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The transcription factor neurogenin 2 restricts cell migration from the cortex
to the striatum
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SUMMARY

The dorsal and ventral domains of the telencephalon are a lacZ gene in the neurogenin 2 locus. In contrast, the
delineated by a unique boundary structure that restricts  migration of cells from the GE is not affected. Molecular
the migration of dorsal and ventral cells to a different and cellular analysis of the cortico-striatal boundary
extent. While many cells invade the dorsal cortex from the revealed that neurogenin 2 regulates the fasciculation of the
ventral ganglionic eminence (GE), hardly any cortical cells cortico-striatal boundary which may explain the non cell-
cross the boundary into the GE. Several molecules have autonomous nature of the migration defect as detected by
been implicated in the regulation of ventral to dorsal cell in vitro transplantation. Taken together, these results show
migration, but so far nothing is known about the molecular  that distinct cues located in the cortico-striatal boundary
mechanisms restricting cortical cell migration in vivo. Here  restrict cells in the dorsal and ventral telencephalon.

we show that in the absence of the transcription factor

neurogenin 2, cells from the cortex migrate into the GE in  Key words: Cortico-striatal boundaaxg Mash1, DIx, SFRP2

vitro and in vivo as detected in transgenic mice containing Mouse

INTRODUCTION migrate into dorsal regions to a much larger extent than dorsal
cells into ventral territories (Fishell et al., 1993; Anderson et
Regionalisation of the brain occurs during development bwl., 1997; Tamamaki et al., 1997; Chapouton et al., 1999;
formation of distinct neighboring compartments that develojavdas et al., 1999; Wichterle et al., 1999; Anderson et al.,
as independent units. This process involves molecular arD01). A dorsoventral boundary forms at approximately
cellular events, including differential gene expression and thembryonic day (E) 12/13 in the murine telencephalon,
restriction of cell migration between neighboring domains. Theeparating the dorsally located cortex from the ventrally
sequence of events has been best examined in the hindbrainp@ated ganglionic eminence (GE). Adhesive differences
region of the CNS that arises from 7 segmental units knowprecede the formation of the mechanical boundary formed
as rhombomeres (Lumsden and Krumlauf, 1996). In théy a radial glial fascicle (Stoykova et al., 1997; Inoue et al.,
hindbrain, transcription factors are differentially expressed i2001), similar to the development of boundaries between
neighboring rhombomeres, resulting in compartmentathombomeres (Guthrie and Lumsden, 1992; Wizenmann and
differences in cell surface properties that restrict cell mixingLumsden, 1997). The telencephalic radial glial fascicle is often
For example, the transcription factor Krox20 regulates theeferred to as the cortico-striatal boundary, since it separates
EphA receptor tyrosine kinase EphA4 in rhombomeres 3 antthe cortex from the lateral part of the GE (LGE) that will later
5 and signaling between ephrin receptors and their ligandgve rise to the striatum (Olsson et al., 1995). Cells in the
(expressed in even-numbered rhombomeres) then mediatesrtico-striatal boundary express some, but not all, genes
the segregation of cells at rhombomere boundaries (Xu artharacteristic for the dorsal telencephalon and this region has
Wilkinson, 1997; Mellitzer et al., 1999; Xu et al., 1999), suchtherefore been named ‘ventral pallium’ (Puelles et al., 2000).
that very few cells cross between adjacent rhombomerd$owever, boundary cells do not express genes characteristic
(Fraser et al., 1990; Birgbauer and Fraser, 1994). for the ventral telencephalon and the radial glia fascicle forms
Migrational restriction has also been observed in other parfast above this sharp border of gene expression. The molecular
of the developing CNS, but the mechanisms that regulate callents underlying the biased cell movements across this
migration elsewhere in the brain are less well understoodoundary, with more migration from the GE into the cortex,
(Figdor and Stern, 1993; Fishell et al., 1993; Anderson et althan from the cortex to the GE, remain largely unknown
1997; Tamamaki et al., 1997). In particular, it is not known howFishell, 1993; Anderson et al., 1997; Chapouton et al., 1999;
the asymmetry of cell migration between dorsal and ventralleyt et al., 1997; Tamamaki et al., 1997; Lavdas et al., 1999;
regions in the telencephalon is regulated. Here, ventral celWichterle et al., 1999).
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Recently it has been demonstrated that the cadherins restr&lpetriere, Paris, Franc@gnascin QGotz et al., 1997 \Wnt7b(A.
ventral to dorsal and dorsal to ventral cell movements at earlficMahon, Harvard University, Cambridge, MA, USA), SFRP2 (Kim
developmental stages prior to boundary formation (Inoue et akt al., 2001)DIx1, DIx5, Mash1(Casarosa et al., 1999; Toresson et
2001), whereas diffusible factors of unknown nature seem t@- 2000), ephrin AS and EphAS (L. Lindemann, FMI, Basel,
restrict the movements of cortical cells at later stages of devﬁ:rttﬁsﬂr?gg)’g%?&naiﬁizgﬁﬁx;(:g{ CKIec)I\r/]\;nMczlngtfrul\(lzigg;mogg}/’
opment (Ne){t et al., 1997). l':urthermor.e,. in the absence . bridizatio‘ns were performed as described previously (Cau et al.,
Pax6, a paired-homeodomain transcription factor that i 997).
normally expressed in the cortex, cell migration from the G
into the cortex is strongly enhanced, whereas migration fronmmunohistochemistry
the cortex into the GE is affected much less (Chapouton et aBrains were fixed and sectioned as described above. Sections were
1999). Patterning of the telencephalon is, however, severeiycubated in primary antisera over night at 4°C and fluorescently
distorted in the absence of Pax6 (Stoykova et al., 2000). Ftagged secondary antisera for 45 minutes at room temperature as
example, the expression domains of the basic helix-loop-heligescribed by Hartfuss et al. (Hartfuss et al., 2001). The RC2 antiserum
(bHLH) transcription factorseurogenin i(ngnZ, also known Was used 1:500 (mouse IgM, P. Leprince, University of Liege,
asNeuroc, ngn2(also known aziohd atonal homolog § | BELUT) s s8nel BLER 15000 (chlena bt
ggqurzﬁééégﬁlgt ?;le gg?&lefﬁht/hgh(;ig\?eelgpﬁéoéklg\r{.ace%hgll59'4 antiserum 1:10 (T. Hirata, Kyoto University, Japan). Sections were

’ " : . ) nalyzed using a Zeiss Axiophot or Leitz confocal microscope.

Mashl and ngn2 are expressed in a defined dorsoventra

pattern, withMashlexpressed at high levels in the developingMigration assay and transplantations

GE andngnl/2restricted to the developing cortex (Gradwohl300 pm thick slices of E14 telencephali were cut with a tissue

et al., 1996; Ma et al., 1997), consistent with a role for thesehopper, injected focally with EGFP adenovirus and cultured in

genes in specifying region-specific phenotypes, such as tillicell-CM inserts (Millipore) in DMEM with 10% FCS

migratory behavior of neurons (Gradwohl et al., 1996; Ma efChapouton etal., 1999). Photos of the slices were taken 24 hours and

al., 1997; Casarosa et al., 1999; Fode et al., 2000). In tK® hours after injection. Slices were prepqred.from indiyidual

absence afign2 Mash1is upregulated in the cortex while most embryos that were genotyped thereafter. Migration analysis was

other ventral transcription factors do not expand into the corte’?irformeOI blind and the genotype was revealed only after the number
&

. X . _Of migrating cells had been analyzed. Data is expressed as = s.e.m. In
(Fode et al., 2000). Therefore in this study we have examin nsplantation experiments a small piece (about300 um) of

whether the loss aign2and acquisition oMashlallows the  cqrtex from the EGFP mice (Okabe et al., 1997) was laid onto a host
spread of cortical cells into ventral regions. slice (fromngn22¢Zcrosses) and cultured for 24 hours. After fixation
in 4% PFA slices were examined using the confocal microscope.

MATERIALS AND METHODS

RESULTS
Animals

Wild-type (hgn2VTW1), heterozygousngn2VT1ac3 and homozygous  Ectopic cells in the GE of homozygous ~ ngn2'acZ
mutant agn2acZ/ac4 mouse embryos were obtained by heterozygousnice

crosses and were genotyped as described previously (Fode et id . il le f in 2 in th
2000). For some control experiments an EGFP knock-in mous éxamine a possibie Tole foeurogenin (ngn3 in the
(ngnZFP: Gerard Gradwohl and F. G., unpublished data) was crossé@striction —of cortical cell migration, we used X-gal
to angn22°Z mouse to obtain null mutants with only olaeZ copy.  histochemistry to visualize the distribution{®falactosidase-
For in vitro transplantation experiments, mice expressing the EGFPositive cells in mice heterozygousgn2V/ngn2ac?) and
(enhanced green fluorescent protein) transgene under the achimmozygousrign22c4ngn2ac?) for a knock-in allele ohgn?2
promoter (Okabe et al., 1997) were used. The day of vaginal plug was which coding sequences had been replaced bateene
considered as embryonic day 0 (EO). (Fode et al., 2000). Mice with only one mutant allele have
. ) I e previously been reported to show no phenotype (Fode et al.,
>T(?arl1 h'sf CI? emI'iStry wdrm suiufrhynl:;rllcihza;lo; thick with a ti ZOQO_). Consistent with this, the pattern [B)Qal_actomdase
elencephalic slices were cut frontally (30t thic a ISSU€  staining in the telencephalon n§n2Vngn2acZ mice at E14

chopper (Mclllwain) or 10@um thick with a vibratome (Campden), . .
fixed in 0.5% glutaraldehyde and stained following standar !osely resembled the expression patterngsf2with a strong

protocols. For the combination with in situ hybridization, telencephalSignal in the cortex and a sharp limit at the border to the
were fixed in 4% paraformaldehyde (PFA) for 1.5 hours at 4°cUnstained GE (Fig. 1A). As previously reported (Fode et al.,
cryoprotected and 1pm sections were cut using a cryostat and2000), X-gal staining was present not only in the ventricular
stained as described by Houzelstein and Tajbakshs (Houzelstein andne (VZ) of the cortex, whergn2expressing precursor cells
Tajbakshs, 1999). Digoxigenin-labeled RNA probes were made by iare located (Gradwohl et al., 1996), but also in postmitotic
vitro transcription using the NTP labeling mix from Roche and T3,neurons of the cortical plate that do not normally expngag

T7 or SP6 polymerase from Stratagene. The following RNA probeshe persistence di-galactosidase activity in comparison to

were used:lacZ (A. Stoykova, F. Cecconi, MPI of Biophysical i ; ;
Chemistry, Goéttingen, Germanyhgn2 (Gradwohl! et al., 1996), Lh;lfelz}gogfe rt]f? g se[?‘rz(;t%lg l[ssggs;g()plszgfod gty ;Te(ﬁilgfgviil L?Ing
Math2 (Bartholoma and Nave, 19943ax6 (Stoykova et al., 1996), 2001 ) "
R-cadherin(Cdh4 (Mastunami and Takeichi, 199%jadherin 6and )]'_ . . .

11 (Cdh6, Cdh1l (Inoue et al., 2001) (M.Takeichi, University of A Similar pattern of X-gal staining was_detected in
Kyoto, Japan)cadherin 8(Cdhg (Korematsu and Redies, 1997); homozygous mutant I|ttermatesng@2302/ngn2_a_cz), with a
sSlit1, Slit2, Slit3 Robol Robo2 (Y. Rao, Washington University sharp border between tifiegalactosidase-positive cortex and
School of Medicine, St. Louis, MI, USA; A. Chédotal, Hopital de lathe negative GE. However, in contrast with the heterozygous
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situation, a large number of ectopic X-gal-positive cells wert Table 1. Adenovirus injections into the cortex

i acZ acZ mi i .
scattered in the GE oign22°Z/ngn22°Z mice (Fig. 1B; 50+19 Single injections Several injections
cells per sectiom=10), with most ectopic X-gal-positive cells_ in the cortex in the cortex
located in the rostral half of the telencephalon, and few i % of slices Mean number % of slices Mean numbe
the caudal half. A further difference observed_ betw.eel with cells  ofcellsin  with cells  of cells in
heterozygous and homozygous embryos was the intensity in the GE the GE in the GE the GE
X-gal staining. In heterozygous mice (Fig. 1AB- g2’ 17%,n=29  0.3:t0.1  51%n=39  1.4:0.4
galactosidase activity was weaker in the cortical plate (CFngn2/- 33%,n=30  0.8£0.4  72%p=19  2.310.6
than in the ventricular zone (VZ), whereas it was equally stronNormalized to WT ~ x1.9 x2.7 x1.4 *1.6

throughout the cortex of homozygous mutants (Fig. 1B). W
next examined whether ectopic cells were also observed
homozygousngn2 mutants carrying only ondacZ allele.  1). However, as the total number of cortical cells infected and
Heterozygousngn2VT/ngn22¢Z and ngn2V/ngnZFP mice  migrating into the GE was low in these experiments, the
were crossed and generategdnZFP/ngn2acZ homozygous significance of the differences was difficult to evaluate. To
mutant embryos that contained similar numbers of ectopic celtsvercome this problem we increased the number of infected
in the GE as observed imgn22°Z/ngn2acZ mice (Fig. 1D). cells and thus the probability of observing cells crossing the
Thus, the appearance of ectopic X-gal-positive cells in the GBRoundary by placing several injections on the cortical side of
and increased signal in the CP is not due to the increased capye boundary. In these high-density infections, 51% of wild-
number oflacZ in homozygous embryos, but to the loss oftype slices had cells crossing the boundary; a number which
ngn2function. was further increased to 71% in slices obtained from
If the ectopic cells in the GE were due to migrational spreailomozygous mutant littermates. Moreover, the mean number
from the cortex, one might expect their accumulation oveof cells crossing the cortico-striatal boundary increased 1.8
time. We therefore analyzewjn22°Z mice three days later, at fold in ngn2mutant compared to wild-type slices. In contrast,
E17, and observed twice as many ectopic cells in the Gthe migration distance into the GE was comparable (wild type:
(95+19 cells per sectiom=10) than at E14 (569 cells per 315+39 um; ngn2’— 371+45 um respectively). Thus, as
section,n=10). Interestingly, cells had spread deeper into theuggested by the low-density viral infections, there is a
GE at E17 than at E14 and ectopic cells were also located gignificant increase in the dorsoventral migration of cortical
the ventricular zone of the GE at E17 where no cells wereells inngn2mutant slices.
detected at E14 (Fig. 1F). Indeed, an additional hint for an We also examined whether the boundary inndpe2mutant
unusual cell migration from the cortex into the GE in thetelencephalon is more permeable to cells from the GE, by
ngn2acZingn2acZ mice is that many3-galactosidase-positive injecting EGFP-adenovirus in the GE of E14 wild-type and
cells in GE exhibit the morphology of migrating cells, with anngr2—-telencephalic slices. As previously observed, GE cells

elongated cell body and a leading process (Fig. 1G). migrate into the cortex much more frequently than cortical

o ) cells migrate into the GE (Tamamaki et al., 1997; Anderson
Dorsoventral cell migration from the cortex into the et al., 1997; Chapouton et al., 1999; Lavdas et al., 1999;
GE in homozygous ngn2/acZ mice Wichterle et al., 1999; Anderson et al., 2001). In most of the

To directly examine if the loss afgn2 function affects cell injected slices (79%), cells from the GE had migrated into the
migration, we used a previously established assay involvingortex 2 days after labeling and no difference was detected in
the focal injection of an EGFP-expressing adenovirus intéelencephalic slices from homozygaugn2mutants (GE cells
telencephalic slices (Chapouton et al., 1999). Cortical slicemigrated into the cortex in 89% of slices, see Table 2). Thus,
(300 um) from E14 wild-type andign2 mutant littermates the absence afgn2does not affect cell migration from the GE
were infected close to the cortico-striatal border with an EGFHRnto the cortex, but only from the cortex into the GE.
adenovirus as depicted in Fig. 2. Note that the sulcus between
the cortex and GE allows the identification of the dorsoventrafellular and molecular changes at the boundary
boundary for more than 2 days in vitro (Chapouton et albetween cortex and GE in homozygous — ngn2/acZ
1999). As observed previously (Chapouton et al., 1999), fefpice
cells infected in the cortex of E14 wild-type mice crossed th®ecause cortical cells ilgn2deficient brains are able to cross
boundary into the GE, 18 or 45 hours post-infection (Fig. 2A)the boundary into the GE, we tested whether this boundary is
with ectopic cells found in the GE of only 17% of slices andaffected in the mutant. A prominent radial glial fascicle labeled
a mean number of 0.3 cells crossing the border per slice (Talby RC2 and BLBP antisera delineates the cortex and the GE
1). In contrast, many labeled cells were observed to migrafeom E12 onwards (Edwards et al., 1990; Stoykova et al., 1997;
within the cortex, confirming that infected cells retained theiHartfuss et al., 2001). While the characteristic fasciculation of
migratory capacity (Fig. 2A). RC2- and BLBP-immunoreactive radial glial fibers was
EGFP-adenovirus infection of slices from the telencephalopresent, it was less tight in the homozygog2 mutant
of ngn2 homozygous mutant embryos revealed an increaseelencephalon compared to wild-type littermates (Fig. 3A-D).
capacity for mutant cells to migrate from the cortex into theThis was seen throughout the rostrocaudal extent of the
GE. In the example shown in Fig. 2B, four infected corticaboundary. Similarly, immunostaining of the 9-4c1c9 antigen, a
cells migrated into the GE 45 hours after infection. Amarker for boundary radial glial cells, also revealed a certain
guantification of this effect in several embryos indicated thatlefasciculation of radial glia fibers at the boundary in the
migration from the cortex into the GE was doublechgn2  homozygousign2mutant telencephalon (Fig. 3E,F).
homozygous mutants compared to wild-type littermates (Table We also examined whether molecular changes in border
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ngn2WT/ngn2'az ngn2hZ/ngn2 sz ngn2WT/ngn2cz ngn2&m/ngn2'asz

E14

A we B C D

ngn2VYT/ngn2'scZ ngn2e</ngn2ia=z ngn2&Z/ngn2 ez

E17

ﬁ 25um

Fig. 1. Ectopicp-galactosidase-containing cells in the ganglionic eminenogri#2°Z/ngn22cZ mice. Sections of the telencephalon from
ngn2acZKl mice at E14 (A-D,G) and E17 (E,F) showing the expression patt@galactosidase in blue. (Agn2Vngn2acZheterozygous,

and (B)ngn2acZKiingn2acZKihnomozygous littermates. The heterozygous mutant reveals a sharp boundary of X-gal staining between the
positive cortex (CTX) and the negative ganglionic eminence (GE), whereas the homozygous mutant cont@itmlaetosidase-positive
cells scattered in the GE. The arrow in B indicates the absence of ectopic cells in the ventricular zone (VZ) of the (&5} o ¢ater stages
(E17; F). CP indicates the cortical plate containing postmitotic neuronsg@y/ngn2acZ heterozygous, and (PignZFF/ngnJacz
homozygous mutant littermates. In the homozygous mutant carrying onlgaztedlele (D), a similar number of ectopic cells are present in
the GE, as in the homozygote (B). (En2VngndacZheterozygous, and (Fgn2acZngn2acZhomozygous littermates at E17. The number of
ectopic cells in the GE has increased compared to E14. The arrow in F indicates ectopic cells in the ventricular zone(Gf) tHegBd
magpnification of the ectopic cells in the GEngih22cZ/ngn2acZhomozygous mutants at E14. The arrows indicate cells with morphologies
characteristic of migratory neurons. Scale bar in A-F,[rf@0in G, 25um.

cells had occurred ingn2mutants. Interestingly, a molecular al., 1999). In particular Slit2 has a prominent expression
marker of the boundary region, the soluble frizzled-relatedlomain along the boundary between the cortex and GE at E16,
protein 2 (SFRP2) (Kim et al., 2001) also showed a broadex pattern that is not affectedngn2mutant mice (not shown).
expression domain in thegr2—'- telencephalon compared to Cadherin-mediated cell adhesion has also been implicated in
wild-type littermates (Fig. 3G,H). In wild-type embryos, restricting the intermingling of cells from the cortex and the
SFRP2is most strongly expressed in the VZ of the ventralGE (Gotz et al., 1996; Inoue et al., 2001), but no changes were
pallium, the border region extending from the GE to theobserved in the expression of R-cadherin, cadherin 6, 8 and 11
cortico-striatal sulcus (arrow in Fig. 3G). In ther2”~  in the ngr2-- telencephalon (data not shown). Likewise, the
telencephalon, however, tB&RP2expression domain spreads expression patterns of ephrins (ephrin A5, B1, B2 and B3) and
above the sulcus into the cortex (Fig. 3H). This enlargement d&&ph receptors (EphA5 and A3) were unaffectechgm2/-
SFRP2 expression imgn2 mutants was observed at all . S ] o
rostrocaudal levels of the cortex. In contrast, expression ¢ Table 2. Single adenovirus injections into the ganglionic

Wnt7bthe SFRP2igand, was not affected in the lateral cortex eminence

of ngn2 mutants (data not shown, analyzed at E14 and 17 % of slices with Mean number of
Similarly, we did not see any changes in the expression patter cells in the cortex cells in the cortex
of Slitl, 2, 3 or Robol, 2 (data not shown), secreted molecule ngn2* 79%,n=19 5.5

and their receptors that were previously suggested to play ngn2/- 89%,n=9 6

role in tangential cell migration in the telencephalon (Zhu e Normalized to WT x1.1 x1.1
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Fig. 2. Cortico-striatal cell
migration is increased in
ngnZacZingn2acZ mice

EGFP adenovirus was
injected focally in the cortex
of a telencephalic slice from
wild-type (A) and a
homozygousgn2mutant
littermate (B) at E14.
Micrographs were taken 18
hours and 45 hours after the
virus injection as indicated in
the figure. The phase contrast
micrograph and fluorescence
micrograph after 18 hours
depict the position of the
injection site in the cortex
and the dashed line indicates
the cortico-striatal boundary.
Note that cells spread further
away from the injection site
after 45 hours. No cortical
cells have migrated into the
GE in the wild-type
telencephalic slice, while 4
cortical cells have entered the
GE of angr2-~mouse. Scale
bars, 20Qum.

telencephalon (data not shown). Thus, no defects wetéis transplantation assay by putting small pieces of ‘green’ GE
observed in the expression of cell surface and signalin14) onto a slice of the GE from a wild-type telencephalon
molecules known to regulate cell adhesion and migration in thg14). A mean of 96:8.2 green cells per slica£4) migrated
developing telencephalon ofir2—-mice, except a broadening from the GE into the cortex during 1 day in vitro. In contrast,
of the boundary between the cortex and the GE at cellular awghen pieces of green mouse cortex of comparable size were

molecular level. transplanted onto the cortex of slices from E14 wild-type
o telencephalon, only very few green cells crossed into the GE
Non cell-autonomous effects on cell migration in (5.5+1.2 green cells in the GE/slia&s42). This experimental

ngn2-- telencephalon
If these alterations in the cortico-striatal boundary were

significant, wild-type cells should also be affected in theil Table 3. GFP-cortex transplants

migration across amgrfz—/— telencephalic border. To test this Mean number Mean number

idea, we used an in vitro transplantation approach an Transplant of migrating  of migrating  GE cells/
transplanted small pieces of cortex or GE from ‘green mice’ area cells in cellsin  total number
a transgenic line that expresses EGFP ubiquitously in all cel (mm?) the cortex the GE of cells
(Okabe et al., 1997), onto slices nfr2—- or wild-type  wrt 0.364 266262 3+1.2 1.1%
telencephali. We first verified that the normal migrationalngn2’- 0.406 42457 16+4.9 3.7%

properties at the corticostriatal boundary were maintained iNormalizedto WT 1.1 1.6 x5.3 3.4
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ngn2++ ngn2- we observed a clear increase in the number of cortical cells
crossing into the GE compared to transplants placed on slices
from wild-type littermates. While on a wild-type cortex a mean
number of 2.9+1r{=12) green cortical cells had entered the
GE after 1 day in vitro, more than five times as many cells
(16.3+5; n=12) had crossed the boundary onngr2--
substratum. Thus, wild-type cortical cells spread to a larger
extent into the GE on agr2—/~ versus a wild-type substratum
(Table 3). Two possible mechanisms could lead to this result:
first, migration is enhanced on thgrn2-- telencephalon, or,
second, the mutant boundary is more permissive for cortical
cells to enter the GE. Indeed, a higher number of cells migrated
out of transplants placed ongr2-- telencephalic slices
compared to wild-type slices (1.6-fold increase; Fig. 4B; Table
3), suggesting that the mutant cortex is a more permissive
substratum for migration than the wild-type cortex.
Nevertheless, taking this difference into account by
normalizing the proportion of cells entering the GE to the total
number of migrating cells, there were still more cells crossing
Repim, the boundary on a mutant substratum (3.7%0.7%) than on a
wild-type substratum (1.2%+0.5%; Fig. 4C; 3 fold increase on
ngr2-"- substratum; Table 3). This suggests that the boundary
between the cortex and the GE has become more permissive
for cortical cells in the absence n§n2and that the loss of
ngn2is not required in the migrating cells since wild-type cells
also react to the substratum changesgr®2'- slices.

RC2

BLBP §

9-4

Fate change of ectopic cells in the GE of  ngn2/acZ
mice
The results shown above strongly support the interpretation
that the X-gal-positive cells detected in the GEngh2acZ
mice are indeed cortical cells having crossed the cortico-striatal
border. Do these cells maintain their cortical identity in a GE
SFRP2 ir environment or do they acquire the identity of GE cells? We
therefore examined the expression of several transcription
factors specific for dorsal or ventral regions in the developing
telencephalon. First, we analyzed whether X-gal-positive cells
il still expressngn2transcripts (using aeurogenin Ziboprobe,
X which hybridizes to a region still present in the mutated gene)
¥- or thelacZ gene at ectopic positions. In the cortex, as expected,
most of the X-gal-positive cells express theZ mRNA (Fig.
5A). In contrast, the X-gal-positive cells in the GE did not
contain detectable levels tzcZ (Fig. 5A) orngn2transcripts
(data not shown). Thus, expression fromria2locus seems
to be down regulated after cortical cells have crossed the
200um boundary into the GE. Interestingly, the same was observed for
expression of the transcription factor Pax6, which is expressed
Fig. 3.Broadening of the cortico-striatal boundary in in many cortical precursors, but only at very low levels in the
ngn22°Z/ngn22Z mice. Cortico-striatal boundary markers as GE. Indeed, mosB-galactosidase-positive cells in the cortex
indicated in the panel were detected in sections of telencephali at expressPaxg while most ectopic cells in the GE did not.
E16 (A-D) or E14 (E-H) in wild-type (A,C,E,G) amjn2 N Interestingly, the few X-gal-positive cells that retairreaké
Pomog.V?O‘lJ.S ?‘b”ta”t "ttem:]atesh(B’DaFﬁH)f' (r'f"':) ém?“lllr‘ﬁta'“.'f}gs transcripts were still located close to the boundary (data not
or radial glia fibers. Note that the width of the radial glial fascicle g0y "\we also examined the expressiomath2, a bHLH
(indicated by carets) in A-F and the territory of SFRP2 expression A . oo
(indicated by arrows) (G,H) are enlarged in the absence of Ngn2. TﬁEanSC”ptlon factor expressed in POStm'tOUC neurons of the
yellow arrows in E and F indicate the cortico-striatal sulcus. cortex, but not the GE (Bartholoma and Nave, 1994; Fode et
al., 2000) and found th@tgalactosidase-containing cells in the
GE of ngn2acZ/ngn2acZ did not expressMath2 (Fig. 5B).
paradigm thus respects the typical asymmetrical restriction &imilar results were also obtained with the riboprobeRer
the cortico-striatal boundary. cadherinthat is contained in both neurons and precursors in
When we transplanted pieces of green fluorescent corteéke cerebral cortex, but not in the GE (data not shown). Thus,
onto the cortex of slices fromgr2—-telencephalon (Fig. 4A) cortical cells entering the GE lose their dorsal identity, raising

e
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W cells in the GE
cells in the cortex

450 &

200 424

number of migrating cells
MG
g

WT ngn2

C % of crossing cells

aowT
|@ngn2~ |

Fig. 4.Non cell-autonomous effect on cortico-striatal cell
migration inngn22cZngn2acZ mice. (A) Example of a
homotypic transplantation of a small piece of cortex from a
‘green mouse’ (Okabe et al., 1997) onga2~E14 cortex slice
fixed after 1 day in vitro. Note that most GFP cells have
migrated within the cortex and some of them have crossed the
boundary (dashed line) into the GE (arrows). (A’) High power
view of part of the explant shown in A (see arrows for
reference). (B) Quantification of the cells emigrating from
transplants of wild-type cortex on slices from wild-type or
ngr2--littermates. Note that the overall number of migrating
cells, as well as the number of cortical cells entering the GE, is
higher on angr2-"- substratum compared to wild type. (C) The
histogram depicts the proportion of all cells emigrating from the
1% cortex transplants that enter the GE (see B). Note that three
MU times as many migrating cells cross the boundary into the GE
X on angr2~-substratum than on a wild-type substratum.

the question of whether they instead acquire a ventral identifgopulations of cortical precursors (Nieto et al., 2001). In

in their new environment. the cortex of ngn2acZngn2acZ mice, however, mosf3-
Mashl is a bHLH transcription factor expressed in the GEgalactosidase-positive cells also expredgledhl consistent

but only at low levels in the cortex (Casarosa et al., 1999; Fodeith the notion thatMash1l functionally replacesagn2 and

et al., 2000). However, in the absence r@jn2 Mashl thereby misspecifies cortical precursors (Fig. 5C). Also, most

expression is up regulated in the cortex (Fode et al., 2000). bf the ectopic B-galactosidase-positive cells in the GE

the cortex ofngn22cZingn2VT mice mostp-galactosidase- expressedMashl (Fig. 5C). Although the endogenous

positive cells in the cortex did not contdifashltranscripts, expression pattern dflashlin the GE is restricted to the VZ

suggesting thahgn2 and Mash1 are expressed in different and SVZ (Bulfone et al., 1993), ectopic X-gal-positive cells
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outside the VZ were clearlylashtpositive. Since, however, on wild-type orngr2-- slices. The number of cortical cells
cortical cells also expresdashlin the absence aign2 we entering the GE imgr2-- mice was relatively small, but
examined other ventral markers, suchdg5 that are not seemingly accumulates with time. Within 3 days the number
expressed by thg-galactosidase-positive cells in the lateralof ectopic lacZ-positive cells in the GE ohgr2-~ mice
cortex abutting the LGE (Fig. 5D). Interestingly, all ectopicdoubled. Moreover, ectopic cells were found at more ventral
B-galactosidase-positive cells in the GE contairetk5  positions than at earlier stages, suggesting that they continue
transcripts suggesting that they start to expbésSwhen they  to migrate during this period. Consistent with the formation of
enter the GE (Fig. 5D). Taken together, these results suggele boundary at E12/13, we observed the earliest ectopic cells
thatngn2deficient cells migrating from the cortex into the GEaround this time in thengri2”~ mice (data not shown),
lose their cortical identity and acquire the identity of their hossuggesting that the number of ectopic cells observed at E14 is
region. already the result of about 2 days accumulated migration. Thus,

a relatively small leakage of cells from the cortex across the

boundary may result in a considerable number of ectopic cells
DISCUSSION during development.

Ngn2 is expressed in the cortex, but not in the GE (Gradwohl

This is the first report identifying a gene required for theet al., 1996; Ma et al., 1997; Fode et al., 2000). The loss-of-
restriction of cortical cells in their territory. The absence offunction condition of Ngn2 could therefore result in either cell
neurogenin 2in the dorsal region of the developing autonomous defects of cortical cells, e.g. by regulation of
telencephalon, results in a leakage of dorsally derived corticaéceptor molecules on the migrating cells, or in non cell-
cells into the ventral region of the GE. This conclusion isautonomous defects of properties of the migration substratum
supported by in vivo tracing of cortical cells expresday  in the cortex and/or the boundary region. We have two sets of
in the neurogenin 2locus and by the observation of cell evidence that favor the latter interpretation, but do not exclude
migration in slice preparations in vitro. We could further showthe former. First, the radial glial fascicle forming the cortico-
that the loss of neurogenin 2 leads to subtle changes in tewiatal boundary is less fasciculated in theyr27-
boundary region between the cortex and the GE which are alsalencephalon compared to wild type, and expression of
recognized by wild-type cortical cells. Since migration of cellSSFRP2, the molecular marker of this boundary region, is
from the GE is not affected, we conclude that neurogenin 2 ixpanded. While these changes are very subtle, they are clearly
required for boundary features recognized specifically byon cell-autonomous and relevant for migrating cells as
cortical cells. Thus, these data show that distinct moleculesemonstrated in our in vitro transplantation experiments. Thus,
regulate boundary properties responsible for restricting dors&dlgn2 regulates specific features of the cortico-striatal
and ventral cells. This is an important step forward irboundary required for the tight restriction of cortical cells.
unravelling the molecular signals that endow the telencephalicells from the GE, however, do not recognize these changes
boundary with its unique feature of asymmetry, allowing asince their migration into the cortex is not affected. Thus, the
larger number of ventral cells to cross in the dorsal territoriemolecules regulated by Ngn2 in the boundary affect only the

than dorsal cells to migrate ventrally. restriction of cortical, but not striatal cells. This feature
obviously distinguishes the telencephalic border from

Distinct migrational restriction of cells from the rhombomere boundaries where the same molecules are

cortex and GE responsible to restrict cells on both sides of the boundary

Migration of cells from the GE into the cortex has recently(Mellitzer et al., 1999; Xu et al., 1999). A prominent boundary
gained a lot of attention, since it is thought that these cells are the diencephalon, the zona limitans also shows unique
the source of most interneurons in the cortex (Anderson et afgatures (Zeltser et al., 2001), suggesting that boundary
1997; Anderson et al., 2001; Pleasure et al., 2001). Analysis efructures are highly specialized in different brain regions.
mouse mutants and in vitro experiments have revealed several
molecules that are required for, or act positively on, thi$omparison of tangential migrationin  Pax6 and
ventrodorsal cell migrationDlx1 and 2 (Anderson et al., gnZ mutant mice
1997); Nkx2.1(Sussel et al., 1999Mashl(Casarosa et al., Our previous analysis of cell migration in tRax6 mutant
1999); Slit (Zhu et al., 1999)HGF (Powell et al., 2001)]. In  mice Small eygChapouton et al., 1999) showed a prominent
contrast, the strict confinement of cortical cells in their territoryincrease in ventrodorsal and a weaker effect on dorsoventral
is much less understood. There are two general possibilities oéll migration. The latter is comparable in its extent to the
how such a selective restriction of cells on the two differeneffect seen in thegn2deficient mice analyzed in this study.
sides of the boundary could be achieved. Either, dorsal anddeed,ngn2is also down regulated in the cortex and spinal
ventral cells react differently to the same inhibitory cues in theord of Pax6 mutant mice (Stoykova et al., 2000; Scardigli et
boundary, or the boundary region contains distinct cueal., 2001), consistent with a similar effect on cortical cell
restricting selectively dorsal or ventral cells. Our data favor thenigration in both mutants. In addition, the loss of Pax6
latter possibility for the following reasons. function affects the restriction of cells from the GE, whij@?2

The loss of Ngn2 affects only the migration of cortical cellsdoes not. Thus, molecular changes present inPdpes’~
but not of GE cells. This is concluded from our migrationtelencephalon, but absent in thegri2”~ mice should
analysis using focal injections of EGFP adenovirus into the GEpecifically affect GE cell migration, while changes present in
or the cortex in telencephalic slices. ngr2—- slices more both mutants are likely involved in the defects in cortical
cortical cells migrated into the GE than in wild-type slicesmigration.
while no difference was detected in the migration of GE cells Indeed, thePax6 mutant mice exhibit more pronounced
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Fig. 5.Cortical cells entering the GE inign2acZ/ngnZacZ mice

acquire a ventral identity. (A-D) The cortico-striatal border in
sections of the telencephalon from Eigh2acZingn2acZ mice

stained fo3-gal (blue) and hybridized with the probes indicated in
the panel (purple ring). Sections are oriented with the cortex to the
left and the GE to the right. Double-positive cells are indicated by
arrowheadsf-galactosidase-positive cells negative for the respectiv
transcripts are marked by an arrow. Note that ectopic cells lose
expression of cortical gendag¢Z in thengn2locus in A andMath2

in B), while they maintain (C) or acquire (D) expression of ventral
genes such adashlor DIX5, respectively.

changes within the cortex and the boundary tign2-—mice.
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B2 expression are down-regulated in the cortex of Rae6
mutant (P. C. and M. G., unpublished observations) (Stoykova
et al., 1997; Kim et al., 2001), while these molecules are not
affected in thengr2—~ telencephalon, with the exception of
the broader SFRP2 expression domain. Besides cell surface
or extracellular signaling molecules, the expression of
transcription factors changes dramatically in Bax6 mutant
cortex. In particular, gene expression normally restricted to the
ventral telencephalon, such k1, MashlandGsh2 spreads
into the cortex in thd?ax6 mutants (Stoykova et al., 1996;
Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001).
Obviously this ventralization might endow cortical cells with
ventral cell surface properties allowing the mixing of cortical
with striatal cells (Stoykova et al., 1997; Chapouton et al.,
1999). Similarly, Mashl DIx1, DIx5 and GAD67 are up
regulated ectopically in the cortexmgr2-—mice (Fode et al.,
2000). However,GAD67, DIx1 and DIx5 are ectopically
expressed only in medial cortical regions and hence could not
affect cells close to the cortico-striatal boundary (Fode et al.,
2000). In contrastMashlis expressed throughout the cortex
in precursor cells and hence could mediate cortical cells
acquiring ventral cell surface identities allowing them to mix
with GE cells. To test this hypothesis, we examifiegal-
positive cells imgn2;Mashldouble mutants (Fode et al., 2000;
Nieto et al., 2001). Ectopig-gal-positive cells in the GE also
occurred inngri2-- andngn2;Mash1mutants, suggesting that
the ectopic expression dashlin the cortex is not required
for the spread of cortical cells into the GE in the absence of
Ngn2. Thus, the loss of Ngn2 is sufficient to cause a leakage
of cortical cells into the GE, consistent with the suggestion that
Pax6 might regulate the cues responsible for the restriction of
cortical cells in their territory via Ngn2.

Fate change of ngn2 mutant cortical cells in the GE

The tight delineation of adjacent brain regions avoids the
leakage of cells from one territory into the other. Such a
leakage would result in a foreign cell population in the adjacent
brain region with the danger of these cells differentiating into
neurons with the wrong physiological properties. An example
is the cortex of Pax6 mutant mice, which contains a
significantly higher number of GABAergic cells due to the
increased invasion by this cell type from ventral positions
(Chapouton et al., 1999). The tight balance between excitatory
neurons that originate mostly in the cortex and inhibitory
GABAergic neurons of ventral origin is crucial for the
appropriate functioning of the cortex (Roberts et al., 1995;
Gotz, 2001). Since there is always a small amount of leakage
at boundaries between brain regions (Birgbauer and Fraser,
1994; Chapouton et al., 1999; Hamasaki et al., 2001), an
additional mechanism has to re-adjust the fate of the few cells
entering the neighboring region. Gurdon (Gurdon, 1988)
coined the term ‘community effect’ to describe the influence
that cellular majorities have on the fate of cellular minorities
[see also Gotz (Gotz, 1995)]. Indeed, cells from odd-numbered
rhombomeres change their fate when they enter even-
numbered rhombomeres (Xu et al., 1995), as do transplanted
cells (Fishell, 1995; Campbell et al., 1995; Olsson et al., 1997)

For example, the entire boundary structures are lost at tljieowever see Na et al. (Na et al., 1998)]. Unfortunately, few of

cellular and molecular (TN-C, SFRP2) level in Bax6mutant

these transplantation studies examined whether regulation of

Small eygStoykova et al., 1997; Chapouton et al., 1999; Kimregion-specific transcription factors is a prerequisite for such

et al., 2001). FurthermorB-cadherinWnt7h Slit2andephrin

fate changes (Na et al., 1998).
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The ectopic cells originating in the cortex and entering th@ulfone, A., Puelles, L., Porteus, M. H., Frohman, M. A., Martin, G. R.
GE in thengrQ—’— telencephalon therefore provided a unique and Rubenstein, J. L(1993). Spatially restricted expression of DIx-1, DIx-

opportunity to examine the regulation of transcription factors 2 (Tes-1), Gbx-2, and Wnt-3 in the embryonic day 12.5 mouse forebrain
o . : defines potential transverse and longitudinal segmental boundaries.
characteristic of the dorsal or ventral regions in the telen- yourosci13 3155-3172.

cephalon. This analysis clearly revealed tRejal-positive  campbell, K., Olsson, M. and Bjérklund, A.(1995). Regional incorporation
cells still have a dorsal identity in the cortex but change to a and site-specific differentiation of striatal precursors transplanted to the
ventral identity after entering the GIB-gal-positive cells embryonic forebrain ventricldleuron15, 1259-1273.

_ B : Casarosa, S., Fode, C. and Guillemot, F(1999). Mashl regulates
expressedhgn2-lacZ Pax§ R-cadherin Math2 and Mashl neurogenesis in the ventral telencephal@evelopmeni26, 525-534.

in the ngr2-~ cortex. When th_ey entered the GE, howevercyy E., Gradwohl, G., Fode, C. and Guillemot, F1997). Mash1 activates
they down-regulated expression of most of these genes,a cascade of bHLH regulators in olfactory neuron progenibmgelopment
characteristic of the cortex, and acquired instead expression ofl24 1611-1621.

DIx5, characteristic of the ventral telencephalon. Takerfhapouton, P., Gartner, A. and Gotz, M.(1999). The role of Pax6 in
tooether. these data seem to arque against the possibilit thqrfstnctlng cell migration between developing cortex and basal ganglia.
g : g g p Yy evelopmeni26, 5569-5579.

dorsal cells acquire a ventral identity already in the corteXdwards, M. A., Yamamoto, M. and Caviness, V. S., J1990). Organisation
allowing them to enter the GE. Rath@rgal-positive cells of radial glia and related cells in the developing murine CNS. An analysis
within the cortex express dorsal and no ventral genes (exce ypased upon a new monoclonal antibody mafkeuroscience6, 121-144.

: : igdor, M. C. and Stern, C. D.(1993). Segmental organisation of embryonic
Mash2 while they turn off dorsal genes and acquire a ventr diencephalonNature 363 630-634,

phenotype only after they have migra}ted for some distance ir_‘mshell, G. (1995). Striatal precursors adopt cortical identities in response to
the GE. In order to reveal the identity of molecules essential local cuesDevelopment.21, 803-812.

in mediating the fate change of ectopic cortical Cﬂ@’ﬂ‘" Fishell, G., Mason, C. A. and Hatten, M. E(1993) Dispersion of neural
mice could be crossed with mice deficient for key patterning progenitors within the germinal zones of the forebralature 362 636-
638.

genes in the GE. Fode, C., Ma, Q., Casarosa, S., Ang, S.-L., Anderson, D. J. and Guillemot,
These results also suggest a further level of asymmetryr (2000). A role for neural determination genes in specifying the

between dorsal and ventral cells in the developing dorsoventral identity of telencepalic neuroGenes Devl4, 67-80. _
telencephalon. While most cells entering the cortex from thEraser, S., Keynes, R. and Lumsden, A1990). Segmentation in the chick
GE seem to maintain their specification as ventral cells andembryo hindbrain is defined by cell lineage districtiddature 344, 431-
continue to expredshxg, DIx1/5andGAD67(Anderson et al.,  ggtr, m. (1995). Getting there and being there in the cerebral cortex.
1997; Anderson et al., 2001; Lavdas et al., 1999; Pleasure etxperientias, 359-369.

al., 2001), cortical cells entering into the GE seem to changedtz, M. (2001). Glial cells generate neurons: implications for
their fate. Interestingly, Hamasaki et al. (Hamasaki et al., 2001) neurospychiatric disorders. Disorders of Brain and Mind I, Ed.: M.Ron.

. . ambridge University Press.
detected a population of cells, generated at early stages in tggctz M., Wizenmann, A., Reinhard, S., Lumsden, A. and Price, {1996).

piriform. cortex, m'igrating into the developing striatum. This  selective adhesion of cells from different telencephalic regesrond6,
population is eliminated by cell death at later stages, a secon51-564.
mechanism eliminating inappropriate types of neurons. Thu&otz, M., Bolz, J., Joester, A. and Faissner, A1997). Tenascin-C synthesis

not only migrational restriction, but also the mechanisms ,"’\‘l';‘irysf'g%”i%ggo‘:‘sxona' growth during rat cortical developnemt. J.
instructing fate changes seem to act asymmetrically on ventré[”don’ 5 B. (1988). A community effect in animal developmeNature

and dorsal cells in the developing telencephalon. 336, 772-774.
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