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SUMMARY

In the developing vertebrate CNS, members of the Wnt
gene family are characteristically expressed at signaling
centers that pattern adjacent parts of the neural tube. To
identify candidate signaling centers in the telencephalon,
we isolated Wntgene fragments from cDNA derived from
embryonic mouse telencephalon. In situ hybridization
experiments demonstrate that one of the isolated Wnt
genes, Wnt7a, is broadly expressed in the embryonic
telencephalon. By contrast, three othersWnt3a, 5aand a
novel mouseWnt gene, Wnt2b, are expressed only at the
medial edge of the telencephalon, defining the hem of the

although the cortical hem does not show features of
differentiated CPe, such as expression of transthyretin
mRNA, the CPe and cortical hem are linked by shared
expression of members of the Bmand Msx gene families.
In the extra-toed (XtJ) mouse mutant, telencephalic CPe
fails to develop. We show thatWnt gene expression is
deficient at the cortical hem inXtJ/XtJ mice, but that the
expression of other telencephalic developmental control
genes, includingWnt7a, is maintained. TheXt) mutant
carries a deletion in Gli3, a vertebrate homolog of the
Drosophila gene cubitus interruptus (ci), which encodes a

cerebral cortex.

The Wnt-rich cortical hem is a transient, neuron-
containing, neuroepithelial structure that forms a boundary
between the hippocampus and the telencephalic choroid
plexus epithelium (CPe) throughout their embryonic
development. Indicating a close developmental relationship
between the cortical hem and the CP&\Vnt gene expression
is upregulated in the cortical hem both before and just as
the CPe begins to form, and persists until birth. In addition,

transcriptional regulator of the Drosophila Wnt gene,
wingless. Our observations indicate that Gli3 participates
in Wnt gene regulation in the vertebrate telencephalon, and
suggest that the loss of telencephalic choroid plexus ¥t
mice is due to defects in the cortical hem that includé/nt
gene misregulation.

Key words: Choroid plexus, Cortical hem, Extra-tdgs3,
Telencephalon, Wnt2ouse

INTRODUCTION The Wnt family of developmental control genes encodes
secreted proteins that participate in tissue patterning and
The telencephalon is the largest, most complex part of thmorphogenesis (Parr and McMahon, 1994). The extent to
mammalian CNS (Nauta and Feirtag, 1986), and must b&hich Wnt proteins operate as morphogens themselves,
patterned during development into numerous functionadlirectly acting to pattern adjacent tissues, or serve to establish
subdivisions. Patterning of the developing telencephalofocal signaling centers from which other morphogens act,
requires the division of the cerebral cortex into different typesemains uncertain (Zecca et al., 1996). Nonetheless, in both
of cortex, such as archicortex and neocortex, and theertebrate and invertebrate speci&mtgene expression marks
subdivision of these large cortical regions into manysites of morphogenetic signaling, by appearing at boundaries
functionally specialized areas. Broader divisions include thosketween developmental compartments and at the edges of
between cerebral cortex and subcortical nuclei, and betweenorphogenetic fields (Lawrence and Struhl, 1996; Parr et al.,
two strikingly different types of tissue that develop in thel1993). In Drosophiladevelopment, expression @fingless,
medial wall of the telencephalon, the medial cerebral cortewhich is the canonical member of th&nt gene family,

and the non-neuronal, secretory epithelium of the choroidistinguishes the boundaries between parasegments, the border
plexus (CPe). What are the mechanisms by which thedmetween dorsal and ventral compartments in the wing imaginal
divisions are set up in the developing telencephalon? Ordisc, and the dorsal and ventral perimeters of the developing
approach to this question is to isolate from the embryonioptic lobe (Diaz-Benjumea and Cohen, 1995; Kaphingst and
telencephalon members of developmental control gene familidunes, 1994). In vertebrate developmékhtgene expression
implicated in patterning elsewhere in the embryo. marks the sites of neuroectoderm signaling centers that control
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dorsal-ventral patterning in the spinal cord, and rostral-caudatell. To date, only the expression pattern of multipletgenes
patterning at the junction of the midbrain and hindbrain (Bally-uniquely distinguishes the cortical hem — the part of the
Cuif et al., 1995; Parr et al., 1993). neuroepithelium suggested by histological studies to participate
To gain insight into how the telencephalon is patterned, win generating the CPe. These observations suggest that Wnt
searched for members of th&/nt gene family whose signaling could play a specific role in the initial division of the
expression might mark signaling centers within the embryonimedial wall neuroepithelium into a part that generates the medial
telencephalon. A well-established PCR procedure (Gavin et aberebral cortex, and another part that forms the CPe.
1990) was used to isolate several members offthegene Franz (1994) has reported that théra-toesmutant mouse
family, including the previously unreported mouse ortholog ofdoes not develop telencephalic choroid plexus, and that this
the humanVNT13gene (Katoh et al., 1996), from embryonic appears to be due directly to the extra-toesation rather than
day 12.5 (E12.5) mouse telencephalon. E12.5 is early in thedirectly to general forebrain dysmorphology. Intriguingly,
growth and development of the telencephalon, whettheextra-toesmutant carries an intragenic deletion of a gene,
macroscopic patterning is likely to be still underway. In situGli3 (Hui and Joyner, 1993; Schimmang et al., 1992), that is
hybridization was employed to determine the patterns dfiomologous to ®rosophilagene implicated in the regulation
expression of the isolated Wgenes within the embryonic of wingless In Drosophila the zinc-finger transcription factor,
telencephalon. Thre®#/nt genes, including the novel mouse cubitus interruptus(ci), is a transcriptional regulator of
Wntgene, were found to be expressed selectively at the medialingless mediating response to a hedgehog signal (Von Ohlen
margin of the telencephalon, defining a zone that we term thet al., 1997). In vertebrates, threiehomologs,Gli, Gli2 and
Whnt-rich ‘cortical hem’. Gli3, have been identified (Hui et al., 1994; Orenic et al., 1990;
The Wnt-rich cortical hem forms a boundary between twaRuppert et al., 1990), one of which, Gli, has been shown to be
major components of the medial telencephalon throughow target of sonic hedgehog signaling (Lee et al., 1997). In an
their embryonic development. The hippocampus, a part of thenalysis of the extra-togésnutant mouse, we have tested the
medial cerebral cortex, develops dorsal to the cortical hem, ainypotheses that Gli3 may participate in \Wanhe regulation in
the CPe differentiates ventral to the cortical hem. By birththe vertebrate telencephalon, and that the defect in
much of the growth and basic patterning of both the CPe artdlencephalic choroid plexuséxtra-toesnice is accompanied
hippocampus is complete (Sturrock, 1979; Tole et al., 1997hy Wntgene misregulation in the cortical hem.
and the cortical hem, as defined by multiple Vgene
expression, disappears. The cortical hem is therefofgaATERIALS AND METHODS
positioned to provide patterning signals to both the developing
hippocampus and the choroid plexus. In the present study, Wice
have focused on the developmental relationship of the cortic@lutbred CD-1 timed pregnant mice were obtained from the University
hem to the telencephalic CPe. of Chicago Cancer Research Center Transgenic Faoflitynutant
Previous histological studies indicate that the CPe i&ice inaC3HeB/FeJ background were obtained as heterozygotes from
generated from a specialized part of the neuroepithelium of tHBe Jackson Laboratory (Bar Harbor, ME), and were interbred. Midday
medial telencephalon that is distinguished from the rest of t ;heHday of Vag'”a}' plug discovery was considered embryonic (E) day
telencephalic neuroepithelium by becoming progressively:>: omozygouXt embryos and their littermates were recovered for

. . ! . ene expression analysis frokt!/+ intercrosses at E10.5, E12.5 or
effaced (MacKenzie et al., 1991; Maruyama and DAgostlnoE16_5_ Homozygote embryos were readily distinguished from

1951) The presumpive o, o ‘choroid e 1S appeatiymer 1955 Sommn, X067 e Checkes S clashecsons by
at the dorsal midline of the telencephalic vesicle as the midlingrocessing selected litters for whole-mount in situ hybridization
invaginates to form the medial walls of the two telencephalidemonstratingsli3 gene expression, which proved to be undetectable
hemispheres (Sturrock, 1979). At E10.5 in the mouse, thie phenotypically homozygote embryos and present in heterozygote
choroid plague is a small zone of thinning neuroepithelium a&nd wild-type animals (data not shown). 20% of the embryos recovered
the midline, identifiable by the presence of many pyknotic cell&t E12.5, and 16% of those recovered at E16.5, were classified as
(Sturrock, 1979; Zaki, 1981). As the medial walls continue t g&oégogz gL?eblt% t)érr)/hf‘;tﬁgﬁffog‘i;%emﬁ?a‘i; r?ri :rlmlgizzgnltovv\\/ﬁrz than
L”K?%%aﬁaSL?r%‘rf'aéﬁﬁe?Z% sl LTafthe p‘;sg'grf: glf :E{ﬁis interpretation, many embryos (21 in 32 litters) appeared to be in
medial wall of each hemisphere also begins to show eviden%et f’rfgffﬁf‘esd"i‘;btﬁg%faﬁ"nrﬁ;dbgﬁTeiggne?e";)‘_‘”“”g (these embryos were
of cell death and to thin (Furuta et al., 1997; Sturrock, 1979).
CPe continues to ramify ventral to the region of thinninglsolation of telencephalic ~ Wnt gene fragments
neuroepithelium, until, by birth, the CPe is histologically cDNA was prepared from E12.5 telencephalon total RNA isolated by
mature (Sturrock, 1979), and the region of thinningguanidinium-acid phenol extraction and employed as substrate for the
neuroepithelium has disappeared.

In the present study, we show that the region of thinning

ificati I
neuroepithelium in the medial telencephalon is identical with the Table 1. Classification oiXt"/Xt- embryos recovered at

Wnt-rich cortical hem. Although several other genes and gene E12.5and E16.5

products, such as members of Brapand Msxgene families, Exencephalic  Non-exencephalic

as well as high molecular mass tropomyosins (Furuta et af\ge of XOIXU XP/Xt)  Total embryos Percentage
1997; Nicholson-Flynn et al., 1996; MacKenzie et al., 19918MPYos  embryos embryos recovered  Xt/Xt
1992; present study), are expressed in the cortical hem, they &.5 23 10 161 (23 litters) 20

each expressed elsewhere in the medial telencephalic wall B> 4 S 55 (8 litters) 16
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Wntgene fragment PCR amplification scheme of Gavin et al. (1990ppecifically expressed in the developing telencephalon, a PCR
Gel-purified PCR products were subcloned itmRI-Xbal-digested procedure (Gavin et al., 1990) was employed to isdldine
pBluescript Il KS(+) plasmid (Stratagene). 45 recombinant clones wergene fragments from cDNA derived from the cerebral
sorted by Haelll, Hinfl and Rsal fingerprinting, and representatives Ogemispheres of E12.5 CD-1 mice. Sequencing the PCR
each group were sequenced. Five distinct malse genes were  qqycts showed that cDNA fragments from five diffeiaimit

identified, expression of one of whiciVitd was not reproducibly : .
detected with in situ hybridization experiments on E12.5 telencephaloﬁeneS had been isolatedint3a 4, 53, 7a and a previously

Wnt7b, which is expressed in the early embryonic telencephalon (P preported mousé/ntgene. CDNA library SCreens employing
et al., 1993), was not among Méntgenes recovered, suggesting that (€ novel Wngene fragment yielded overlapping cDNA clones
our screen of telencephaligntgenes was not exhaustive. providing 711 base pairs of coding sequence (GenBank

One of the recovered fragments identified a novel matrstgene,  database  accession  number  AF038384).  Sequence
Wnt2b. This fragment was employed in high-stringency cDNA librarycomparisons establish that this novel moWéet gene is the
screens (E12.5 mouséXlox library, Novagen; E11.5 mousgti0  ortholog of the recently described human WNgéBe (Katoh
library, Clontech) as previously described (Ragsdale et al., 1989t al., 1996), with 98% identity over the 236 amino acid C-
Nucleotide sequencing was done by the dideoxynucleotide metha@rminal fragment for which we have sequence data. Like
(Sequenase kit, US Biochemical) and with the Applied BiosyStemﬁumanWNTl&this mouse Wngene is closely related to the
Prism 377 and 377XL DNA sequencers (University of Chicagoy s gptamily, with amino acid identity scores of 69% to
SC;?V?,Z;G Research Center), and was analyzed with Genewo”ﬁ%ousewmz (McMahon and McMahon, 1989) and 79% to

' XenopusWnt2b(Landesman and Sokol, 1997). Following the

Histology Wnt gene nomenclature suggestions of Cadigan and Nusse
Harvested mouse embryos were immersed in 4% paraformaldehy§&997) we identify this new mouse Wg&ne as mouse Wnt2b
in phosphate-buffered saline and processed for two-color wholemount In situ hybridization experiments showed that four of the
non-radioactive in situ hybridization with a modification of the isolated Wnt genes, Wnt2hh 3a, 5a and 7a, are strongly
method of Nieto et al. (1996). Significant changes in the protocoakxpressed in E12.5 telencephalon. Moreover, thfatgenes,
include replacement of proteinase K digestion with detergem{ynt2b, 3zand 5a, show a striking, similar pattern of expression
treatment (Rosen and Beddington, 1993) and use of the chromagqsthe telencephalon. The expressionMdit2b, representative
nitroblue tetrazolium (Boehringer; 350g/ml) and tetranitroblue of the three, is shown in Fig. Wnt2b is strongly expressed in

tetrazolium (Sigma; 350g/ml), which were selected from a range of . : : .
chromagens tested for sensitivity and color separation (T. A. Sande?sl)tﬁndl c:f tlslsue ?I.olng f:h_e rrieAdla\Iftelenc?;gﬁallc Vg?llll’ fadjacim
and C. W. Ragsdale, unpublished data). Some embryo brains w e lateral ventricle (Fig. 1A). Views of the medial face o

cryoprotected after fixation, sectioned into 4@ coronal sections the telencephalic hemisphere (Fig. 1B) or coronal sections
using a sledge microtome (Leica), and processed for in sitthrough the telencephalon (Fig. 1D-F) show the close
hybridization using a method described previously (Tole et al., 1997ASsociation of theVnt2b expressing zone with the newly
Tole and Patterson, 1995). forming CPe of the lateral ventricle (Fig. 1B,D). The band of
Riboprobes incorporating digoxygenin- or fluorescein-labeledA/nt2bexpression is dorsal to the forming CPe at rostral levels
nucleotides were synthesized from linearized plasmids with T7 or SP(¢|g ]_B'D), and curves Ventra”y at caudal levels to surround
polymerase (Boehringer). Probes ¥Wnt3a, WntSand Wnt7avere  the caudal end of the CPe (Fig. 1B,E,F). Expressioimt3a
derived from the subcloned PCR fragmeM&tzbgene expression g ;rrounding the developing telencephalic CP has been reported
was demonstrated with CDNA clone pRK (1 kb insert in X -0 iq sy (Roelink and Nusse, 1991): we found that both
vector; linearization byEcoRI digestion, antisense riboprobe Wnt3aand 5a show the same characteristic curved band of

transcription with SP6 polymerasellass Il S-tubulin gene - .
expression was detected with cDNA clone p82-2, in which a 321 bXPression along the medial face of the telencephaldmézb

insert derived from a 3intranslated region of the mougetubulin Fig. 3A,H). MultipleWntgenes are therefore expressed at the
gene (Burgoyne et al., 1988) was subcloned in the pBluescript gontinuous, curving line of attachment between the
SK(+) vector (BamHI digestion, T7 transcription). Other probesdifferentiating CPe and adjacent telencephalic
employed were derived from a 1 kb mou3i2 cDNA, a 0.8 kb neuroepithelium.

mouseGli3 cDNA (Hui et al., 1994), a 0.6 kb rainsthyretincDNA The same zone of tissue that is delineated by the expression
(Duan et al., 1989), a 2.2 kb mouseurogeninZgenomic fragment  of \Wnt2b,3a and 5a is also distinguished by the absence of
(Sommer et al., 1996), a 0.7 kb molsex1cDNA, a 0.85 kb mouse  getectable expression of a fourth isolafédt gene, Wnt7a. At
Msx2cDNA (MacKenzie et al., 1991, 1992), a 1.2 kb mouse Bmpa-15 5 \wni7ais strongly expressed in the lateral and dorsal

cDNA, a 2 kb mousé8mp6 cDNA, a 0.8 kb mous&mp7 cDNA - . .
(Furuta et al., 1997), a Enou&fnp4cDNA (IMAGE CoFr)wsortium, cerebral cortex (Fig. 1C), but not at the medial margin of the

GenBank number AA473799), and a 0.8 kb moBsg8 cDNA cerebral hemisphere (Fig. 1G). ExpressionVéft7a thus
(Crossley and Martin, 1995). appears complementary to that of Wnt2baBd5a.

Dividing cells in mouse embryos were labeled with 5-brormo-2 . . . -
deoxyuridine (BrdU) (100 mglkg) delivered intraperitoneally to 'he Wnt-rich boundary tissue is neuron-containing
pregnant mice 2 hours before killing. Nucleotide incorporation inneuroepithelium and forms the cortical hem
tissue sections was detected with antibody M0744 (DAKO) followed/Nhat type of tissue makes up the Wnt-rich boundary zone

by diaminobenzidine peroxidase immunohistochemistry. between the differentiating CPe and adjacent neuroepithelium?
Is it CPe at an early stage of differentiation, cortical
RESULTS neuroepithelium or a third type of tissue? Differentiating CPe
) ] forms a simple columnar epithelium, then matures into
Multiple  Wnt genes define a boundary zone between cuboidal  epithelium  (Sturrock, ~ 1979).  Cortical
the developing hippocampus and the choroid plexus neuroepithelium is a pseudostratified epithelium in which the

To identify members of theNnt gene family that are nuclei of dividing cells translocate within the ventricular zone
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Fig. 1. The cortical hem is marked by the
complementary expression of Wniid 7a.

(A) Dorsal view of a CD-1 mouse forebrain at E12.:
Rostral is to the left. Wnt2b strongly expressed alor
the caudal two-thirds of the medial wall of the
telencephalon (t), next to the lateral ventricle. In the D N E
diencephalon (dWnt2bexpression marks the dorsa’  ©

midline, and two patches on either side of the midli
(B,D-F) A medial view of a telencephalic hemisphe|
at E12.5 (B, rostral is to the left) and coronal sectio
through a similar hemisphere (D-F, midline is to the
left). Wnt2bexpression defines the hem of the
embryonic cerebral cortex (B), and abuts the
developing choroid plexus epithelium (cpe) dorsally
(B,D,E), caudally (B,F), and caudoventrally (B,E).
(C,G) Dorsal view of a mouse forebrain at E125(C = e
rostral to the left). Coronal section through a [ - “cpe
telencephalic hemisphere at E12.5 (G, midline to the o
left). Wnt7ais expressed in most of the embryonic cerebral cortex (C), but not in the cortical hem (hem, arrows in G). BarpmAAj50
420 pm (B); 700 pn (C); 130um (D); 110 ym (E); 170 pm (F); 130um (G).

(VZ) between the ventricular and pial surfaces of the cortegells labeled with BrdU form a broad VZ (Fig. 2G). At E12.5,
(Bayer and Altman, 1991). CPe cells are characterized as soororeover, the Wnich tissue contains a preplate-like layer of
as they begin to differentiate by the strong expression afeurons that express class tubulin (Fig. 2F). Finally,
transthyretin (TTR), a transport protein for thyroxine andexpression of the putative neuronal determination factor,
retinols (Thomas and Dziadek, 1993). Differentiating corticaheurogeninZNgn2)MATH4A(Gradwohl et al., 1996; Sommer
neurons can be identified by the expression of a neuronat al., 1996) distinguishes the VZ of the entire cerebral cortical
marker.class Il StubulinmRNA (Lee et al., 1990; Tole et al., neuroepithelium, including thé/nt-rich tissue, but avoids the
1997). These neurons migrate away from the VZ towards théPe (Fig. 2B,D). Th&Vnt-rich tissue is therefore embryonic
pial surface to form the preplate and cortical plate (Bayer ancbrtical neuroepithelium, rather than CPe, and thus represents
Altman, 1991). the hem of the developing cerebral cortex.

At E12.5, cells expressingnt2b, 3aand 5aat the boundary Between th&Vntrich cortical hem and the CPe, a junctional
between the cortex and CPe do not form a simple columnar epithelium, a few cells wide, can be identified. Junctional
cuboidal epithelium, nor do they express TFR. 2A,C). Like  epithelium does not express, or expresses weakly, TTR, Wnt2b
adjacent cortical neuroepithelium, thé&/nt-rich tissue is 3a,5aandNgn2(Fig. 2B,C, and data not shown), and does not
organized as a pseudostratified epithelium, in which dividingontain a VZ or preplate (data not shown). Thus, at E12.5, four
tissues can be identified in the medial wall of the telencephalon
Fig. 2. The cortical hem shows molecular and morphological features
of cortical neuroepithelium. Medial views of telencephalic
hemispheres at E12.5 (A,B) and coronal sections through E12.5
hemispheres (C-G). Hemispheres oriented with rostral to the left.

(A-D) Choroid plexus epithelium (cpe) strongly expreSEeER

(brown in A, purple in B and C). The cortical hem (hem), marked by
Whnt2bexpression (blue in A, brown in C), abuts the cpe (A,C), but Wnt 2b/TTR
does not contai TRexpressing cells (C). The junctional epithelium g
between the cpe and hem (open arrowhead in C) expresses neither
TTRnorWnt2h Expression oNgn2(blue in B and D) marks cerebral
cortex neuroepithelium, including the hem but avoiding the cpe. The
junctional epithelium does not expréégn2(thin line of unstained ), 8
cells just dorsal to the cpe in B). (E-G) Sections through the caudal N
hem and adjacent embryonic cerebral cortex at a level similar to thatE
shown in Fig. 1F. Medial to the lefivnt2b(brown in E, purple in F,

blue in G) is expressed at the ventricular side of the hem, but not in
cells close to the pial surface (E, arrows indicate the layémt2b-
negative cells in E-G). The latter cells express the neuronal marker,
class Il B-tubulin (brown in F), and represent a continuation of the
developing preplate (pp) of the embryonic cerebral cortex into the —t
hem (F). Dividing precursor cells, labeled with BrdU (brown in G) | A
injected into the mother 2 hours before killing, are organized in a g
broad ventricular zone (vz) adjacent to the ventricle (v), in both the
Whnt2kpositive hem and adjacent embryonic cortex (G). Bar in E, 510
um (A,B): 40pum (C); 170um (D); 90um (E-G). Wnt 2b.




Whit-rich cerebral cortical hem 2319

Fig. 3. The cortical hem and choroid plexus A
epithelium share strong expression of Bang
Msx genes, but not of Wgénes. Medial views
of telencephalic hemispheres at E12.5 (A-D,H,
rostral to the left), and coronal sections throughl g £
E12.5 hemispheres (E-G,|, medial to the left). E F - G
(A-C,H) Expression o¥Vnt3a Msx2, Bmp@nd 1\

Whnt5amarks the same curved band of tissue in %k )

the medial telencephalon, the cortical hem.

(B,F) Msx2is additionally expressed in the

choroid plexus epithelium (cpe, arrow in B). hem

(D,E,G) Bmp7and Msxlare expressed strongly
in the cpe (arrow in D), and in the ventral part
of the cortical hem. (H,l) Wnt5a additionally =
expressed in the mesenchymal cells (arrows) :ﬁ“
that are invading the medial wall of the -
telencephalon to form the stromal layer of the # 4

choroid plexus. Bar in A, 550m (A-D,H); : g
140pum (E,F); 70um (G,). Msx 1 Msx 2 Bmp 7

hemi .

with respect to the morphological and molecular featureFhe cortical hem expresses genes implicated in
indicated in Fig. 2. Moving from dorsal to ventral, these areepithelial/ mesenchymal inductive interactions

embryonic cerebral cortexNgn2+, Wnt2b/3a/58 TTR-,  Early in choroid plexus morphogenesis, head mesenchyme
neuron-containing neuroepithelium), the cortical h&lgn2+,  cells invade the developing CPe to form the second,
Wnt2b/3a/5a+, TTR-, neuron-containing neuroepithelium), mesenchymal or stromal layer of the choroid plexus (CPm)
junctional  epithelium  (NgnZ = Wnt2b/3a/5a, TTR-  (Birge, 1961; Sturrock, 1979). The invasion by mesenchyme
ep!me:!umg and CPe (Ngn2wnt2b/3a/5a; TTR¥, columnar  appears to be one of the motive forces that pushes the CPe out
epithelium).

The Wnt-rich cortical hem shows subtle differences with
neighboring embryonic cortex. The cortical hem become F'§
progressively thinner than adjacent neuroepithelium (Fig. 5A]
as described previously for the neuroepithelium that gives ris
to CPe (Sturrock, 1979). Suggesting that fewer neurons a
generated in the cortical hem at E12.5 compared with adjace
cortex, or that neurons are being removed by cell dektss
Il B-tubulin expression is weaker in the cortical hem than ir
adjacent cortex (data not shown), and cells immunoreactive fi
MAP2, another neuronal marker, could not be detected in tt
same region in the rat at a comparable embryonic ac
(Nicholson-Flynn et al., 1996). Perhaps the most dramati [T/
difference between the cortical hem and adjacent corte:
however, is that the former shares with the developing CPe tl D
expression of several members of thsx and Bmp gene
families.

Fig. 4. Wntgene expression is upregulated in the cortical hem both
before, and just as, choroid plexus begins to form. Dorsal views of
forebrain at E10.5 (A-C) and E11.5 (D-F). Coronal section through
midline of telencephalon at E10.5 (G). E10.5 whole embryo (H).
(A-H) In the medial wall of the telencephalon at E10.5, Wig3a
already expressed strongly in the cortical hem (A,G), but no TTR-
expressing choroid plexus epithelium is detectable (B), animtab

is expressed (C,HWnt2bis already expressed at the dorsal midline
of the diencephalon and midbrain (C,H). The choroid plaque is
evident at the midline of the telencephalon (between arrowheads in
G), and expresses Wnt8aly weakly. A day later, at E11.5TR
expression marks differentiating telencephalic choroid plexus
epithelium (E), andWnt5aand2b expression has been upregulated in
the hem (D,F). (H) Sites of strotht2bexpression at E10.5 include
the optic cup (oc), and the otic vesicle (ov). Bar in G, 380(A-C);

540 pm (D-F); 70 ym (G); 900 pm (H). Whnt 3a
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into the ventricles (Birge, 1961, 1962). Further, inductive(Figs 3 and 4) refine the subdivisions that can be identified in
interactions between neuroepithelium and invading heathe medial wall of the developing telencephalon. First,
mesenchyme appear to be required for at least some aspectslifferentiating CPe is identifiable by its strong expression of
CPe differentiation (Birge, 1961, 1962; Cavallaro et al., 1993)TTR, and is thereby distinguished from the choroid plaque and
We accordingly sought evidence that the Wnt-rich cortical herits probable continuation, the junctional epithelium. The latter
is involved in such interactions. Members of the s Bmp  two divisions are likely to contain precursor cells that directly
gene families are characteristically expressed at sites g@enerate the CPe (Maruyama and D’Agostino, 1967; Sturrock,
epithelial/mesenchymal interactions elsewhere in the embryd979; Zaki, 1981). Second, strong expressioWMoit genes
including the developing kidney and tooth (MacKenzie et al.pniquely distinguishes the cortical hem from adjacent cortical
1991, 1992; Thesleff et al., 1995). Moreover, expression dfieuroepithelium, CPe, junctional epithelium and the choroid
both gene families has been previously reported in the dorsplague. Third, there may be subdivisions within the cortical
and medial telencephalon between E9.5 and E13.5 (Furutalem itself. Although Bmpénd Msxzare expressed throughout
al., 1997; MacKenzie et al., 1991). We therefore examined thige cortical hemBmp4, 7and Msx1 are strongly expressed
expression oMisxland 2, andBmp4, 6and7 with respect to  only in the ventral part that adjoins the CPe, suggesting a
the Wnt-rich cortical hem. difference between ventral and dorsal parts of the cortical hem.
At E12.5, Msx2 and Bmpshow the same characteristic As choroid plexus morphogenesis continues, the cortical
curved band of strong expression along the medial face of them, as defined by the expression of multiple Wnt genes,
telencephalon a#/nt2b, 3aand 5a(Figs 1B, 3A-C,H), neatly maintains its position relative to the developing CPe, but
distinguishing the cortical hem from adjacent embryonicshrinks. Thus, by E15.5-16.5, overlapping expression of
cortex.MsxlandBmp4and7 are also expressed in the cortical Wnt2b, 3aand 5amarks a few cells along the lateral margin
hem, but strong expression is restricted to the ventral part 6f the hippocampal fimbria-fornix (Fig. 5B,D), which remains
the hem (Fig. 3D,E,G, and data not shown). At E1RI$ 1  the dorsal point of attachment of the CPe to the
and2, and Bmp 4, @nd7 are also expressed in the CPe itselfneuroepithelium. At birth, when CPe is histologically mature
(Fig. 3B-G, and data not shown), the junctional epitheliun{Sturrock, 1979), intense expression of multiple \Webes
(Fig. 3E-G, and data not shown), and the head mesenchyrfiext to the CPe has disappeared (data not shown). Likewise,
that invades the CPe to form the CPm (MacKenzie et al., 199the territory of expression of Msx@nd Bmpg§ two other
1992; Furuta et al., 1997; data not shown). By contrast, amorfgarkers of the cortical hem, shrinks as CPe matures (data not
the Wntgenes examined, only Wnt®as detected in the CP. S own).
Whnt5aexpression appears in the CPm, but not the CPe (Fig. The expression in the medial telencephaloMbft3aand
3H,1). Thus, whereas the expression of multiplat genes SeveralBmpandMsxgenes has previously been described as
uniquely distinguishes the cortical hem, the more extensiv@arking prospective archicortex, or hippocampus, as well as
expression oBmpand Msxgenes in the cortical hem and CPe choroid plexus (Furuta et al., 1997; Roelink and Nusse, 1991;
suggests a close relationship between the two tissues, aX@shida et al., 1997). However, by the age at which a
implicates the cortical hem in the inductive interactions thahippocampal anlage is identifiable by morphology (about

Shape deve]opment of the choroid p|exusl E145) theWnt+ich cortical hem is Clearly Separate from

_ ) regions of the neuroepithelium thought to generate
The cortical hem is detectable by  Wnt gene hippocampal neurons (Fig. 5A) (Altman and Bayer, 1990).
expression before telencephalic CPe appears, and As an exception to the circumscribed expression of multiple
persists throughout CPe morphogenesis Wnt genes in the cortical hemWnt5ais newly expressed

The temporal pattern diVnt gene expression in the medial outside the cortical hem as the medial telencephalon matures
telencephalon supports the involvementVéht genes in the (Fig. 5C,D). At E13.5, Wnt5a is expressed in the cortical plate
formation of two different tissue districts in the medial wall. Atof the entire medial cerebral cortex, which includes the
E10.5, the dorsal midline of the telencephalon has just beguippocampus and adjacent limbic cortical areas (Fig. 5C).
to invaginate, creating the medial walls of the two telencephalisubsequentlyyVnt5aexpression retreats back along the medial
hemispheres (Fig. 4G). No differentiated CPe can be detect@églencephalic wall, and by E16.5 is largely confined to the
by TTR expression in the medial wall at E10.5 (Fig. 4B), buhippocampal dentate gyrus (Fig. 5D). ExpressioWat5ain
Wnt3ais already strongly expressed in a medial band markinghese neuronal cell layers implies thdht5ais expressed in
the cortical hem (Fig. 4A,G). The choroid plagque at thepostmitotic neurons. Telencephali¢/nt5a expression is,
telencephalic midline (between arrowheads in Fig. 4Gjherefore, broader than that of Wnt2b 8agdmarking not only
expresse§Vnt3g but weakly compared with the cortical hem. the cortical hem, but also the CPm, and developing neurons of
By E11.5, telencephalic CPe has begun to expréss(Fig.  the medial cortex. Similar t®Wnt3 which is implicated in
4E), and the cortical hem is now delineated by the expressiaeveral stages of cerebellar development (Salinas et al., 1994),
of the threeWnt genes,Wnt2b, 3aand 5a(Fig. 4D,F). A Wntsamay play a variety of roles in the development and
previous study reported the expressionV@ft3a along the differentiation of the medial telencephalon.
dorsal midline of the telencephalon as early as E9.5 (Parr et al.,
1993). In the present study, however, we relate the expressiéipression of Wnt2b at other sites in the embryonic
of Wnt3aand two other Wrgenes to the onset of differentiation Nervous system
of the CPe. We find that both before, and just as the CPe begi@horoid plexus also develops in the hindbrain, where CPe
to differentiate in the telencephalow/nt gene expression is differentiates by E10.5 (Thomas and Dziadek, 1993). Wntl and
upregulated in the immediately adjacent cortical hem. Whnt3a are expressed next to the hindbrain site of choroid
Comparisons of gene expression patterns at E10.5 and E1plexus generation from E9.5 onwards (Parr et al., 1993), and
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Wnt2bis more weakly expressed in the same region by E11.35 littermate controls were assayed with in situ hybridization
(data not shown). Expression ®fnt2b elsewhere in part for expression of¥ntl, 2b, 3a, 5a, 7a, Fgéhd TTR.

resembles that of Wnt3Roelink and Nusse, 1991). At E10.5, At E12.5, the medial telencephalic wall in non-exencephalic
Wnt2b, like Wnt3ais expressed at the dorsal midline of theXt!/Xt! mice was composed of a curved, cortical structure (Fig.
neural tube and in the otic vesicle (Fig. 4H). However, at E10.5E), ending in a small wedge of tissue (Fig. 7E-G) that
Whnt2bexpression at the dorsal midline of the neural tube doegsembled the junctional epithelium at the base of the CPe in
not continue caudal to the isthmus (Fig. 4H), whek&¥a$3a  wild-type mice. However, no TTR-expressing, cuboidal
expression extends into the spinal cord (Roelink and Nussepithelium extruded from this wedge in aKy /Xt) embryo
1991). FurtheWWnt2h unlike Wnt3a, appears to function in the examined (Fig. 7F). Nor could expressionveéht2b, 3aor 5a
developing eye. By E10\Wnt2bis expressed in the pigmented be detected in adjacent tissue that might correspond to the
epithelium of the retina (Fig. 4H). Other sites Wt2b  cortical hem (Fig. 7G). Expression aWnt2b, 3aor 5a
expression include the nasal epithelium, and a part of thelsewhere in the telencephalon was either undetectable (Fig.

diencephalon (Fig. 1A, and data not shown.) 7A), or weak and diffuse (Fig. 7B). Nonetheled#yt2b, 3a
o S and5awere strongly expressed at other appropriate embryonic
Wnt2b, 3a and 5a expression is deficient in the sites, such as the otic vesicle (Fig. 7H), or nasal epithelium
telencephalon of the  extra-toes 7 mutant, and (data not shown)Vnt1, 2band 3awere additionally expressed
telencephalic CPe fails to form next to the fourth ventricle where TTR-expressing choroid

HomozygousxXt embryos and their littermates were recoveredplexus did form inXt) /Xt mice (Fig. 7A, and data not shown).
from Xt/+ intercrosses at E10.5, E12.5 or E16.5, ages that spdMR, Wnt2band3a were also expressed in some mutant mice
the period of normal telencephalic choroid plexus developmenat the dorsal midline of the diencephalon (Fig. 7A, and data
Consistent with a previous report (Hui and Joyner, 1993), noot shown). Thus, althoughWnt gene expression was
Gli3 expression was detectable by in situ hybridizationd¥t  downregulated in the medial telencephaloiXgf/Xt) mice, it
embryos. By contrast, in wild-type CD-1 or C3H mice betweermwas strikingly maintained at other sites, such as the hindbrain,
E9.5 and E12.5,Gli3 is readily detected throughout at which choroid plexus was successfully generated.
telencephalic neuroepithelium (Fig. 6A,B and data not shown), The deficiency of Wngene expression and the absence of
including the cortical hem, but not the choroid plexus epitheliun€Pe in the medial telencephalon of Bt mice at E12.5 did
(Fig. 6B and data not shown). Thu§li3 is expressed not appear to represent a simple developmental delay. Five
appropriately to affect the development of the cortical hem. non-exencephalicXt? /Xt! embryos examined at E16.5 still
Consistent with a previous description of the Harwell strairshowed neither CPe, assayed BYR expression, nor
of extra-toesmice, manyXt) /Xt) embryos (28/43 Xt/Xt!  detectable expression afint2b, 3aand 5ain the medial
embryos recovered) showed an exencephaly, probably due telencephalon (data not shown).
delayed closure of the anterior neural tube (Franz, 1994; Observations of XXt mice at E12.5 and E16.5 indicate
Johnson, 1967). In exencephalic embryos, a massive overgrovittat Wnt gene expression is deficient in the medial
of the midbrain partially enveloped the forebrain, and theéelencephalon of the mutant mice during the normal period of
morphology of the telencephalon was severely disrupted. AlsGPe formation. In wild-type mic&Vnt3ais expressed earlier,
consistent with previous descriptions (Franz, 1994), howevebefore the onset of CPe differentiation. Xt’ /Xt mice at
about one third of X{Xt)embryos (15/43 recovered) showed noE10.5,Wnt3aexpression in the medial telencephalon was weak
exencephaly, and no marked overgrowth of the midbrain. or undetectable (Fig. 7K), indicating th&ntgene expression
At E12.5, the telencephalon appeared smaller than norma compromised by the time the choroid plaque is forming and
in non-exencephaliXt’ /X! mice (Fig. 7A-D), but showed the medial telencephalon begins to invaginate.
several normal features of morphology and gene expression.Finally, observations of exencepha /Xt embryos were
For example, the embryonic cerebral cortex of nonconsistent with those of non-exencephalic mutants. In 27
exencephalicXt! /Xt! mice was defined, as in wild-type exencephalic brains, no telencephalic choroid plexus formed at
animals, by the strong expressionNgn2 (data not shown) either E12.5 or E16.5, as assessed by morphologiTé&r
and class Ill B-tubulin (Fig. 7E), and the formation of a expression, and no telencephalic expressidNmi2h 3aor 5a
neuronal preplate (Fig. 7E). Further, the dorsal midline hadias detected (data not shown). Exenceph@fibomozygotes
begun to invaginate to form the medial walls of thecan show severe malformations of the brainstem as well as
telencephalic hemispheres (Fig. 7E). Invagination at E12.frebrain, yet choroid plexus develops in the fourth ventricle
appeared less complete than in wild-type mice, so that in moahd in the diencephalon, adnt2band 3a are expressed at
Xt /Xt embryos, the two medial walls of the telencephalon didhese sites (data not shown).
not appose one another at the dorsal midline (compare Figs ) )
1A,C and 7B,D). Instead, the original roof of the telencephalofelencephalic expression of Fgf8 and Wnt7a
formed a broad ‘bridge’ region between the two hemispheregersists in the = extra-toes J mutant
(marked ‘b’ in Fig. 7B; see also Fig. 7D). A somewhat similarThe deficiency of Wnt gene expression in the medial
morphology has been described in mice deficient in Emxlencephalon does not reflect a general failure of
expression (Yoshida et al., 1997). To control for the effects afevelopmental control gene expression in the telencephalon of
grossly abnormal brain morphology on telencephalicXt! /Xt mice. For example, expressionfgf8, which may be
development, we compared exencephalic and noriavolved in directing regionalization in the forebrain
exencephalicXt! /Xt! mice, and present a detailed analysis of(Shimamura and Rubenstein, 1997), was at least partially
non-exencephalicXt! /X! mice only. Brains from 15 non- maintained in Xt/Xt embryos (Fig. 7D). In wild-type mice at
exencephaliXt! /Xt embryos, 28 exencephalic embryos, andE12.5, Fgf8 is expressed in the medial wall of the
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Fig. 5. Late embryonic expression of
Whnt2band 5ain the medial wall of the
telencephalon. Coronal sections
through the medial telencephalon fro
E13.5 — E16.5. Medial is to the left.
(A) At E14.5, Wnt2kexpression
(purple) marks the shrinking cortical
hem. The curving line of the
developing hippocampal pyramidal ¢
layer (h) is marked by expression of
class Il B-tubulin (brown). Pyramidal
neurons are generated in the underly
ventricular zone (vz), and an arrowhe f 5
points to the source of the first denta._ : oAy
granule neurons (Altman and Bayer, 1990). erch hem therefore does not overlap with known sources of hlppocampal neurons at E14.5.
(B) High magnification of developing fimbria fornix (ff) at E15.5. Ventricle is to the left. Wex@bession marks a thin layer of cells along the
ventricular side of the ff. (C,D) Between E13.5 and E1W/Bt5aexpression marks the shrinking hem (asterisk in C, and see label along the ff
in D), but also labels head mesenchymal cells (arrowhead in C), postmitotic hippocampal neurons in the developing pyrayedal cel

(arrows, C), and the dentate gyrus (dg in D). Bar in B,|I22FA); 55 ym (B); 110 ym (C); 140 pn (D).

E135 D E16.5

telencephalon just rostral to the site of multipnt gene  extruded from the medial edge of the telencephalon (Fig. 7J),

expression (data not shown). X¥ /Xt embryos, FgfSvas indicating that cells continue to accumulate at this site,

strongly expressed in a comparable position along the dorsptesumably by cell proliferation, but that the cells do not

midline of the telencephalon in the ‘bridge’ region between thelevelop as CPe. By contrast with developing wild-type CPe

two hemispheres (Fig. 7D). (Fig. 71), this extruding tissue did not show a simple columnar
Perhaps most striking was that expressiolVot7a, which  or cuboidal morphology, nor was it observed to be invaded by

normally appears in the lateral and dorsal telencephalon (Fighesenchymal cells (Fig. 7J). No T&Roression was observed

1C), persisted in the telencephalon of E12.5Xf embryos at this site, and neither Ngnir class Il B-tubulin were

(Fig. 7C). Thus, of the several Wgnes examined, all and consistently expressed within the extruding tissue.

only those normally expressed in the cortical hem are deficient

in Xt /Xt) embryos. Further, expression of these Wértes is  p1SCUSSION

markedly deficient in the telencephalon, but not at several other

normal sites of expression, such as the hindbrain. Finallflhe Wnt-rich cortical hem and its relationship to the

correlating with these observations, choroid plexus is missinGPe

in the telencephalon, but not in the hindbrain. In vertebrate development, Wrjene expression marks

) ) signaling centers that regulate patterning in the spinal cord and
Cells accumulate at the medial margin of the brainstem (Parr et al., 1993; Bally-Cuif et al., 1995; McMahon
telencephalon in the  extra-toes 7 mutant, but do not and Bradley, 1990). In the present study, we have drawn on this
develop a CPe identity observation to identify a potential source of patterning signals

In several non-exencephalic?XXt) mice, an amorphous tissue within the embryonic telencephalon. We find that the
expression of multiplewnt genes, including a previously
unreported mous@/ntgene, Wnt2b, marks out a longitudinal
strip of neuroepithelium in the medial telencephalon, which we
term the cortical hem. Th@/ntrich cortical hem forms the
boundary between the developing hippocampus, the most
medial part of the cerebral cortex, and the telencephalic
choroid plexus. We show that, in the Miouse mutant, a defect

in the cortical hem that includes downregulation of \gate
expression is associated with the loss of at least one of these
adjacent structures, the choroid plexus. Determining if the
hippocampus is also missing or mispatterned inthenouse
mutant remains for a future study that will employ molecular
markers of the hippocampal subfields (Tole et al., 1997).

The Wntrich cortical hem is a transient structure, in that it
appears to shrink as development proceeds, and cannot be
identified by Wngene expression in the postnatal animal. The
shrinkage of the cortical hem, as defined by gene expression, is
likely to be due at least in part to progressive cell loss. Apoptotic
cell death is increased, and cell proliferation is decreased in the
region of theWntrich cortical hem compared with adjacent
cortical neuroepithelium (Furuta et al., 1997; Maruyama and
D’Agostino, 1967; Sturrock, 1979; Zaki, 1981). Additionally,

Fig. 6. Telencephalic expression of
Gli3 at E12.5. (A) Dorsal view of a
CD-1 mouse brain at E12.6li3 is
strongly expressed throughout the
embryonic cerebral cortex. (B) A
coronal section through the same
brain.Gli3 is expressed throughout the hem :
neuroepithelium of the medial |2
telencephalic wall, including the
cortical hem (hem), but not in the
choroid plexus epithelium (cpe). Bar
in B, 850 im (A); 130 m (B). GIIS, s
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Fig. 7. In the medial

telencephalon of XtXt! mice,

Whntgene expression is

deficient, andf' TR-expressing

choroid plexus epithelium

does not form. (A-H,J) Brains

of non-exencephalixt! /Xt

mice at E12.5. (I) Section

through the cortical hem and

choroid plexus epithelium

(cpe) of a wild-type CD-1

mouse brain at E12.5. (K) A

wild-type mouse embryo at

“ E10.5 (left), and aXt! /Xt

littermate (right). (A) Medial

views of the two telencephalic hemispheres (t), and lateral view of

the brainstem and diencephalon from the same mouse. Rostral is

to the left. Wnt2b(purple) andT TR(brown) are expressed in the

hindbrain (arrowhead), but not in the telencephal@m

expression appears in the diencephalon (d) as well.

(B-D) Forebrain in dorsal (B,D) or lateral (C) views, rostral to the

left. Wntb5ais severely downregulated in the medial telencephalon

(B), but expression of Wnt#a maintained in the lateral and

dorsal telencephalon (C), and Fgf8ression is maintained in the

medial telencephalon (D). Note that in some non-exencephalic Xt
/Xt brains (B,D), the partially invaginated roof of the

telencephalon forms a broad ‘bridge’ (b) between the two hemispheres. (E-H) Coronal sections from a Sitbtecxise; dorsal is up. A

curving cortical structure has developed in the medial wall of the telencephalon (E), ending in a wedge-shape (arrowhead, F) similar to the ba

of the cpe in wild-type mice. Differentiating neurons have formed a preplate and estpsss$l S-tubulin (purple in E). Neither TTEF) nor

Wnt2b(G) are expressed at the margin of the medial telencephalic wall. Arrows in G indicate the site that may correspond to the cortical hem |

wild-type mice. By contrastVnt2bis strongly expressed in the inner ear (H). (1,J) Sections through the hem/cpe transition in a wild-type

mouse (1), and the comparable region inka#h Xt mutant mouse (J). In the wild-type mouse, two layers of the choroid plexus are developing:

the cpe, and the mesenchymal layer (cpm). By contrast, Xtthét) mouse, an amorphous tissue (arrows) extrudes from the wedge

(arrowhead) at the base of the medial telencephalic wall. (K) At E102] &tt) embryo (right) shows relatively normal Wnt@epression in

the spinal cord, hindbrain and diencephalon, compared with a littermate control embryo (left). The control embryo shaxprstssian of

Wnt3ain the cortical hem (arrowhead), but in the comparable region Xttiét’ embryo, Wnt3@xpression is barely detectable (arrowhead).

Barin A, 1.4 mm (A); 90@m (B,D); 700 pm (C); 220 pn (E); 110um (F-H); 55um (1); 150um (J); 1.2 mm (K).

however, the Wnt-rich cortical hem may shrink byrequired forthese processes. However, cells with a specific CPe
progressively contributing cells to adjacent structures. identity fail to develop. Could the absence of Wnt signaling at
Modern techniques of fate mapping will be required tothe cortical hem underlie this failure? Several observations
determine whether thé/nt-rich cortical hem contributes cells from the present study implicai#/nt gene function in CPe
to the CPe, the hippocampus, or both. However, classicdevelopment: the expression of multipfént genes in the
morphological studies suggest that at least some cells from tleertical hem surrounding the developing CPe; the cumulative
cortical hem are recruited into the developing CPe (Maruyamexpression ofWntgenes in the cortical hem before and just as
and D’Agostino, 1967; Sturrock, 1979; Zaki, 1981). Thethe CPe begins to appear; and the tight correlation ixXthe
cortical hem appears to be the thinning neuroepitheliummutant between Wrgene expression and CPe generation at
described in these studies as giving rise to the CPe, and geatifferent sites. However, thét) mutant is not equivalent to a
expression patterns support a close developmental relationshiuse line generated in a gene targeting experiment in which
between the CPe and the cortical hem. The entire stretch of tiént2b, 3a and 5a expression is selectively depleted in the
medial wall that includes the CPe, junctional epithelium andnedial telencephalon. That is, the loss of CPe in the
the cortical hem expressBsnpand Msxgenes (Furuta et al., telencephalon ofXt/Xt) mice could be due to th&li3
1997; MacKenzie et al., 1991; present study), as well as higteficiency directly, or to a consequence of B8 deficiency
molecular mass tropomyosins, which may regulate the cetither than the loss of Wnt signaling in the cortical hem.
shape changes and cell movements of choroid plexus Gli3 has not been detected in the embryonic CPe itself (Hui

morphogenesis (Nicholson-Flynn et al., 1996). et al.,, 1994; present study), therefore the development of
telencephalic CPe appears unlikely to depend on GIli3

Wnt gene downregulation and loss of telencephalic expression within that tissue. Howev&li3 is expressed in

CPe in the Xt/ mouse mutant embryonic head mesenchyme (Hui et al., 1994), &¥ntha

In non-exencephalic X£Xt! mice, we observed some thinning (present study). Therefore, a Glificiency could disrupt
of the neuroepithelium in the medial telencephalon, and aimductive interactions between the developing CPe and head
accumulation of cells, perhaps by proliferation, at the mediahesenchyme. Suggesting that this is not the primary cause of
edge of the telencephalon. Wnt signaling therefore may not libe loss of telencephalic CPe in /Xt mouse, the CPe can
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develop into a TR-expressing, cuboidal epithelium, althoughGli2 expression levels might be insufficient to maintain the
not a convoluted plexus, in the absence of mesenchymekpression of Wrgenes at the cortical hem.
interactions (Birge, 1962; Thomas and Dziadek, 1993). In the )
X /X mouse, CPe development appears to have stalled at &@nclusion
early stage, before cuboidal, TTR-expressing epithelium iBecause the medial walls of the telencephalic hemispheres are
detected, and therefore perhaps before signals from thHermed by the invagination of the telencephalic vesicle, the
mesenchyme become important. cortical hem arises from the dorsal midline of the telencephalic
Due to the low yield of non-exencephaXe’ /Xt mice (15 vesicle. The dorsalmost cells of the telencephalon, the CPe and
out of 225 embryos recovered), we have not explored othéhe hippocampus, are generated on either side of the cortical
possible gene expression defects at the cortical hem that migigm. In the developing spinal cord and brainstem, the
follow from the Gli3deficiency. For example, the expressionroofplate, which also lies at the dorsal midline of the neural
of BmpandMsxgenes remains to be examinedif/Xt'mice.  tube, directs development of adjacent dorsal cell groups via
Given the links between Wnt and Bmp signaling in othersecreted peptides encoded by members ofAtheand Bmp
systems, the two gene families appear likely to interact in thgene families (lkeya et al., 1997; Liem et al., 1995). Findings
development of the medial telencephalon too. In Drosophilafrom the present study suggest that the cortical hem should be
winglesss implicated in patterning the optic lobe, operating atinvestigated as a potential, analogous source of midline cues
least in part through regulation of the expression of théhat direct development of the dorsal telencephalon.
Drosophila Bmpfamily memberdpp (Kaphingst and Kunes,
1994). In the vertebrate neural tube, signaling from the We thank C. Ferguson and P. Mason for critical reading of the
ectoderm overlying the dorsal spinal cord, probably mediategl@nuscript and K. Bunge, R. Keogh, B. Lear, M. Machura, Y. Sheng,
by Bmp proteins, induce#/ntl expression, as well as other A. Wielenberg and C. Welker for technical assistance. cDNA reagents
markers of dorsal cell identity (Dickinson et al., 1995; Liem efYé"€ generously provided to us by D. Anderson, K. Artzt, N. Cowan,

. . . . Duan, B. Hogan, A. Joyner, G. Martin and P. Sharpe. This work
al., 1995; l\_/larc_elle et al._, 1997). 1If eXpreSS'O'B“’.“pfam"y was supported by a postdoctoral fellowship from the University of
members is disrupted in XXt mutants too, it will be

! . . Chicago Committee on Cancer Biology, an International Fellowship
important to test whether Wnt proteins are required to regulafgom the American Association of University Women (S. T.); a

Bmpexpression in the cortical hem, or vice versa, and wherRational Institutes of Health Short Term Training Grant (L. Y.); and

Gli3 might operate in this pathway. grants from the Brain Research Foundation (E. G., C. R.), the National
. ] . ) Institutes for Health (E. G.) and the March of Dimes (C. R.). E. G.
Gli3 regulation of cortical hem  Wnt gene expression and C. R. are senior co-authors of this report.

A parsimonious explanation for the deficiencyWht gene

expression in th&t /Xt mouse is that it is due to a direct
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