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SUMMARY

Notch signaling has a central role in cell fate specification
and differentiation. We provide evidence that the Mashl
(bHLH) and DIx1 and DIx2 (homeobox) transcription
factors have complementary roles in regulating Notch
signaling, which in turn mediates the temporal control of
subcortical telencephalic neurogenesis in mice. We defined
progressively more mature subcortical progenitors (P1, P2
and P3) through their combinatorial expression of MASH1
and DLX2, as well as the expression of proliferative and
postmitotic cell markers at E10.5-E11.5. In the absence of
Mashl, Notch signaling is greatly reduced and ‘early’ VZ
progenitors (P1 and P2) precociously acquire SVZ
progenitor (P3) properties. Comparing the molecular

phenotypes of the delta-like 1 and Mashtutants, suggests
that Mashl regulates early neurogenesis through Notch-
and Delta-dependent and -independent mechanisms. While
MashLlis required for early neurogenesis (E10.5DIx1 and
DIx2 are required to downregulate Notch signaling during
specification and differentiation steps of ‘late’ progenitors
(P3). We suggest that alternate cell fate choices in the
developing telencephalon are controlled by coordinated
functions of bHLH and homeobox transcription factors
through their differential affects on Notch signaling.

Key words: Mash1DIx2, DII1, Telencephalon, Notch signaling,
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INTRODUCTION

Several lines of evidence suggest that the timing of cell fate
specification and differentiation in the vertebrate nervous

Early development of the central nervous system (CNS) involvesystem is regulated through a process of lateral inhibition
specification of progenitor cells to generate the anlagen of CNiBediated by Notch signaling (Chitnis and Kintner, 1996;
subdivisions and precursors of distinct cells types (Jessell, 2008gnrique et al., 1997; Lewis, 1996). Notch is a cell-surface
Briscoe and Ericson, 2001; Marin and Rubenstein, 2002). Froneceptor that is activated by contact with a DSL ligdbelitg,

a given progenitor zone, different types of neurons and glia a®errate, Lag2). In mammals, there are four Notch genes
generated over time. Temporal control of this process regulat@dotch1-Notch4) and five DSL ligand genes (DII1, DII3, DIl4,
the sequential production of different classes of neurons thdaglandJag? (Lindsell et al., 1996). Ligand-induced Notch
migrate to the mantle zone where they contribute to formingignaling involves proteolytic cleavage of Notch, which releases
layered or nuclear neuronal assemblies. The time when i intracellular domain (Notch-IC) and allows its translocation
progenitor cell produces a neuron is tightly linked to theo the nucleus. Notch-IC directly modulates the function of a
properties of that neuron. For example, in the cerebral corteixanscription factor known as CSICBF1 (Rbpsuh— Mouse
early-born neurons form the deep cortical layers whereas lat&enome InformaticsSuppressor of Hairles§SuH), Lagl].

born neurons form the superficial cortical layers (Chenn et alDuring neurogenesis, Notch activation of CSL induces the
1997). In the nuclear structures of the subcortical telencephal@xpression of WRPW-bHLH transcription factors that inhibit
(subpallium), such as the striatum, neuronal birthrate is coupletturonal differentiation (e.g. HES genes or Drosophila
to the production of different subdivisions such as the patchdsnhancer of Split) and represses the expression of proneural
and matrix (van der Kooy and Fishell, 1987). bHLH transcription factors (e.g. Mastdt Achaete-Scuté
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Drosophila) (Artavanis-Tsakonas et al., 1995; de la Pompa efsing cervical dislocation. Wild-type (CD1 and C57BI&)ashl

al., 1997; Robey, 1997). Thus, an increase in Notch signalingutant (Guillemot et al., 1993) amix1/2 mutant (Qiu et al., 1997)

within a progenitor cell biases it not to differentiate, whereas gnice were bred at UCSF. The mutant mice were out-crossed with
There are several classes of proneural bHLH genes expresép%we laboratory of M. Hrabe de Angelis. The morning of the vaginal

: : : : i ug was considered EO0.5. Embryos were collected in phosphate-
in the mammalian telencephalon, including Achaete-Scute buffered saline (PBS) and fixed overnight in 4% paraformaldehyde.

homolog Mashl(Asqu— Mouse G.enom? Informatics), atonal Embryos were then run through a sucrose/PBS gradient (10% and
homologs neurogenin 1, neurogenin 2 @tid2 (Ma etal., 1997, 5094) and embedded in OCT (Tissue-Tek) for cryostat sectioning.
Fode et al., 2000; Takebayashi et al., 2000; Nieto et al., 2008ections were collected at 1@npand adjacent sections were placed
Mashlis primarily expressed in the progenitor zones of then different slides for comparing gene expression patterns.
subcortical telencephalon (Lo et al., 1991; Guillemot and Joyner, S

1993; Porteus et al., 1994), where in mice it is required for thé Situ RNA hybridization

generation of early-born neurons (Casarosa et al., 1999; Hort6RNA plasmids used for in situ hybridization analysis were obtained
et al., 1999). Casarosa et al. (Casarosa et al., 1999) showed {f@) the following people: Gerry Weinmaster (Notch1, Notch3, Dil1,
MashLis required for the expression Bfil and Dli3at E12.5, J291, Heslfand Hes5), Brian Crenshaw (Brn4; P.O‘*SMOUZ‘?

and therefore Notch signaling (aHeés5expression) is reduced C€nome Informatics), Ming Tsa(COUP-TF1), Brian Condie

. ) . . . (Gad67; Gadl — Mouse Genome Informatics), Charles Gerfen
in the Mashl mutants. Their BrdU birthdating analysis dopamine receptor 2 (D2r; Drd2 — Mouse Genome Informatics)],

demonstrates that early-born neurons (postmitotic at ~E10.5) §@ancois Guillemot (Mash1), Steve Potter (Gsh2), Heiner Westphal
reduced in the subcortical telencephalon. However, Horton et @l.hx2).DIx2, DIx5 and Dixare from the Rubenstein laboratory (Liu
(Horton et al., 1999) found that the subcortical telencephalon i al., 1997). In situ RNA hybridization on frozen sections was carried
Mashlmouse mutants exhibits precocious expression of a markeut using®>S-labeled antisense-riboprobes as described (Sussel et al.,
of early neurogenesis {8-tubulin) at E11.0. These apparently 1999). Photographs were taken using darkfield optics on an Olympus
contradicting observations could reflect cell-autonomous and né#H10 microscope.

cell-autonomous affects of Mashfunctions. To test this

L Immunofluorescence
gﬂisﬁtlghgea?%\/focg mpared the phenotypes oMashland Production and characterization of the DLX2 antibody is described

Alth h Mash1i ired f | is in th (Eisenstat et al., 1999; Porteus et al., 1994). The mouse monoclonal
oug asnlis required for early neurogenesis in ey, sqpyq antibody was a gift from Dr David Anderson and was also

subcortical telencephalon (Casarosa et al., 1999; Horton et §},chased from Pharmingen (Cat #556604). Rabbit polyclonal
1999), the DIxJand DIx2homeobox genes are required in miceMASH1 antibody was generated in Dr Jane Johnson’s laboratory.

for late neurogenesis in the same tissue (Anderson et al.,Phosphorylated histone 3 (PH3) (rabbit IgG; Upstate Biotech),
1997a). DLX1 and DLX2 are co-expressed in subsets aflAP2 (mouse IgG; Sigma: #M1406), GABA (rabbit 1gG; Sigma
progenitor cells (Eisenstat et al., 1999) where they haw#A2052), RC2 (mouse IgM; Developmental Studies Hybridoma
partially redundant functions in controlling the differentiationBank), PCNA (mouse IgG; Novocastra), GAD65(mouse I9G;
of a secondary proliferative zone called the subventricular zorfgharmingen # 69221A)p-lll-tubulin (mouse I9G; Promega:

(SVZ) (Anderson et al., 1997a). In tBEx1/2 mutants, late- *G/121), GFAP (rabbit IgG; Sigma). For MASH1 and PCNA

: . oubling-labeling, the sections were first treated in boiling 10 mM
born neurons fail to mature fully; however, when the mutan odium  citrate before blocking in 5% normal goat serum

SVZ cells are dISSOCIath and grown ln.culture., they are ab ibco)/phosphate buffered saline (PBS)/0.1%TritonX-100. Primary
to proceed at least partially along their differentiation programntinodies were diluted in the same buffer and incubated overnight at
(Anderson et al., 1997a). These observations point to thec. The sections were rinsed in PBS, then incubated with secondary
possibility that the block in neurogenesis may involveantibodies at 1:200-300 dilution for 1 hour at room temperature, then
misregulation of cell-cell communication, perhaps through theinsed in PBS and finally were mounted with Vectashield mounting
Notch signaling pathway. medium with DAPI (Vector Labs #H1200). The secondary antibodies
To gain insights into the temporal regulation of progenitomere conjugated with either Alexa-488 or Alexa-596 (Molecular
cell fate specification in the developing telencephalon at thBrobes). The fluorescent images were photographed or electronically
cellular level, we have examined the effecMafsh] DII1 and ~ c@ptured with Spot Il imaging camera using a Nikon Optiphot 2
DIx1/2 mutations on Notch signaling and differentiation. We™ ¢"0S¢OPe-
provide evidence that: (1) Dllinediates Notch signaling primary cell culture
prevents precocious differentiation of progenitors; (2) Mashkqr acute dissociation of E10.5 or E11.5 wild type (CD1 and C57B6)
has a cell-autonomous function in the development of a subs@ipcortical cells, embryos were dissected in cold PBS, the
of early telencephalic progenitors and a non-cell autonomousesenchyme surrounding the telencephalon was carefully removed
function in mediating lateral inhibition through positively and only subcortical region of the telencephalon was isolated (note it
regulating Notch signaling; (3) DIx1 and DIx2 negativelyalso includes some ventral and lateral pallial mantle cells). The tissue
regulate Notch signaling to properly specify a later subset ofas trypsinized for 30 minutes at 37°C in §00an equal volume of

neuronal progenitors and promote their terminal differentiation€urobasal medium (Gibco) containing 10% fetal bovine serum (FBS;
UCSF Cell Culture Facility) was added to arrest the trypsinization.

The cells were then dissociated by tituration, rinsed twice in
neurobasal medium with 1% FBS and plated at concentratiori6f 1

MATERIALS AND METHODS cells/50pl in a well coated with poly-D-lysine (Tissue-Tek Il slide
] chambers, Nalgene). After the cells were allowed to adhere for 30-60
Mice minutes, the medium was withdrawn and the cells were fixed in 4%

Wild-type and mutant mice were cared for according to procedures @araformaldehyde for 10 minutes at room temperature. The cells were
the UCSF Committee on Animal Research. Animals were sacrificethen rinsed in PBS and analyzed with antibodies as described above.



Mash1 and DIx1/2 modulate Notch signaling 5031

Fig. 1. Combinatorial
expression of MASH1, DLX2
and markers of proliferation
and differentiation provide
evidence for distinct stages o
cellular maturation in the
lateral ganglionic eminence
(LGE). Fluorescence
microscopic images of wild-
type subcortical cells stained
with a pair of antibodies
(differentially labeled with
green or red fluorophors) thal
bind to the proteins indicated
above each panel; yellow cell
are double labeled. Coronal
sections (10 m) from E10.5
embryos (A-D) and E11.5
embryos (F-J) show the
primordium of the LGE.

(E) Dissociated cells prepare:
from E10.5 subcortical
telencephalon (arrows indicate
double-positive cells). The boxed areas in Fig. 2 show the approximate regions of the LGE shown in Fig. 1. PCNA labatmpgroifisr;

and thereby defines the location of the progenitor zones, whereas MAP2 and GABA label postmitotic neurons (arrow in C,D), and thereby
define the position of the mantle zones. PH3 labels M-phase cells in the VZ and the SVZ (arrow in H). P1 progenitors (MASH1-/DLX2-) and
P2 progenitors (P2, MASH1+/DLX2-) are only in the VZ. P3 progenitors (MASH1+/DLX2+) are in the VZ and SVZ. In A, P1 progenitors are
unlabeled, P2 progenitors are green and P3 progenitors are yellow. N1 cells are the earliest born neurons; we propose that they are generate
from P2 progenitors (see Fig. 7). N1 neurons are MAP2+ and continue to express DLX2 (see inset in D). The LGE progenitor zone can be
divided into at least two parts along the dorsoventral axis: the dorsal LGE (dLGE) and the ventral LGE (VLGE) (Yun et al., 2001). dLGE
neurogenesis precedes that of vVLGE, and therefore may contribute to a major portion of the N1 population. Some MASH-/DLX2+ cells are
observed in the VZ and SVZ (particularly in the dLGE); these are the red cells in the VZ in A. These cells might correspond to another type of
progenitor. LV, lateral ventricle; ME, mesenchyme; MZ, mantle zone; VZ, ventricular zone; SVZ, subventricular zone. Sd8le prars:

Arrows in J indicate examples of PCNA/Mash1 double-positive cells.

DLX2MASH1 |[ DLx2PcNA |[MASH1GABA|| DLX2 MAP2 || DLX2 GADSS |

E10.5

E11.5

RESULTS Then, by ~E9.75 MASH1and DLX2 expression in the LGE
is detectable in the VZ (Bulfone et al., 1993) (data not shown).
Combinatorial expression of MASH1 and DLX2 MASH1+/DLX2- progenitors only appear in the VZ (Fig.
identify different populations of subcortical 1A,F); we have named these Type 2 progenitors (P2).
progenitors and early-born neurons MASH1+/DLX2+ cells are also only apparent in the

To gain insights into the temporal regulation of progenitorogenitor layers (Fig. 1A,F); the MASH1+/DLX2+ nuclei are
cell fate specification in the developing telencephalon, wecattered V\_/lthln the VZ and are concentrated in the position of
characterized the molecular phenotypes of MASH1- and DLX2the SVZ (Fig. 1A,F). We have named these Type 3 progenitors
expressing cells in neural progenitors and differentiating neuror§3)- o

of the LGE (lateral ganglionic eminence, the primordium of the At E10.5, DLX2+ postmitotic cells (MAP2+, PCNA-) cells
striatum) at E10.5 and E11.5. At these ages, we detect three @l found superficial to the VZ; we refer to these early born
layers: (1) the pseudostratified epithelium of the ventricular zon@eurons as Ncells (Fig. 1A-D). All GAD65-expressing cells
(VZ) that contains progenitor cells and radial glia; (2) thedt E10.5 express DLX2 but not MASH1 (Fig. 1E, and data not
subventricular zone (SVZ), which contains progenitors that aréhown). From E11.5, there are many postmitotic neurons in the
not organized as a pseudostratiﬁed ep|the||um, and (3) thZ that are. DLX2- and we refer to these late-born neurons as
mantle zone (MZ), which contains postmitotic neurons. N2 cells (Fig. 1I). _ o .

At E10.5, the VZ and MZ are apparent, whereas the Svz In the following sections, we use this descriptive analysis as
has not appeared as a distinct layer. By E11.5, a layer 8ffoundation to interpret the roles ashl andDIx2 during
subventricular PH3+ cells (a M-phase marker) (Hendzel et alearly steps of cell fate specification and differentiation in the
1997) are more coherently arranged, and can be distinguish&dbcortical telencephalon.
as a SVZ (Fig. 1H), which persists as development proceeds o ) )

(Sheth and Bhide, 1997). Premature acquisition of late progenitor properties

Based on the expression of MASH1 and DLX2 withand areduction in early neurogenesis in the
proliferative (PCNA and PH3), and neuronal (MAP2, GAD65)subcortical telencephalon of ~ Mashl mutants
markers, we have defined different cell types in the VZ, SVA previous study reported that neurons born around E10.5 were
and MZ (Fig. 1; also see legend to Fig. 7). Prior to E9.5reduced in the subcortical telencephalon of El8l&shl
neuroepithelial cells in the LGE are MASH1-/DLX2—; we mutants (Casarosa et al., 1999). However, Horton et al. (Horton
define these as Type 1 progenitors (P1). et al., 1999) found precocious expression of a differentiating
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Fig. 2. Mashimutants have a
defect in the production of
early-born (N1) neurons and
their VZ cells precociously
acquire SVZ-like properties.
Fluorescence and darkfield
microscopic images of corona
hemi-sections of control (left :
side) and Mashfnutant (right '_ 5 G MGE
side) telencephalons at E10.5 i
(A-C"), E11.5 (D-I; E15.5
(J-K") and E18.5 (L,D). The
sections were stained with
antibodies directed to the
antigens, of°S-labeled probe,
listed above each panel. Yello
cells are double-labeled. Whil
Mashlmutants produce few
MAP2+ cells at E10.5 (N1
cells; A-B"), their progenitor
zone appears to mature
precociously based on the
increased number of cells tha
express DLX2 (C,CF,F).
These DLX2 cells are
mitotically active precursors,
based on co-expression with
PCNA (arrow in H. At E11.5,
the mutant LGE produces ma
GABA+ cells (arrow EY, but
most of these do not express
MAP2. We suggest that a ;

substantial number of the SAEA

MAP2-expressing cells adjace - E15.5 K'
to the LGE in D'(arrowhead) ctx

are not produced by the LGE,

but rather correspond to ventr

pallial cells (see arrowhead in

G' for pattern of Lhx2

expression, which marks the

mantle of the ventral pallium,

VP). Note the paucity of MAP:

expression in the MGE mantle
(D") while GABA expression on the same section is abundéntNEashlalso has later functions in subcortical development. At E15.5 and
E18.5 there is ectopic expression of GABA in the progenitor zone of the LGE. Arrowheaihdlicktes ectopic GABA expression; arrows in
L,L" indicate LGE proliferative zones. ctx, cortex; LV, lateral ventricle; MGE, medial ganglionic eminence; st, striatum. Scale bars: ~100 p

E10.5

E11.5

neuronal marker {@l-tubulin) in the ventricular zone of the appears to mark an earlier step in differentiation than MAP2
Mashl mutants at E11l. These apparently contradictingexpression.
observations may reflect cell-autonomous and non cell- Concurrent with the defect in MZ maturation (lack of N1
autonomous aspects dflashl function. To evaluate this neurogenesis), the VZ shows a molecular defect suggesting an
possibility, we re-examined the phenotypeMdshlmutants acceleration of differentiation at E10.5 and E11.5. In the
at E10.5 and compared these results with the phenotyplielof Mashlmutant, DLX2 is expressed in the majority of VZ cells,
mutants. whereas in the wild type, DLX2 expression is less extensive
At E10.5, Mashimutants show molecular defects in both (Fig. 2C,C). These ectopic DLX2+ cells have properties of
the proliferative and postmitotic zones. The mutant subcorticadroliferating precursors as they are PCNA+ (Fig. 2F R
telencephalon has a hypoplastic mantle zone based on taddition, there is a reduction in RC2 expression (Fig')2l,l
reduction MAP2+ and GABA+ cells (Fig. 2A'/8,B’). These The VZ also expresses SVZ markers suclbad67, DIx5,
defects were not associated with increased levels of apoptogdx6, Brn4 and Six3(Fig. 3E,E;G,G'H,H’, and data not
(not shown). By E11.5 subcortical neurogenesis is detectabs&hown), consistent with the results at E12.5 of Casarosa et al.
in the LGE, but remains abnormal in the MGE, based on th@Casarosa et al., 1999). These observations suggest that in the
low level of MAP2 expression (Fig. 2D,DNote that although absence of Mashl, there is premature maturation of early
MAP2 expression is low in the mutant MGE at E11.5, GABAprogenitors (P1 and P2) to later progenitors (P3). However,
expression is now present (Fig. 2B,EGABA expression the precocious acquisition of later progenitor cell fate is
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[ Notch1 | | DIl | [ Hes5 |

E10.5

E11.5

Fig. 3.Notch signaling is compromised in the absencelagh1function as early as E10.5. Dark-field photomicroscopic images of coronal
hemi-sections of control (left side) and Mashdatant (right side) telencephalons at E10.5 (Aafid E11.5 (G- studied using®S-labeled
radioactive in situ hybridization. The cDNAs encoding the riboprobes used in the analysis are listed above each normeailwiliraages.
The VZ in the Mashinutant has molecular characteristics of the SVZ, based on the increased exprdé3kibn@#hd67 and the reduced
expression of Hes@rrowheads in G ctx, cortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; VZ, ventricular
zone. Scale bar: ~100mu

not complete as the VZ maintains some neuroepitheliagdarly progenitors differentiate into late progenitors. In Mash1l
characteristics, such as positioning of the M-phase nuclei nearutants, early progenitors (P1 and P2) precociously take on
the ventricle (Fig. 2H,H! the molecular features of the late progenitors (P3). One
Previous analysis of tHdashimutant at E12.5 showed that possibility is that MASH1-dependent expressiomdi in P2
it has reduced expression Bfll and Hes5Casarosa et al., and P3 progenitors mediates lateral inhibition that prevents
1999). To determine whether the abnormalities that we obserygecocious maturation of neighboring progenitors. To test this
at E10.5 are associated with misregulated Notch signaling, we/pothesis, we studied the effect of losiby1-mediated
studied expression of DII1, Jaglles1,Hes5,Notch1,Notch2  Notch signaling irDIl1 mutants.
and Notch3at E10.5 and E11.5 (Fig. 3; data not shown). At ) )
E10.5, while the expression of thetchgenes appears normal D/I1 mutants have reduced Notch signaling yet
(Fig. 3A,A; data not shown), expression Bl was at maintain N1 neurogenesis
background levels in the MGE, and was greatly reduced in tHell1 mutants die around E11.5 (Hrabe de Angelis et al., 1997).
LGE (Fig. 3B,B). At this age, Jaglexpression, which is At earlier ages, forebrain development appears to be relatively
concentrated between the MGE and LGE, appears relativehormal (Fig. 4), lacking increased levels of apoptosis (data not
normal (Fig. 3D,D). shown), allowing us to analyze subcortical development
To assess whether the reductiorDilil expression resulted between E10.5-E11. Like thdashl mutants, DIllmutants
in reduced levels of Notch signaling, we studied the expressidmve reduce#ies5expression in the subcortical telencephalon
of Hesland Hes5; these bHLH genes are effectors of Notch{(Fig. 4A,A’), suggesting decreased Notch signaling. In
signaling (Ohtsuka et al., 199%)es5expression was reduced addition, they have reduced expression of RC2 (Fig."¥F,F
in the mutant subcortical telencephalon at E10.5 and E11.Bnplying accelerated differentiation of the progenitor cells.
indicating that Notch signaling was indeed reduced by the lack Unlike Mashlmutants DII1 mutants have N1 neurogenesis
of Mash1(Fig. 3C,C,1,I'). The low levels of Hes1 expression based on several criteria. At E10.5, the distribution of MASH1
made it difficult to assess whether its expression was altered &md DLX2 expressing cells in the VZ is similar to wild-type
Mashlmutants (Fig. 3F,F' littermates, although the thickness of this zone is reduced (Fig.
These findings suggest that an early functioMashlin  4B,B’), whereas the mantle zone of both the LGE and MGE
the subcortical telencephalon is to regulate the rate at whidiave an abundance of MASH1-/DLX2+ cells (Fig. 4B,B
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| Hes5 I MASH1 DLX2 I N1 cellg. Dll1 and\/lashlmutants also differ in that DLX2 is
more widely expressed in the VZ fashlmutants (compare
Fig. 2C,C'with Fig. 4B,B; see Discussion).

Acquisition of the late progenitor properties Mashl
mutants is correlated with precocious DLX2 expression in the
VZ. A previous study showed thBix1 and DIx2are required
for the generation of late-born neurons (Anderson et al.,
1997a). Thus,DIx1, DIx2 and Mashl appear to have
complementary roles in the temporal control of neuronal
specification and differentiation. Towards understanding the
mechanisms underlying these observations, we examined
whetherDIx1 and DIx2 regulatedMashl expression and/or
Notch signaling in the subcortical telencephalon.

Loss of DIx1 and DIx2 function leads to an
expanded domain of Notch signaling in the SVZ of
the subcortical telencephalon

Previously, we have demonstrated tBdx1/2 mutants have
defects in the differentiation of subcortical neurons produced
after ~E12.5 (Anderson et al., 1997a; Marin et al., 2000).
However, when E15.5 mutant SVZ cells were dissociated
and cultured in vitro, they were able to proceed in their
differentiation program (Anderson et al., 1997a), suggesting
that cell-cell contact may have blocked their differentiation.
Thus, we examined whether this phenotype was related to a
defect in Notch signaling.

Unlike in the MashImutant, the production of early-born
neurons (N1) appears normal in the Dixdi@tants at E10.5,

Fig. 4.DII1 mutants show increased early neurogenesis and reduced@sed on expression of GABA and MAP2 (Fig. SABB',
Notch signaling. Dark-field and fluorescence photomicroscopic ~ and data not shown). The VZ of thgix1/2 mutant also

images of coronal hemi-sections of control (left side) and DII1 shows normal molecular properties at E11.5 based on the
mutant (right side) telencephalons at E10.5 (Na&d E11.5 (FF expression of RC2 and genes in the Notch signaling pathway
studied using®S-labeled radioactive in situ hybridization (A)And (Notchl, Notch3, DIl1, Hesl, Hesand Mashl) (Fig.
immunofluorescence (B-F'DII1 mutants show reduced Hes5 5C,C'D,D',E,E'F,F'and data not shown).

thmnlng of the VZ [with reduced RC2 expression (ff,and an neurogenesis (N1) appear to be normaDil/2 mutants,
expansion of the mantle zone that expresses DLX2YH38II- molecular defects in late progenitors (P3) become apparent

tubulin (C,C) and GABA (D,D). These neurons may not have - ; . "
differentiated completely based on the low level of MAP2 expressioﬁ’vIth the onset of SVZ formation. Subtle increases in the

particularly in the presumptive MGE (arrowhead in [, Bimilarto ~ €Xpression of DlllHt?SSand Mashlare detected as early as
the MashImutants, GABA expression appears in maturing neurons E11.5 (Fig. 5D,DE,E'F,F). The molecular defects in the late

before MAP2 expression (compare DRE). ctx, cortex; LGE, progenitors become more obvious at later stages, such that the
lateral ganglionic eminence; LV, lateral ventricle; MGE, medial SVZ shows an expanded domainMéshl, DIl1, Hes5 and
ganglionic eminence; MZ, mantle zone; OE, olfactory epithelium;  Notchlexpression at E15.5 (Fig. 6A,®,D'E,E'FF). These

VZ, ventricular zone. Scale bars: ~1001 4 phenotypes persist through PO, when these animals die.

The ectopic MASH1+ cells in thé®Ix1/2 mutants are
mitotically active, based on their expression of PCNA (Fig.
addition, there are mantle zone cells with robust expression 6fA,A’). As shown by the increased expressiorHes5 (Fig.
GABA and (lIl- tubulin (Fig. 4D,D'E,E). However, early 6E,E), the expandedNotchl and DII1 expression results in
differentiation is not equal in the LGE and MGE; the LGEelevated Notch signaling. These observations together suggest
shows much more expression of MAP2 than does the MGthat one of the key functions dbIx1/2 in promoting late
(Fig. 4C,C). A similar difference in LGE/MGE development neurogenesis is through downregulating Notch signaling, perhaps
is seen in thévlashl mutant at E11.5 (Fig. 2D)DCasarosa by repressing Mashdxpression. Note that expressiorNaftch3
et al. (Casarosa et al., 1999) also observed MGE hypoplasiasxdHes1is not appreciably changed in the mutant (Fig. 6B-C
E12.5. We are uncertain why the MGE is more severelguggesting that unique combinations of receptor/ligand
affected than the LGE in both of Mash1 dbitil mutants. interactions may lead to expression of different effector
From these observations we hypothesize that in the abseng®lecules leslversus Hes5, for example) (see Discussion).
of DII1 function, early VZ progenitors (P1 and P2) Consistent with the expanded Notch signaling domain,
precociously differentiate. Mashlmutants share this DIx1/2 mutant SVZ cells express high levels of transcription
phenotype. However, unlikélashl mutants, DII1mutants factors that are normally restricted primarily to the VZ, such as
produce early-born neurons (N1). These observations suggesOUP-TF1, Gshl, Gsh2 and LhElg. 6G-H', data not shown)
thatMash1is required cell autonomously for the generation of(Anderson et al., 1997a). The persistent expression of VZ
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E10.5

E11.5

Fig. 5. DIx1/2 mutants show normal neurogenesis at E10.5, and begin to show elevakitashihh Hes&nd Dll1expression by E11.5 in the

SVZ. Coronal hemi-sections of control (left side) &i&1/2 mutant (right side) telencephalons at E10.5 (Astudied with

immunofluorescence, and at E11.5 (p-Btudied with radioactive in situ RNA hybridization. At E10.5 early neurons, assessed by expression
of GABA and MAP2 (A,A'B,B") and radial glia, assessed by expression of RC2)@&fpear normal in the DIx1f2utants. At E11.5

expression of Mash1, DII1 artes5(D-F') increase in the SVZ (arrowheads). Scale barsuh®0

markers is associated with reduced expression of SVZ markedgpend on theMashl bHLH genes andDIx1 and DIx2
such as DIx5, DIx6, SCIP/Octénd Six3(Anderson et al., homeobox genes. Generation of the earliest neurons (N1)
1997a; Zerucha et al., 2000) (data not shown). While theequiresMashl, whereas generation of later-born neurons (N2
expression of general neuronal markers (MAP2 @rdl- and others) depends dpix1 andDIx2. Below, we discuss
tubulin) is maintained in the DIx1/&wutants (Fig. 6l,1K,K’, evidence that Mashknd DIx1/2 perform these functions
and not shown), the block in differentiation affects expressiothrough having opposite effects on Notch signaling in early (P1
of neuronal sub-type genes, such as the dopamine receptoar2d P2) and late (P3) progenitor cells (Fig. 7).
(Drd2) and Darrp (Fig. 6J,J (Anderson et al., 1997a). Thus, ) )
we suggest that DIx1/function is required to specify and MASH1 and DLX2 expression define subsets of
differentiate P3 progenitors by repressing the genes that aggbcortical progenitors
normally expressed in VZ progenitor cells (e.g. Mashl, Gsh1/Brevious studies have identified primary and secondary
Lhx2, COUP-TF1) and by activating genes expressed in thprogenitor populations in the LGE (Halliday and Cepko, 1992;
SVZ (e.g. DIx5DIx6 and SCIP/Oct6) and MZ (e.g. Drd2). Bhide, 1996; Sheth and Bhide, 1997). We show that MASH1
Recent studies show that ectopic Notch signaling, eitheand DLX2 expression can be used to define subsets of
through constitutively active Notchl (Notch-IC) expression o.GE progenitors. Combinatorial expression of these
through treatment with soluble Dllipredisposed neuronal transcription factors, in conjunction with the expression of
progenitors to take on a glial fate (Morrison et al., 2000proliferation and differentiation markers, provides evidence
Tanigaki et al., 2001). In addition, ectopic expression of Notchfor at least three types of progenitors in the ventricular
IC leads to the generation of radial glia in the mammaliazone (P1, MASH1-/DLX2-; P2, MASH1+/DLX2—; P3,
telencephalon (Gaiano et al., 2000). As Dixth@tants show MASH1+/DLX2+) (Figs 1, 7).
ectopic Notch signaling, we studied whether radial glia are also Prior to E9.5, there are only MASH1-/DLX2- cells (P1
affected in these mutants. Although the early expression of RGogenitors) in the subcortical telencephalon. Then, MASH1
is normal in the DIx1/Mutants (Fig. 5C,Q, we find persistent expression is induced in the VZ, which is rapidly followed by
expression of RC2 and nestin at E18.5 (Fig. 6lahd data not DLX2 expression; their expression marks the appearance of P2
shown), when the radial glial scaffolding appears to have mostfMASH1+/DLX2-) and P3 (MASH1+/DLX2+) progenitors.
collapsed in the wild-type animals. This phenotype is consistefiirom E10.5, P3 cells (MASH+/DLX2+) accumulate as a layer
with the ectopic Notch signaling observed in these animals (Figntercalated between the VZ and MZ; these cells are postulated
6D-F), and it suggests that there is an accumulation of radiab be the incipient SVZ. By E12.5, an additional population of
glia cells in the DIx1/2Znutants. MASH-/DLX2+ cells accumulates between the SVZ and the
MZ (not shown); these might represent another type of
progenitor cells (P4).
DISCUSSION Prior to E10.5, DLX2+ neurons are generated that have
migrated to the MZ, where they express GABA, GADG65,
We present genetic evidence that temporally distinct waves @AD67, MAP2 and3-1lI-tubulin (Fig. 1A-D and not shown).
neurogenesis in the subcortical telencephalon differentiallfhese cells are the early born neurons (N1) and we propose
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] MASH1 PCNA _ || Hes 1
A o A’ gsitho B '

ct

E15.5

E18.5

Fig. 6. DIx1/2 mutants show expanded Notch signaling domains and a block in differentiation of SVZ cells. Dark-field and fluorescence
photomicroscopic images of coronal hemi-sections of control (left siddplat? mutant (right side) telencephalons at E15.5 {Aafid

E18.5 (J-U) studied using radioactive in situ hybridization (B&H',J,J) and immunofluorescence (A,Al',K,K',L,L"). (G-H)The DIx1/2

mutant SVZ shows elevated expression of VZ marke@UP-TF1; Gsh2).These defects are correlated with increases in MASH1, DII1 and
Hesb5expression (A,AD-E'), particularly in the SVZ. Note that while thkes5and NotchXE-F') expression domain expandiesland
Notch3(B-C') expression remains normal in the DIxfi@tants. The persistence of progenitor molecular properties as late as E18.5 (not
shown) is linked with persistent expression of a radial glial marker (RC2; [he defects in SVZ differentiation are correlated with reduced
expression of striatal markers, such as dopamine recefddwd2)((J,JJ, while a general marker of neurogenesis (MAP2) appears normal in the
mantle zone (I-K. Note, however, that MAP2 expression extends much closer to the ventricle in the mutant at E18.5 (boxed argas in K,K
ctx, cortex; ic, internal capsule; LV, lateral ventricle; spt, septum; st, striatum. Scale barsm:100 p

that they are derived from the VZ progenitors (either P1 or P2 vidence for cell autonomous and non-autonomous

From E11.5, the next wave of neurons (N2) are generated, afienctions of Mashl

their appearance coincides with increased RC2 expression Rrevious reports demonstrated that MashTequired for

the VZ and the emergence of the SVZ progenitors. We suggesarly neurogenesis (Casarosa et al., 1999; Horton et al.,

that N2 neurons are mainly generated from P3 progenitord999; Marin et al., 2000) and for Notch signaling via

Formal lineage analysis is needed to test this model. regulatingDIll1 andDII3 expression (Casarosa et al., 1999).
The presence of primary (VZ) and secondary (SVZ)The previous evidence that Masimutants have reduced

progenitor zones is reminiscent of the developing CNS oRotch signaling in progenitor cells was based on analysis at

invertebrates. In Drosophila, neuroblasts are the primang12.5 and later ages (Casarosa et al., 1999). This is several

neuroepithelial cells. Neuroblasts produce ganglion mothetays after the initiation of Mash&xpression in neural

cells, which (like SVZ cells) have a reduced mitotic potentiaprogenitors (E9.75), and after the formation of the postulated

(Doe et al., 1998). P1, P2 and P3 progenitors. We found that by EIMd&sh1
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wt Mash1 -/- Deltal -/- DIx1/2 -/-
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MASH P2
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DLX2-
Notch
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DLX2+
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? \?
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Svz
MZ N1 N2 N2 N1 N1

Fig. 7.Models showing progenitor cell (P) and neuronal (N) maturation in the LGE of wildMash /-, DII1~"-and DIx1/2/-embryos.
MASH1-/DLX2- neuroepithelial progenitors (P1) give rise to MASH1+/DLX2—- (P2) and MASH1+/DLX2+ (P3) progenitors around E10. An
alternate model would have P1 cells separately generate P2 and P3 states. Lineage analysis will be needed to determine the relationships
between the postulated progenitor cells and their derivatives. We propose that P2 cells mature into early neurons (N1), while P3 cells prolifere
to form the SVZ progenitor zone and produce later-born neurons (N2). astlired cell-autonomously to specify P2 progenitors and

hence N1 neuron$lashlis also required non cell-autonomously: increafiigy expression to prevent neighboring cells from acquiring the

P3 fate prematurely via Notch-dependent lateral inhibitioRllth mutants, P1, P2 and P3 progenitors are present, but their maturation is
accelerated due to decreased Notch signaling. By contrast, early neurogenesis is norétInithreitants but P3 progenitors are blocked in
their ability to differentiate. This phenotype is attributed to the failure to downregulate Notch signaling during specification and/or
differentiation steps of P3 maturation. The arrows between cell states do not necessarily imply that mitosis is required. The enlarged arrows
represent hypothesized increases in the rate of the indicated process.

mutants have reduced expressionDifl and Hes5(Fig.  in the DIl1 mutants and not thelashlmutants. It could also
3B,B’,C,C). The decreased Hes&xpression is likely to be be explained if MASH1 has an autonomous function in
due to reduced Notch signaling caused by reduo#d preventing premature maturation of VZ cells.
expression. We suggest that the reduction in Delta-mediated lateral
To determine directly the contribution that the reduced Dlllinhibition increases the rate at which progenitor cells
expression plays in th#asht’~ phenotype, we compared differentiate in both the Dllland Mashimutants. In DII1
subcortical development in Masltahd DII1 mutants at E10- mutants, thinning of the VZ (which contains P1, P2 and P3
E11 (Figs 2, 3, 4). This comparison provided evidence thatells) is accompanied by increased mantle zone, consistent
Mashlhas at least two functions between E10-E11. The firswith the precocious differentiation of the neural progenitors.
is a Dll1-independent role in promoting the production of PAn Mashl mutants, early progenitors appear to become
progenitors and N1 neurons. The second iBllA- (and depleted based on the nearly ubiquitous expression of DLX2
perhaps Delta3-) dependent role in preventing adjacentin the VZ at E10.5 and E11.5 (Fig. 20,Cln addition, at
progenitors from differentiating. E10.5 and E11.5, cells expressing SVZ markers (such as
Mashl mutants produce very few MAP2+, GABA+ N1 Gad67 and DIx5) are now present in the VZ (Fig.
neurons at E10.5 (Fig. 2A'8,B"). This is consistent with the 3E,E'G,G'H,H’ and data not shown); expression of these
BrdU birth dating results showing a reduction in the numbemarkers increases at later stages (Casarosa et al., 1999;
of subcortical neurons leaving the mitotic cycle at E10.3Horton et al., 1999). Therefore, the reduction in lateral
(Casarosa et al., 1999). However, Diffutants produce N1 inhibition accelerates the generation of later progenitors,
neurons (Fig. 4B,BD,D',E,E'). Thus, we propose thdtashl similar to what has been observed in vertebrate retinal
expression is autonomously required in P2 progenitors tdevelopment (Dorsky et al., 1997; Henrique et al., 1997).
generate N1 neurons in the LGE (Fig. 7). While early progenitors differentiate into more mature
DII1 and Mashlmutants also differ in that DLX2 is more progenitor cells (based on the expression of DLX2, Rix8
widely expressed in the VZ of Masimutants (compare Fig. Gad67), they appear to maintain a neuroepithelial structure,
2C,C" with Fig. 4B,B). This finding could be due to the because the VZ has periventricular M-phase nuclei at E11.5
persistent expression of another Notch ligand (such as Delta3}ig. 2H,H).
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DIx1 and DIx2 are required to downregulate Notch The distinct roles of Notch3/HesdAnd Notchl/Hesfre
signaling supported by more restricted expression of Nofotwd et al.,

Previous analysis of DIx1/tutants showed that early LGE 2001) (Fig. 6), and differences between Noteintl Notch3
and MGE neurogenesis was largely unperturbed, whereas th#ctions (Beatus et al., 1999). Furthermdties1 andHes5
differentiation of neurons born after ~E12.5 was reduce#lave been shown to play differential roles in the development
(Anderson et al., 1997a; Marin et al., 2000). The abnormdlf the inner ear (Zine et al., 2001) and olfactory epithelium
differentiation led to a block in radial and tangential migration(Cau et al., 2000). Additional studies are needed to determine
that results in the accumulation of partially differentiatedwhether there are different ligand specificities Martchland
neurons in periventricular ectopia (Anderson et al., 1997d\otch3receptors and/or different signal-transduction cascades
Anderson et al., 1997b; Marin et al., 2000). Howeverdownstream of Notchland Notch3in the developing
dissociation of mutant SVZ cells facilitated further telencephalon.
differentiation in vitro, suggesting that cell-contact mediated[LH
g\lhltilgggar;ay have contributed to the phenotype (Anderson & mporal regulation of cell fate specification and

Consistent with these characteristics, we show that DIx1/ ifferentiation .
mutants exhibit increased levels of Hes®ression, implying e Present evidence that Maslahd Dixland2regulate
that differentiation may be blocked due to increased levels gevelopment - of temporally distinct sets of LGE-derived
Notch signaling (Fig. 5E,E' At E11.5 DIll and Mashl neurons (see model in Fig. 7). We suggest thashlhas a
expression are elevated in the SVZ (Fig. SCELE): these cell-autonomous function in the formation of the N1 neurons.
abnormalities become more severe at later stages (Fig‘. addition, Mashl, through controllirigelta expression, has
6D,D',H,H"). As MASH1 and DLX2 are co-expressed in some? 0N cell-autonomous function in regulating the rate at which
progenitors (P3), a potential mechanism underlying thi@diacent progenitors mature. Thus, in the absenbtashlor
phenotype would be thablxl and DIx2 repress Mashl i1, VZ progenitors receive reduced Notch signaling, and
expression (directly or indirectly) as P3 cells mature. irfherefore precociously acquire later progenitor fate or become
DIx1/2 mutants, failure to downregulate Maskspression Postmitotic (Figs 2, 3, 4, 7). On the contrayx1/2 function
would lead to elevated levels of Dkkpression; this, in turn, is reqw_red to reducg Notch signaling for dlfferen_t|at|on of SVzZ
would increase Notch signaling arides5 expression in Progenitors. Thus, in the absencelik1/2 function, Notch
adjacent cells. signaling persists and differentiation is impeded (Figs 5, 6, 7).

The elevations in Notch signaling are correlated with thd ne model presented in Fig. 7 suggests that P1, P2 and P3 are
persistent expression of some VZ markers in the gygequential cell states. An alternate model would have P1 cells
(e.g. Notchl, Hes5 Gsh2,COUP-TF1 and Lhx2) (Fig. 6) separately generate P2 and P3 states. Lineage analysis will be
(Anderson et al., 1997a). In addition, the radial glial markef€€ded to deltlermlne the relationships between the postulated
RC2, is more highly expressed in the mutant LGE at E1g.Brogenitor cells. -
(Fig. 6L,L). This is consistent with the observation that Although Mashl and DIx1/2 mutants affect distinct
increases in Notch signaling results in the generatiorfoPulations of LGE neurons, we suggest that bHLH

maintenance of radial glia (Gaiano et al., 2000; Tanigaki egirf]“firgr?trig?i?)%oé . gae”nesia;“er;‘:tgnLé%org'ez%tggmfmre_?_ﬁ:f‘ste

LH and homeobox genes function together in the

al., 2001). although DLX1 and DLX2 are expressed in early neurons,
Evidence that activation of different Notch receptors their function does not appear to be essential in the early
may be differentially coupledto  Hes1 and Hes5 lineage DIx5 andDIx6 are candidate genes for compensating
expression and function for DIx1 andDIx2 function at early stages, as expression of

DLX1 and DLX2 are the first homeobox transcription factorsthese genes is preserved in N1 cell®Ir1/2 mutants (data
reported to downregulate Notch signaling. However, althougROt shown) (Anderson et al., 1997a). Furthermore, although
loss of DIx1/2function leads to an upregulation bfes5 Mashlfunction is essential for early LGE lineages, it is
expression (Fig. 5FFFig. 6E,E), Hesl expression is not €Xxpressed throughout the period of LGE neurogenesis. While
appreciably altered (Fig. 6B )B'Furthermore, although there at this point little is known about the later functions of
is increased Notchixpression throughout the mutant Svz Mashl, there is evidence that it does regulate the properties
(Fig. 6F,F), Notch3expression remains restricted to the vz Of LGE progenitor cells at E15.5 and E18.5, as these show
(Fig. 6C,C). The following models could explain this €levated expression of GABA (Fig. 2K,K,L'). In addition,
differential effect on the expressionibtch3and HesVersus ~ Perhaps other bHLH genes, suchGlg2, may compensate
NotchlandHes5.Notch3receptor activation may specifically for Mashlfunction at later stages (Takebayashi et al., 2000).
lead to Heslexpression in early VZ progenitors (P1 cells). Thus, future studies should focus on testing the function
When P2 and P3 cells form, they upregultd. expression, of other homeobox and _bHLH _transcription factors_ in
which signals througiNotch1to induce Hes5. Alternatively, the temporal control of differentiation in the subcortical
DELTA1 binds to either NOTCH1 or NOTCH3, but activation telencephalon.

of Hesbis mediated only through theotchlreceptor. Thus,
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