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Chapter 4

The bHLH Transcription Factors Olig2 and Olig1 Couple Neuronal and Glial Subtype

Specification



Cell, Vol. 109, 61–73, April 5, 2002, Copyright  2002 by Cell Press

The bHLH Transcription Factors OLIG2 and OLIG1
Couple Neuronal and Glial Subtype Specification

of progenitor domains along the dorso-ventral axis
(Briscoe et al., 2000; Jessell, 2000). Motoneurons are
generated from the pMN domain, while V0, V1, V2, and
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Pasadena, California 91125 p3 domains, respectively (Briscoe et al., 2000; Jessell,

2000). This discontinuous patterning arises from mutu-
ally repressive interactions between the HD factors that

Summary specify adjacent progenitor domains (Briscoe et al.,
2000; Muhr et al., 2001).

OLIG1 and OLIG2 are basic-helix-loop-helix (bHLH) Recently, we and others identified a subclass of neural
transcription factors expressed in the pMN domain of the bHLH factors, called Olig genes (Lu et al., 2000; Take-
spinal cord, which sequentially generates motoneu- bayashi et al., 2000; Zhou et al., 2000). In the mouse,
rons and oligodendrocytes. In Olig1/2 double-mutant there are two Olig genes that are specifically expressed
mice, motoneurons are largely eliminated, and oligo- in oligodendrocyte precursors, called Olig1 and 2 (Lu et
dendrocyte differentiation is abolished. Lineage trac- al., 2000; Zhou et al., 2000), while in the chick a single
ing data suggest that Olig1�/�2�/� pMN progenitors in- gene orthologous to Olig2 has been identified (Mizu-
stead generate V2 interneurons and then astrocytes. guchi et al., 2001; Zhou et al., 2001). In the spinal cord,
This apparent conversion likely reflects independent oligodendrocyte precursors emerge from a highly re-
roles for OLIG1/2 in specifying motoneuron and oligo- stricted domain of the ventral ventricular zone (Miller,
dendrocyte fates. Olig genes therefore couple neu- 1996; Richardson et al., 2000). This region is precisely
ronal and glial subtype specification, unlike proneural demarcated by expression of Olig1 and Olig2 (Lu et al.,
bHLH factors that control the neuron versus glia deci- 2000; Zhou et al., 2000). Olig2 is sufficient to cause
sion. Our results suggest that in the spinal cord, Olig ectopic differentiation of oligodendrocytes in the chick
and proneural genes comprise a combinatorial code spinal cord when misexpressed together with the HD
for the specification of neurons, astrocytes, and oligo- factor Nkx2.2 (Sun et al., 2001a; Zhou et al., 2001), while
dendrocytes, the three fundamental cell types of the Olig1 promotes oligodendrocyte differentiation in rodent
central nervous system. cortex (Lu et al., 2001).

Prior to oligodendrogliogenesis, the domain of Olig2
Introduction expression corresponds to the pMN domain, from which

motoneurons are generated (Takebayashi et al., 2000;
The three fundamental cell types of the vertebrate cen- Mizuguchi et al., 2001; Novitch et al., 2001). Gain-of-
tral nervous system (CNS) are neurons, astrocytes, and function experiments suggest that OLIG2 plays a deter-
oligodendrocytes. This basic triad comprises many hun- minative role in patterning the pMN domain and also
dreds or even thousands of distinct neuronal subtypes, initiates motoneuron differentiation and cell cycle arrest,
in addition to subtypes of astroglia and perhaps of oligo- in part by promoting expression of Ngn2 (Mizuguchi et
dendroglia as well (Raff, 1989; Woodruff et al., 2001). al., 2001; Novitch et al., 2001). These data suggest that
The molecular mechanisms by which these diverse neu- OLIG2 sequentially controls both motoneuron and oligo-
ral cell types are properly generated in space and time dendrocyte fate determination. Interestingly, the bHLH
are incompletely understood. In recent years, a great factor appears to function in both cases as a transcrip-
deal has been learned about the transcriptional control tional repressor (Novitch et al., 2001; Zhou et al., 2001).
of the neuron-glial fate decision (Tomita et al., 2000; To rigorously assess the requirement for Olig genes
Nieto et al., 2001; reviewed in Vetter, 2001) and about

in motoneuron and oligodendrocyte differentiation, we
the control of neuron subtype specification (Briscoe et

have generated double-homozygous mice lacking both
al., 2000; Jessell, 2000). Rather less is known, however,

Olig1 and Olig2. In Olig1/2 double mutants, presumptiveabout the transcriptional control of glial subtype deter-
motoneuron precursors are transformed into V2 in-mination.
terneuron precursors, and oligodendrocytes are lostTwo major classes of transcription factors have
throughout the brain and spinal cord. Surprisingly, manyemerged as determinants of neuron versus glial fate
Olig2-expressing oligodendrocyte precursors are trans-determination and of neuron subtype specification: the
formed into astrocytes. Thus, in the absence of Olig1/2basic-helix-loop-helix (bHLH) factors (Vetter, 2001) and
function, the sequential production of motoneurons andhomeodomain (HD) factors (Jessell, 2000), respectively.
oligodendrocytes is converted into the sequential pro-In vertebrates, bHLH factors homologous to the Dro-
duction of interneurons and astrocytes. These data sug-sophila proneural genes, such as the Neurogenins
gest that Olig genes couple neuronal and glial subtype(Ngns) (Gradwohl et al., 1996; Ma et al., 1996; McCor-
specification.mick et al., 1996) and Mash1 (Johnson et al., 1990),

promote neuronal differentiation at the expense of the
Resultsglial fate (Tomita et al., 2000; Nieto et al., 2001; Sun et

al., 2001b). In the spinal cord, a combinatorial code of
HD transcription factors specifies the regional identity Generation of Olig1 and Olig2 Double-Mutant Mice

The coexpression of Olig1 and Olig2 in vivo (Zhou et al.,
2000) raised the possibility that deletion of either of3 Correspondence: wuwei@caltech.edu
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these genes alone might be compensated by the func- and 2K, dark and light gray bars). The loss of motoneu-
rons in the Olig1�/�Olig2�/� spinal cord was not due totion of the other. In order to circumvent this problem,

we decided to generate an Olig1 and Olig2 double mu- cell death, as no increased apoptosis was detected by
the TUNEL assay at this stage (Figures 3O and 3T).tant. The mouse Olig1 and Olig2 genes are tightly linked

on chromosome 16, about 36 kb from each other (data Although very few presumptive motoneurons (Isl1/2�,
Hb9� cells) were detectable at E10.5 in Olig1�/�Olig2�/�not shown). In order to preserve the Olig1-Olig2 in-

tergenic region, double-mutant mice were generated embryos (Figures 2H and 2I, arrowheads), it was possible
that a normal number of these neurons might be recoveredthrough two rounds of homologous recombination in

ES cells. The Olig2 coding region was replaced by a at later stages through compensatory mechanisms. How-
ever, at E13.5, neither somatic (Figures 2L and 2M, arrows)targeting cassette composed of a histone-GFP (hGFP)

fusion (Kanda et al., 1998) and PGK-neomycin (Figures nor visceral (Figures 2L and 2M, arrowheads) motoneu-
rons were detected in the Olig1�/�Olig2�/� spinal cord1A and 1B), while the Olig1 coding region was replaced

by a tau-LacZ and PGK-hygromycin cassette (Figures (Figures 2P and 2Q, arrows and arrowheads, and 2T,
white bars). Moreover, no projecting axons were ob-1D and 1E).

Using a Cre/lox-mediated analytic strategy (see Ex- served in the ventral root (Figures 2O and 2S, arrows),
consistent with a lack of both classes of spinal moto-perimental Procedures), two ES clones were identified

in which the Olig1 and Olig2 targeted loci lay in cis neurons.
In contrast to the dramatic loss of motoneurons, the(Figure 1H). Sister cells from these clones, unmodified

by Cre recombinase, were injected into blastocysts, and number of Chx10� cells, which derive from the p2 do-
main just dorsal to the pMN domain, was increased bythe targeted alleles were transmitted through the germ

line (Figures 1C and 1F). Double-heterozygous mice about 80% in the double-null mutant spinal cord at E10.5
(Figures 2B versus 2G; 2K, Chx10, white bar). Further-were born at the expected Mendelian frequency and

were viable and fertile. However, no live births of homo- more, many Chx10� cells occupied a more ventral posi-
tion, in territory normally occupied by motoneurons (Fig-zygous mice were observed, and starting from E18.5,

the homozygous embryos appeared smaller than their ure 2G, yellow arrowhead). The increased number and
ventral expansion of Chx10� V2 interneurons were alsolittermates.

We initially examined the pattern of GFP and LacZ apparent at E13.5 (Figures 2N, 2R, and 2T). The number
and distribution of En1� V1 interneurons and Ngn3� V3expression in heterozygous Olig1�/�Olig2�/� embryos

between E9.5 and E16.5. At E9.5, GFP was strongly interneurons, by contrast, were largely unaltered in the
mutant (Figures 2A, 2E, 2F, 2J, and 2K).expressed in a ventral domain of the spinal cord that

corresponds to pMN (Figure 1I), similar to the pattern The preceding data suggested that in the absence of
Olig1/2 function, pMN progenitors might give rise to V2of endogenous Olig2 expression (Figure 1J; also see

Takebayashi et al., 2000). In contrast, only a few cells interneurons instead of motoneurons. To confirm this,
we used the Olig2 knockin marker hGFP as a short-termwere observed to be weakly lacZ positive at this stage

(Figure 1N), in agreement with the relatively weak ex- lineage tracer to compare the identities of the neuronal
progeny derived from the pMN domain of heterozygouspression of endogenous Olig1 during the period of neu-

rogenesis (Figure 1O). At E16.0, when Olig2 expression versus homozygous Olig1/2 double-mutant embryos. In
heterozygotes, Olig2-hGFP-derived precursors gaveis restricted to oligodendrocyte precursors (Lu et al.,

2000; Zhou et al., 2000), nearly all OLIG2-positive cells rise to Islet1/2� motoneurons (Figure 3A, yellow cells)
but not Chx10� V2 interneurons (Figure 3B). By contrast,were also GFP-positive (Figures 1K–1M, arrows). In ad-

dition, GFP colocalized extensively with the Olig1 in the homozygotes there were many GFP�, Chx10�

cells present in the marginal zone lateral to the pMNknockin marker tau-lacZ (Figures 1P–1R, arrows), con-
sistent with the coexpression of endogenous Olig1 and domain of the ventricular zone (Figure 3G, yellow cells).

At no time did we detect any Islet1/2�Chx10� phenotypi-2 in oligodendrocyte precursors (Zhou et al., 2000). Thus,
in heterozygous Olig1�/�Olig2�/� mice, the expression cally hybrid cells (data not shown). In the immediately

overlying p2 domain, Chx10�GFP� V2 interneurons wereof GFP and tau-lacZ faithfully recapitulates the pattern
produced in both heterozygotes and homozygotes (Fig-of endogenous Olig2 and Olig1 expression in cells of
ures 3B and 3G, white arrowheads). These data stronglyboth the motoneuron and oligodendrocyte lineages.
suggest that precursor cells from the pMN domain of
Olig1/2 homozygous animals generate V2 interneurons
instead of motoneurons.Deletion of Olig2 and Olig1 Results in Loss

of Motoneurons and a Concomitant Ventral
Expansion of V2 Interneurons Irx3 Is Derepressed in pMN in the Absence of Olig2
We first focused our analysis of Olig1/2 double-mutant and Olig1 and Respecifies pMN to p2
embryos on the generation of several neuronal subtypes The loss of motoneurons and concomitant ventral
derived from the four ventral-most progenitor domains expansion of V2 interneurons in the double-null mutant
of the spinal cord: En1� V1 interneurons, Chx10� V2 could reflect a conversion of the pMN domain to a p2
interneurons, Isl1/2� and Hb9� motoneurons, and Ngn3� identity. Consistent with this idea, the expression of Irx3,
V3 interneurons (Figures 2A–2E). Most Isl1/2�, Hb9� mo- a p2 domain patterning molecule (Briscoe et al., 2000),
toneurons were lost at all axial levels of the homozygous expanded into the pMN domain in Olig1�/�Olig2�/� dou-
mutant spinal cord at E10.5 (Figures 2H, 2I, and 2K, ble mutants at E10.5 (Figures 3C and 3H, arrows). Pax6
white bars), while the number of such motoneurons was expression, which is high in the p2 domain but lower

in the pMN domain (Figures 3D, arrow, and 3E), alsothe same in heterozygote and wild-type (Figures 2C, 2D,
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Figure 1. Inactivation of Olig1 and Olig2 by Homologous Recombination

(A–C) First round of homologous recombination at the Olig2 locus.
(A) A Histone-EGFP/loxp/PGK neomycin cassette replaced the Olig2 coding region.
(B) Correct recombination at Olig2 locus verified by Southern blot analysis of ES clones.
(D–F) Second round of homologous recombination at the Olig1 locus.
(D) A tau-LacZ/loxp/PGK hygromycin cassette replaced the Olig1 coding region in ES cells in which one Olig2 locus had been successfully
targeted. Abbreviation: DTA, diphtheria toxin A chain.
(E) Correct recombination at the Olig1 locus verified by Southern blot.
(C and F) Successful germline transmission of the targeted Olig2 and Olig1 alleles in Olig1,2 double-mutant embryos confirmed by genotyping
with specific PCR primers.
(G and H) Schematic diagram showing that the two targeting cassettes could lie either in trans (G) or in cis (H) to each other. A Cre/Loxp
analysis was used to identify ES cells in which the two cassettes lie in cis (see Experimental Procedures).
(I, J, N, and O) Expression of histone-EGFP and tau-LacZ in the heterozygotes. Thoracic spinal cord sections of E9.5 Olig1�/�Olig2�/�

heterozygous embryos were either labeled with anti-GFP antibody (I) or anti-LacZ antibody (N) or were probed by in situ hybridization with
cRNAs against Olig2 (J) and Olig1 (O).
(K–M and P–R) Thoracic spinal cord sections from E16.0 Olig1�/�Olig2�/� heterozygous embryos were double labeled with antibodies to GFP
and Olig2 (K–M) or to GFP and lacZ (P–R). Extensive colocalization of GFP and Olig2 (K–M) as well as GFP and tau LacZ (P–R) were observed.
Arrows indicate double-positive cells. A small number of GFP� cells was found to be Olig2� at this stage (K–M, arrowheads).
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Figure 2. Loss of Isl1/2�Hb9� Motoneurons and Concomitant Ventral Expansion of Chx10� V2 Interneurons in the Absence of Olig1 and Olig2

(A–K) Crosssections of E10.5 thoracic spinal cord were stained with antibodies to detect four types of ventral neurons: En1� V1 interneurons
(A and F), Chx10� V2 interneurons (B and G, arrowheads), Isl1/2� and Hb9� motoneurons (C, D, H, and I), and Ngn3� V3 interneurons (E and
J). Note the dramatic reduction of Isl1/2� and Hb9� motoneurons in the homozygous spinal cord (C, D, H, and I), while the Chx10� V2 neurons
increased in number and expanded ventrally (B and G, arrowheads). Arrowheads in (H) and (I) indicate the few residual motoneurons formed
in the homozygote. White and yellow arrowheads in (B) and (G) indicate Chx10� V2 interneurons in the p2 and pMN domains, respectively.
Quantitative analysis is shown in (K). The number of marker positive cells is presented as mean � S.D. from nine sections of three embryos.
Isl1/2�Hb9� motoneurons decreased to �5%, and Chx10� V2 neurons increased �80% in the double-null mutant compared to heterozygote
or wild-type.
(L–T) Motoneuron phenotype at E13.5. Both visceral (L and M, arrowheads) and somatic (L and M, arrows) motoneurons were lost in the
homozygotes (P and Q, arrowheads and arrows). In addition, projecting axons were selectively lost in the ventral root of the null mutant (O
and S, arrows). Quantitative analysis revealed a 60% increase in the number of Chx10� cells in the double-null mutant (T; mean � S.D., six
sections from 2–3 animals).

increased in the pMN domain of the null mutant, so that Olig2 and Olig1 Regulate Neurogenin 2
Expression in pMNcells in both pMN and p2 were now expressing equally

high levels of Pax6 (Figure 3I, arrow). The observed Ectopic expression studies in chick suggested that dele-
tion of Olig2 and Olig1 should cause a loss of Ngn2ventral expansion of Irx3 is predicted by the observation

that Irx3 and OLIG2 exert crossrepressive activities in expression in the pMN domain (Novitch et al., 2001).
Consistent with this prediction, no NGN2-positive cellsgain-of-function assays (Novitch et al., 2001). Surpris-

ingly, however, it did not cause a complete loss of GFP were detected in the presumptive pMN domain of the
Olig1�/�Olig2�/� mutant at E10.0 (Figure 3P), whileexpression from the Olig2 locus (Figures 3P and 3R),

perhaps because the repressive effect of Irx3 is overrid- prominent NGN2 expression was evident in the GFP�

pMN domain of the heterozygous spinal cord (Figureden by the higher levels of Shh signaling more ventrally.
The expression of several other ventral spinal cord pat- 3K, yellow cells). The lack of apoptotic cells detected

by TUNEL labeling in the mutant spinal cord (Figuresterning molecules, including Dbx2, Nkx6.1, Nkx6.2, and
Nkx2.2 (Briscoe et al., 2000), was unchanged in Olig1/2 3O and 3T) suggests that the loss of NGN2� cells in

the pMN domain does not reflect cell death. We alsodouble mutants (data not shown). Taken together, these
data suggest that in the absence of Olig1/2, pMN cells observed a slight ventral expansion of MASH1 into pMN

in Olig1/2 double mutants (Figures 3L versus 3Q, arrow).are converted to a p2 identity (Figures 3E and 3J).
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Figure 3. Derepression of Irx3 and Repression of Neurogenin2 in the pMN Domain of Olig1�/�Olig2�/� Embryos

(A, B, F, and G) OLIG2-hGFP� precursors in pMN generate Islet1/2� motoneurons in heterozygotes (A, yellow cells) but instead produce
Chx10� V2 interneurons in homozygotes (G, yellow arrowhead). White arrowheads in (B) and (G) indicate Chx10�, OLIG2-hGFP� V2 interneurons
generated from the p2 domain.
(C and H) Irx3 is derepressed in the pMN of the mutant spinal cord (H, arrow), as is Pax6 (D and I; arrows indicate pMN domain).
(E and J) Summary of the ventral spinal cord patterning defects in Olig1/2 mutants.
(K, P) Neurogenin 2 (Ngn2) expression is selectively lost in pMN of the mutant at E10.0, while a delayed expansion of MASH1 into this domain
is detected at E10.5 (L and Q, arrowhead).
(M, N, R, and S) Many BrdU� cells persist outside the ventricular zone of the pMN in the null mutant (S, arrowheads) compared to heterozygotes
(N); the same fields with GFP expression superimposed are shown in (R) and (M), respectively.
(O and T) No significant cell death was observed in the spinal cord at this stage (E10.5). Arrows indicate apoptotic cells outside the spinal cord.

As Mash1 has recently been shown to be necessary presence of ectopic MASH1� cells in pMN is not incon-
sistent with this observation, as we have recently foundand sufficient for Chx10 expression (Parras et al., 2002),

these results may explain how V2 interneurons can dif- that MASH1 promotes cell cycle arrest less efficiently
than does NGN2 (Lo et al., 2002).ferentiate from the mutant pMN despite the absence of

NGN2 (Scardigli et al., 2001).
Since NGN2 has been shown to promote cell cycle exit Failure of Oligodendrocyte Development

in Olig1/2 Double Mutantsand terminal differentiation (Farah et al., 2000; Novitch et
al., 2001), we reasoned that the loss of Ngn2 expression We next examined the phenotypic consequences of

Olig2 and Olig1 deletion on the development of oligo-in pMN might cause delayed cell cycle exit by
pMN-derived precursors as they migrated from the ven- dendrocytes. To detect oligodendrocyte precursors,

PDGFR� and Sox10 were used as markers (Hall et al.,tricular zone. To assess this, we measured BrdU incor-
poration after a 2 hr pulse in vivo at E10.5. An increased 1996; Zhou et al., 2000), while MBP and PLP/DM20 were

used to detect mature oligodendrocytes (Zhou et al.,number of BrdU� cells was detected outside the ventric-
ular zone in the GFP� region of the double-null mutant 2001). At no time did we detect expression of any of

these markers in the Olig1/2 double-homozygous mu-(Figures 3M, 3N, 3R, and 3S, arrowheads). These data
suggest that pMN cells lacking OLIG2 fail to exit the tant at all axial levels of spinal cord examined (Figure

4, �/�, and data not shown) as well as in all braincell cycle before migrating into the marginal zone. The
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Figure 4. Spinal Cord Oligodendrocytes Fail to Develop in the Absence of Olig1 and Olig2

(A–R) In situ hybridization with the oligodendrocyte precursor markers PDGFR� and Sox10 on crosssections of thoracic spinal cord at indicated
stages. Note the total absence of PDGFR� and Sox10 expression in the null mutant spinal cord (C, F, I, L, O, and R).
(S–DD) No MBP� or PLP/DM20� mature oligodendrocytes were detected in null mutant spinal cord (U, X, AA, and DD). In addition, the number
of MBP� and PLP/DM20� oligodendrocytes was smaller in the heterozygotes (Z and CC) than in wild-type (Y and BB) at E18.5.

areas examined (Figures 5D–5F and data not shown). Olig1 Is Functionally Redundant with Olig2
in Hindbrain Oligodendrocyte DevelopmentIn contrast, numerous cells expressing these oligoden-

drocyte precursor and differentiation markers were We next examined the phenotype of Olig1/2 double-
knockout embryos in the hindbrain. As in the spinal cord,present in the wild-type (Figure 4, �/�) and heterozy-

gous (Figure 4, �/�) spinal cord and brain (Figures hindbrain somatic motoneuron differentiation did not
occur in Olig1/2 double mutants, as evidenced by the5A–5C and data not shown). Thus, there is a total failure

of oligodendrocyte formation in the Olig1�/�Olig2�/� loss of Isl1/2�, Hb9� cells and of the XIIth cranial somatic
motor nerve (Figures 5G–5I versus 5J–5L, arrows). Indouble mutant.

Cell counts at E16.5 revealed no decrease in the num- contrast, visceral motoneurons, identified by coexpres-
sion of Isl1/2 and Phox2b (Dubreuil et al., 2000), wereber of PDGFR�� precursors at thoracic levels of the

spinal cord in heterozygotes compared to wild-type generated (Figures 5J–5L, arrowheads). These results
are consistent with the fact that visceral motoneurons(297 � 17 versus 290 � 19 cells per 18 �m section,

respectively; mean � S.D., n � 6 sections from three in the hindbrain derive from the p3 domain (Briscoe et
al., 1999), which does not express either Olig1 or Olig2embryos). Consistent with these data, in heterozygotes

at E16.5 and P8, MBP and PLP/DM20 expression was (data not shown).
In Olig2�/� single mutants, oligodendrocytes arenormal (Figures 4S, 4T, 4V, and 4W and data not shown).

Surprisingly, however, between E18.5 and P0, there was spared in the hindbrain while they are lost throughout
the spinal cord (Lu et al., 2002 [this issue of Cell]). Insignificantly less expression of these mature oligoden-

drocyte markers in the heterozygotes compared to wild- contrast, we found that neither oligodendrocyte precur-
sors nor mature oligodendrocytes were generated in thetype (Figures 4Y, 4Z, 4BB, and 4CC and data not shown).

These data suggest that a full dosage of Olig genes is hindbrain of Olig1/2 double mutants (Figures 5D–5F), as
was the case in all other brain areas examined (notrequired for the progression of oligodendrocyte differen-

tiation but not for the initiation of this process. shown). Taken together, these data suggest that Olig1
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Figure 5. Loss of Hindbrain Oligodendro-
cytes in the Null Mutant Is Preceded by the
Loss of Hindbrain Somatic But Not Visceral
Motoneurons

(A–F) In situ hybridization was performed on
head saggital sections of E16.5 wild-type or
double-null mutant embryos. The pictures
were taken from the midbrain-hindbrain re-
gion encompassing pons (p.) and medulla
(m.). No oligodendrocytes were present in the
hindbrain (D–F) as well as other brain areas
of the double mutants (data not shown).
(G and J) Whole-mount Tuj1 antibody label-

ing of E10.5 embryos. The XIIth cranial motor
nerve (hypoglossal, arrowhead) was missing
from the homozygote.
(H–L) In the caudal hindbrain of the null mu-
tant, Isl1/2� and Hb9� somatic motoneurons
were lost (K and L, arrows), while Isl1/2� and
Hb9� visceral motoneurons were still present
(K and L, arrowheads).

can compensate for the lack of Olig2 in oligodendrocyte resembles that revealed by antibody staining for endog-
enous OLIG2 protein (Figures 1I–1K, arrows and data(but not somatic motoneuron) generation in the hind-

brain but not in other regions of the CNS. not shown).
In homozygous mutant embryos, the distribution of

GFP� cells was different in several respects. First, al-Oligodendrocyte Precursors Are Transformed
into Astrocytes in the Absence of Olig2 and Olig1 though many GFP� cells were present in the ventricular

zone at E13.5 (Figure 6D, arrow), there was little migra-The absence of oligodendrocyte precursors in Olig1/2
double-mutant embryos could reflect a failure of specifi- tion into the gray matter. Second, the ventricular focus

of GFP expression appeared larger in homozygous thancation, their death, or their respecification into other cell
types. To distinguish between these possibilities, we in heterozygous embryos (Figures 6A versus 6D, arrows).

Cell counts indicated a similar number of GFP-express-first tested whether there was increased cell death in
the Olig1�/�Olig2�/� spinal cord from E12 to E14, a pe- ing cells in the null mutant versus heterozygous spinal

cord at this stage (Figure 6G, E13.5), suggesting thatriod when oligodendrocyte precursors are specified in
the ventricular zone. TUNEL labeling detected no in- Olig2-expressing cells may have been generated in cor-

rect numbers in the homozygote but somehow failed tocrease in apoptotic cells in either the ventricular zone
or elsewhere in the spinal cord during this interval (data migrate on schedule. At E16.5 and E18.5, however, there

was a reduction in the number of GFP� cells in thenot shown). Next, we used the knockin marker hGFP as
a short-term lineage tracer to compare the fate of Olig2- double mutant (Figure 6G, white bars). This difference

likely reflects reduced proliferation rather than death,expressing progenitors in the presence or absence of
Olig1/2 function. as TUNEL labeling revealed no differences between the

double mutant and heterozygote at these stages (dataIn heterozygous embryos at E13.5, individual GFP�

precursors could be seen migrating away from the focus not shown).
By E16.5, although ventricular expression of GFP inof Olig2 expression in the ventricular zone (Figure 6A,

arrow and white arrowheads). By E16.5, only a few GFP� homozygotes persisted (Figure 6E, arrow), GFP� cells
could be seen migrating into the gray matter (Figure 6E,cells remained at this focus (Figure 6B, arrow), and most

had migrated into the gray matter. By E18.5, GFP� oligo- arrowheads). However, these cells took a more ventral
trajectory than in heterozygotes. At E18.5, many GFP�dendrocyte precursors were evenly distributed through-

out the spinal cord, and ventricular expression was no cells could be detected at the pial surface of the ventral
white matter in homozygotes (Figure 6F, open arrow-longer detected (Figure 6C). The pattern of migration

of GFP� cells in the heterozygous spinal cord closely heads), a location not occupied by GFP� cells in hetero-
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Figure 6. Oligodendrocytes Are Transformed into Astrocytes in the Absence of Olig1 and Olig2

(A–G) Crosssections of heterozygous and homozygous thoracic spinal cord at indicated stages were labeled with an anti-GFP antibody.
Arrows indicate ventricular expression of GFP. Persistence of GFP was apparent in both somatic (A, red arrowheads) and visceral (A, yellow
arrowheads) motoneurons in the heterozygotes at E13.5, a time when the migration of GFP� oligodendrocyte precursors just started (A, white
arrowheads). Open arrows in (F) indicate GFP� cells located within pial surface. Quantitative analysis (G; mean � S.D., eight sections from
two embryos) revealed a difference in the number of GFP� cells in the null mutants versus heterozygotes at E16.5 and E18.5, but not E13.5.
(H–K) Many GFP� nuclei are associated closely with S100��or GFAP� fibers in the ventral spinal cord of homozygotes (I and K) but not of
heterozygotes (H and J) at E18.5. Arrows point to GFP� cells in the pial surface of the null mutant spinal cord. Inserts in (I) and (K) show
double-labeled cells at higher magnification.
(L–R) Staining of acutely dissociated spinal cord cells at E18.5 from either heterozygotes (L–N) or homozygotes (O–Q). Arrows point to GFP�

cells. Arrowheads in (M) and (P) mark GFP�GFAP� cells. Quantitative analysis (R) was performed by counting all GFP� cells from six different
preps derived from different animals. Each prep contained �5000 cells.

zygotes (Figure 6C). This observation suggested that pressed GFAP or S100� (Figures 6I and 6K, arrowheads
and insets). In contrast, no colocalization of GFP withthe GFP� cells might have been transformed into

astrocytes. To address this possibility, crosssections of either of these markers was observed in the heterozy-
gous spinal cord (Figures 6H and 6J), consistent withE18.5 heterozygous or homozygous spinal cord were

double labeled with antibodies to GFP and the astroglial previous reports that Olig2 is not expressed in cells of
the astroglial lineage in wild-type embryos (Lu et al.,markers GFAP or S100�. This analysis revealed that

many GFP� cells in the null mutant spinal cord coex- 2000; Zhou et al., 2000).
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The filamentous staining pattern of GFAP and S100� and the companion paper (Lu et al., 2002 [this issue of
Cell]) strengthen this view. Combined deletion of Olig2precluded an accurate quantification of the percentage

of GFP� cells that were GFAP� or S100�� in vivo. To cir- and Olig1 causes a derepression of Irx3 in pMN and a
loss of Ngn2 expression in this domain. The selectivecumvent this problem, we performed double-labeling

on acutely dissociated spinal cord cells from E18.5 het- loss of Ngn2 expression in pMN is consistent with the
idea that this bHLH factor is controlled by distinct trans-erozygous and homozygous embryos. Over 50% of GFP�

cells in homozygous spinal cord coexpressed GFAP acting factors in different progenitor domains (Scardigli
et al., 2001). The motoneuron deficit in the Olig1/2 dou-(Figures 6P, arrow, and 6R, GFAP, white bar). In sharp

contrast, none of the GFP� cells in the heterozygous ble knockout is similar to that seen in embryos lacking
Nkx6.1/6.2 (Vallstedt et al., 2001), a homeodomain pat-spinal cord was found to be GFAP� (Figures 6M, arrow

versus arrowhead, and 6R, gray bars). Similarly, 44% to terning molecule (Briscoe et al., 2000) that is required
for Olig2 expression (Novitch et al., 2001). The fact that66% of GFP� cells were S100�� in the homozygote

(Figures 6O, arrow, and 6R, white bar), whereas less expression of Nkx6.1 and 6.2 is unperturbed in Olig1/2
knockouts is consistent with the idea that Olig genesthan 10% of GFP� cells in the heterozygote were S100��

(Figures 6L, arrow, and 6R, gray bar). Conversely, the function downstream of Nkx6.1/6.2 in motoneuron gen-
eration (Novitch et al., 2001).oligodendrocyte cell-surface marker O4 decorated over

55% of GFP� cells in the heterozygous spinal cord (Fig-
ures 6N, arrow, and 6R, gray bar) but none in the homo- Olig Genes Function Cell Autonomously
zygote (Figures 6Q, arrow, and 6R, white bar). The recip- in Oligodendrocyte Fate Specification
rocal change in the percentage of GFP� cells expressing The complete failure of oligodendrocyte formation in
O4 versus GFAP or S100� in heterozygous versus dou- Olig1/2 double mutants suggests that all oligodendro-
ble homozygous embryos (Figure 6R) strongly suggests cytes require Olig genes. Consistent with this, oligoden-
that in the absence of Olig1/2 function, the Olig2- drocytes are not generated in neurosphere cultures de-
expressing cell population produces astrocytes rather rived from Olig1�/�2�/� spinal cord (see Supplemental
than oligodendrocytes. Consistent with this conclusion, in Figure S1 at http://www.cell.com/cgi/content/full/109/
cultures of neural progenitors from Olig1/2 homozygous 1/61/DC1). The fact that Olig1/2 are coexpressed in oli-
embryonic spinal cord, many Olig2-hGFP-expressing cells godendrocyte precursors (this study; Lu et al., 2000;
differentiated to astrocytes but none differentiated to Zhou et al., 2000) suggests that this defect likely reflects
oligodendrocytes, whereas in cultures from heterozy- a cell-autonomous requirement for these genes. An al-
gotes, many GFP� oligodendrocytes developed (see ternative explanation, however, is that this phenotype
Supplemental Figure S1 at http://www.cell.com/cgi/ is a non-cell-autonomous consequence of the earlier
content/full/109/1/61/DC1). loss of motoneurons, which have been hypothesized to

send a feedback signal to the ventricular zone to regu-
late the subsequent production of oligodendrocytesDiscussion
(Hardy, 1997; discussed in Richardson et al., 2000).

We think this hypothesis is unlikely, however, becauseThe bHLH transcription factors OLIG1 and OLIG2 are
sequentially expressed in motoneuron progenitors (Ta- in Ngn1�/�; Ngn2�/� double mutants, neuronal differenti-

ation in the ventral spinal cord is largely eliminated (Scar-kebayashi et al., 2000; Mizuguchi et al., 2001; Novitch
et al., 2001) and oligodendrocyte precursors (Lu et al., digli et al., 2001), but oligodendrocyte precursor forma-

tion is unaffected (our unpublished observations).2000; Zhou et al., 2000). Here we show that in the ab-
sence of Olig1 and 2 function, motoneurons are con- Similarly, in Isl1�/� mice which lack motoneurons (Pfaff

et al., 1996), oligodendrocyte differentiation is also unaf-verted to V2 interneurons in the spinal cord, while oligo-
dendrocytes fail to differentiate throughout the nervous fected (Sun et al., 1998). Finally, oligodendrocytes de-

velop normally in the hindbrain of Olig2 single mutantssystem. Our results suggest that oligodendrocyte pre-
cursors are not simply eliminated, but instead differenti- (Lu et al., 2002 [this issue of Cell]), which lack somatic

motoneurons. Our observation that in Olig1/2 doubleate to astrocytes. These observations are consistent
with the idea that in Olig1/2 double mutants, Olig2- mutants, hindbrain oligodendrocytes are completely

lost further indicates that the sparing of hindbrain oligo-expressing progenitors sequentially generate inter-
neurons and astrocytes rather than motoneurons and dendrocytes in Olig2�/� embryos is not due to compen-

sation of a somatic motoneuron-derived signal by vis-oligodendrocytes. In this way, Olig genes link the specifi-
cation of a particular neuronal subtype to that of a spe- ceral motoneurons, which are spared in both Olig2�/�

and Olig1�/�2�/� mutants.cific glial subtype, independent of the decision between
neuronal versus glial fates.

Role of Olig Genes in Motoneuron and
Oligodendrocyte Fate SpecificationOlig2 Is Required for Both the Regional Identity

and Differentiation of Motoneuron Precursors The inference that Olig genes function cell autono-
mously in oligodendrocyte development leaves openMisexpression studies in the chick have suggested that

OLIG2 plays two roles in motoneuron fate determination: the question of when that function is required. Our data
indicate that both motoneurons and oligodendrocytesit specifies the regional identity of the pMN domain via

repression of Irx3, and it promotes motoneuron progeni- are normally generated from pMN (but not from p2) and
support the idea (Richardson et al., 1997, 2000) thattor cell cycle exit and differentiation, in part via local

derepression of Ngn2 (Mizuguchi et al., 2001; Novitch these neurons and glia share a common precursor. Con-
sequently, the homeotic-like transformation of such pre-et al., 2001). The loss-of-function data presented in this
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sarily affecting oligodendrocyte development (Lu et al.,
2002 [this issue of Cell]). Furthermore, while misexpres-
sion of Olig2 in chick is sufficient to cause ectopic re-
pression of Irx3 and motoneuron induction in some re-
gions of the spinal cord (Novitch et al., 2001), it does not
induce ectopic oligodendrocyte differentiation (Zhou et
al., 2001). Thus, while repression of Irx3 by Olig genes
may be necessary for oligodendrocyte fate determina-
tion, it may not be sufficient. Formal resolution of this
issue will require selective rescue of the early pMN
phase of Olig2 expression in Olig1/2 double knockouts
to determine whether both motoneurons and oligoden-
drocytes are recovered.

OLIG1 and 2 Control an Oligodendrocyte
versus Astrocyte Fate Choice
Our lineage-tracing data suggest that many Olig2-hGFP-
expressing precursors generate astrocytes instead of
oligodendrocytes upon deletion of Olig1 and Olig2. If
so, it would imply that spinal cord oligodendrocyte pre-
cursors have the potential to generate astrocytes, but
that this fate is normally repressed by Olig genes (Figure
7B, right). Astrocytes are thought to arise from multiple
levels along the dorso-ventral axis of the spinal cord
(Pringle et al., 1998). Thus, it is a reasonable assumption
that the p2 domain normally generates astrocytes after
it generates V2 interneurons (Figure 7A, left). If so, then
the trans-fating of Olig2-expressing progenitors to
astrocytes in Olig1/2 double mutants could reflect a
conversion of progenitors that sequentially generate
motoneurons and oligodendrocytes to ones that pro-
duce first V2 interneurons and then astrocytes (Figure
7A, right, p2’).

If deletion of Olig genes causes oligodendrocyte pre-
cursors to generate astrocytes, do such precursors nor-Figure 7. Olig Genes Control the Subtype Identities of Both Neurons

and Glia Derived from a Common Progenitor Domain mally generate astrocytes following downregulation of
(A) Summary of neuronal and glial phenotypes in Olig1�/�Olig2�/� Olig gene expression in the ventricular zone? We found
mutants. no evidence for persistence of the OLIG2-hGFP lineage
(B) Olig genes may act sequentially in motoneuron (MN) and oligo- marker into astrocytes in Olig1/2 heterozygotes. Simi-
dendrocyte (O) development. Abbreviation: A, astrocyte.

larly, using a permanent lineage tracer, Lu et al. (2002(C) Two putative types of spinal cord progenitor cells. O� progenitors
[this issue of Cell]) found no astrocytes among the prog-do not express Olig genes and generate certain types of neurons (N1)
eny of Olig1-expressing cells. These data suggest thatand later astrocytes (A). Abbreviation: PN, proneural. O� progenitors

first generate other types of neurons (N2) and then oligodendrocytes Olig-expressing progenitors normally produce moto-
(O, blue cell). neurons and oligodendrocytes but not astrocytes in vivo
(D) A simple combinatorial code composed of proneural and Olig (Figure 7C, O�). This idea may seem inconsistent with
genes can determine whether CNS progenitors produce neurons,

the demonstration that single CNS progenitors can gen-oligodendrocytes, or astrocytes. Neuron1 and Neuron2 denote two
erate neurons, astrocytes, and oligodendrocytes in cul-different neuronal subtypes.
ture (reviewed in Gage, 2000; Anderson, 2001). However,
despite extensive retroviral lineage tracing studies,
there is no clear evidence for tripotential neuron/
astrocyte/oligodendrocyte progenitors in vivo (Luskin etcursors from a pMN to a p2 identity in Olig1/2 homozy-
al., 1988; Leber et al., 1990). The tripotential CNS stemgous embryos could result in the elimination of both cell
cells characterized in vitro may thus represent a moretypes (Figure 7A). In that case, the wild-type function
primitive progenitor than has been identified in vivo.of Olig genes in specifying both the motoneuron and
Alternatively, the cell culture environment may reveal aoligodendrocyte fates might simply be repression of Irx3
combination of developmental potentials that are notin pMN. Alternatively, the mutant phenotype could re-
actually used by any single progenitor in vivo.flect an independent and sequential requirement for Olig

genes in both early patterning of the pMN domain and
in oligodendrocyte fate determination (Figure 7B). The Genetic Logic of Neural Cell

Fate DeterminationConsistent with the idea of independent functions,
the hindbrain phenotype of Olig2�/� single mutants dem- bHLH proneural genes such as the Ngns control a neu-

ron versus glial fate switch (Tomita et al., 2000; Nieto etonstrates that Olig gene mutations can cause deficien-
cies in somatic motoneuron generation without neces- al., 2001; Sun et al., 2001b; reviewed in Vetter, 2001). In
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PDGFR, MBP, PLP/DM20, Ngn1, and Ngn3. Probes for Nkx6.1,the case of motoneurons and oligodendrocytes, Ngn1/2
Nkx6.2, and Dbx2 were the kind gift of Dr. Thomas Jessell.is likely to be the proneural gene that controls this switch

(this study; Mizuguchi et al., 2001; Novitch et al., 2001;
Immunohistochemistry

Zhou et al., 2001). These data, taken together with our Mouse embryos were fixed by immersion in 4% paraformaldehyde
previous results (Zhou et al., 2001), suggest that once from 1 hr to overnight at 4	C depending on the age. The following
expression of Ngns has been extinguished in pMN, Olig primary antibodies were used: rabbit anti-Olig2 (1:2000, gift of Dr.

Takebayashi Hirohide), rabbit anti-Nkx2.2 (1:1000, gift of Dr. Thomasgenes determine whether the remaining progenitors will
Jessell), mAb anti-Neurogenin2 (1:100, Liching Lo), rabbit anti-produce oligodendrocytes or astrocytes (Figure 7B).
Chx10 (1:4000, gift of Dr. Thomas Jessell), guinea pig anti-Irx3These results suggest a simple combinatorial code
(1:1000, gift of Dr. Thomas Jessell), rabbit anti-Hb9 (1:2000, gift of

whereby different combinations of the Olig and pro- Dr. Samuel Pfaff), rabbit anti-GFP and Alexa-488 conjugated rabbit
neural genes can specify either neuronal, oligodendrog- anti-GFP (1:1000, Molecular Probes), rabbit anti �-gal (1:1000, 5
-3
),
lial, or astroglial fates (Figure 7D). According to this rabbit anti-GFAP (1:1000, DAKO), mAb anti-S100 � (1:1000, Sigma),

and rabbit anti-Phox2b (1:700, gift of Dr. Jean-Francois Brunet).genetic logic, the astroglial fate would represent a final
mAbs against Lim3, MNR2/Hb9, Engrailed-1, Isl1/2, Hb9, Lim3,“ground state,” in which neither proneural nor Olig genes
Nkx2.2, and Pax6 were obtained from Developmental Studies Hy-are expressed. This fate may, however, require active
bridoma Bank (DSHB). Whole-mount antibody staining of mouse

repression by Hes genes, which repress proneural gene embryos was performed as described previously (Ma et al., 1996).
expression (Ishibashi et al., 1995; Furukawa et al., 2000;
Hojo et al., 2000; Satow et al., 2001; reviewed in Fisher BrdU Labeling and TUNEL Assay
and Caudy, 1998). BrdU labeling of mouse embryos was conducted by intraperitoneal

injection of BrdU (Sigma, 65 mg/g body weight) 2 hr before sacrifice.Combinatorial codes of Lim HD and Ets domain tran-
A rat anti-BrdU antibody (Accurate) was used to detect BrdU. TUNELscription factors have been shown to control different
assays were performed with a kit from Roche according to theaspects of motoneuron subtype identity (Tsuchida et
manufacturer’s instructions.

al., 1994; Lin et al., 1998; Sharma et al., 1998; Kania et
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