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SUMMARY

In order to identify molecular mechanisms involved in
striatal development, we employed a subtraction cloning
strategy to enrich for genes expressed in the lateral versus
the medial ganglionic eminence. Using this approach, the
homeobox geneMeis2 was found highly expressed in the
lateral ganglionic eminence and developing striatum. Since
Meis2 has recently been shown to be upregulated by
retinoic acid in P19 EC cells (Oulad-Abdelghani, M.,
Chazaud, C., Bouillet, P., Sapin, V., Chambon, P. and Dollé,
P. (1997)Dev. Dyn.210, 173-183), we examined a potential
role for retinoids in striatal development. Our results
demonstrate that the lateral ganglionic eminence, unlike its
medial counterpart or the adjacent cerebral cortex, is a
localized source of retinoids. Interestingly, glia (likely
radial glia) in the lateral ganglionic eminence appear to be

a major source of retinoids. Thus, as lateral ganglionic
eminence cells migrate along radial glial fibers into the
developing striatum, retinoids from these glial cells could
exert an effect on striatal neuron differentiation. Indeed,

the treatment of lateral ganglionic eminence cells with
retinoic acid or agonists for the retinoic acid receptors or
retinoid X receptors, specifically enhances their striatal
neuron characteristics. These findings, therefore, strongly
support the notion that local retinoid signalling within the

lateral ganglionic eminence regulates striatal neuron
differentiation.

Key words: CRBP |, DARPP-32/eis2 Radial glia, RAR, RC2,
Retinoic acid, RXR, Striatum

INTRODUCTION

1997a). The medial ganglionic eminence (MGE), in contrast,

is responsible for generating neurons of the pallidum and basal
The developmental mechanisms regulating the formation dbrebrain, such as the cholinergic neurons (Olsson et al., 1998).
forebrain structures (including both the telencephalon andlthough the cellular contributions of each of the ganglionic
diencephalon) is currently a subject of considerable interesiminences to the neuronal subtypes present in the
(for reviews, see Fishell, 1997; Rubenstein and Shimamurélencephalon are reasonably well understood, little is known
1997). The telencephalon derives from the most anterior regiabout the signals and molecular mechanisms controlling their
of the neural plate and gives rise to two major structures: thgeneration.
cerebral cortex and the corpus striatum (including both the While morphological structures/boundaries, such as the
striatum and the pallidum). While the cortex develops largely.GE, provide indicators of regional differentiation within the
from the dorsal telencephalic neuroepithelium (Bayer andeveloping brain, spatially and temporally restricted
Altman, 1991), the corpus striatum arises from the ganglioniexpression of developmental control genes is, in most cases,
eminences located in the floor of the telencephalic vesiclevident prior to these morphological distinctions. Although no
(Smart and Sturrock, 1979). Recent studies have shown thg&énes known to date are localized exclusively to the LGE,
the lateral ganglionic eminence (LGE) is the principal sourc&sh2(Hsieh-Li et al., 1995) and different members of e
of striatal neurons generating both the GABAergic projectiorgene family (Liu et al., 1997) are known to be expressed in
neurons (Pakzaban et al., 1993; Olsson et al., 1995, 1998) lasth the MGE and LGE. In mice whei@sh2 has been
well as a population of striatal interneurons colocalizingnactivated, the LGE fails to develop normally as evidenced by
GABA and somatostatin (Olsson et al., 1998). The LGE alsa reduction in size and the lack®ix2 expression (Szucsik et
appears to give rise to certain populations of cortical neuroral., 1997). Furthermore, mice with mutations in bothihel
(de Carlos et al., 1996; Tamamaki et al., 1997; Anderson et ahnd DIx2 genes show abnormal differentiation of cells in the
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subventricular zone (SVZ) of the LGE accompanied by af rat DARPP-32 (Ehrlich et al., 1990); nt 1264-1308Vigfis2aand
defect in migration of late born striatal neurons (Anderson eYleis2c(Oulad-Abdelghani et al., 1997); nt 1243-1290Msfis2band
al., 1997b). Meis2d (Oulad-Abdelghani et al., 1997); nt 1030-1079 of mouse

As an approach to further understand the molecular contr§fARa (Pratt et al., 1990 nt 1346-1395 of mouse RARHeiermann
t al., 1993). Labelling of the oligonucleotides witASJdATP and

of striatal differentiation, we have taken a subtraction clonin\f§HH was as previously described (Campbell et al., 1995). For the
strategy to identify genes enriched in the LGE and thus putali eis2oligo in situ, a mixture of the two oligonucleofides was used

regulators of striatal development. We show here that th -

homeobox genddeis? is highly enriched i the LGE with ™ O'der 1o detect all isoforms.

respect to the MGE and marks striatal progenitors/neurorsimunohistochemistry

from their earliest stage into adulthood. Sirdeis2 was  Immunohistochemistry was carried out as previously described by
recently shown to be induced by retinoic acid (RA) in P19 EMiIsson et al. (1997). Antibodies used were: mousefattitubulin

cells (Oulad-Abdelghani et al., 1997), we investigated a rolél:333, Sigma), mouse anti-DARPP-32 (1:20 000, provided by Dr P.
for retinoids in striatal development. The results presented hefgeengard), rabbit anti-distal-less (i.e. DLX, 1:200, provided by Dr

show that retinoids are produced within the LGE by glial cell$>- Panganiban), rabbit anti-CRBP | (1:400, provided by Dr U.
and that they enhance striatal neuron differentiation. Eriksson) and mouse anti-RC2 (1:4, generated by Dr M. Yamamoto
and obtained from the Developmental Studies Hybridomas Bank,

University of lowa). Double immunoflourescent staining for CRBP |

MATERIALS AND METHODS and RC2 was carried out by incubating the two primary antibodies
) ) ) together overnight and thereafter followed by incubation in Cy3-
Subtraction cloning of LGE enriched genes conjugated donkey anti-rabbit (1:200, Jackson) and biotinylated goat

Differential dissection of the MGE and LGE from E12.5 mouseanti-mouse IgM (1:200, Vector labs). A final incubation was
embryos was performed as shown in Fig. 1 (see also Olsson et glerformed using FITC-conjugated avidin (Vector labs).

1995). MGEs and LGEs from 25 embryos were collected and ]

immediately thereafter frozen a80°C. mRNA was extracted using Retinoid detection assay

Dynal's mMRNA Directkit. Extracted RNA was re-extracted to obtain LGE, MGE and cortex were separately dissected from E12.5 mouse
highly enriched poly(A)+ RNA. Tester (LGE) and driver (MGE) embryos in L-15 medium (Gibco) as indicated in Fig. 1. The cortical
cDNA was synthesized from approximately 600 ng of mRNA.pieces were incubated in 1% dispase (Gibco) in L-15 for 5 minutes
Synthesis of cDNA and suppression subtraction hybridization waat room temperature to remove the meningies. In previous studies
performed using Clontech’'sPCR-Select kit following the using E13.5 mouse embryos, we have found that each of the dissected
manufacturers instructions (for reference, see Diatchenko et aLGE, MGE and cortical pieces contain roughly similar numbers of
1996). Following subtractive hybridization and PCR-amplification,cells (M. Olsson and K. C., unpublished results).

PCR products were cloned into the PCR-Script vector (Stratagene) Retinoid production was assayed as previously described
and inserts were sequenced using thkeermosequenasekit (Perlmann and Jansson, 1995; Zetterstrom et al., 1999). Briefly,
(Amersham) and compared to the sequences in GenBank using theman chorion carcinoma JEG-3 cells, maintained in Minimal
BLAST search program (Altshul et al., 1990) located at the NCBEssential Medium (MEM; Gibco) supplemented with 10% bovine calf

website (www.ncbi.nim.nih.gov). serum, 1% penicillin/streptomycin and 1% L-glutamine, were
] o ] ) transfected with a plasmid containing thesweam _etivating
In situ hybridization histochemistry (ISHH) sequence (UAS) upstream of the HSV TK promoter driving the

All embryos used for ISHH and immunohistochemistry were fixed inuciferase gene and a plasmid with either the GAL4-RAR or GAL4-
4% paraformaldehyde (PFA) at 4°C overnight, subsequently sunk iRXR construct, containing the DNA-binding domain of the yeast
PBS containing 30% sucrose and sectioned at 1&¥lthickness on  transcription factor GAL4 fused in frame with the ligand-binding
a cryostat. Adult mouse brains were removed fresh and rapidly frozetomain of the human RARor RXRa. After rinsing the transfected

in dry ice before sectioning. cells with PBS, 12 explants of either LGE, MGE or cortex were then
) ] added per well (LGE, 8 wells; MGE, 9 wells; cortex, 5 wells),
Non-radioactive ISHH incubated in the above medium (containing charcoal-stripped calf

A subcloned fragment dfleis2cDNA (corresponding to nt 179-1412, serum) with the transfected cells for 24 hours and assayed for
Nakamura et al., 1996) in pBluescript (Stratagene) was used asluxiferase activity as described (Zetterstrém et al., 1999). In the case
template to generate an antisense digoxigenin (DIG)-labelled cRNAf the conditioned medium from glial cultures (described below), 300
probe as previously described (Campbell et al., 1995). Thel of condtioned medium was added to the transfected cells in each
hybridization solution contained 50% formamide (deionized), 10%well (n=3 for each condition) and grown for 24 hours. As a control,
dextran sulphate, 1% Denhardt’s, 1% sarcosyl, 0.3 M NaCl, 10 mMnconditioned medium (the same that was used to collect from the
NapHPQO4 pH 7.2, 20 mM Tris-HCI pH 8.0, 5 mM EDTA, 25@/ml glial cultures) was assayed.

yeast tRNA and approximately fig of DIG-labeled probe/ml. )

Hybridization was carried out overnight at 55°C in a sealed humidlial cultures

box. Following hybridization, slides were washed i SC/50%  MGEs or LGEs were dissected from E13.5 embryos in L15 medium
formamide at 65°C for 30 minutes followed by RNase treatment (2@s described above and dissociated in 0.1% trypsin and 0.05% DNase
pg/ml) at 37°C for 30 minutes. Slides were washed againxin 2in DMEM for 15-20 minutes at 37°C before mechanical dissociation
SSC/50% formamide, twice for 20 minutes each, at 65°C; ther in 2and plating at high density in tissue culture treated flasks. Cells were
SSC and 04 SSC for 15 minutes each at 37°C. Final wash was irgrown in DMEM with 10% fetal calf serum (FCS), glutamine (2 mM),
PBT (PBS + 0.1% Tween-20) for 15 minutes and the colour reactioN2-supplement (Gibco), EGF (20 ng/ml) and antibiotiB®oth

was carried out essentially as described (Campbell et al., 1995) excem@urons and glia were present in the initial cultures; however, by the
that BM Purple (Boehringer Mannheim) was used in place of NBT" passage (P.4) the cultures were devoid of cells possessing neuronal

and BCIP. morphologies or expressing neuronal markers @-&l-tubulin).
) ) These cultures were highly enriched in cells expressing glial
Radioactive ISHH phenotypes (i.e. RC2 and GFAP).

Oligonucleotide sequences used were complementary to nt 652-701To test for retinoid production, flasks containing P.4 LGE glia, P.4
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MGE glia or P.9 LGE glia were grown to near confluence in the abov
medium and subsequently changed to DMEM containing 10% FC¢
glutamine (2 mM) and antibiotics, and grown for 3 days. Conditione
medium was collected every 24 hours over the 3 days and replac
with fresh medium. The conditioned medium from P.4 LGE glia was
also collected over 3 days from cells grown in a serum-free mediul
(DMEM containing N2-supplement, glutamine (2 mM) and
antibiotics) in order to exclude the retinol in the FCS. The conditione ,
medium collected from the glial cultures on each day was immediatel Mantle zone :
frozen and stored at80°C until assayed for retinoids as described 3
above.

Neuron cultures

LGEs or MGEs were selectively dissected from E13.5 mouse embryc
and dissociated as above, before plating as described by Nakao et
(1%?42]' Cegls Wﬁ;e plateld at a density efleh cellsd/cnj?rl]n 4'| or 8| . Fig. 1. Coronal section through the E12.5 mouse telencephalon.

Wse. cham gr N IIt es éNa %e Nunc Int];), precogf[te. W'tf p(5) BSD' ys_'l_nhq\lissl-stained section on the right shows the relative positions of the
(Ilg_ma)dan culture #n er serum- r?le con |_|ons| ot: af' edial ganglionic eminence (MGE), lateral ganglionic eminence
plating density was chosen since It has previously been shown EGE) and the developing cerebral cortex. Dotted lines approximate
maximize both the number and survival of DARPP-32-expressin e regions dissected in the present study. Schematic diagram on the

neurons in the LGE cultures (Nakao et al., 1996). s : ;
RA (all-trans Sigma) dissolved in dimethyl sulfoxide (DMSO, 'Zeof;Zh(%"\v/szgh:ng"tﬂgOr:]‘a‘;]fﬂtgez(‘)’ﬁg”'cu'ar zone (VZ), subventricular

Sigma) was added to the medium at concentrations of 10 niMr 1
Fresh RA/DMSO was added every 24 hours of culture and a final dose

was given 6 hours prior to fixation. Selective agonists of the RARyucleus accumbens and olfactory tubercle). In addikitais2
(TTNPB) or RXR (SR11237) subtypes of retinoid receptorsexpression is also seen in the cortical plate (Fig. 2C) and
(Perlmann and Jansson, 1995) were added to the cultures at 100 PMions of the developing amygdala (data not shown). Even at
concentration on the first day of culture and also when the mediu% se later stages, derivatives of the MGE (e.g. globus pallidus)
was changed to serum-free conditions on the second day (Nakaoaecf not expresMei'sz (asterisk in Fig 2C)Mei.32. expression

al. 1994). Equal amounts of DMSO were added to control, TTNPB - . ;
and SR11237-treated cultures daily. Cultures were fixed for 26€Mains in the adult striatum, albeit at much lower levels. The

minutes at room temperature in 4% PFA, rinsed and processed fBattern oMeis2expression in the mature striatum (Fig. 2D) is
DARPP-32 or B-lll-tubulin immunohistochemistry, as described very similar to that of thedopamine and cAMP-regulated
above. In order to compare the staining in control versus RA-treatgaghosphoproteifDARPP-32 (Fig. 2E), which is expressed in
cultures, DAB reactions were carried out for exactly the same time ithe GABAergic projection neurons that comprise the vast

each case. All cell counts were made in a non-biased manner usifgajority of striatal neurons (Anderson and Reiner, 1991).
stereological counting methods (Gundersen, 1986). Approximately

300 cells were counted per culture. Markers of retinoid synthesis and signalling in the
LGE and developing striatum
The fact thaMeis2is rapidly induced by RA in P19 EC cells

RESULTS (Oulad-Abdelghani et al., 1997) prompted us to investigate a
o ) . role for retinoids in the differentiation of the striatum. As a first
Meis2 is expressed in the LGE and striatum attempt to address this, we examined the expression of Cellular

In an attempt to identify genes involved in striatalRetinol Binding Protein | (CRBP 1) which is known to bind
development, we performed a PCR-based suppressivetinol and retinaldehyde in cells synthesizing RA (Napoli,
subtraction hybridization (Diatchenko et al., 1996) to obtairl996). We show here that within the telencephalon CRBP |
cDNAs showing enriched expression within the E12.5 mousprotein is present at a high level in the LGE (particularly in the
LGE as compared to the MGE. One of the cDNA fragment¥Z) at both E12.5 (Fig. 3A) and E16.5 (Fig. 3B). Although the
obtained using this approach was identical to a 587 base paighest levels of CRBP | expression are found in the LGE VZ,
stretch in the BUTR of the recently cloneleis2homeobox weak levels are seen in the MGE and scattered cells with
gene (Nakamura et al., 1996; Oulad-Abdelghani et al., 199Teuronal morphologies are found in the mantle regions of the
Cecconi et al., 1997Meis2is indeed expressed at a high leveltelencephalon. These observations are largely consistent with
specifically within the E12.5 subventricular zone (SVZ) andan earlier study (Ruberte et al., 1993) showing @RBP |
mantle layer of the LGE (Fig. 2A; for orientation see also FigmRNA is enriched in the corpus striatum.

1). Weak to moderate levels of expression are also seen withinRuberte et al. (1993) have previously shown BaRx and

the ventricular zone (VZ) of the entire telencephalon with thdRARB are enriched in the corpus striatum. We have reassessed
exception of the most dorsomedial and ventromedial aspedise expression of these two receptors and shown that they are
(Fig. 2A). In contrast td/eis2 cells expressing DLX proteins expressed largely in different subregions of the developing
(detected by an antibody generated against eisophila  striatum, withRARx being highest expressed in the SVZ (Fig.
homologue, Distal-less) are observed throughout both the LGEC,D) andRARS in the differentiating striatum (Fig. 3F). At
and MGE (Fig. 2B) consistent with the expression ofDhe  E12.5, we could not detect high levels BAR3 in the
gene family (Liu et al., 1997). High levels Mis2expression telencephalon (Fig. 3E) unlike that previously described by
continue at E16.5 (Fig. 2C) and E18.5 (not shown) within th&uberte et al. (1993); however, we used oligonucleotide probes
SVZ and developing striatal complex (caudate/putamerthat may be less sensitive than the cRNA probes used by these
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authors. In addition tRAR gene expressiorRXRy/ is also and send processes terminating in end feet at both the
expressed in the developing striatum in a similar pattern to thaentricular and pial surfaces (Rakic, 1995). Confocal

of RARB (data not shown, Dollé et al., 1994). microscopy of double stains for CRBP | and the radial glial

] ) o marker, RC2 (Misson et al., 1988; Fig. 5B) at E12.5 confirmed
Localized production of retinoids in the LGE and that this retinoid marker is indeed expressed by radial glia (Fig.
developing striatum 5C).

To obtain definitive evidence that the LGE is a source of

retinoids, we made use of a cell-based reporter assay to det&gtal cultures from the LGE produce high levels of

retinoid signalling (Perlmann and Jansson, 1995; Zetterstrohgtinoids

et al.,, 1999). In this system, cells are co-transfected witfio determine whether LGE glia do produce retinoids, we
GAL4-RAR or GAL4-RXR constructs and a UAS-luciferase generated glial cultures from the E13.5 LGE. Analyses of these
construct so that only in the presence of retinoids can the RA&ultures at passage (P.)4 showed that many cells express CRBP
or the RXR activatduciferaseexpression. We dissected the | (Fig. 6A,D). Moreover, these cultures are devoid of neurons
E12.5 LGE, MGE and cerebral cortex (see Fig. 1) and gre\fas detected by-IlI-tubulin) and highly enriched in glial
them as explants in co-culture with the transfected reportgrthenotypes, such as RC2- (Fig. 6B,E) and GFAP- (data not
cells. The LGE explants produced a dramatic 29-fold increasghown) expressing cells. As was the case in vivo, extensive
in RAR signalling (measured by luciferase activity) asCRBP | and RC2 co-localization was also observed in the P.4
compared with control (Fig. £<0.001, one-way ANOVA). In  LGE glial cultures (Fig. 6C,F) suggesting that, even in culture,
contrast to the LGE explants, neither MGE nor corticalCRBP | is expressed by cells bearing phenotypical markers of
explants significantly altered RAR signalling when comparedadial glia. Interestingly, the expression of CRBP | appears to
with  control  (Fig. 4)

Although the LGE explan

were efficient at activating tt  E12.5 Meis2 ; DLX
UAS-luciferase constru
through the GAL4-RAF
construct, no  significal
activation was detected wi
the GAL4-RXR construc
(data not shown). The
results clearly demonstre
that, at E12.5, the LG
represents a localized sou
of retinoids.

CRBP | is expressed in
radial glia of the LGE

Having demonstrated that t
LGE is a localized source
retinoids in the embryon
brain, we were interested
determine what cell type(
are responsible for th
production.  The  stror
correlation between CRBP
expression and  retino
signalling seen in the exple
experiments stimulated us
first examine what cell typt
in the LGE express CRBP
As mentioned above, tl
highest expression of CRBF  Fig. 2. Expression oMeis2in the developing telencephalon. (Mis2is expressed at high levels in the
is seen in the VZ of the LG E12.5 LGE SVZ and underlying mantle zone while the MGE SVZ and mantle remains unlabeled. Low to
(see Fig. 3A,B); howeve moderate levels are also detected in the VZ of the telencephalon except for the most dorsomedial and
higher power analysis sho ventromedial aspects. (B) Immunohistochemistry for proteins of the DLX family using an antibody
processes extending throt dlrecteq aggln;lqusophlladlsta[-less Iabgls cells of both the MGE anq LGE at E12.5gi32 . .
the LGE from the VZ t transcript dlstr_lbutlon at E16.5is ess_entlally the same as at E12.5 with the Svz and maturing striatum
showing the highest level of expression and leaving the developing globus pallidus (asterisk) unlabeled.

Adult DARPP-32

Cortex

thg pial surface (F_Ig. SA At this stage, cells in the cortical plate are also seen to eXdeis2 (D) In the adult telencephalon,

This  morphology is ver weis2transcripts remain highly specific for the striatum, which in the adult is also marked by high levels
reminiscent of that seen  of DARPP-32expression (E)Meis2expression is clearly down-regulated in the adult telencephalon as
radial glia, which have the compared to prenatal levels. OP, olfactory pit; OT, olfactory tubercle. Scale bars in AIBn3T) 500

cell bodies in or near the \ pm; D,E, 1.3 mm.
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E12.5

Striatum i . : Striatum +

B F

Fig. 3. Expression of retinoid-related markers in the LGE and developing striatum. (A,B) Immunohistochemistry for CRBP | shbws that a
E12.5 this protein is enriched within the LGE as compared to the adjacent MGE or cortex. (A) The highest level of CRBPtb dygpear
within the VZ. (B) At E16.5, CRBP | expression remains high in the striatal VZ zone (arrows in B) and developing striatuRARE,D)
expression is highly enriched in the LGE SVZ both at E12.5 (C) and E16.BABY is also expressed in the developing striatum but at a
lower level. Note in D that the VZ (outlined by arrows) is only expressing low levBlsRf. (E and F) Transcripts &#ARB could not be
detected in the E12.5 telencephalon using our oligonucleotides (E). However, at E16.5 the developing striatum was shiieallyo spec
express high levels ®#ARG transcripts (F). Arrows in F are at the same positions as in D and indicate the lack of RaRbExpression in

the SVZ. Scale bars in A,C,E, 3gf; B,D,F, 230um.

be dependent on the number of passages that these cells arktures. Moreover, the RA production from the P.4 LGE glia
subjected to since it was nearly absent in the P.9 LGE gliavas specific for these glial cultures since conditioned medium
cultures. from P.4 MGE glial cultures failed to produce notable
Conditioned medium from near confluent cultures of P.Activation neither with the GAL4-RAR nor GAL4-RXR
LGE glia was collected over 3 consecutive days and assayednstructs (Fig. 7C). These findings demonstrate that LGE glia,
for retinoid production as described above. P.4 LGE glialikely of the radial glial subtype, produce high levels of
conditioned medium induced a strong activation of the UASretinoids.
luciferase construct through the GAL4-RAR construct but not ) . o
through the GAL4-RXR construct (Fig. 7A). The level of RA enhances striatal neuron differentiation
activation increased from the first day at approximately 77-foldn order to determine whether locally produced retinoids could
over control P<0.001, one-way ANOVA) to 122-fold over regulate striatal neuron differentiation, we cultured LGE cells
control on the third dayR<0.001, one-way ANOVA; Fig. 7A). in serum-free conditions and assessed the effect of RA on the
The increase over the 3 days is likely due to the fact that thidifferentiation of DARPP-32-expressing neurons. Neurons
cultures continue to grow and thus the retinoid producing cellexpressing DARPP-32 constituted on average about 6% of the
would increase in numbers. This effect was dependent dawotal cell population in control cultures of E13.5 mouse LGE
serum (which contains retinol/vitamin A) in the medium since(Fig. 8A). This value is very similar to that reported by Nakao
serum-free conditions progressively abolished RAR signallingt al. (1996) using the same plating density. When these cells
over the 3 days of collection (Fig. 7B). Unlike the P.4 LGEwere grown for 5 days with either 10 nM op RA added
glia, the late passage (P.9) LGE glia were deficient in retinoitb the medium, the proportion of DARPP-32-positive heurons
production (Fig. 7C). This is interesting in light of the low rose to 181+5%R<0.01,n=3 independent experiments) and
percentage of CRBP I-expressing cells in these late passa@@5+17% P<0.01, n=3, Fig. 8B) of that seen in control
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36 — concentration of 100 nM, we found that both signalling

2‘2‘: pathways can mediate the retinoid-induced increase in

20 DARPP-32-expressing neurons equally well. The RAR agonist
. gg— TTNPB increased the proportion of DARPP-32 neurons by
g % 207+£37% of control B<0.05, n=3) while the RXR agonist
52 2 SR11237 increased the DARPP-32 proportion to 224+47% of
< g ig ] control (P<0.05,n=3) (Fig. 8D). The slightly higher proportion
ﬁ g 16 in the SR11237-treated cultures was not significantly different
Do 14 from the TTNPB-treated cultures. When both TTNPB and
g8 1 SR11237 were added to cultures together the proportion of
- 8 DARPP-32 neurons was 210+28% of contriek(@.05, n=3)

i: which was not significantly different from when they were

2] added separately (Fig 8D). Once again, the total number of

0- MGE LGE Cortex neurons in control and agonist-treated cultures was not

significantly different (data not shown). These findings indicate

Fig. 4. Localized production of retinoids in the E12.5 LGE. Bar that both RAR and RXR signalling can positively regulate
graph showing the retinoid induced luciferase activity through the ~Striatal neuron differentiation.

GAL4-RAR contruct from the MGENE9 wells), LGE (=8 wells)

and cortex=5 wells). Control luciferase activity was determined by

incubating cells in the absence of tissue pieces. DISCUSSION

Meis2 as a marker of striatal progenitors and

cultures, respectively (Fig. 8C). Although thel treatment  neurons

tended to give a higher proportion of DARPP-32-expressingJsing a subtraction cloning strategy, we have identified the
neurons than 10 nM, the difference between the two conditiot®omeobox gendleis2 to our knowledge the earliest known
was not significant. The general neuronal magk#t-tubulin marker of striatal precursors/neurofeis2has recently been
was expressed by 76+6% of the cells in the control cultureshown to be expressed at many sites in the developing embryo
and by 79+8% of cells in the{M RA-treated cultures, a non- including a number of regions in the brain, developing ganglia,
significant 3% increase from contrah=3). Thus the RA- face, limbs as well as in the female genital tract (Oulad-
induced increase in DARPP-32-expressing neurons is specificbdelghani et al., 1997; Cecconi et al., 1997). However, this
and not simply due to a general enhancement of neuroniglthe first description dfleis2expression within the LGE and
differentiation. Furthermore, the increase in the proportion o$triatum. From the earliest stages of striatogendseis2
DARPP-32-expressing neurons in these cultures was not dpesitive cells are found in the LGE SVZ and at later stages also
to an effect of RA enhancing cell numbers (data not shownjn large numbers within the developing striatal complex. Since
In addition to the increase in DARPP-32-positive cell numberghe SVZ of the ganglionic eminences is known to remain
after either 10 nM or IM RA treatment, the level of DARPP- proliferative throughout gestation (Smart and Sturrock, 1979),
32 protein detected per cell was considerably higher (compahdeis2is likely to mark proliferating precursors, many of which
Fig. 8A and B). Again this difference in staining intensity waswill ultimately differentiate into striatal neurons. In the mature
not evident in thep-lll-tubulin-stained cultures (data not striatum, the expression dfeis2is very similar to that of the
shown). Finally, the RA effe -

was specific to the LGE cultur

since no induction of DARPP-. it CRBP /REH
was seen in MGE cultures (d
not shown). These resu
demonstrate that LGE cells
indeed responsive to RA a
that this signal specifical
enhances striatal neur
characteristics.

Since RA can signal throu
both RARs and RXRs, al
receptors of both types ¢
present in the LGE ar
developing striatum (Fig. 3C- . . . - -
Ruberte et al., 1993: Dollé et : Fig. 5. CRBP Il is expressed in rao!lal glia of the LGE. (A) CRBP | expression in the E12.5 I__GE: In
1994), we wanted to exami addition to_the strong expression in the VZ, labelled processes extend t_hroug_h _the LGE with high levels

. . oo of expression at the ventricular and pial surfaces. This staining pattern is reminiscent of the morphology
their respectl\_/e contributions of radial glia with their cell bodies in the VZ and processes extending through the mantle zone
the RA effect in our LGE cultul  terminating in end feet on both the pial and ventricular surfaces. (B) Expression of the radial glial
system. Using agonists spec  marker, RC2 showing expression in radial glial structures throughout the telencephalon. (C) Merged
for either RARs (TTNPB) ¢ confocal image showing the RC2-positive elements co-expressing CRBP | (yellow) specifically in the
RXRs (SR11237) at LGE.
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CRBP I/RC2

CRBP |
A
Fig. 6. Cultured glia from the LGE
maintain CRBP | and RC2 expression.
(A,D) CRBP I is expressed in P.4 LGE
glia. (A) Some CRBP I-expressing glial
cells were bipolar and possessed long
processes while many others exhibited
more typical glial morphologies (D).
(B,E) RC2 is expressed by many cells in
these cultures. (C,F) Merged confocal
images of CRBP | and RC2 show glial
cells which co-express these two marker,
similar to that seen in vivo.

striatal projection neuron marker, DARPP-32 (Anderson anéxpression of the MGE marker, TTF-1/Nkx2.1 (Ericson et al.,
Reiner, 1991) suggesting that many of these neurons exprek395) which is clearly required for the normal development of
this gene. While further studies will be needed to determinthe ventromedial telencephalon (Kimura et al., 1996). To date,
the role of retinoids in telencephalteis2expression as well however, no signals regulating the development of precursors
as the requirement of this gene in the normal differentiation dh the LGE have been suggested.

the striatumMeis2 already represents a valuable and needed The fact that the LGE-enricheileis2 gene is rapidly

RC2
B

marker of the LGE and/or striatal phenotypes. upregulated in P19 EC cells following administration of RA
] o (Oulad-Abdelghani et al., 1997) stimulated us to examine
The LGE represents a localized source of retinoids whether retinoids could represent such a signal. In fact,

The signals regulating forebrain development are as yet pooriyiarkers of retinoid synthesis and signalling are highly enriched
understood, particularly those regulating patterning andvithin the LGE and developing striatum (Ruberte et al., 1993;
differentiation in the ganglionic eminenceSonic hedgehog Dollé et al., 1994; present results). Although localized retinoid
(Shh, which is well known for its signalling properties during production within the nervous system has previously been
development, is expressed within the MGE (Shimamura et aldemonstrated at limb levels in the developing spinal cord
1995; Platt et al., 1997) in a complementary pattetdas2  (McCaffery and Drager, 1994), regional production of RA in

(unpublished results). In fact, SHH does regulate thé¢he developing brain has not been shown. In this study, we
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Fig. 7. LGE glia produce high levels of retinoids. (A) Conditioned medium from P.4 LGE glia dramatically activates luciferagetaotingh
the GAL4-RAR construct but not through the GAL4-RXR construct. The levels of RAR activation increases from the first degtiohadl)
to the third day (3). (B) P.4 LGE glia cultured under serum-free conditions progressively abolished the activation th@igih-BwR
construct over the 3 days of collection, likely due to the lack of retinol (Vitamin A) in the medium. (C) Neither P.9 LG BIltMGE glia
produced high levels of activation through either the GAL4-RAR or GAL4-RXR constructs. Only results from the second dastiohd@l)
are shown, however, the levels of activation seen on the first or last day of collection were not different.
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provide evidence that the LGE, unlike the adjacent MGE ofree striatal cell culture system in which only a minority of the
cortex, represents a unique source of RA within the developingGE cells differentiate to express DARPP-32 (Nakao et al.,
telencephalon. Recent results have also shown that the eatl996). Indeed, LGE cells that were grown with either 10 nM
postnatal striatum continues to generate high levels of RAr 1uM RA showed a significant increase in the proportion of
(Zetterstrom et al., 1999). Thus the LGE and developingneurons expressing DARPP-32 as compared to control,
striatum represent a significant source of RA which is capabldemonstrating that RA positively regulates striatal neuron
of regulating striatal neuron differentiation (see below) but maylifferentiation. The few DARPP-32-expressing neurons that

also contribute to developmental
telencephalic regions (e.g. MGE or cortex).

LGE glia produce high levels of retinoids

A recent study has indicated that retinoids pre
at limb levels of the embryonic spinal cord
produced by motor neurons (Sockanathan
Jessell, 1998). However, our explant experim
argue against a neuronal source in the LGE, :
these explants are likely to contain few neu
and are largely composed of precursor cells
radial glia. Considering that CRBP | expres:
correlated so well with the production of retinc
in the LGE explant experiments, we first exami
what cells express this retinoid marl
Interestingly, CRBP | appears to be expre:
specifically in radial glia of the LGE. Moreov
many cells in early passage glial cultures frorr
LGE were observed to express both CRBP |
the radial glial marker, RC2 (Misson et al., 19!
These cultures were also found to produce
levels of retinoids that activate the RAR but
the RXR pathway. Therefore, the facts that
major glial subtype present in the embryc
telencephalon is radial glia (Rakic, 1995) and
CRBP | was found localized in radial glia of
LGE argue strongly that radial glial cells in
LGE are a major source of retinoids. Unlike
early passage LGE glia, late passage LGE gli
not produce notable amounts of RA and v
particularly deficient in CRBP | expression. Tl
these cells may mature through many passage
perhaps lose their capacity to produce retinoid
support of this, recent experiments have sh
that glial cultures generated from the postr
striatum do not produce retinoids (D. F. Castro
T. P., unpublished observations).

Although we cannot rule out the possibility t
other cell types in the LGE also contribute to
production, our results open up the intrigL
possibility that radial glia, long known to serve
important function in the migration of newly bc
neurons (Rakic, 1995), might also have
instructive role. Indeed, this would represer
very efficient way to provide the migrating neu
with high levels of differentiating factors, such
RA, since the neuron and radial glial fibre ar
intimate contact throughout the migration proc

Retinoid signalling regulates striatal

neuron differentiation

To study whether the retinoids locally producet
radial glia in the LGE could be regulating stri
neuron differentiation, we made use of a sel

processes in adjaceate present in control LGE cultures are likely due to the fact

that striatal neurogenesis is just beginning and these cells may
have already been specified by retinoids prior to dissection.

DARPP-32 control =, yLIMRA
Ky -
a ‘_& ’ lv’.
{ ‘:-&‘ ’ - :?\i i ;{}lh?

: - a2 2 {
AU % &y )
o\ 4 ‘ 5‘7 a

s
F S ;

240 —
Hek

220 <
200 — e
180 =
160
140 4
120 -
100 -
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60

DARPP-32 neurons (% of control)
DARPP-32 neurons (% of control)

40 =

20

C Control  10nM RA 1 [JM RA D Control RAR RXR  RAR+RXR

Fig. 8 RA enhances DARPP-32 expression in cultured LGE cells. (A) A fraction
(approx. 6%) of primary cultured cells from the E13.5 LGE are observed to
express DARPP-32 after 5 days in serum-free culture. (B) When these cells are
grown in the presence of retinoids (in this cag@M1RA), an increase in both the
proportion of DARPP-32-expressing cells and in the level of DARPP-32
expression per cell is observed. (C). Bar graph showing that the proportion of
DARPP-32-expressing neurons grown in 10 nM aMLRA is 180% and 205%

of that seen in control LGE cultures, respectively. (D) Agonists specific for RARs
(TTNPB, 100 nM) and RXRs (SR11237, 100 nM) enhance the proportion of
DARPP-32 neurons to 207% and 224% of control, respectively. A combination of
TTNPB and SR11237 does not enhance the proportion of DARPP-32-expressing
neurons (210% of control) as compared to when they were added separately (D).
** P<0.01,*P<0.05, one-way ANOVA with Fisher PLSD test as a post-hoc.
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Since retinoids can signal through both the RAR and RXRnderson, K. D. and Reiner, A.(1991). Inmunohistochemical localization
pathway, we were interested to determine their potential of DARPP-32 in striatal projection neurons and striatal interneurons:

contribution to the RA effect. Both RAR and RXR activation Implications for the localization of D1-like dopamine receptors on different
) types of striatal neuronBrain Res568 235-243.

(using agonists specific fOI‘. each rece_pto_r type) Was,found to _Qﬁderson, S. A, Eisenstat, D. D., Shi, L. and Rubenstein, J. (1997a).
equally capable of mediating the retinoid-induced increase in interneuron migration from basal forebrain to neocortex: dependence on Dx
DARPP-32 neurons in our culture paradigm. This is interesting genesScience278 474-476. _
since both the explant and glial cultures only showed activatioh”geésonv S A QU M But'f(_’”evJ A E;fggﬁ?ﬁ;) Do meneses, I
: ..y Pedersen, R. and Rubenstein, J. L. . Mutations of the
through t.he RAR pathway, Sques_tmg that the retinoid homeobox genBIx-1 andDIx-2 disrupt the striatal subventricular zone and
produced in the LGE is altansRA (the ligand for RARs) and itferentiation of late born striatal neuroméeuron19, 27-37
not 9cis RA (which binds both RARs and RXRs). This doesBayer, S. A, and Altman, J.(1991). Neocortical morphogenesis and
not exclude the possibility, however, thati9-RA could play histlt()genesis. A chronical atlas.Nieocortical Developmenpp. 11-29. New
P ; [ At i i _ York: Raven Press.

ta rOIGRIX strlaltal g?uront'(jlrf_erentlgtm? SIQC? fl:?hg!GV?S of a”CampbeIl, K., Wictorin, K. and Bjorklund, A. (1995). Neurotransmitter-
rang can lead 1o partial Isomerization Into theistsoform . related gene expression in intrastriatal striatal transplants. |. Phenotypical
(Levinetal., 1992)-_ Our qata, however,.do not Sh_OW a synergiSMcharacterization of striatal and non-striatal graft regidleiroscience4,
between the two signalling pathways in regulating DARPP-32 17-33.
expression in LGE cultures since combined RAR and Rxp@eEcconl, F_-vProﬁtZ,e'Zr GkA"t/taf;Z'lB?'de' G_-Jﬁyv D. fgld GrUSS’(_E’g?W)t-

ot - : ; xpression oMeis2 aKnottedrelated murine homeobox gene, indicates a
activation was only as efficient as either separately. This m.ay role in the differentiation of the forebrain and the somitic mesodeew.
be due to saturation of the RARs or RXRs at the concentrationpyy 219 184-190.
that the agonists were used (100 nM). de Carlos, J. A., Lopez-Mascaraque, L. and Valverde, £1996). Dynamics

Retinoids have been shown to have essential functions inof cell migration from the lateral ganglionic eminence in thelrddeurosci.
vertebrate development (Morriss-Kay and Sokolova, 1996) anéilm 6146-56.

M 2 =9 henko, L., Lau, Y. F. Il, A. P., Chenchik, A., M F
effects of excess or deficiency have been described in ma y,:tﬁaﬁg - Lyuk?/l;’nov S’_Cfﬂggﬁo’v K ’G(jrsir;;; N ’Svgrg?gvan,;’_ o

systems, including_ the de\_/e|0pi_ng CNS. In fact, recent studiesang Siebert, P. D.(1996). Suppression subtractive hybridization: a method
have shown that in certain retinoid receptor double mutantsfor generating differentially regulated or tissue-specific cDNA probes and
(i.e. RARW/RXRy and RARB/RXR), the expression levels of _libraries.Proc. Natl. Acad. Sci. US83, 6025-6030.

ot ; ; ; At iaz, J., Ridray, S., Mignon, V., Griffon, N., Schwartz, J. C. and Sokoloff,
genes ChariCte”ti[g Of. dlf[f)e:é‘erétll:?;ed St?atal pr(l)ljeCtlorP P. (1997). Selective expression of dopamine D3 receptor mRNA in
neurons, such as pamine n receptorsas well as proliferative zones during embryonic development of the rat brhin.

proenkephalinare altered (Samad et al., 1997; Krezel et al., Neurosci.17, 4282-4292.
1998). Moreover, the promoter region of tdepamine D2 Dollé, P, Fraulob, V., Kastner, P. and Chambon, R1994). Developmental
receptor gene, which is expressed in the LGE SVZ and expression of murine retinoid X receptor (RXR) geésch. Dev45, 91-

. . . 104.
developlng Strla,‘tum (DIa.Z et al", 1997)’_ has recently beeEhrIich, M. E., Kurihara, T. and Greengard, P. (1990). Rat DARPP-32:
shown to contain a functional retinoic acid response elementcioning, sequencing and characterization of the cDNAol. Neurosci2,
(RARE) (Samad et al., 1997). Although the authors of these 1-10.
retinoid receptor knock-out studies (Samad et al., 1997; Krezé&tficson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T. M. and Edlund, T.

et al., 1998) interpret their results as indicating a role for (1995). Sonic hedgehog induces the differentiation of ventral forebrain
¥ neurons: a common signal for ventral patterning within the neural@ele.

retinoids only in the adult striatum, no data are given from the g; 747 756

embryonic or neonz_atal period. In light of the results presentegshell, G. (1997). Regionalization in the mammalian telencephatnr.
here, the findings iIrRAR/RXRdouble mutants support our  Opin. Neurobiol.7, 62-69. _ _ _
suggestion that retinoid signalling is required duringGundersen, H. J. G.(1986). Stereology of arbitrary particles: a review of

: P : unbiased number and size estimators and the presentation of some new ones.
development for the correct differentiation of striatal neurons. ; Microsc.143 3-45.

The results of the present study d.emon.Strlate that the LGEIJ}%iermann, R., Rentrop, M., Lang, E. and Maelicke, A(1993). Cloning
a novel site of local retinoid production within the developing of several genes coding for retinoic acid nuclear receptors in the mouse
brain and that retinoids are capable of regulating striatal neuronembryonal carcinoma cell line PCC7-MZIL.Recept. Red.3, 693-709.

differentiation. Interestingly, the cellular source of retinoidsHsien-Li. H., Witte, D. P, Szucsik, J. C., Weinstein, M., Li, H. and Potter,
within the LGE appears to be glial. likelv radial alia. This S. S5.(1995). Gsh-2, a murine homeobox gene expressed in the developing
pp ghal, y gla. brain Mech. Dev50, 177-86.

raises the attractive possibility that, in addition to their well«imura, S., Hara, Y., Pineau, T., Fernandez, S. P., Fox, C. H., Ward, J. M.

documented role in neuronal migration, radial glia may also and Gonzalez, F. J.(1996). The T/ebp null mouse: thyroid-specific

have an instructive role in regional neuronal differentiation. enhancer-binding protein is essential for the organogenesis of the thyroid,
lung, ventral forebrain, and pituitargenes Dev10, 60-69.
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