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SUMMARY

The cortex and basal ganglia are the major structures of embryonic structure which gives rise to the globus
the adult brain derived from the embryonic pallidus. Inthis paper, we show that later in development,
telencephalon. Two morphologically distinct regions of Sonic Hedgehog induces ventral neurons with patterns of
the basal ganglia are evident within the mature ventral gene expression characteristic of the lateral ganglionic
telencephalon, the globus pallidus medially, and the eminence. This is the embryonic structure from which the
striatum, which is positioned between the globus pallidus striatum is derived. These results suggest that temporally
and the cortex. Deletion of the Sonic Hedgehog gene in regulated changes in Sonic Hedgehog responsiveness are
mice indicates that this secreted signaling molecule is vital integral in the sequential induction of basal telencephalic
for the generation of both these ventral telencephalic structures.

regions. Previous experiments showed that Sonic

Hedgehog induces differentiation of ventral neurons

characteristic of the medial ganglionic eminence, the Key words: Telencephalon, Sonic Hedgehog, Rat, Neurogenesis

INTRODUCTION followed later by the appearance of the LGE. At present, we
know little about the molecular mechanisms by which these
The mechanisms by which regional territories are specifiedevelopmental steps are mediated.
within the vertebrate telencephalon are not well understood It has been demonstrated that the ventral axis of the nervous
(Allman, 1990; Northcutt and Kaas, 1995; reviewed insystem is specified positionally by extrinsic cues emanating
Rubenstein et al., 1994; and Fishell, 1997). Given the apparefiom the axial mesoderm (van Straaten et al., 1988; Placzek et
dorsal origin of telencephalic tissue in higher vertebrateal., 1990; Yamada et al., 1991; Placzek et al., 1993). For
(Couly and Le Dourain, 1987), it is interesting to consider hownstance, in the spinal cord, ventral cell types in the neural tube
the basal ganglia, which constitute the ventral regions of thare generated due to their proximity to inductive signals from
telencephalon, are generated. Initially, the entire telencephaldhe notochord. The cue shown to be both necessary and
is made up of a uniform sheet of pseudostratifiecdsufficient to drive this process is the protein Sonic Hedgehog
neuroepithelium. Within the dorsal-most telencephalon thigShh) (Echelard et al., 1993; Kraus et al., 1993; Yamada et al.,
sheet-like morphology is maintained throughout development.993; Roelink et al., 1994Within the spinal cordShhis first
In contrast, proliferation within the ventral aspects of theexpressed in the mesoderm and later in ventral regions of the
telencephalon generates a number of eminences in this regioaural tube. Shh induces ventral structures in a concentration-
prior to the initiation of neurogenesis. dependent manner, with the highest levels inducing the most
These eminences are named according to their position: thentral structures, such as floorplate, and lower levels inducing
medial ganglionic eminence (MGE) and the lateral ganglioniprogressively more dorsal cell types, such as motor neurons.
eminence (LGE). Together, they make-up the anlage of th®hh appears to be essential for establishing ventral identity
telencephalic basal ganglia. In the mature animal, the MGHEroughout most of the CNS (Echelard et al., 1993; Kraus et
appears to develop into the globus pallidus, whereas the LGH., 1993; Roelink et al., 1994; Hynes et al., 1995), including
likely gives rise to the striatum, the largest nucleus within th¢he forebrain (Ericson et al., 1995; Dale et al.,, 1997,
basal ganglia (Smart and Sturrock, 1979). These structur&himamura and Rubenstein, 1997).
arise sequentially during development, with the MGE Recent work by a number of groups (Barth and Wilson,
appearing immediately after anterior neuropore closurel995; Macdonald et al., 1995; Ericson et al., 1995; Dale et al.,
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1997; Hauptmann and Gerster, 1996; Li et al., 1997tanged from 6-50. For the Shh titration experiments, highly

Shimamura and Rubenstein, 1997) has shown that Shiloncentrated N-terminally myristolyateq Shh was used.

signaling can induce the expression of ventral forebrain genes,Co-cultures of explants and culturing of the younger explants

such asNk2.2, zp-50(zebrafish) andNkx2.1 (chicken and (E9-5) was performed in collagen as described by Guthrie and

mouse, also called TTF-1 or T/ebp). While both Shh an%umsden (1994), and fixing and staining as described below except
' : . t the concentration of Triton X-100 was increased to 0.5% in all

Nkx2.1 are expressed in the MGE, neither are expressedi

S . ubations. The Shh blocking experiments were performed using the
detectable levels within the LGE (Lazzaro et al., 1991; Pric onoclonal antibody 5E1 (obtained from the Developmental Studies

et al., 1992; Shimamura et al., 1995, Marti et al., 1995y hidoma Bank [DSHBJ), which has been shown previously to
Therefore, while these experiments suggest a role for Shh flock Shh activity (Dale et al., 1997). This monoclonal was used at a
inducing MGE, they do not address the question of whethejoncentration of fig/ml in all blocking experiments.

Shh is involved in LGE induction. Direct evidence for an ) _ o S

involvement of Shh in LGE induction has come from!mmunohistochemistry and in situ hybridization

investigation of mice where tHghhgene has been ablated by Detection of Dlx was performe.d with an affinity-purified anti-DIx
targeted mutagenesis. In these animals, the striatal expressigfyclonal antibody (kindly provided by G. Panganiban; Panganiban
of DIX5 is lost (C. Chiang, personal communication), Whereaﬁt al., 1995) at a concentration ofid/ml on 4% paraformaldehyde-

- : - xed, frozen sections (1Bm) from E11.5 or E13.0 rat brains, and
the expression of the neocortical markamxlis expanded visualized with a Vector Labs ABC kit and DAB. Notably, multiple

(Chiang et al." 1996). In addlt_lon, in these animals the LGE, &Six proteins are expressed within the basal telencephalon, including
a morphological structure, fails to appear. _DIx1, 2, 5, and 6Given that this antibody was raised against the
Previous work has shown that between 0-4 somitesonserved homeodomain BfosophilaDll it is reasonable to assume
telencephalic tissue responds to Shh by expressing the MGfhat this antibody recognizes all of these proteins. Nonetheless, all of
specific markerNkx2.1 (Ericson et al., 1995)As noted these proteins have very similar expression patterns within the basal
above, both morphological development (Smart andelencephalon, with the caveat that DIx1 and 2 are expressed within
Sturrock, 1979) and gene expression analyses (Shimamuratleg ventricular zone, whereas DIX5 and 6 are only expressed in
al., 1995) suggest that the LGE is only generated later iﬁpbventrlcular cells. For detection of DIx in explants, explants were
development. Hence, we have devised an in vitro assay at tHged in 4% paraformaldehyde for 20 minutes, blocked in PBS

- . . containing 20% goat serum and 0.1% Triton X-100 (PBT-GS),
stage to evaluate the role Shh plays in this process. We ﬂr"fr@cubated at 4°C with anti-DIx antibody in PBT-GS overnight, and

that during a narrow window of competem_:e, between Elo'i/lsualized with FITC-conjugated goat anti-rabbit FAB fragment
E11.5 of rat development (10 to 23 somites), either ventralinody at 1:30 (Boehringer Mannheim). Islet-1/2 was detected using
telencephalic midline tissue or Shh protein can inducenab 40.2D6 (ascites) at 1:5000 (obtained from the DSHB). For
telencephalic tissue to express genes characteristic of th®x2.1 (also called TTF-1) detection, staining, and fixation
LGE. Notably, even at the highest Shh concentratiomrocedures were similar to those stated above, except that Triton X-
examined (960 nM), the MGE/pallidal marker Nkx2.1 was100 was excluded from the primary antibody incubation. Nkx2.1
not induced at this stage of development. Furthermore, if SHtaining was visualized using rabbit polyclonal antibodies (Lazzaro et

activity is blocked between the time the MGE and LGE arel., 1991; kindly provided by Dr DiLauro). For double staining of DIx
nd Nkx2.1, a 1:1000 solution of a monoclonal antibody against

induced, DIx expression is greatly reduced. Together, th@ ; . ;
: : x2.1 was used (Holzinger et al., 1996; kindly provided by J.
suggests that the progressive development of the vario hitsett) and Nkx2.1 immunoreactivity was visualized using Cy3-

ventral tglencephallc structures is critically dependent 0y jugated secondary antibodies. To visualize nestin expression, anti-
changes in the competence of the telencephalon to respofgktin' mab (rat 401, culture supernatant, obtained from the DSHB)
to Shh. We hypothesize that early in development, Shiyas used at 1:5 and visualized using goat anti-mouse secondary
signaling within the telencephalon results in MGE/pallidalantibody conjugated to Cy3 (Jackson). The same procedure was used
induction, whereas later, Shh signaling inducedor detection with anti-Emx1 antibodies except that explants were
telencephalon to adopt a LGE/striatal fate. fixed in 2% paraformaldehyde for 10 minutes (Briata et al., 1996).

Both the blocking of Shh activity and Shh immunostaining were done

using mAb 5E1 (obtained from the DSHB).

In situ hybridization was performed with digoxigenin-labeled

MATERIALS AND METHODS antisense RNA probes according to Schaeren-Wiemers and Gerfin-
] ] Moser (1993). TheEvf-1 transcript was made from 8anHl
Explant dissection and culture linearized 2.7 kb cDNA template, and the mouse Shh transcript was

Rat telencephalic explants were isolated by mechanical dissectionade from aHindlll linearized 1 kb cDNA template (Echelard et al.,
from stage E9.5-E15.5. E10.5-E15.5 explants were cultured on 0.0893). Both were transcribed with T7 polymerase.

pm Nucleopore filters for 3 days in serum-free defined medium )

(DMEM:F12 medium supplemented with 2 mM glutamine, N2 andRT-PCR analysis of explants

B27 serum-free supplements [Gibco], mito Cx;[ICollaborative = RT-PCR on explants was performed after isolation of RNA
Research]). While the mesenchyme can be mechanically dissecté@@homczynski and Sacchi, 1987) from 2 explants grown in culture.
from the explants, it is not possible to remove the ectodermal layeReverse transcription was performed using MoMuLV(Gibco-BRL)
without enzymatic treatments. Under these conditions, dorsabnd random hexanucleotides as primers. For a typicpl &haction,
intermediate explants maintained Emx1 expression but with a nomalf of the yield from 2 explants was used for reverse transcription,
uniform pattern of expression (results not shown), consistent witthe other half served as a reverse transcriptase negative control; 1/50th
only the dorsal-most tissue being specified as cortex. All explantsf the resultant cDNA was used for PCR. Both the amount of template
were negative for all ventral markers tested. Regional markeeDNA for amplification, and the number of cycles (28-32) were
expression was assayed by immunocytochemistry and PCR analysitetermined to be in the linear range. Each primer set generated the
A range of Shh concentrations between 6 and 960 nM was used éxpected band size only from samples generated in the presence of
these experiments. The number of explants used in all the experimenéverse transcriptase, and not in its absence. Therefore, Dnase
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treatment of RNA prior to reverse transcription was not found to bélthough Ikaros is an LGE-specific marker (B. Morgan,
necessary for this particular set of primers. S17 was used as contggrsonal communication), its expression only becomes
for RNA input. detectable by in situ hybridization near birth (E21). Therefore,
1. Dix-2: (S-ACACCGCCGCGTACACCTCCTA-3 we use the absence or presence of Shh or Nkx2.1 in
(5-CTCGCCGCTTTTCCACATCTTCTT-3 combination with the more widespread ventral telencephalic

2. Emxt (5-CGAGAAGAACCACTACGTGG-3) . ) ) i
(5-AGGTGACATCGATGTCCTCC-3 markers described above (DEyf-1, Islet-1/2,GAD-67 E$to

3. Evf-1: (5-CCAGACTCACTTAGGTCCAAGC-3) distinguish LGE- and MGE-derived ventral neurons.
(5-CCAGATGAGAGCATCACTGG-3) The LGE and MGE become morphologically distinct

Note that theEvi-1 primers were selected so they recognized the ratetween E11.5 and E13.0. In contrast, regional patterns of gene
but not the mouse, form of the ventral telencephalic m&kel (Fig.  expression are already apparent within the ventral
2Bi). As shown in Fig. 2Bi, using RT-PCR, our primer setsHei-1  telencephalon at E11.5 (Fig. 1). At this time, the cells in the
only amplify the rat, and not the mouse, form of this geising this  midline of the ventral telencephalon express both Shh and
_apprqach we could distinguigtvf-1 derived from the target and the Nkx2.1 in overlapping domains (Fig. 1A,B,F,G). Also, at
inducing tissues. E11.5, small numbers of ventral telencephalic neurons express

4. T-brain: (S-AACTCTCTCCTGTCTTGGACG-3 DIx andEvf-1(Fig. 1C,D,H,]) as they exit the ventricular zone.

(5-TGTTGCACAGGTATACTTGCG-3) 1 it -
5. GAD-67 ES(glutamate decarboxylase)’{3 TGTGAAGGAG- DIx/Evf-1-positive cells can be detected near the midline

AAAGGCCC-3) region, where they co-express Shh and Nkx2.1, as well as in a
(5-TAGAGTTGTTTGGCAGTGCG-3 small region further from the midline which is negative for both
6. Ikaros 4(Molnar et al., 1994): (S(GCCTGTCCCTGAG- Nkx2.1 and Shh expression (note the arrowheads in Fig. 1A-
GACCTGTC-3) D and F-I, which indicate the MGE/LGE division in E11.5
(5'-TCTGAGGCATGAGCTCTTAC-3 telencephalon). This latter region containing cells positive for
7.Shh (5-CTCCGATGTGTTCCGTTACC-3 DIx and Evf-1,and negative for Nkx2.1 arfshh,presumably
(5-TGCACCTCTGAGTCATCAGC-3 constitutes part of the region that will give rise to the LGE.
8. S17 (S-AAGCTCCGCAACAAGATAGC-3) Islet-1/2 is expressed at very low levels within the

(5-TGAAGGTTGGACAGACTGCC-3 telencephalon at E11.5 and then only within the MGE by

whole-mount staining (data not shown). Islet-1/2 is not

RESULTS detectable in E11.5 telencephalic section staining.
) ] ) Interestingly, the order in which these markers appear is
Regional telencephalic markers and Shh expression consistent with the morphological evidence suggesting that the

To address the nature of ventral patterning within the E11.BIGE is induced prior to the generation of the LGE.
telencephalon, we first defined markers that indicate the By E13.0, the LGE can be distinguished from the MGE
regional patterns of differentiation during this period ofmorphologically (Fig. 1J-R) and it becomes apparent that
development. Notably, regional markers within the differentNkx2.1 and Shh are restricted to the MGE; note the absence
territories of the telencephalon appear prior to morphologicatf expression in the LGE (Fig. 1J,K,N,O). Hence the restriction
differentiation. Two cortical markers have been usedf these expression domains at the earlier age (i.e. E11.5) is
previously, Emx1, which is expressed during earlymaintained. Notably, the numbers of cells expressing DIx and
corticogenesis (Simeone et al., 1992), and the early cortic&vf-1 (Fig. 1L,M,P,Q) increases significantly by E13.0
differentiation markerTbr-1 (Bulfone et al., 1995)Emx1 is compared to that seen a day earlier. Similarly, Islet-1/2
expressed within both the proliferative and postmitotic regionexpression appears within postmitotic cells of the LGE (Fig.
of the cortex. In contrastpr-1is expressed only in postmitotic 1R). Together with the observation that the largest portion of
cortical cells (Bulfone et al., 1995). the nascent DIx andvf-1expressing cells are within the LGE,
We used the following as markers of ventral telencephalora region that is Nkx2.1 and Shh negative, these results are
Shh, Nkx2.1 (Lazzaro et al., 1991), DIx (Porteus et al., 1991onsistent with this being the period during which
Islet-1/2 (Ericson et al., 1995, 199&Nf-1(Kohtz and Fishell, LGE/striatum is induced.
unpublished data};AD-67-embryonic stop (E®Behar et al., o ]
1994), andlkaros (Georgopoulos et al., 1992, 1994jhe  Ventral telencephalic midline can induce ventral
ventral telencephalic genes/protelBAD-67 ES, Evf-lislet- ~ markers in telencephalic explants
1/2, andkaroscollectively provide sequential markers for cells The known involvement of Shh in generating basal
as they pass through the various stages of maturation. Celldencephalic structures (Chiang et al., 1996) led us to ask
within the proliferative ventricular zone expréS&D-67 ES, whether ventral telencephalic midline cells expressing Shh can
more mature neuroblasts within the subventricular zonact as inducers of ventral telencephalic differentiation. To test
expressEvf-1, early postmitotic cells are positive for Islet-1/2, this, we established in vitro conditions in which rat or mouse
and, finally, mature neurons expréisaros.With the exception telencephalic explants can be maintained in culture for up to 3
of Ikaros, all markers used are expressed within the MGEdays. We then used mouse ventral midline tissue and apposed
While both Shh and Nkx2.1 are expressed strongly within thi to rat telencephalon and incubated these co-cultures in vitro
MGE, neither is present within the LGE (Lazzaro et al., 1991for 3 days. In order to distinguish ventral genes of the inducing
Shimamura and Rubenstein, 1995). Nkx2.1 homozygous and responding tissues, we generated rat-specific primers for
mutant animals, while the ventral forebrain is grosslythe ventral markeEvf-1.
deformed, the striatum is relatively unaffected (Kimura et al., When E10.5 mouse ventral telencephalic midline is apposed
1996). DIx, Islet-1/2Evf-1 (Fig. 1), andGAD-67 ES(results to E11.5 rat dorsal/intermediate telencephalic explants (see
not shown) are present within both the MGE and the LGEbelow for definition of this piece), the latter is induced to
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Shh

Shh, Nkx2.1,

Dix, Evf-1
I nkx2.1, Dix,
- f Evf-1
1 “ [ Il o Evrr
- ) Islet-1/2

|S|Et-1/ 2

Fig. 1.In situ and antibody localization &hh Nkx2.1, DIx,Evf-1,and Islet-1/2 in E11.5 and E13.0 telencephalon. Coronal sections of rat E11.5
and E13.0 telencephalon (the plane of section is indicated by the arrows in the schematics in E) pr8bédmntitbense RNA (A,F,J,N); rabbit
anti-Nkx2.1 (B,G,K,0); rabbit anti-DIx (C,H,L,PEvf-1lanti-sense RNA (D,I,M,Q); mouse anti-Islet-1/2 (R). The in situ hybridizations shown in
A,D,F,1,J,M,N and Q were performed as described by Schaeren-Wiemers and Gerfin-Moser (1993). Visualization of primaryasasbodies
achieved using fluorescently conjugated secondary antibodies (fluorescein, green; Cy3, red) in B,C,G,H,K and O. Visuglimatinn of
antibodies was performed using biotinylated secondary antibodies and a Vector ABC peroxidase kit followed by DAB (L,P;R)FA-Ehaw
E11.5 telencephalic sections, whereas J-R show E13.0 telencephalic sections. E shows the distribution of DIx, Shh, Ntg2/)2gmdteins

in a schematic of E11.5 and E13.0 rat telencephalon, as viewed in a flat-mounted explant, visualized from the ventrieukslt sedféans are
coronal taken through the middle of the telencephalon, as indicated by the arrows in E. (A,F) E11.5 and (J34h&i@&ssion within the
telencephalon. Note th&8hhis expressed within the MGE but not within the LGE at E13.0. (B,G) At E11.5, Nkx2.1 expression extends more
laterally than th&Shhexpression domain. By E13.0 (K,0), Nkx2.1 expression extends throughout the MGE but is absent from the LGE.

(C,H) DIx expression at E11.5 becomes apparent in cells as they exit the ventricular zone. At E13.0 (L,P), DIx is exprigssedugitieut the

LGE and the MGE. (D,I) At E11.%&vf-1expression shows a very similar distribution to DIx, extending laterally beyond the Nkx2.1 expression
domain. By E13.0 (M,Q)Vf-1expression is restricted to the subventricular zone, whereas DIx expression is also found within the ventricular
zone. (R) By E13.0, Islet-1/2 expression is found in a small population of cells in the postmitotic region of both the MGE déindicated

with arrowheads). The arrowheads in A-D and F-I indicate the lateral extent of Nkx2.1 expression. LGE, lateral gangliocie; énithie

medial ganglionic eminence. Scale bar in R, A80(A-D); 40um (F-1); 150um (J-M) and 6Qum (N-R).

expres€vf-1(Fig. 2Bii, lanes 5-8). To examine if Shh signaling induction of the ventral telencephalic markerf-1,we set forth

is necessary for the ventral telencephalic midline-mediateth determine the character of the ventralized tissue. Specifically,
induction of Evf-1 in this assay, we examined whether awe asked whether the ventralized telencephalic tissue was
monoclonal antibody that blocks Shh signaling (5E1; Ericsomdopting an MGE or LGE phenotype.

et al., 1996) could blockvf-linduction in our assay. Whereas, o ) o

6/13 co-cultured telencephalic explants were induced to expre$glencephalic tissues used in the in vitro assays

Evf-1, 0/9 co-cultured telencephalic explants incubated with th@o determine which specific regions of the E11.5 telencephalon
anti-Shh antibody showed detectaBid-1induction (Fig. 2Bii, are competent to be ventralized, we examined specific portions
lanes 3 and 4). Given that blocking Shh signaling prevents ttef the dorsal or intermediate telencephalon for their ability to
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express DIx and/or Islet-1/2 in response to Shh treatment. Sutbersal markers (Liem et al.,, 1995). To test if a similar
dissection of the telencephalon was performed as indicated iapression of dorsal telencephalic markers is observed in
Fig. 3. Specifically, three telencephalic pieces were assayeidlencephalic tissue treated with SivMe used the early cortical

(1) dorsal + intermediate, (2) dorsal alone, and (3) intermediatearker, Emx1, and the early cortical differentiation marker,
alone. Each of these pieces was incubated with Shh fobr-1 (Simeone et al., 1992; Bulfone et al., 1995pnsistent
determine which were responsive. Only pieces containing theith what is seen in more posterior regions of the CNS, dorsal
intermediate region (i.e. 1 and 3) were able to express DIx andarkers of E10.5-11.5 dorsal telencephalon, such as Emx1 and
Islet-1/2 positive cells in response to Shh. Notably, thébr-1, are repressed at E10.5 (10-15 somite stage) and, to a
intermediate region does not spontaneously express either leser degree, at E11.5 (17-23 somite stage) in the presence of

these markers

in the absence of Shh. Therefore,

trghh (Fig. 411,G-J).

dorsal/ventral character of portions of this region at E11.5 is

presumably unspecified.

Shh can induce the expression of LGE/striatal

markers in telencephalon

Shh induces the expression of different ventral
forebrain genes at different times during
development

The observation that Shh does not induce the expression of

In these experiments, we cultured pieces of E10.5 and E11NKkx2.1 within the E11.5 telencephalic explants supports the
telencephalon (i.e. piece 1 in Fig. 3) in the presence or absendea that the telencephalon undergoes progressive changes
of Shh protein. In the absence of Shh, this piece non-uniformiy its response to Shh. To test this question directly, we
expressed dorsal markers (Fig. 4ll, lane 2) but not ventraultured head-fold stage explants, containing presumptive
markers (Fig. 41, lane 2). In contrast, we found that E11.%5elencephalon, in the presence or absence of the Shh-blocking
telencephalic tissue cultured in the presence of Shh expressaatibody 5E1 (5ug/ml). If Shh induces the telencephalon to

DIx, GAD-67 (ES),and more differentiated ventral markerstake on an MGE
such asEvf-1,Islet-1/2, andkaros (Fig. 41, lane 1 and 4B).
That telencephalon cultured in the

presence of Shh adopted

LGE/striatal ~ rather  than
MGE/pallidal identity was suggest
by the absence ofhh expressio
(Fig. 4l) and Nkx2.1 staining

preparations treated w
recombinant Shh protein (Fig. 4l
Whereas, 6 nM Shh could induce |
expression, levels as high as 960
of Shh did not induce Nkx2.1
E11.5 telencephalic explants (F
4D). This higher concentratii
represents a concentration of !
200x greater than was necessar
induce eitheHNF3( in spinal cort
(Ruiz i Altaba et al., 1995) or Nkx2
expression in younger telenceph
tissue (Ericson et al., 19¢
Shimamura and Rubenstein, 19
In contrast, E9.5 presumpti
telencephalic explants (0-8 somit
cultured in a concentration of S
that can induce DIx in E11
telencephalic explants, results
widespread expression of Nkx:
(Fig. 4C). Quantitative analysis of 1
numbers of DIx-positive cells

E11.5 telencephalic explants

different concentrations of Shh
shown in Fig. 5.

Shh protein can inhibit the
expression of genes normally
expressed in the dorsal
telencephalon

Within the spinal cord, Shh has b
shown to inhibit the expression

identity early during telencephalic
development and later induces an LGE fate, blocking Shh

M R E15LGE

o -
- O

Bll. s g
E10.5 mouse

ventral telencephalon

+ + - 4 - 4 .:".
o
- e I
4 58 T8

3 4
(mesren)

A. Bi.

E11.5 RAT

mnce

E10.5 MOUSE

Fig. 2. Ventral midline explants can induéf-1in telencephalic explants in vitro.

(A) Schematic of how the apposition experiments of E10.5 mouse ventral telencephalon (pink)
and E11.5 rat dorsal telencephalon (blue, same as tissue used in Fig. 3A) were performed.

(Bi) In order to distinguislEvf-1already present in the inducing ventral tissue, Ewfel

derived from the responding tissue, we utilized rat PCR primers. Differences in the sequence of
the 3 region of theEvf-1gene in rats and mice were exploited to produce a primer set that only
recognizes the rat form. RNA from E15 lateral ganglionic eminence (LGE), which constitutes a
large region of the ventral telencephalon at this age, was isolated from both mouse (M, pink,
lane 1) and rat (R, green, lane 2) embryonic bif.1primers are specific for rat, and do not
amplify products from mouse RNMIx-2 primers recognize both species. (Bii) RT-PCR

analysis of RNA levels of the ventral-specific matkgf-1 (embryonic ventral forebrain 1,

cloned in our laboratory) shows that mouse ventral telencephalon can induce rat telencephalon
to express this ventral gerie vitro. Rat E11.5 ventral telencephalon (rE11.5vt, green, lane 7)
expressegvf-1, as would be expected. Co-culturing of explants from mouse E10.5 ventral
telencephalon (mE10.5vt, pink) and rat E11.5 dorsal telencephalon (rE11.5dt, blue) shows that
Evf-1is induced in rat explants (lanes 3 and 6, 6 of 13 appositions). However, when the apposed
explants are cultured in the presence of the Shh-specific antibodiz&Elinduction is

blocked (lane 4, 0 of 9 appositions). mE10.5vt (lane 5) or rE11.5dt (lane 8) alone do not express
Evf-1
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+ Shh - Shh

Fig. 3.Intermediate E11.5 telencephalic explants are induced
to express ventral markers in response to Shh. Three differen
types of E11.5 telencephalic explants were tested for their
responsiveness to Shh. 1: (A-C) dorsal + intermediate; 2: (D-
F) dorsal alone; and 3: (G-l) intermediate alone (presumptive
LGE). B,E and H were cultured in the presence of Shh 2
protein, whereas C,F, and | were cultured in its absence. In
the schematics the region of the telencephalon used in the in
vitro assay is in blue (A,D,G). Explants were stained with
anti-DIx antibody (green) and anti-Islet-1/2 antibody (red) in
B,C,E,FH and I. (B) E11.5 dorsal + intermediate explants
incubated with Shh express both DIx (in green) and Islet-1/2
(in red) in response to Shh. While in a few cases, small
numbers of induced ventral cells were observed (results not
shown), typically E11.5 dorsal explants alone did not expregs
DIx or Islet-1/2 in response to Shh protein (E). E11.5
intermediate explants express both DIx and Islet-1/2 in
response to Shh protein (H). Scale bar in | 160
(B,C,E,F,I); 200um (H).

activity between the time when the MGE and LGE are induce@elencephalic tissue cultured in isolation loses it

should not effect Nkx2.1 expression but should greatly reduceompetence to be ventralized by Shh

DIx expression. This is precisely what we observed (Fig. 6). Iim order to characterize the cellular mechanism by which loss

headfold explants taken at E9.5 (time=0), Nkx2.1 wa®f competence to assume a ventral fate occurs, we asked
detectable whereas DIx was not (Fig. 6A,E). After culturingwhether the E12.5 loss of competence to express DIx in

for 40 hours, Nkx2.1 is expressed in headfold explants in esponse to Shh is dependent on tissue extrinsic or intrinsic
region flanking the ventral midline (Fig. 6B), whereas DlIxcues. If during development of the telencephalon, the transition
expression shows a similar expression pattern that extenftem a plastic (E11.5) to a restricted state (E12.5 or older)

more laterally (Fig. 6F). In identical explants cultured in therequires external tissues or signals, E11.5 explants should
presence of the anti-Shh antibody 5E1, the expression pattemmain competent in the absence of such signaling. However,
of Nkx2.1 is unaffected (Fig. 6C) but the expression of DIx isas seen in Fig. 7, E11.5 explants in isolation were found to

reduced greatly (Fig. 6G). undergo a progressive loss of competence to express DIx in

) o ) response to Shh after one (Fig. 7A) or two (Fig. 7B) days in
Shh-mediated ventralization of telencephalon is culture. These results suggest that the signals responsible for
limited by a competence period this loss of competence are inherent to E11.5 tissue.

If Shh signaling can induce telencephalon to adopt a striatal
identity, what prevents the entire telencephalon from becominghe loss of competence of telencephalon to be
striatum? Three possible mechanisms are plausible. Firstentralized by Shh is not caused by neural
regions of telencephalon could be sufficiently distant from dnaturation
source of Shh, so as to prevent this tissue from being exposkdthe loss of competence of telencephalic tissue to become
to a high enough level of Shh to induce ventral phenotypestriatum simply the result of these progenitors withdrawing
Second, a putative extrinsic dorsalizing signal (such as BMP’$tom the cell cycle? It seems unlikely, as E12.5 represents a
(Liem et al., 1995; Dickinson et al., 1995; Golden et al., 1997time very early during telencephalic neurogenesis (Bayer,
Muhr et al., 1997) could antagonize the striatal inducing effect$989). Indeed, it has been shown that progenitors can be
of Shh (see below). Finally, this inductive event could bdnduced to change their regional fates through heterotopic
temporally limited by a competence period. transplantation until perinatal periods (approx. E18+) (Brustle
In order to investigate whether a striatal competence pericet al., 1995; Campbell et al., 1995; Fishell, 1995). However, to
can be defined, we assayed progressively older telencephadixamine this possibility directly we compared the numbers of
explants for their ability to express DIx in response to Shh. Wprogenitors in ‘competent’ versus ‘non-competent’ tissue using
found that DIx can only be induced by Shh in the telencephalomestin, a marker for proliferating neural cells (Lendahl et al.,
during a limited time in development (Fig. 4B vs. F). While 1990). The number of nestin-positive cells in untreated E11.5
E11.5 rat telencephalon (17-23 somites) could still respond tersus E12.5 explants was comparable. In addition, the
Shh proteinE12.5 or older tissue (>30 somites) could not (Fignumbers of nestin positive cells in Shh-treated telencephalic
4). tissue was roughly 50% greater than untreated tissue,
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regardless of whether E11.5 or E12.5 explants were examinedIn this paper, we show that the MGE-specific marker Nkx2.1

(Fig. 8A-D). Given the persistence of Shh expression withiris not induced in E11.5 telencephalic explants at concentrations
the telencephalon at later stages of embryonic and postnats high as 960 nM. Furthermore, we show that blocking Shh
development, this suggests that Shh could act as a

mitogenic or trophic factor in older animals. Inde
a study by Miao et al (1997) shows that Shh is trc
for striatal cells at later times in development.

DISCUSSION

Our experiments suggest that the sequential indL
of different ventral telencephalic structures i
consequence of a change in how the telencep
responds to Shh signaling. The present data suj
the hypothesis that Shh first induces I
telencephalon to become MGE/globus pall
(Nkx2.1/Shh positive) and later (E10.5-E1:
LGE/striatum (DIx/Islet-1/2 positive, Nkx2.1/S
negative). Even though Shh persists within
forebrain at later times in development, telencep
tissue is unable to be ventralized beyond E12.5.

Experiments in this study suggest that the los
competence to adopt a ventral fate is not due
general reduction in neural progenitor populatior
also does not appear to be mediated by inhibitc
Shh-signaling produced by tissues extrinsic to
telencephalon. Rather, it appears that los:s
competence to be ventralized is an inherent 1
dependent property of the telencephalon. T
results suggest that ventral patterning within
telencephalon is dependent upon a seriet
progressive changes in the competence of this 1
to respond to Shh signaling.

MGE versus LGE induction within the
telencephalon

Examination ofpatched (Ptchull mice and in vitre
explant studies suggest Shh acts to induce the
at early periods during telencephalic developn
Numerous studies have shown that Shh's pri
function is to repress the inhibition 8Moothenety
Ptc (Alcedo et al., 1996; Marigo et al., 1996; Ston
al., 1996). Therefore, the ablation of th& gene i
functionally equivalent to constitutive over-expres:
of Shh. In accordance with the notion that the e
telencephalon is competent to become MGE di
early stages of development, the majority of
telencephalon becomes Nkx2.1 positive Ric
homozygous mutants (Goodrich et al., 19
Furthermore, a number of groups have used n
plate explants, isolated prior to neural tube closui
examine the role of Shh in ventralizing the foreb
between 0 to 8 somites of development (chick st:
presumptive telencephalon (Ericson et al., 1995);
mouse telencephalon (Shimamura and Ruben
1997); or diencephalic intermediate neural plate (
et al., 1997)). In these studies as well as our owr
(either alone or in combination with BMP-7) v
shown to induce the expression of the homea
containing gené&lkx 2.1in the forebrain.

| A: E11.5 - Shh
E11.5

Shh 4+ -

Dix-2
Evi-1 B
GAD-67 s
Ikaros-4 |
shh R

s17

1 2

B: E11.5 + Shh

F: E12.5 + Shh

anti-Emx1
%] H: E10.5 + Shh

E10.5

Shh

emx-1 I
or-1 [
s17 B

1 2

+ -

Fig. 4. Telencephalic explants can be ventralized by Shh during a competence
period. (I) Shh induces ventral markers at E11.5. Explants were dissected from
stage E11.5 (lanes 1 and 2) and cultured in the presence (+, lane 1), or absence
(-, lane 2) of Shh. RT-PCR revealed that Shh can induce the ventral-specific
genesDIx-2, Evf-1, GAD-67 E&ndlkaros,while induction ofShhis
negligible.S17(a ribosomal binding protein) RNA was used as a control for
input RNA. (A-J). Telencephalic explants from different stages during rat
embryogenesis (E9.5-E12.5) were cultured for 3 days in the absence ef Shh (
or in its presence (+), then fixed and stained with antibodies to DIx, Islet-1/2,
Nkx2.1 or Emx1 as indicated. (A) E11.5 explant cultured in medium alone and
stained with anti-DIx antibodies. (B) E11.5 explant cultured in the presence of
Shh and double-stained for DIx (green) and Islet-1/2 (red) immunoreactivity.

(C) E9.5 explant cultured in the presence of Shh and stained with anti-Nkx2.1
antibodies. (D) E11.5 explant cultured in the presence of Shh and stained with
anti-Nkx2.1 antibodies. (E) E12.5 explant cultured in medium alone and
stained with anti-DIx antibodies. (F) E12.5 explant cultured in the presence of
Shh and stained with anti-DIx antibodies. (Y,G-J) Shh suppresses dorsal genes
in rat telencephalic explants. (II) RT-PCR analysis of RNAs derived from

E10.5 rat telencephalic explants were treated with Shh (+, lane 1) or cultured in
medium alone+, lane 2) and assayed for levels of the dorsal maEkarsl

(mouse homeobox empty-spiracles homologud)wrl (mouse brachyury
homologue). At E10.5, both dorsal genes are suppressed bgEt&;shown

as a control for the level of input RNA. (G-J) Telencephalic explants from
stages E10.5 and E11.5 incubated in the absen€&&|j or presence (+, H,J)

of Shh for 3 days. The explants were fixed, stained with an anti-Emx1

antibody, and visualized with a fluorescein-conjugated secondary antibody. Shh
suppresses Emx1 expression entirely at E10.5 (compare G and H) but not at
E11.5 (compare | and J). Scale bar in J, 1®0(A,B,D-H); 150um (C);

200pum (1,J).
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Does Shh respecify neurons or act only on

A - .
800 unspecified progenitors?
Based on nestin staining it appears that Shh increases the
6001 numbers of progenitors in treated explants. In addition, Shh-
st treated explants are consistently larger, indicating either
(400pum2) 4001 increased proliferation or decreased cell death. This supports

the idea that Shh acts by expanding and ventralizing
unspecified progenitors within the telencephalon. However, the
observation that Shh suppresses the dorsal dgemed and
O o6 4s0 48 26 12 6 Tbr-1 suggests that it can also act to respecify dorsal
Siic eden e 0N telencephalic cells as well. Similarly, it has recently been
shown that an early function of Shh is the suppression of genes
such asPax6,a gene ultimately restricted to the dorsal-most
regions of the ventral spinal cord (Ericson et al., 1996).

The demonstration that respecification occurs is particularly
relevant in understanding the transition of the telencephalon
from a competent to a non-competent state (discussed below).
Without respecification, it might be argued that the loss of
competence to be ventralized by Shh is only a reflection of a
reduction in the number of progenitors. The persistence of a
large population of nestin-positive cells in both competent and
incompetent explants rules out this possibility (see Fig. 8).

2004

The loss of competence of telencephalon to be
ventralized by Shh

In this study, the extent to which competence and position
determine dorsal/ventral patterning of the telencephalon is
investigated. Hence the response to Shh signaling within the
telencephalon is strongly dependent on when the tissue is
exposed to this signaling molecule. Notathh expression
persists within the telencephalon throughout embryonic and
postnatal development (Miao et al.,, 1997). Hence, the
Fig. 5.Shh induces DIx but not Nkx2.1 in E11.5 telencephalic telencephalic transition from a competent (E11.5) to a non-
explants over a wide range of concentrations. E11.5 telencephalic competent (E12.5) state may be important in preventing the
explants were isolated as shown in Fig. 3A and cultured in the entire telencephalon from being ventralized. Investigation of
presence of Shh protein in a range of concentrations between 6 andhe molecular basis of this loss of competence should
960 nM. Explants were analyzed by double immunocytochemistry, contribute to our understanding of the factors involved in the
using a FITC-conjugated secondary antibody to visualize Dix establishment of dorsaliventral determination within the
staining, and a Cy3-conjugated secondary antibody to visualize telencephalon.

Nkx2.1 staining. As seen in A, in all cases significant numbers of : . . . .
DIx-positive cells were observed. In contrast, even when this tissue is It re”f‘a'”s %C/)SS'ble’. gnd ]'(ndeﬁd Ilklely, that (f:ha;]ngessh;]n
exposed to extremely high concentrations of Shh, Nkx2.1 expressiof XPr€Ssion and/or activity ot other elements of the -

is not induced. B shows a representative explant which was culturec®ignaling pathway explain the loss of competence during the
in the presence of 480 nM Shh. This explant was double-stained forE11.5-E12.5 transition. In order to investigate the molecular
DIx (green) and Nkx2.1 (red). The absence of any red cells (in this basis of this loss of competence, we examined the expression
and all other explants examined in this experiment) demonstrates thaf the Shh receptor molecules Ptc and Smoothened (Smo) in
Shh cannot induce Nkx2.1-positive cells in E11.5 telencephalic telencephalon that is no longer responsive to be ventralized by
explants. C shows control ventral tissue stained for Nkx2.1-positive Shh, Changes in the expression of these molecules does not
cells. The numbers of Dlx-positive cells shown in A were obtained - gppear to explain the observed loss of competence (results not
e o o oo shown). Oiher possile canddaies which could meclate nis
; ; L ’ oss of competence include the various Gli proteins (Platt et
E(e)git%/'e for both DIx and Nkx2.1 staining. Scale bar for C and D, al., 1997; Lee et al., 1997; Ruiz i Altaba, 1997), CBP, PKA,
Cos2 and Fused (Robbins et al., 1997; Sisson et al., 1997).
Important to our understanding of how telencephalic patterning
activity (using 5E1) within headfold explants during the timeis established will be the further characterization of this loss of
between MGE and LGE induction, greatly reduces the&ompetence.
expression of DIx within these explants but has no effect on
Nkx2.1 expression (Fig. 6). These results suggest that latétX is an evolutionarily conserved target of Shh
during telencephalic development Shh induces telencephal&fgnaling
to adopt an LGE/striatal rather than a MGE/pallidal fateThe present study demonstrates that Shh induces members of
Therefore, the timing of telencephalic exposure to Shh ithe DIx gene family. It has been shown previously tita{the
critical in determining which ventral phenotypes are inducedDrosophilahomolog of Sonic hedgehog), through a mechanism
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Fig. 6.Blocking Shh activity during the period of LGE
induction greatly reduces the normal expression of DIx in
the forebrain. Headfold explants were isolated from E9.5
embryos (0-8 somites). These explants were stained at the
time of dissection (t=0; A,E) or after being cultured for 40
hours in the absence (B,F) or the presence (C,G) of the
anti-Shh antibody 5E1. (A-C) Explants stained with anti-
Nkx2.1 and visualized with a Cy3-conjugated secondary
antibody. (E-G) Explants stained with anti-DIx antibody
and visualized with a Cy3-conjugated secondary
antibody. In the absence of the anti-Shh antibodies,
explants express Nkx2.1 and DIx. In contrast, explants in
which Shh activity is blocked show similar Nkx2.1
expression to control explants but have greatly reduced
levels of DIx expression. This result suggests that Shh
induces different ventral forebrain genes at different times
during development. All explants are flat-mounted such
that anterior is at the top and posterior is at the bottom.
For each condition=9 and the outcome of each

S SRS V] replication gave an identical result. Scale bar in GurE0

involving dpp (decapentaplegic) andg (wingless), regulates for BMPs (Gelbart, 1989; i.e. vertebrate homologdpy) and

dll (distal-less) expression Drosophila(Diaz-Benjumea et al., Wnts (Rijsewijk et al., 1987; i.e. vertebrate homologsvgyf

1994). Specifically, the combined expressiondpp andwg  for DIx expression within the telencephalon. To date, the

results in the activation afll (Diaz-Benjumea et al., 1994). It majority of BMP and Wnt expression has been found to be

remains to be determined whether there is a similar requirememgstricted to dorsal telencephalon, in areas distant from where
the DIxs are present (Parr et al., 1993; Furuta et al., 1997).

B. 2d-,3d+ anti-Nestin

54 Shh..

Fig. 7.Competence to be ventralized by Shh is determined by a
tissue intrinsic mechanism. Competence of E11.5 telencephalic
explants to express DIx in response to Shh is lost after 1 or 2 days i
vitro. E11.5 telencephalic explants were cultured in vitro for the
number of days indicated, treated with Shh (+) or medium without
Shh ¢) and stained with anti-DIx antibodies. (A)-48d+: explant

was cultured for 1 day in medium without Shh before adding Shh fol
3 days. (B) 2¢, 3d+: explant was cultured for 2 days in medium
without Shh before adding Shh for 3 days. (C) 3d+; explantwas  Fig. 8. The loss of competence of telencephalon to be ventralized by
cultured in medium containing Shh for 3 days without any prior Shh is not caused by neural maturation. All photomicrographs show
incubation. (D) 1d, 3d-: explant was cultured for 1 day without explants stained for the presence of nestin, an intermediate filament
Shh, fresh medium without Shh was added and the explant was  found in proliferating neural cells, using anti-nestin antibodies, and
cultured for an additional 3 days. This result is unaffected by an visualized with a Cy3-conjugated secondary antibody. (A,B) E11.5
additional 1 or 2 days of culturing (results not shown). The loss of telencephalic explants cultured for 3 days in the absence (A) or the
competence of telencephalic tissue to express DIx in response to Slpnesence (B) of Shh protein. C and D show E12.5 telencephalic
follows a similar course in vitro to that observed in vivo. Explants  explants cultured for 3 days in the absence (C) or the presence (D) of
incubated for 1 or 2 days before addition of Shh for 3 days fail to  Shh protein. Note that in all cases abundant nestin is observed,
express DIx, suggesting that a time-dependent intrinsic mechanism ¢®nsistent with the culture conditions maintaining progenitors in an
responsible for the observed change in Shh responsiveness. Scale hadifferentiated state, as would be expected of aged-maitchach

(in D), 150um. tissue. Scale bar in D applies to all panels and {50
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Nonetheless, it has recently been demonstrated that BMP-7 isHogan, B. L. (1997). Involvement of Sonic hedgehog (Shh) in mouse
expressed in the prechordal mesoderm, adjacent to ventrapmbryonic lung growth and morphogeneglsvelopment24,53-63.
midline diencephalic cells, and that this protein cooperates witffia@ P Di Blas, E., Gulisano, M., Mallamaci, A, lannone, R.,

. . . Boncinelli, E. and Cortes, G(1996). EMX1 homeoprotein is expressed in
Shh to induce the production of forebrain ventral neurons (Dale cell nuclei of the developing cerebral cortex and in the axons of the olfactory

etal., 1997). It will be important to determine whether there are sensory neurondtech. Dev57, 169-180.

other phylogenetically conserved elements controlimgdll Brustle, O., Maskos, U. G. and McKay, R. D(1995). Host-guided migration

regulation. allows targeted introduction of neurons into the embryonic biNguron
15,1275-1285.

: : Bulfone, A., Smiga, S. M., Shimamura, K., Peterson, A., Puelles, L. and
Temporally regulated changes in competence Is Rubenstein, J. L. R.(1995). T-brain-1: a homolog of Brachyury whose

vital to Shh signaling within the telencephalon expression defines molecularly distinct domains within the cerebral cortex.
Changes in the way tissues respond to Shh signaling is centralNeuron15,63-78. _ o _

to its role in patterning. Shh induces differentiation events in &858 o, ot 0. T A retursors ransplanted 1o the
variety of tissues outside the nervous system, including the embryonicpforebrain ventriclalouron 15, 12501275 P

limb (Riddle et al., 1993), the eye (Levine et al., 1997), and thenjang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,
lungs (Bellusci et al., 1997). Within the nervous system the cell H. and Beachy, P. A.(1996). Cyclopia and defective axial patterning in
types induced by Shh depend both on its concentration and thenice lackingSonic Hedgehogene functionNature 383, 407-413.

specific anterior-posterior position being examined (Echelar§omczynski, P. and Sacchi, N1987). Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extractidnalyt.

et al., 1993; Roelink et al., 1994, Ericson et al., 1995; Hynes gjochem162. 156-159.

et al.,, 1995). The response to Shh can also be modified througbuly, G. and Le Douarin, N. M. (1987). Mapping of the early neural
cooperation with other molecules, such as BMP-7 (Dale et al., primordium in quail-chick chimeras. Il. The prosencephalic neural plate and
1997). In addition, as has been shown in the spinal cord, whergheural folds: implications for the genesis of cephalic human congenital

.. . . . . . abnormalitiesDev. Biol.120,198-214.
two critical periods of Shh signaling appear to exist (E”CSO'E)ale, K. J., Vesque, C., Lints, T. J., Sampath, K. T., Furley, A., Dodd, J.

etal, 1996),_timing plays an important role in the interpretation ang placzek, M.(1997). Cooperation of BMP7 and SHH in the induction
of the Shh signal. of forebrain ventral midline cells by prechordal mesode®ei] 90, 257-
At present, the mechanism by which Shh mediates different 269.

induction events within the telencephalon at different times iPiize-t\?/igrl:rzgfdpirgﬁ%e%?gir;’t:blgﬂisctmez’r c>S>{inﬁ?gg{alciiisngr?rﬁ%phna
development is unclear. It will be important to determine legs. Nature 372, 175-179.

whether temporally regulated autocrine or paracrine factorsickinson, M. E., Selleck, M. A., McMahon, A. P. and Bronner-Fraser, M.
within the telencephalon act to modify Shh signaling in a (1995). Dorsalization of the neural tube by the non-neural ectoderm.
manner distinct from that found in more caudal regions of the Developmeni21,2099-2106.

neuraxis. Whether changes in responsiveness to Shh in thg'¢2d. Y. Epstein, D. J., StJacques, B., Shen, L., Mohler, J.,

| hal di cMahon, J. A. and McMahon, A. P.(1993). Sonic Hedgehog, a member
telencephalon are mediated autonomously or through thegs 5 family of putative signaling molecules, is implicated in the regulation

action of as yet unidentified cooperative factors will be of of CNS polarity.Cell 75, 1417-1430.
interest to investigate in future studies. Ericson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T. M. and Edlund, T.
(1995). Sonic Hedgehog induces the differentiation of ventral forebrain
We thank Grace Panganiban for her gift of DIx antibodies, John neurons: a common signal for ventral patterning within the neural@gbie.
Whitsett and Roberto Di Lauro for supplying anti-Nkx2.1/TTF-1 81,747-756.

- . . . ricson, J, Morton, S., Kawakami, A., Roelink, H. and Jessell, T. M.
antibodies, and Tom Jessell and Henk Roelink for recombinant Sh (1996). Two critical periods of long-range Sonic Hedgehog signaling

pro_teln. We thank St_ave Kohtz for his many helpful suggestions required for the specification of motor neuron identitgll 87, 661-674.
during the course of this work. We would also like to thank Jane Dodgsishell, G. (1995). Neural precursors adopt regional identities in response to
Riva Marcus, Nicholas Gaiano, Alex Schier, Ariel Ruiz i Altaba, local cuesDevelopment21,803-812.
Doug Epstein, and Alex Joyner for helpful discussions and criticakishell, G. (1997). Regionalization in the mammalian telencephatunr.
reading of this manuscript. This work was supported by NIH grant Opin. Neurobiol.7, 62-69.
NS32993-03. Furuta, Y., Piston, D. W. and Hogan, B. L.(1997). Bone morphogenetic
proteins (BMPs) as regulators of dorsal forebrain development.
Developmenii24,2203-2212.
Gelbart, W. M. (1989). The decapentaplegic gene: a TGF-beta homologue
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