the spinal cord appears to be constrained, in
ing pan-neuronal character.part, by its efficiency in repressing Irx3. Within the p2

During neural tube development, the expression ofdomain, Olig2 is a potent repressor of Irx3 expression,
Olig2 is likely to underlie the prominent early expressionbut its repressive activity is markedly less effective in
of Ngn2 within the pMN domain, in contrast to the sparsemore dorsal domains of the spinal cord. Since Irx3 inhib-
expression of Ngn2 evident in other progenitor domainsits MNR2 expression (Briscoe et al., 2000), ventrally where
at this stage. Thus, even though Ngn2 is widely ex-Irx3 expression levels are reduced below threshold (the
pressed by progenitor cells in the spinal cord and hasr domain), Olig2 activity directs both MNR2 and Lim3
a general role in neurogenesis, its expression may beexpression and activates a pathway of motor neuron
controlled independently in individual progenitor do-differentiation. Even within the r domain, however, Olig2
mains. In support of this idea, analysis of the Ngn2 pro-appears to promote Lim3 expression more efficiently
moter in the developing spinal cord has revealed distinctthan that of MNR2, and thus V2 neurons as well as motor
domain-specific regulatory elements (Scardigli et al.,neurons are generated. The basis of the dorsoventral
2001; Simmons et al., 2001). The early Olig2-dependentdifference in the efficiency of Irx3 repression by Olig2
onset of Ngn2 expression within the pMN domain mayis not known, but may reflect the earlier onset of Irx3
therefore account for the predominance of motor neuronexpression in more dorsal domains of the spinal cord
rather than interneuron generation during the initial(Briscoe et al., 2000), or a dorsoventral restriction in
stages of ventral spinal cord neurogenesis (Altman andthe expression of cofactors that mediate the repressive

activity of Olig2. Olig2 also appears to function as a Bayer, 1984). But if Olig2 and Ngn2 are expressed at
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high levels within the pMN domain as early as stages within pMN domain progenitors is required for the nor-
mal expression of Lim3 and Isl1 (Scardigli et al., 2001),10 to 12, how are motor neuron progenitors amplified,

and why do the first post-mitotic motor neurons not the loss of Ngn2 expression elicited by Olig2-VP16 may
account for the loss of motor neuron-specific transcrip-appear until stages 14 to 15? One possible reason could

be that pMN domain progenitors transiently express tion factors, as well as to the elimination of pan-neuronal
markers. Together, the loss of motor neurons observedinhibitory bHLH proteins (Jen et al., 1997; Kageyama

and Nakanishi, 1997), and a temporal decay in the ex- after expression of Olig2-VP16 supports the idea that
Olig2 repressor function is required during the normalpression of these inhibitors may be needed to unleash

the neurogenic activities of Olig2 and Ngn2. pathway of motor neuron differentiation, although loss
of function studies will be needed to confirm this con-
clusion.Suppression of Motor Neuron Generation

by an Activator Form of Olig2
bHLH and HD Proteins as Integrators of Subtype-The motor neuron subtype and pan-neuronal promoting
Specific and Pan-Neuronal Programsactivities of Olig2 appear to be mediated through the
The dual role of Olig2 in regulating motor neuron sub-repression of a set of target genes that themselves
type-specific and pan-neuronal character revealed inrepress motor neuron generation. Consistent with this,
these studies has parallels with the proposed roles ofwe find that the expression of genes whose domains
the bHLH protein Mash1 and the Phox2 HD proteins inare expanded by Olig2 in ectopic expression assays is
the control of neuronal differentiation. Both Mash1 andinhibited within the pMN domain upon expression of
Phox2b are required for the expression of pan-neuronalOlig2-VP16. The simplest interpretation of these findings
and subtype-specific aspects of the differentiation ofis that Olig2-VP16 selectively activates the expression
peripheral sympathetic neurons (Brunet and Ghysen,of the set of target genes that are normally repressed
1999; Guillemot, 1999), suggesting that Phox2b andby wild-type Olig2. This view is supported by the finding
Mash1 have similar functions early in sympathetic neu-that Olig2-VP16 expression inhibits the expression of
ronal development. In contrast, the expression ofproteins that appear to function downstream of Olig2,
Phox2a is involved in the control of noradrenergic neuro-such as MNR2, Lim3, and Ngn2, but not proteins that
transmitter phenotype, and its expression depends onappear to function upstream of Olig2, such as Nkx6.1
Mash1 activity (Brunet and Ghysen, 1999; Guillemot,and Nkx6.2.
1999). Thus, similar hierarchical relationships may existThe precise targets of Olig2-VP16 involved in the re-
between Olig2 and MNR2, and Mash1 and Phox2a inpression of motor neuron generation, however, remain
the differentiation of motor neurons and sympatheticunclear. The expression of Olig2-VP16 within the pMN
neurons, respectively.domain does not lead to a consistent ventral expansion

Within the hindbrain, Phox2b is expressed by visceralin the domain of expression of Irx3, as might be pre-
but not by somatic motor neurons (Pattyn et al., 1997),dicted from the mutual crossrepressive activity exhib-
and in mice lacking Phox2b function, there are defectsited by these two genes. The lack of a marked ventral
in the exit of neural precursors from the cell cycle andexpansion in Irx3 expression could result from the per-
in neuronal marker expression (Dubreuil et al., 2000).sistence of low levels of endogenous Olig2 activity within
Moreover, ectopic caudal expression of Phox2b at spi-pMN domain progenitors after Olig2-VP16 expression,
nal levels of the neural tube promotes cell cycle exit andor could be a reflection of the relatively weak repressive
induces the expression of Isl1 and markers indicativeinfluence of Olig2 on Irx3 expression observed in ectopic
of hindbrain visceral motor neuron identity (Dubreuil etexpression assays. Recent derepression models of neu-
al., 2000). It remains unclear, however, which of theseronal patterning in the spinal cord (Muhr et al., 2001;
actions of Phox2b are direct, and which depend on theVallstedt et al., 2001) imply the existence of many genes
activation of downstream bHLH proteins, perhaps Mash1.that serve as targets for repression by Olig2 and other
At caudal hindbrain levels, the expression of Olig2, likemotor neuron inducers. In principle, by activating rather
that of MNR2 (Tanabe et al., 1998), is restricted to so-than repressing one or more of these Olig2 targets,
matic motor neuron progenitors (our unpublished data).Olig2-VP16 could inhibit motor neuron generation inde-
Thus in the hindbrain, Phox2b and Olig2 may have com-pendently of Irx3 deregulation. One line of evidence that
parable roles in coordinating pan-neuronal and motorsupports this view is that Olig2-VP16 expression within
neuron subtype properties, but acting in visceral andthe pMN domain leads to the ectopic ventral expression
somatic motor neurons, respectively. One mechanisticof Dbx2, a class I gene that is normally repressed by
difference in the actions of these two proteins is thatOlig2 (Supplemental Figures S1C and S1D on Neuron
Olig2 functions as a transcriptional repressor, whereaswebsite). Although the ectopic ventral expression of
the Phox2 proteins are transcriptional activators (Lo etDbx2 is not sufficiently widespread to account for the
al., 1999).marked suppression of motor neuron generation ob-

served after Olig2-VP16 expression, its deregulation
may be indicative of the ectopic ventral expression of Sequential Roles of Olig2 in Motor Neuron

and Oligodendrocyte Specificationother Olig2 targets that have the capacity to inhibit motor
neuron generation. Olig2 is selectively expressed by pMN domain progeni-

tors over the entire period of motor neuron generation,An additional mechanism for the Olig2-VP16-medi-
ated repression of motor neuron generation is sug- consistent with its proposed role in motor neuron speci-

fication. Strikingly, Olig2 expression persists in a similargested by the efficient suppression of Ngn2 expression
within pMN domain progenitors. Since Ngn2 expression ventral domain of the spinal cord long after motor neuron
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repressor domain (Smith and Jaynes, 1996), and subcloned intogeneration is complete (Hollyday and Hamburger, 1977).
RCASBP(A) and (B) vectors. cDNAs were also cloned into the CMV-This observation raises the possibility of a second, and
based vectors pCS2� and pCS2�MT (Turner and Weintraub, 1994),later, role for Olig2 in cell differentiation in the ventral spinal
and replication-incompetent retroviral vectors (provided by E.

cord. Previous studies have proposed a role for Olig2 Laufer).
in the control of oligodendrocyte differentiation (Lu et Misexpression of cDNAs was achieved by in ovo electroporation

(Briscoe et al., 2000). Embryos were electroporated at stages 11–13al., 2000; Zhou et al., 2000), but the evidence for this has
and analyzed at stages 21–23, unless indicated. RCASBP vectorsbeen circumstantial. The accompanying paper, Zhou et
were used in most experiments. For analysis of neuronal differentia-al. (2001), provides direct evidence that at later stages
tion, pCS2-based vectors and replication-incompetent constructsof spinal cord development, Olig2 has a critical role in
were used to eliminate secondary infection. Results using the pCS2-

the differentiation of oligodendrocyte precursors, acting based vectors are displayed.
in conjunction with the repressor HD protein Nkx2.2.
Together, these studies reveal a further level of diversity Gal4-Reporter Assay

Full-length chick Olig2 was cloned into the Gal4 DNA binding domainin Olig2 function. In effect, they indicate that temporal,
vector pSG424 (Sadowski and Ptashne, 1989). COS-1 cells wereas well as spatial, constraints on Olig2 activity dictate
cotransfected with pSG424 constructs, Gal4x5-E1b Luciferase, andthe divergent roles of a single bHLH protein in the gener-
pRL-TK (Promega) plasmids using Fugene-6 lipofection reagentation of neurons and glial cells in the vertebrate CNS.
(Roche). Cells were harvested 48 hr later, and luciferase activity

Finally, we note that the closest structural counterpart measured using a Dual-Luciferase Assay Kit (Promega). Gal4-lucif-
to Olig2 in the Drosophila genome, CG5545/Doli, is ex- erase activity was normalized to TK-Renilla luciferase activity. Addi-

tional Gal4-constructs included pSG424-MyoD (Weintraub et al.,pressed at high levels in the ventral nerve cord (Moore
1991) and pSG424-Engrailed repressor domain. Luciferase activityet al., 2000). The HD repressor proteins implicated in
was compared to the value of the Gal4-only control, defined as 1.ventral neuronal patterning in vertebrates have close

structural and functional homologs in Drosophila (Cor-
BrdU Incorporationnell and Ohlen, 2000; Muhr et al., 2001). It may be infor-
100 �M BrdU was applied to embryos in ovo, followed by incubation

mative to examine whether the functional inter-relation- for 30 min at 38�C, at which time embryos were fixed and analyzed.
ship between Olig2 and progenitor HD proteins revealed
in vertebrates has an evolutionary parallel in neuronal Acknowledgments
specification in the insect nervous system.
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