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SUMMARY

Considerable data suggest that sonic hedgehog (Shh) isand Gli3, we examined Shh/Gli3 and Smoothened/Gli3
both necessary and sufficient for the specification of ventral double homozygous mutants. Notably, in animals carrying
pattern throughout the nervous system, including the either of these genetic backgrounds, genes suchGsh2and

telencephalon. We show that the regional markers induced
by Shh in the E9.0 telencephalon are dependent on the
dorsoventral and anteroposterior position of ectopic Shh
expression. This suggests that by this point in development
regional character in the telencephalon is established. To
determine whether this prepattern is dependent on earlier
Shh signaling, we examined the telencephalon in mice
carrying either Shh- or Gli3-null mutant alleles. This
analysis revealed that the expression of a subset of ventral

DIx2, which are expressed pan-ventrally, as well as$kx2.1,
which demarcates the ventral most aspect of the
telencephalon, appear to be largely restored to their wild-
type patterns of expression. These results suggest that
normal patterning in the telencephalon depends on the
ventral repression of Gli3 function by Shh and, conversely,
on the dorsal repression of Shh signaling by Gli3. In
addition these results support the idea that, in addition to
hedgehog signaling, a Shh-independent pathways must act

telencephalic markers, includingDIx2 and Gsh2,although
greatly diminished, persist in Shh= mutants, and that
these same markers were expanded i@li3~- mutants. To
understand further the genetic interaction between Shh

during development to pattern the telencephalon.
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INTRODUCTION 2000b; Patten and Placzek, 2000). As a result, much work has
been performed to elucidate the mechanisms by which Shh
The forebrain arises from the most anterior part of the neurglenerates cell diversity within the ventral neural tube,
plate and is subsequently divided into the telencephalon and tespecially in the spinal cord. A considerable body of evidence
diencephalon (Fishell, 1997; Rubenstein and Beachy, 199&vors the idea that Shh acts as a morphogen, forming a
Shimamura et al., 1995). After neural tube closure (mouse EQjradient within the ventral neural tube to which cells respond
proliferation within the ventral regions of the telencephalorin a concentration-dependent manner (reviewed by Briscoe and
results in the emergence of three eminences: first, the medmticsson, 2001; Jessell, 2000). Collectively, in vitro explant
ganglionic eminence (MGE) and later, the lateral and caudatudies using recombinant Shh (Ericsson et al., 1996; Ericsson
ganglionic eminences (LGE and CGE, respectively) (Fishellet al., 1997; Roelink et al., 1995) and in vivo electroporation
1997) (S. Nery, G. F. and J. G. C., unpublished). Collectivelystudies with Shh (Agarwala et al.,, 2001) or a dominant-
these eminences make up the anlage of much of theegative form of patched (Briscoe et al., 2001) strongly support
telencephalic basal ganglia. These structures are thought to gives hypothesis in the midbrain and spinal cord, respectively.
rise to the globus pallidus, the striatum, and large populations Although Shh is also clearly required in forebrain regions
of oligodendrocytes and cortical interneurons (Wichterle et al(Chiang et al., 1996; Ericsson et al., 1995b), to date less effort
2001) (S. Nery, G. F. and J. G. C., unpublished). All thrednas been focused on its role in patterning the telencephalon.
eminences appear to be absent in sonic hedgedtdy rfull  Similar to the spinal cord, embryos that lg&ihfail to form
mutants (Chiang et al., 1996) (J. G. C., unpublished). ventral telencephalic structures and to express corresponding
Shh has been shown to play a fundamental role in thmarkers, while dorsal marker expression is expanded ventrally
establishment of ventral identity throughout the neural tub€Chiang et al., 1996). Furthermore, ectopic expressi@hbis
(reviewed by Ericsson et al., 1995a; Litingtung and Chiangsufficient to induce ventral telencephalic markers in dorsal
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regions of the telencephalon both in vitro (Ericsson et al., 1995 ATERIALS AND METHODS

Kohtz et al., 1998; Shimamura and Rubenstein, 1997) and in

vivo (Barth and Wilson, 1995; Corbin et al., 2000; Gaiano et alAnimals, virus preparation and injections

1999; Hauptmann and Gerster, 1996). However, when and havice used in these studies were maintained according to protocols
Shh is required for ventral telencephalic patterning and whethapproved by the Institutional Animal Care and Use Committee at New
it acts to differentially specify the MGE, the LGE and the CGEYork University School of Medicine. For staging of embryos, noon
is not presently clear. Beginning around E9.0, Shh is express@g the day the vaginal plug was considered as embryonic day 0.5
within the ventral telencephalon, primarily in the MGE, preoptic=0-5)- Virus preparation and ultrasound surgery were both performed
area and prospective amygdala (Nery et al., 2001; Sussel et 4, Préviously described (Gaiano et al., 1999). Stocks of Shh-

e - . expressing or ActSmo-expressing viruses were injected at titers of
1999). Notably, the specific loss 8hhexpression within the 5x107 and 5108 cfu/ml respectively. Mouse embryos were injected

telencephalon, which occurs Nkx2.1(Titf1 — Mouse Genome  from E8.5 to E10.5 and sacrificed 4 days later (E12.5 to E14.5). Viral

Informatics) (Sussel et al., 1999) aB1 (Foxgl — Mouse  expression usually begins 12 hours after infection (E9.0 at the earliest
Genome Informatics) (Huh et al., 1999) null mutants, does neh our case).

recapitulate the phenotype observed Shh mutants. This . )

suggests that earlier expression of Shh, probably from nofenotyping of mutant mice

neural tissues such as the dorsal foregut (i.e. prechordal plaf)h(Chiang et al., 1996) anGli3 (Xt from Jackson Laboratory)
(Shimamura and Rubenstein, 1997) or Hensen's node (Gunha@itant mice were maintained on a C57/BI6 and C3HeB/FeJ

; ~packground, respectively. Different mutant combinations were
teetleilc':’epzf?a(ljli%)’dgfqgcstts gger:gi%?giglﬁtsfor the more extensi generated by intercrossingShit/=Gli3*~ or Smd’Gli3*~

P . . . I heterozygous animals. Embryos were genotyped by PCR as described
The_C|/QI| family of zm_c-flnger transcription factors has reviouzlg;/ (Litingtung and é/hiang, ngOa;yRAayngrd et al., 2002:
been implicated as required transducers of the hedgeh ang et al., 2001).

signaling pathway (reviewed by Aza-Blanc and Kornberg,

1999; Ruiz i Altaba et al., 2002). Gli proteins, like Ci, displayStaining of tissue sections

both activator and repressor activities that are regulated postthole heads or embryos were fixed at 4°C for 1-4 hours in 4%
translationally (Aza-Blanc et al., 1997; Ingham and McMahonparaformaldehyde, then cryoprotected overnight in 30% sucrose in
2001). Different regions of the Gli proteins encode distincBS, embedded in HistoPrep (Fisher Scientific) and frozen. All tissue
functions: N-terminal regions encode a repressor functiofyas sectioned serially at 12 to 20m and processed for
whereas C-terminal regions are required for positive activitymmunohistochemistry or RNA in situ hybridization.

- . - . Infected cells were identified by the expression of the alkaline
AnaIyS|rS], of T}"CE T#ég%ts fct);'] eacrll Ocl;l.the thr?ﬁ l’nulrlne Glfohosphatase reporter (PLAP) as described previously (Gaiano et al.,
genes has shown 1> IS the only &5l gene hat piays a 1999). Analysis of gene induction was performed by RNA in situ

significant role in patterning the telencephalon. Specificallypypridization on adjacent 20m sections. Note that the thickness of
mice that lack Glil and Gli2 show minor defects in the sections and the incompatibility of histochemistry and in situ
telencephalic patterning (Park et al., 2000), wher@i3 hybridization on the same sections sometimes made it hard to
mutant mice have strong abnormalities in the dorsatorrelate the infected cells with the cells that display ectopic
telencephalon (Grove et al., 1998; Theil et al., 1999; Tole etxpression (e.g. Fig. 2J-K).

al., 2000). Gli3 protein appears to function primarily as a Immunofluorescence was performed as described previously
repressor (reviewed by Ingham and McMahon, 2001) and it§orbin et al., 2000). The following primary antibodies were used:
activity seems to be negatively regulated by Shh (Marigo et a|m9use ant_l-PaXG (2:1000, gift of A. Kawakami) and rabbit anti-Gsh2
1996; Wang et al., 2000). Shh signaling, both in vitro and i|41‘3500’ gift of K. Campbell).

X TS . S In situ hybridization was performed as described previously
the limb, has been shown to inhibit Gli3 processing into an N Schaeren-Wiemers and Gerfin-Moser, 1993; Wilkinson and Nieto,

terminal fragment that carries a repressor activity. In agreemeiiggs) ysing non-radioactive digoxigenin-labeled probesNior2.1
with this, analysis of mice lacking bo8hhandGli3 revealed  (Shimamura et al., 1995QIx2 (Porteus et al., 1991%sh2 (Hsieh-
that, in the spinal cord, Shh is required to inhibit Gli3 functionLi et al., 1995), Mashl (Ascll — Mouse Genome Informatics)
in order to form motoneurons (Litingtung and Chiang, 2000a)Guillemot and Joyner, 1993§li1, Gli3 (Hui et al., 1994) an®tch

In the present study, we have used both gain- and loss-dfsoodrich et al., 1997).
function methods to study the importance of hedgehog DIx2 mRNA expression was also determined by X-Gal staining of
signaling in general and Shh in particular in the establishme§nbryos from a strain of mice in which ttaulacZgene has been
of dorsoventral patterning in the telencephalon. We find thdf"géted to thélx2 locus (Corbin et al., 2000) (S. Nery, G. F. and
virally mediated ectopic sonic hedgehog expression induc %eC\;/i'oSéll u(nggrbbli'ﬁh;d;i Xz'gg(l))Stam'ng was performed as described
different regional markers, depending on the dorsoventral or y v '
anteroposterior position of the infection. Conversely, some
aspects of ventral telencephalic patterning persist in the
absence of Shh. In addition, we observe that dorsoventrRESULTS
patterning in the telencephalon appears to be largely restored
in Shh/Gli3and Smo/Gli3double homozygous mutants. Our The competence of the E9.0 telencephalon to
data reveal that Shh and Gli3 antagonize each other’s functiéfispond to Shh signaling is spatially restricted
in patterning the telencephalon. Furthermore, our finding$o better understand the mechanisms by which Shh patterns
suggest that a hedgehog-independent mechanism, such ths telencephalon, we chose to investigate the effects of ectopic
possibly the BMP-signaling pathway (Liem et al., 2000), isShh signaling in vivo. We used a gain-of-function approach
capable of acting in parallel to Shh in establishing dorsoventréhat combines high-titer retroviral vectors and ultrasound
pattern in the telencephalon. imaging (Gaiano et al., 1999). Retroviruses expressing the full-
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length Shh protein were injected into the embryonic forebraitranscription factors (Briscoe et al., 2000; Ericsson et al.,
at different stages of development, the earliest of which (mousk997). Similarly in the telencephalon, in vitro exposure to Shh
E8.5) preceded the establishment of overt dorsoventraln inhibit the expression of dorsal markers (Kohtz et al.,
patterning in the telencephalon. The injection of Shh virus at998). Moreover, dorsal gene expression expands ventrally in
these early time points had a dramatic effect on the morpholodlie absence of Shh (Chiang et al., 1996). We found that the
of the brains, with the vesicles being substantially enlargedxpression oPax6, a dorsal telencephalic marker, is indeed
compared with wild-type embryos (Fig. 1E,F). Theserepressed in the infected cells (Fig. 2A-C), in accordance with
morphological defects may be the result of an abnormairevious results in spinal cord (Ericsson et al., 1996). A similar
proliferation induced by Shh. Indeed, the role of Shh in celtesult was obtained for the dorsally expressed proneural genes
proliferation within the nervous system has been shown in theuch adNgn2 Math2 andNeuroD (data not shown).
cerebellum (Dahmane and Ruiz-i-Altaba, 1999; Wechsler- We next sought to determine the extent to which ventral
Reya and Scott, 1999), the retina (Jensen and Wallace, 199#arkers characteristic of the MGEKx2.) and MGE/LGE
and the dorsal neural tube (Rowitch et al., 1999). Thé¢pan-ventral gene&sh2 DIx2) could be induced ectopically
morphological abnormalities in Shh-infected brains made aniy virally mediated activation of Shh signaling. We observed
analysis of dorsoventral patterning in these animals difficultthat the identity of the markers induced, and therefore the cell
Thus, we constructed a retrovirus encoding a constitutiveliypes, was mainly dependent on the position of the infection.
active form of the Smoothened protein (ActSmo) (Hynes et alAlong the dorsoventral axis, the induction &kx2.1
2000; Xie et al., 1998). Smoothened is a transmembrarexpression in response to ectopic Shh signaling was restricted
protein that, in the absence of Shh, is repressed by the Stihthe LGE and lateral neocortex (Fig. 2G,H), whei@ak2
receptor Patched (Ptch) (reviewed by Ingham and McMahomndDIx2 could be induced throughout the neocortex (Fig. 21,J
2001; Kalderon, 2000; Murone et al., 1999). This repression iand data not shown). Interestingly, we noted that the induction
thought to be relieved by the binding of Shh to Patchedhf pan-ventral gene expressioBsh2 DIx2) was weaker in
allowing Smoothened to activate downstream elements dhe medial regions of the telencephalon (Fig. 21,J). Sagittal
the Shh signaling pathway cell-autonomously. Activatedsections of ActSmo infected brains revealed the rostrocaudal
Smoothened has been shown to mimic the patterning effects efttent of ventral gene induction: whikkx2.1linduction was
ectopic Shh in the dorsal neural tube (Hynes et al., 2000)estricted to the LGE and septum (Fig. 2D,F and data not
Furthermore, the activity of ActSmo is likely to be cell- shown), pan-ventral gene induction within the cortex was only
autonomous (Hynes et al., 2000), allowing us to study thexcluded from the more posterior regions (Fig. 2D,E). These
effects of ectopic hedgehog signaling without perturbing thelifferences could be accounted for by regional variations in
local environment of the infected cells. We found thatthe ability of the telencephalon to activate downstream
infections with a virus expressing ActSmo did not result in theomponents of the Shh pathway. To address this issue we
gross morphological deformations observed with Shh (Figanalyzed patched?fch) and Glil gene expression, which are
1C,D) but was indistinguishable from Shh in its ability to alterbelieved to be generic downstream response genes in the Shh
regional gene expression. signaling pathway. We found that the expression of either of
ActSmo- and Shh-expressing viruses were injected dhese genes was upregulated at all positions along the
various times ranging from E8.5 to E10.5 and embryos werdorsoventral or anteroposterior axis (Fig. 2K-O). Based on
sacrificed 4 days later for analysis (E12.5 to E14.5). Notablyhese criteria, this suggests that all regions of the telencephalon
we observed that the ectopic expression of ActSmo (or Shdre equally competent to respond to Shh signaling.
itself) resulted in the same modifications of telencephalic These gain-of-function experiments show that regional
patterning regardless of the age of the infection (data nadentity can be altered by Shh signaling through the early
shown). This suggests that the competence of the telencephabicases of neurogenesis. However, we found that this plasticity
tissue to respond to ectopic induction of the Shh pathway is somewhat limited: the ventral identities that Shh and
not temporally regulated within this window of embryonic ActSmo can induce are dependent on the dorsoventral or
development. anteroposterior position of the mis-expression. This suggests
Ventral patterning by Shh in the spinal cord is in parthat an intrinsic pattern, which is either Shh dependent or
mediated through the inhibition of dorsally expressedndependent, has been established within the telencephalon by

Fig. 1. Differential effects of Shh- or ActSmo-

expressing retroviruses on brain morphology.
Injected at E8.5 Animals were infected in utero with control
virus (A,B) and viruses expressing ActSmo
(C,D) or Shh (E,F). Injections were performed at
E8.5 (A,C,E) or E9.5 (B,D,F) and analyzed 4
days later (E12.5 or E13.5, respectively).
Embryos injected with Shh virus showed a
dramatic increase in the size of their heads, with
substantially enlarged telencephalic vesicles
(E,F). Despite the fact that the ActSmo virus was
injected at a 10-fold greater titer than Shh virus,

. heads from these embryos appeared to have

control largely normal morphology (C,D).

Injected at E9.5
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the time the Shh pathway is activated ectopically (E9.0 at thallele (Fig. 3A-D). Similarly,Gsh2expression (another pan-

earliest, i.e. 12 hours after infection). ventral gene) persisted 8hhmutants (Fig. 3E,F) (H. Toresson
o o . and K. Campbell, personal communication). Notably, in these

Pan-ventral gene expression is maintained in ~ Shh mutants the domain of expression of bbik2 andGsh2was

mutants restricted to a region adjacent to the ventral midline SAB

Previous analysis &hhnull animals revealed that, in addition mutants are extremely dysmorphic, it is impossible to know
to the lack of any obvious ventral telencephalic structures, th&ith certainty which ventral telencephalic domains persist in
domain of dorsal gene expression spreads ventrally to includbese mutants. Nonetheless, the facttha?.lexpression was
the whole telencephalon (Chiang et al., 1996; Pabst et amissing inShit'-embryos (data not shown) (Pabst et al., 2000)
2000). However, when we investigated the expression of pamvhile DIx2 and Gsh2 expression persisted suggests that the
ventral genes in these mutants, we were surprised to obsemw®st ventral domain (i.e. MGE) is absentShi’~ mutants,
that some ventral telencephalic patterning remains in thehile the lateral regions (i.e. LGE) are displaced ventrally. In
absence of Shh (Fig. 3pIx2 expression was observed in the this regard, this result is likely to be analogous to that in spinal
remaining telencephalon of E10.5 to E1&Bhmutants as cord, where the laterally positioned VO and V1 interneurons,
visualized by in situ hybridization or by usingDix2@ulacz  which are characteristic of lateral cell fates, persist in’/Shh

™ p ' @Emchnz
b B oshe
[ cciopic te 1
. M2 1

Fig. 2. Effects of ectopic Shh signaling on regional patterning in the telencephalon. Embryos were injected with ActSmo-expresaing viru
E9.5 and analyzed at E14.5. Histochemical staining for PLAP reveals the location of virally infected cells co-expressing ActSmo
(A,D,G,I,K,N). Adjacent sections were assayed for regionally expressed homeodomain genes (A-J) or for the expressioreafrdtawgsts
of Shh signaling pathway (K-O). (A-C) Confocal immunohistochemistry for PLAP (A) and Pax6 (C) proteins within the latersgxeoco
shows a repression of Pax6 expression in clusters of cells infected by ActSmo (asterisks). (G-J) Coronal sections of éatEshioaimfs
stained for ventral genes expression. Ectd{iir2.1expression is restricted to the LGE and lateral neocortex (H, arrows), witsteas
expression can be induced throughout the neocortex (J, arrows). Dotted bracket illustrates weaker levels of inductiemvattiai th
neocortex. Sagittal sections (D-F) reveal a similar restriction along the rostrocaudal extent of the telencephalon.rABtdrigimesent the
sites of endogenous expression. (K-O) Ectopic expression of ActSmo induces the upreguEtibarafPtchexpression all along the
dorsoventral (L,M, arrows and bracket) or anteroposterior (O) axes, showing that the telencephalon has the competergtya®réspon
signaling at this age. The mismatch between areas of viral infectidPtetmar Glil induction reflects the fact that these are visualized in
adjacent sections. This is unavoidable because of the incompatibility of PLAP histochemistry and in situ hybridizatiashgR&icS
representations of a sagittal (P) and coronal (Q) section shdlkixiylandGsh2endogenous domains of expression as well as the regions
where their expression can be induced by Shh signaling.
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Fig. 3. Shir-andGli3~~ mutants show opposite telencephalic phenotypes. Pan-ventral gene expression was analyze8hirE{A:5) and
E12.5Gli3~- (G-L) mutantsDIx2 andGsh2expression is maintained but displaced ventralighir'~embryos (B,D,F). By contradblx2 and
Gsh2expression expands dorsally@i3——mutants (H,J,L). (K,L): Gsh2 and Pax6 expression domains abut at the corticostriatal boundary in
wild-type animals (K, arrow). This boundary is affecte@ii8~-embryos (L), withGsh2expression expanding dorsalix2 expression was
assayed either by X-gal staining on whole-mount embryos (A,B) or by in situ hybridization on coronal sections (C,D,G,ktpr&sdidre

was assayed by immunofluorescence against the Gsh2 protein (E,F,I-L).

embryos but are displaced toward the midline (Pierani et alal., 2001). Our results showed tigéh2expression no longer
1999). The observation that ventral gene expression can ocaaspects this boundary in the telencephalo®ii® mutants,
in the absence of Shh suggests the existence of a Shduggesting that the repression of Gsh2 by Pax6 is dependent
independent pathway. This prompted us to examine other genas Gli3.
that could play a role in establishing dorsoventral patterning in
the telencephalon. Partial rescue of dorsoventral patterning in

Shh has been shown to be required to antagonize Gli8hh~~;Gli3*~ mutants
function in ventral regions of the spinal cord (Litingtung andin order to analyze the extent to which dorsoventral patterning
Chiang, 2000a). In the telencephal@ti3 is expressed at high can occur in the absence 8hhand Gli3, we analyzed the
levels in dorsal and lateral regions (cortex and LGE) and at lotelencephalic phenotype of Shh/Gli3 compound mutants.
levels ventrally (in the MGE). Interestinglgxtra-toesmice  Interestingly, Shit'=Gli3*~ embryos displayed a remarkable
(Xt9), which carry a deletion encompassing B&3 gene rescue of brain morphology when compared w&hh'-
(Buscher and Ruther, 1998; Hui and Joyner, 1993; Schimmarembryos. Although the telencephalon $fil’- embryos at
et al., 1992; Vortkamp et al., 1992), show defects oppositE12.5 was greatly reduced in size and composed of a single
to those observed irShh mutants. In Gli3 mutants the vesicle fused at the midline (Fig. 4B)BChiang et al., 1996),
morphology of the forebrain is perturbed dorsally: the cortexshir—Gli3*~ embryos had a much bigger telencephalon in
is highly reduced in size, and the hippocampus and the choroichich two vesicles were clearly discernable (Fig. 4C,C
plexus are absent (Grove et al., 1998; Theil et al., 1999; Tokrows). Moreover, these embryos had a reduced proboscis
et al., 2000). Furthermore, the expression of a number of patarrowheads) and two relatively well-formed eyes, albeit fused
ventral genes, such adBJx2 (Fig. 3G-H) (Tole et al., 2000), together and located at the midline (Fig. 4D-S, arrows).
Gsh2(Fig. 31-J) and the bHLH gendashl(data not shown) As these embryos showed a significant morphological rescue
spreads precociously into cortical areas. Even though ventraf the Shiknull phenotype, we analyzed in detail the status of
markers were ectopically expressed, the cort&xli@mutants  dorsoventral patterning in the telencephalon. We observed that
retained its dorsal character, as shown by the persistence DI2 expression, which was shifted either ventrally or dorsally
dorsal gene expression, includiRgx6(Fig. 3K,L) (Tole etal., in Shh'= and Gli3~~ mutants, respectively, was restored in
2000). Interestingly, Gsh2 and Pax6 proteins appeared to I&hh'=Gli3*~ embryos to a level and distribution which
co-expressed in the cortex®fi3 mutants, as shown by double closely resembled the wild-type pattern (Fig. 4D,E). A similar
immunostaining (Fig. 3L)YGsh2andPax6expression domains rescue was observed for other pan-ventral genes sugshas
generally abut at the boundary between the cortex and the LGHd Mash1(Fig. 4J-M). The restoration of the expression of
(i.e. the corticostriatal boundary) (Fig. 3K) and these proteinpan-ventral genes to their normal regions was further
are normally mutually repressive (Toresson et al., 2000; Yun eflemonstrated by the existence of a sharp boundary between the
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WT

Fig. 4. Dorsoventral patterning of the
telencephalon is largely restored in
Shh=Gli3*-mutants. Lateral (A-C) and dorsal
(A’-C') views of the heads from wild-type,
Shhr'-andShh'=Gli3*~ E12.5 embryos,
showing the extent of the phenotypic rescue.
The telencephalon &hh'~Gli3*~embryos is
formed of two paired vesicles (arrows), in sharp
contrast to the phenotype 8hi’'-embryos.

Note that the eye phenotype is also partially
rescued as indicated by the presence of two
distinct eyes, albeit fused at the midline and the
proboscis observed ®hh/~animals is reduced

WT Shh"';Gh‘.‘J*/' wT Shh"‘;Gh‘S*"‘ in size (asterisks in B,C; arrows in E,G,K,M;
Dix2 D E Mash1 . . J ~ K arrowheads in B-G. (D-O) Coronal sections of
70N N\ wild-type andShiv~Gli3*~E12.5 embryos
: v “ V assayed for various region-specific homeobox
u N 3 gene expressiolIx2 (D,E), Mash1(J,K) and
,“ ~ - ) Pus A e, Gsh2(L,M) expression in the mutants closely
- € - % €0~ resembles that in wild-type embryos, showing
NI F G Gohe _ ' T — W that ventrolateral patterning is established

R normally in this context. Double
immunohistochemistry for Gsh2 and Pax6
further demonstrate that LGE- and cortex-like
structures are properly established in
Shhr'=Gli3*~animals (N,0). Arrowheads
delineate the boundary between the LGE and
the cortex. In the ventral midline, a small region
of Nkx2.1expression is observed in
Shh’=Gli3*~embryos (G,|, asterisks). Overlay
of Nkx2.1(red) andDIx2 (green) RNA in situ
hybridization from adjacent sections using
Adobe Photoshop 4, shows the nested pattern of
Nkx2.1within a broadeDIx2 domain in both
wild-type and mutant embryos (H,I). (P-S)
Coronal sections of wild-type arghh'=Gli3*~
E12.5 embryos assayed fB8l1 (P,Q) andPtch
(R,S) expression, showing that the Shh pathway
is not active. Brackets in P,R indicate the extent
of Glil1 (P) orPtch(R) expression.

Gsh2andPax6expression domains, similar to what is observed?orsoventral patterning is largely restored in the
at the corticostriatal boundary of wild-type brains (Fig. 4N,0)telencephalon of = Shh/Gli3 double mutants
Notably, while the telencephalic morphology of theTelencephalic analysis ofShh/Gli3 double homozygous
Shi=Gli3*~embryos was affected, a thickening in the lateraimutants was extremely difficult as a result of a high rate of
wall of the telencephalon was observed ventrally toPdwe6  exencephaly. Most of theshh/Gli3 double homozygous
expression domain in a region where pan-ventral genes weneutants analyzed were exencephalic (11/12=91%): the neural
strongly expressed (Fig. 4D-S; arrowheads). Thus, it seems thabe failed to close at various levels of the forebrain or
the LGE is properly specified in these mutants. midbrain and a massive overgrowth of the tissue disrupted
To further investigate to what extent dorsoventral patterningelencephalic morphology. We found th&hh'/=Gli3—-
was restored irShi’=Gli3*~ embryos, we looked at the embryos had a higher proportion of exencephaly than did
expression of the homeobox geXkx2.1 which is missing in  Gli3~~(2/12=16.6%) oGli3~~Shh’~ (10/32=31%) embryos.
Shh'= embryos. Surprisingly, we observed that low levels ofAlthough exencephalic mutants could not be analyzed for
Nkx2.1lexpression were rescued in these embryos (Fig. 4F,Gjorsal patterning defects, ventral patterning was analyzed in
In these animalblkx2.1expression was specifically located in parallel to non-exencephalic mutants. As the exencephalic
the most ventral part of the telencephalon and was nestel@fects were more severe at E12.5 than at E10.5, we chose to
within the domains of expressionDix2 (Fig. 3H,l),Gsh2and  analyze the double homozygous mutants at E10.5.
Mash1 Thus, although not very prominent, it appeared that a In a Shh’/=Gli3~~ double mutant embryo that was not
small MGE-like structure can also form in these embryos ixencephalic, the telencephalon appeared to have a relatively
absence of Shh (Fig. 4D-S, asterisks). The high levels aformal morphology, although dorsal midline structures were
recovery observed iBhhmutants where only one copy Gfi3 missing (Fig. 5; arrows). The level and distribution of
gene is removed prompted us to investigate the extent ekpression of pan-ventral genes suclDd® and Gsh2was
recovery in animals lacking boBhhandGli3 gene function. similar in Shi'=Gli3~~ embryos and in their wild-type
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WT Shh'/"Gﬁ.?'/' Fig. 5. Dorsoventral patterning is established properlglitr—Gli3—/~ and

2 Smo’Gli3~~double mutants. (A-L) Coronal sections of wild-type and
Shh'=Gli3~~E10.5 embryos. The telencephalic morphology appears relatively
normal in the mutants, except for the loss of dorsal midline structures (arrows).
(A-L) Analysis of various homeodomain genes expres&dx®? expression
assayed by RNA in situ hybridization (A,B) and Gsh2 expression assayed by
immunofluorescence (C,D) show that normal ventrolateral patterning is
established in the double homozygous mutants. Arrowheads delineate the
boundary between lateral and dorsal regions in both wild-type and mutant
embryosNkx2.1expression also appears normal (E,F). Overlayko®.1(red)
andDIx2 (green) RNA in situ hybridization on adjacent sections using Adobe
Photoshop 4 (G,H) shows a similar nested pattern of expression for these two
genes in wild-type an8hh’=Gli3~*~ double homozygous embryos. This reveals
the existence of ventral and lateral structures similar to the MGE and LGE in the
wild-type embryos (asterisk and arrowhead, respectivélj).expression is
absent irShir=Gli3~-double mutants (1,J), showing that the Shh pathway is not
active. Brackets in | indica8lil expression. (K,LPtchis expressed at low levels
in Shir~Gli3~~mutants, with higher expression in ventral areas (bracket), similar
to wild-type embryos. (M,N) Analysis of ventral genes expression in
Smo’Gli3~~E10.5 embryos. As a result of exencephaly, the dorsal telencephalic
structures are disrupted. Despite this, the ventral structures can still be analyzed.
Nkx2.1andDIx2 are expressed in ventral areas of the telencephalon. Despite the
exencephalic morphology of the mutants ventral pattern appears unperturbed, as
evidenced by the presenceNifx2.lexpression nested within the broaféx2
domain. This suggests that MGE and LGE cell fates are specified properly in
Sma’=Gli3~"-double mutants.

absence of a more refined analysis of gene expression patterns
within the ventral telencephalon, we cannot exclude the
possibility that some aspects of dorsoventral patterning (such
as the ventral midline) are not restored in these mutants.
Nonetheless, our data suggest that a key role of Shh in
patterning the ventral telencephalon is to inh@&iB function,
thereby indirectly allowing ventral gene expression.
Complementary to the restoration of ventral patterning defects
observed inShiv/— mutants, the dorsal telencephalic defects
present inGli3~~ mutants were also rescuedShh’=Gli3—~
double mutants. This argues for a requirement for Gli3 in
antagonizing Shh function in the dorsal telencephalon, a role
apparently not played by Gli3 in the spinal cord (Litingtung
and Chiang, 2001a).
% ke - e The persistence of dorsoventral patterning in the absence of

ptc-;\_—/ W oo L ShhandGli3 gene function could be the result of compensation

: by other members of the hedgehog family or the actions of a
hedgehog-independent pathway. To differentiate between
these possibilities, we analyzed ventral telencephalic gene
expression irSmoothened/Gli8louble mutants, in which all
hedgehog signaling is abrogated (Zhang et al., 2001).
Although, as in theShh/GIi3 mutants, these animals suffer
from a high rate of exencephaly, ventral aspects of the
Smo/Gli3telencephalon can still be analyzed. In these mutants
both pan-ventral markers such @2, as well as the MGE-
specific markerNkx2.1 were expressed in their normal
distribution (Fig. 5M,N). Furthermore, the fact thskx2.1
littermates (Fig. 5A-D). Remarkably, in contrast toexpression was nested within ti#x2 expression domain
Shh'=Gli3*~ and Shh'- embryos, double homozygous suggested that ventral patterning is largely rescued in these
mutants had a complete rescue NKx2.1 expression (Fig. compound mutants. Thus, our results reveal that, with the
5E,F). Similar to wild-type animaldykx2.1expression was exception of the dorsal midline, a hedgehog-independent
observed in an area nested within the wider expression domaignaling pathway is able to establish at least basic elements
of DIx2 (Fig. 5G,H, asterisk) an@®sh2 (Fig. 5C,D). This of dorsoventral patterning in the telencephalon in the absence
nested expression pattern suggested that both the MGE and tieboth Gli3 and Shh or Smaene function.
LGE were specified iShh/—Gli3~~ mutants. However, in the To determine whether the restoration of dorsoventral

Nkx2.1
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patterning in Shh’~ mutants when Gli3 is removed (E8.5 to E10.5), we showed that the differential induction of
(Shh’=Gli3) was due to an activation of downstreamMGE and LGE/MGE markers by Shh signaling was
elements of the Shh pathway independent of Shh protein, veketermined by the intrinsic character of the infected tissues,
examined the levels of expressionGifl andPtch, two targets  within both the dorsoventral and anteroposterior axes.
of Shh signalingGlil andPtchare normally expressed in the Although it could be argued that the failure to indtex2.1
ventral telencephalon in close proximity to the sites ofin dorsal regions of the telencephalonGsh2in dorsomedial
Shh expression (Platt et al., 1998Bli1 expression in the telencephalon was the result of our viral vectors producing
telencephalon is restricted to a small region at the border of thesufficient levels of Shh signaling, results from our previous
MGE and the LGE (Fig. 4P, Fig. 5I; brackets). AsShit’~  studies argue against this (Kohtz et al., 1998). Ind¥kr?2.1
mutants (data not shown) this expression was absent éxpression could not be induced in vitro by Shh in E11.5 rat
Shh'=Gli3*~ and Shiv~Gli3~~ embryos (Fig. 4Q, Fig. 5J), dorsal telencephalic explants (E9.5 in mouse), even when they
consistent with the suggestion thalil activation is strictly —were exposed to extremely high levels of recombinant protein
dependent on Shh. In wild-type animBighis expressed in a (i.e. 300 nM). Furthermore, the differential induction we
broader region tha@lil, encompassing the entire extent of theobserved with our viral vectors did not appear to be the result
MGE (Fig. 4R, Fig. 5K; brackets). Wherd@hexpression is  of a differential activation of the Shh pathway in dorsal and
absent inShit’~ and Shir/=Gli3*~ mutants (data not shown lateral regions, a6lil andPtchcould be induced ectopically
and Fig. 4S), low levels oPtch expression were detected in the telencephalon, regardless of where or when the infection
throughout the telencephalon 8hh’/=Gli3~~ mutants, with  occurred. Thus, our gain-of-function data suggest that by
higher levels ventrally (Fig. 5L, brackets). Higher levels ofE8.5/E9.0 the telencephalon has been patterned along both
expression ventrally were also observed in double homozygotise dorsoventral and anteroposterior axis. However, these
mutants that were exencephalic (data not shown). This suggestgeriments cannot distinguish whether this apparent
that Ptch expression is dependent on the removal of Gli3repattern is the result of hedgehog independent signaling or
repressor activity in ventral areas and that the losBtof  patterning by Shh prior to E9.0. In support of the latter
expression observed Bhir~mutants may be due to a lack of suggestion, work by the Edlund laboratory suggests that the
inhibition of Gli3 function. telencephalic expression bkx2.1results from Shh signaling

in the node (Gunhaga et al., 2000). Similarly, we found that

rat explants at headfold stage (E9.5 in rat, E8.0 in mouse)
DISCUSSION could uniformly induceNkx2.1 expression in response to

recombinant Shh protein (Kohtz et al., 1998), suggesting that
In this paper, we present evidence for the existence of the restriction observed in this paper may not exist in slightly
pathway that can establish elements of dorsoventral patternizygunger embryos (before E9.0).
in the telencephalon in the absence of both hedgehog signalingeven if Shh normally acts to prepattern the telencephalon
andGli3 gene function. We find that ectopic activation of theprior to E9.0, our results show that some ventral pattern
Shh pathway at E8.5/E9.0 results in ventralization of thés established in the telencephalon in absence of Shh.
telencephalon. Importantly, it appears that the ventral identit$pecifically, we found thadIx2 and Gsh2expression within
induced upon ectopic activation of the Shh pathway ishe ventral telencephalon is reduced but not abseShiri~
determined by the dorsoventral position of Shh misexpressiomutant embryos. This result is reminiscent of the persistence
Second, we find that some remnants of ventral gene expressiohV0 and V1 cell fates in the spinal cord $filv’~ mutants
persist in Shir’~ mutant animals and, in a complementary(Pierani et al., 1999). Given that in some contexts members of
fashion, these same ventral genes are expandedli3n’~  the hedgehog family can partially compensate for the loss of
mutants. Third, analysis &hh’~Gli3~~ and Smo’~Gli3~~  Shh(Pathi et al., 2001 perhaps the persistence of ventrolateral
mutants shows that aspects of dorsoventral pattern amsarkers indicates the presence of other hedgehog ligands.
established in the telencephalon relatively normally in théndeed, Indian and sonic hedgehog are both expressed in the
absence of hedgehog signaling a@di3 gene function. early foregut (Bitgood and McMahon, 1995; Ingham and
Nevertheless, we cannot rule out that a more refined analysiédcMahon, 2001). Unfortunately, this question cannot be
of ventral patterning in the telencephalon in these compounaddressed directly asSmo’~ mutants die before any
mutants will not reveal further defects. Regardless of thiselencephalic patterning is molecularly evident (Zhang et al.,
caveat, this analysis suggests that the primary role of Shh 8#01). However, based on the analysisSofio/Gli3double
the telencephalon is to repress Gli3 function ventrally, and thdtomozygous mutants (see below), such compensation appears
the primary requirement for Gli3 is to repress Shh function irunlikely.
dorsal areas. The notable exception to this relationship is in the ) o
dorsal midline, which is disrupted Bhh Gli3 andShh/Gli3 ~ The regulation of ventral and lateral patterning in
double homozygous mutants. Indeed, the more penetrafite telencephalon by Shh and Gli3.
exencephalic phenotype iShh’=Gli3~~ double mutants To further investigate the cross-repressive interaction between
argues that these genes may actually cooperate in this regiddhh and Gli3 in the telencephalon, we analyzed se@al

. and Gli3 mutant combinations. The development of the

Telencephalic competence to respond to Shh telencephalon is grossly abnormal $hh’~ (Chiang et al.,
signaling 1996) and to a lesser extent@ii3~~ mutants (Grove et al.,
In the present study, we undertook an in vivo gain-of-functiori998; Theil et al.,, 1999). We found that telencephalic
approach to address the role of Shh in telencephalic patterningorphology is largely restored iShh/=Gli3*~ mutants.
By infecting the mouse telencephalon at different time point€onsistent with their rescued morphology, most ventrolateral
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patterning is established Bhhmutants lacking a single copy patterning. It is possible that hedgehog-dependent and
of Gli3 (Shh'=Gli3*"). Furthermore, barring the loss of dorsal -independent pathways act in parallel and are functionally
midline structures, mutants lacking b&hhandGli3 function  redundant, each able to specify ventral, lateral and dorsal cell
possess sets of markers characteristic of MGE, LGE arfdtes in isolation. When hedgehog signaling is missing, as it is
cortex, showing that all these structures are at least partiallg Shh’=Gli3~—andSmo’Gli3~~ mutants, such redundancy
specified in the absence 8hhandGli3. The same result was would account for the observed rescue of dorsoventral
obtained inSmo’Gli3~~ mutants in which all hedgehog patterning (Fig. 6). The use of two pathways that complement
signaling is abolished. Therefore, many aspects of dorsoventr@hch other is reminiscent of the mechanism of anterior
telencephalic patterning can be established in the complepatterning in Drosophila In flies, opposing anterior and
absence of hedgehog provided t&48 gene function is also posterior gradients specify the segmented body pattern.
abolished. Maternal nanos protein acts as a repressor of hunchback in the
Despite this, the interplay between Shh and Gli3 is crucigbosterior region, allowing abdominal patterning to occur; and
to the normal positioning of the different domains of ventrathe absence of both genes results in normal embryos
telencephalic gene expression. For example, our data sugge@tsilskamp et al., 1989; Irish et al., 1989; Struhl, 1989). In
that MGE and LGE markers are differentially sensitive to theparallel, bicoid specifies anterior patterning and hunchback can
dose of Gli3 protein or activity. Although the expression ofsubstitute for it in thorax and abdomen (Simpson-Brose et al.,
pan-ventral genes characteristic of the LGE is fully restored it994; Wimmer et al., 2000).
Shh'~ animals with one copy o6li3 removed, the MGE Alternatively, we cannot formally exclude the possibility
markerNkx2.1is only rescued in the complete absenc&li  that the dorsoventral patterning of the telencephalon is initially
gene function. Consistent with this, unlike more broadlyestablished by a hedgehog-independent pathway and that the
expressed ventral markerdlkx2.1 cannot be induced by
ectopic Shh signaling in the cortex, whe®&3 is highly
expressed. SimilarlyNkx2.1 expression does not spread
dorsally in Gli37~ mutants, whereas pan-ventral gene
expression does. One explanation for these findings may |
thatGli2, which is expressed in a pattern similaii in the
telencephalonpossesses weaker repressor activity 68
and acts in a complementary fashiém this scenarioGli2
prevents the expansion Nkx2.1expression ifGli3~-mutants
but is insufficient to repress pan-ventral genes, suddbds
andMash1l Indeed, the greater sensitivity of MGE markers to B Pax6
repression by Gli repressors may be one mechanism th TJ_
*

Pax6

Gsh2; DIx2
Nkx2.1

underlies the differential specification of the MGE and LGE.
In the limb, the processing of Gli3 into an N-terminal

repressor form is negatively regulated by Shh (Wang et al . Gsh2
P g y reg y (Wang shh — Gli3-R | +«— X

2000). As a result, Shh and the N-terminal Gli3 repressor ai DIx2
thought to form opposing gradients in the limb, akin to tha \
suggested by our genetic analysis of the telencephalon. O

results also in many respects parallel the phenotype found Nkx2.1

the spinal cord oShh/Gli3double mutants (Litingtung and

Chiang, 2000a). Similar to the telencephalon, ventrolateral cefflig. 6. Model of genetic interactions betweShhandGli3 in

fates in the spinal cord, including motoneurons and VO-V2atterning the mouse telencephalon. (A) Schematic representation of
interneurons, were restored to wild-type levelsSinh/Gli3 @ coronal section through an E10.5 mouse telencephalon,

double homozygous mutants. However, unlike th@lghllghtl_ng dn‘fgrent domains along the dorsoventral axis. The
telencephalon, the ventral-most fates fail to form in the spineﬂ/{OSpeCt've regions of the cortex (blue), the LGE (green) and the
cord of these same animals (as indicated by the lo¥&>x¢t.2 GE (red) are shown. On the right, homeodomain genes are

he fi | M | Al f | indicated that are expressed in these regions and have been shown to
at the floorplate). Moreover, only partial rescue of ventrolateral|,y an essential role in patterning the telencephalon (reviewed by

genes expression was observed in the spinal cord of the§fison and Rubenstein, 2000). Note that expressidbsb®is only
mutants, while ventrolateral telencephalic gene expressio@stricted to the lateral telencephalon for a short window of
appeared normal i8hih’=Gli3*~mutants. Furthermore, in the embryonic development (E10.0-E10.5) (Corbin et al., 2000).
telencephalon the antagonism between Shh and GIli3 igltimately Gsh2is expressed in both the LGE and MGE. (B) The
reciprocal. By contrast, there is no evidence that Gli3 mayesults of the present study demonstrate th_at Shh is_ind_ucing ventral
antagonize Shh function in the spinal cord, as ventral ger®kx2.) and lateral@shz DIx2) telencephalic patterning indirectly,

expression does not expand dorsally in this tissue in tht@rough the inhibition ofGIi_3 repressor activity._Note that the
absence o6li3 gene function regulation ofNkx2.lexpression appears to be different from that of

pan-ventral genes, as it is not affecteli8—- single mutants (bold

: ; : blunt arrow). Gsh2 expression and Pax6 expression at the
E;\/'L?eerrr:?r? f?r:eavii(i?jr:g% :]rl%e?%]gﬁnt pathway in corticostriatal boundary are repressed by each other. However, the
P ) 9 i P ) repression oGsh2expression byax6appears to be regulated by
In light of the ShHGIi3 and Smo/Gli3 double mutants GJi3 (asterisk), as co-expression of these two genes is observed in the
phenotypes, it is worth considering how other signalingortex ofGli3——mutants. Our data reveal the existence of an
pathways might contribute to dorsoventral telencephalicinknown hedgehog-independent pathway (X).
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role of Shh in patterning the telencephalon is to subsequentigagents: H. Westphal and C. Chiagglfmutant mice), J. Rubenstein
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