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SUMMARY

We have examined the role of the two closely related
homeobox genes&shland Gsh2 in the development of the
striatum and the olfactory bulb. These two genes are
expressed in a partially overlapping pattern by ventricular
zone progenitors of the ventral telencephalonGsh2 is
expressed in both of the ganglionic eminences whigshl
is largely confined to the medial ganglionic eminence.
Previous studies have shown thaGsh27~ embryos suffer
from an early misspecification of precursors in the lateral
ganglionic eminence (LGE) leading to disruptions in
striatal and olfactory bulb development. This molecular
misspecification is present only in early precursor cells
while at later stages the molecular identity of these cells
appears to be normalized. Concomitant with this
normalization, Gshl expression is notably expanded
in the Gsh2/~ LGE. While no obvious defects in

striatal or olfactory bulb development were detected in
Gsh1”~ embryos, Gsh1/2 double homozygous mutants
displayed more severe disruptions than were observed in
the Gsh2mutant alone. Accordingly, the molecular identity
of LGE precursors in the double mutant is considerably
more perturbed than in Gsh2 single mutants. These
findings, therefore, demonstrate an important role forGsh1l
in the development of the striatum and olfactory bulb of
Gsh2mutant mice. In addition, our data indicate a role for
Gsh genes in controlling the size of the LGE precursor
pools, since decreasing copies @sh2 and Gshl alleles
results in a notable decrease in precursor cell number,
particularly in the subventricular zone.
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INTRODUCTION

a number of genes, such B#&1/2 (Anderson et al., 1997),

Mashl(also known ad\scl]) (Casarosa et al., 1999) aBtfl

The mammalian striatum is the major component of the baséBGarel et al., 1999) are known to be required for these cells to
ganglia and serves an essential function in processing corticggive rise to the striatal complex. The LGE, or a domain
information concerning cognition and voluntary movementcontinuous with the LGE, is also the source of olfactory bulb
[for review, see Gerfen (Gerfen, 1992)]. The neurons thahterneurons (Wichterle et al., 1999) which are generated from
comprise the striatum have their origin in two prominentate embryonic stages into adulthood (Altman, 1969; Lois and
elevations called the medial and lateral ganglionic eminenceSlvarez-Buylla, 1994; Luskin, 1993). In keeping with this,
(MGE and LGE, respectively). The GABAergic medium-sizedmany mutants with an LGE/striatal phenotype also display
spiny projection neurons, which constitute the vast majority oflefects in the olfactory bulb interneuron populations, e.g.
striatal neurons, are generated from the LGE (Pakzaban et dblx1/2 mutants (Bulfone et al., 1998) arMashl mutants
1993; Deacon et al., 1994, Olsson et al., 1995; Olsson et a{Casarosa et al., 1999).
1998). Conversely, the majority of striatal interneurons appear As mentioned above, the homeobox g&sh2is important
to be generated from the MGE (Olsson et al., 1998; Marin dor establishing the boundary between the LGE and cortical
al., 2000). ventricular zones (VZ). Mutations oGsh2 leads to the

Patterning of the LGE during early telencephalicgeneration of a considerably smaller striatum (Corbin et al.,
development is not, as yet, fully understood. Formation of it2000; Toresson et al., 2000; Yun et al., 2001), with the olfactory
ventromedial border with the MGE is dependent upon théubercle being particularly affected (Toresson et al., 2000).
expression ofNkx2.1 (now known asTitfl) (Sussel et al., This defect depends to a large extent on the ectopic expression
1999). Furthermore, the dorsolateral limit of the LGE isof Pax6in early LGE precursor cells, since removal of this
controlled by LGE expression @sh2(Corbin et al., 2000; gene on th&sh27/~background significantly improves striatal
Toresson et al., 2000; Yun et al., 2001) and cortical expressiatevelopment (Toresson et al., 200B8sh2is thus playing an
of Pax6 (Stoykova et al., 2000; Toresson et al., 2000; Yun etmportant role in striatal development by maintaining the
al., 2001). Once the domain of LGE progenitors is establishedprrect molecular identity of early LGE precursors. At later
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stages of striatal development the molecular identity o#fter quenching in 3% #D, the primary antibody was added to the

Gsh2/- precursors appears to normalize. This result couldlides in KPBS with 2% normal swine serum and 0.25% Triton X-
indicate thatGsh2independent mechanisms are important forL00. Incubation was overnight at room temperature (RT). Following
late stages of striatal neurogenesis. However, before makir‘igSes in KPBS, biotin-conjugated swine anti-rabbit secondary

this conclusion one must take into consideration the possibili
of compensatory mechanisms. In this respect, the clos

related gene,Gshl (Valerius et al.,, 1995), is normally
expressed in a small subset of Ggh2expressing LGE cells

e

insing in KPBS. The ABC elite kit (Vectastain) was used for
etection with 33 diaminobenzidine (DAB) as the chromogen.

Primary antibodies used were: ISL1 (1:400, provided by T. Edlund),
SOX1 (1:500, provided by R. Lovell-Badge), DARPP-32 (PPP1R1B;

.Eptibodies (1:200, DAKO) were incubated for 2 hours at RT before

at the border with the MGE. Thus it is possible that this geng:1000, Chemicon)u-opiate receptor (cOR) (1:2000, IncStar),

might compensate for the loss @8h2in the generation of
striatal and olfactory bulb neurons.

Interestingly, we observe a dramatic expansion of3blel
expression domain in th&sh2 mutant LGE. In order to
examine the role ofGshl in striatal and olfactory bulb
development, we studie@shl single andGsh1/2 double

CaBP (1:1000, provided by P. Emson), DLX (1:400, provided by G.
Panganiban), GAE (1:5000, Chemicon), TH (1:5000, Chemicon),
PAX6 (1:500, provided by S. Wilson), MASH1 (1:2500, provided by
M. Nakafuku), NGN2 (ATOH4; 1:3000, provided by M. Nakafuku),
NKX2.1 (TITF1; 1:1300, provided by R. DiLauro) and Ki67 (1:100,
Dianova). All primary antisera were raised in rabbits.

homozygous mutants. Although the striatum and olfactory bull, sjty hybridization

of Gsh1lmutants was not noticeably different from wild types

these structures were more severely disturbed irGgtel/2

'In situ hybridization was performed as previously described (Toresson

et al., 1999). Probes used weBsh1 full-length cDNA (provided by

double mutants than iGsh2single mutants. These findings s. s. Potter) andRaldh3 (EST-clone, GenBank accession no.

demonstrate thaGshl which is not normally required for

AA790530; HGMP Resource Centre).

striatal and olfactory bulb development, plays an important role

in the development of these forebrain region&ah2mutant
embryos.

MATERIALS AND METHODS

Genotyping of animals

Genotyping ofGsh1(Li et al., 1996) an@>sh2(Szucsik et al., 1997)
mouse embryos and adults was carried out by PCR. G$tel
wild-type allele was detected using the primemgsht
5:GAAAATAAACCCGAAAAGGGAAGAGGAGGG and gsht3':
ATCCGAAGGGAGGGAAGGACGCCTTGAGTA, which give an
approximately 700 bp band. The targetgshlallele was detected
using the primergsht5' (above) and TGCTAAAGCGCATGCTCC-
AGACTGCCTT (giving a 300 bp band). Tkish2gene was detected
using the primers ATGGATGTGTTGGGTTAGACTGGGTTCTGG
and TGCTTCACGCGACGGTTCTGAAACCATATT giving a 280 bp
band. The targete@sh?2allele was detected with primers n&dSCT-
GGGCACAACAGACAATCGGCT and ned3 TATTCGGCAAGC-

Toluidine Blue staining and counting of mitotic figures

Slides were rapidly immersed in a solution of 0.5% Toluidine Blue in
dH20 and subsequently washed inx@Huntil staining was considered
optimal. Slides were then quickly taken through a series of washes of
increasing ethanol concentration and finally in xylene. Every twelfth
section was analysed and cells in all stages of mitosis were included.
Mitotic figures were assigned to the ventricular zone (VZ) if they were
located at the luminal (i.e. ventricular) surface. All mitotic figures
found deeper were assigned to the subventricular zone (SVZ).

TUNEL
TUNEL analysis was performed on E12.5, E16.5 and E18.5 embryos

using the in situ Cell Death Detection Kit (Boehringer Mannheim/
Roche).

Volumetric analysis

The volume of each striatum was estimated by stereology using the
Castgrid software (Olympus, DK). The area positive for ISL1 or
SOX1 was delineated on each section and the area measured by the
computer. The striatal volume of each section was determined by

AGGCATCGCCAT (500 bp band). All embryos that were determinedmultiplying the measured area by the thickness of the section (i.e. 12
to be double homozygotes by PCR were also confirmed by GSH2m). The total volume was then determined by adding the volume of

immunohistochemistry and in situ hybridization @shlon sections.

each section and then multiplying by 12 (since evelyskztion was

Note, the targeteGshllocus lacks almost the entire coding sequencemeasured).

(Li et al., 1996).

Histological analysis

RESULTS

Embryos were fixed and sectioned as previously described (Toresson,

2000).

Immunohistochemistry

Gsh2~/~ embryos exhibit disruptions in the
development of the striatum and olfactory bulb

Immunostaining was performed on slide-mounted sections. Brieflfsh2gene function has recently been shown to be required for

Table 1. Striatal volumes inGshland Gsh2single and double homozygous mutants at E18.5

Wild type
volume in mnd
(% of wild type)

Gsht*-
volume in mnd
(% of wild type)

Gsh2*
volume in mnd
(% of wild type)

Gsht*;Gsh2*
volume in mnd
(% of wild type)

ISL1 volume (i.e. striatal complex)
SOX1 volume (i.e. ventral striatum)
ISL1* SOXI volume (i.e. dorsal striatum)

1.99:+0.08 (100)
0.51+0.05 (100)
1.48+0.13 (100)

0.90+0.02* (45) 1.8420.09 (93) 0.41+0DPF
0.16+0.01* (31) 0.43£0.01 (84) 0.064q IR
0.74+0.02* (50) 1.41+0.08 (95) 0.35+0(R3)

n=4 for each allele. The ISFISOX1 volume was determined by subtracting the SOXdlumes from the ISL"Lregion.
*Significant from wild type at 999significant fromGsh27- at 99%, one way ANOVA with the Fisher PLSD post-hoc test.
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Fig. 1. The striatal complex at E18.5 in wild types &sh2 c D
homozygous mutants. Immunostaining for ISL1 (A,B) delineates the

entire striatal complex while SOX1 staining (C,D) selectively marks

the olfactory tubercle and portions of the nucleus accumbens (Acc) CaBP

(i.e. ventral striatum). Th&sh2mutant displays a significant

reduction in size of the striatal complex (B), which is most prominent

in the ventral striatum, in particular within the olfactory tubercle Be i cc-

(OT) region (B,D). Stm, striatum.

the correct molecular identity of LGE precursor cells at early Dok Soeas ) Aelald 1 S
stages of striatal development (Corbin et al., 2000; Toresson RN T Al
al., 2000; Yun et al., 2001). Loss @&h2gene function leads i B B0 gty
to developmental abnormalities in the structures that compris . :
the striatal complex, including the dorsal striatum, nucleu:
accumbens and olfactory tubercle. The LIM-homeodomail EN
protein, Islet 1 (ISL1) marks the overwhelming majority of E ' F

neurons of the striatal complex (Fig. 1A). Quantification of

ISLl—exp.ressmg cells §howed a 55% reduction in the VOIumFig. 2.Patch-matrix organization at E18.5 in wild types &sth2

of the, striatal ComP'eX in the E18&sh2mutant, as FOmpared homozygous mutants. DARPP-32 immunohistochemistry outlines

to wild types (Fig. 1B; Table 1). Our previous studythe dorsal striatum and shows intense labeling in striatal patches and
demonstrated that the olfactory tubercle is particularlithe subcallosal streak (scs) of the wild type (A). Labeling can still be
defective in the&Gsh2mutants (Toresson et al., 2000). Here wedetected in th&sh2mutant but patches are fewer and smaller and
have examined the expression of the HMG-box protein SOXZabeling of the scs is weaker (B). At this stage,

which marks cells in the ventral striatum (including both theimmunohistochemistry for the-OR shows patchy distribution and
nucleus accumbens and olfactory tubercle) (Fig. Bh2  scs labeling in the wild type (C) and to a lesser extent i
mutants displayed a 69% reduction in the region of soxqmutant (D). Arrowheads in A-D show representative patches labeled

expressing cells as compared to wild types (Table 1Witheither DARPP-32 op-OR. CaBP expression in tkish2 _
Interestingly, the expression of SOX1 in the nucIeus?llzl)n‘i;r::t Zt::;tﬁg; ((;)nﬁggsg.s Ct((:) Egrmsgef;?:sj;compared to wild type
accumbens region appears to be less affected than that in * " » €6, corp '

olfactory tubercle (Fig. 1D). Although the ventral striatum is

most severely reduced in tRsh2mutants, the ISL1-positive, The striatum is composed of two distinct neuroanatomical
SOX1-negative region (i.e. dorsal striatum) is also significantland neurochemical compartments termed the patch and matrix

reduced (50% of wild type) (Table 1). [for review, see Gerfen (Gerfen, 1992)]. In the adult, DARPP-
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32 is expressed by essentially all striatal projection neurorfer the u opiate receptor -OR), which is a reliable patch
(i.e. in both the patch and matrix compartments) (Anderson andarker even into adulthood (Moon Edley and Herkenham,
Reiner, 1991) while, at prenatal stages, it is largely restrictetio84), confirms the DARPP-32 result demonstrating the
to patch neurons (Foster et al., 1987). In@®s#2/~ striatum,  existence of smaller patches in the EX@sh2mutant striatum
at E18.5, there is a clear reduction in the number of DARPR¥Fig. 2D). The matrix compartment, as marked by Calbindin
32 positive cells (Fig. 2B) and the patches formed are small¢€CaBP) expression (Gerfen et al., 1985), appears to be less
and fewer than in the wild type (Fig. 2A). In addition, stainingaffected in th&ssh2mutant. Indeed, it seems that more neurons
express high levels of CaBP@sh2mutants than in wild types
TR (Fig. 2E,F). Thus both patch and matrix neurons are formed in
Wild-type Ganz 5O the Gsh2 mutant striatum, however, their proportions are
DLX altered as compared to that in wild types.
The striatum is not the sole derivative of the LGE.
GABAergic and dopaminergic interneurons of the olfactory
bulb (Shipley et al., 1995) are also thought to derive from
the LGE at embryonic stages (Wichterle et al., 1999) and
the lateral wall of the telencephalic ventricle (i.e. the
subventricular zone, SVZ) at postnatal and adult stages
(Altman, 1969; Lois and Alvarez-Buylla, 1994; Luskin, 1993).
Progenitors of these olfactory bulb interneurons express DLX
A B proteins while migrating along the rostral migratory stream
E18.5 (Porteus et al., 1994). At E18.5, DLX expression inGsb2”~

GAD :
o7 Wild-type Gsh2 KO
GL
Gsh1

GCL > v 3
E
LGE f.!

C D , &

TH | X e

Fig. 3. Olfactory bulb interneurons at E18.5 in wild types &sh?2

mutants. DLX immunohistochemistry reveals positive cells in the

SVZ, granule cell layer (GCL) and glomerular layer (GL) of the wild c
type (A). In theGsh2mutant (B) fewer than normal cells are positive

for DLX and these cells are mostly confined to the SVZ. GABAergic
interneurons of the granule cell layer and glomerular layer in the  Fig. 4. Gshlexpression in wild types ar@@sh2mutants. At E16.5,
wild type (C) are revealed by immunohistochemistry for GAIN Gshlexpression in the wild type is confined to the ventralmost VZ
the Gsh2mutant (D), there is a dramatic reduction in the number of corresponding to the former MGE and medialmost LGE (A). In
GADg7 cells and most are found in the granule cell layer. E and F Gsh2/~embryos at this stag&shitranscripts are detected at a high
show the medial portion of the olfactory bulbs at higher level throughout the LGE (B). Arrowheads in A and B indicate the
magnification to visualize the few TH neurons present in the LGE-cortex boundary. At E12.5, wild-tyfgeshlexpression is
glomerular layer. Interneurons positive for TH are detected in the observed in the MGE and medialmost LGE (C). A slight expansion
glomerular layer of wild-type (E) but n@sh2mutant (F) olfactory of theGshlexpression domain is evident in tBsh2mutant at this
bulbs. stage (D).

Ei2s D
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Fig. 5. The striatal complex at E18.5 @shlandGsh1/2 c D

homozygous mutants. No abnormalities can be seen in ISL1 (A) or

SOX1 (C) expression in ti@shimutant striatum (Stm). Th@sh1/2

double mutant has only a rudimentary striatum as revealed by ISL1 CaBP

(B) and nearly absent SOX1 (D) staining. Acc, nucleus accumbens; cc
OT, olfactory tubercle. i3]

olfactory bulb is notably reduced and mainly confined to the
olfactory bulb SVZ (Fig. 3B) as compared to wild types where
strong staining is detected also in the granule cell layer ar = <"
glomerular layer (Fig. 3A). Furthermore, the proportion of © /"

cells expressing glutamic acid decarboxylase (@A\Da TR R
synthetic enzyme for GABA production, is also considerably “ac - . =0 w0
reduced and largely confined to the granule cell layer (Fi¢: . .= = o _
3C,D). Dopaminergic olfactory bulb interneurons constitute £~ 7~ .- 0 F
a smaller population than their GABAergic counterparts ' o =
(Shipley et al., 1995) and can be marked by the expression Fig. 6. Patch-matrix organization at E18.5@shlandGsh1/2
tyrosine hydroxylase (TH, the rate limiting enzyme indouble homozygous mutants. TBghlmutant striatum appears
dopamine production) (Fig. 3E). TH-positive neurons are ncidentical to wild type for DARPP-32 (Aj-OR (C) and CaBP (E).

detected in the E18 Gsh27- olfactory bulb (Fig. 3F). The Gsh1/2double mutant striatum is devoid of DARPP-32-positive
neurons (C) and np-OR patches can be detected (F). Arrowheads in

The expression domain of Gshl is expanded in the A and C point to patches. Neurons expressing CaBP are detected in

Gsh2 mutant LGE the rudimentary double mutant striatum (F). ac, anterior comissure;

It is interesting to note that the molecular identityGsh27/~ cc, corpus callosum.

LGE precursors normalizes at later stages (i.e. between E1

15) of striatal neurogenesis (Corbin et al., 2000; Toresson

al., 2000; Yun et al., 2001). The mechanisms underlying thisoncomitant with the normalization of molecular identity in
delayed recovery are at present unknown, however, they ak&E precursors at E16.5 there is an expansionGshl
likely to account for the striatal structures that exist in thesexpression throughout the mutant LGE VZ up to the cortical-
mutantsGsh2has a close family memb@éish], the expression striatal boundary (Fig. 4B). This expansion appears to be only
of which overlaps witlGsh2expression in the MGE but is only starting at earlier stages (e.g. E12.5) (Fig. 4D) when significant
expressed in a small subset of LGE precursors in thmisspecification remains evident in t@sh27~ LGE (Corbin
ventromedial portion (Fig. 4A,C). Interestingly, we find thatet al., 2000; Toresson et al., 2000; Yun et al., 2001).
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Fig. 7. Olfactory bulb interneurons at E18.5@shlandGsh1/2
homozygous mutants. DLX (A), GAR(C) and TH (E) expression
appear normal iGshlmutants. Th&shl/2double mutant has very
few DLX (B) labeled cells in the SVZ. The double mutants are also
completely devoid of GABY staining (D) and lack TH-positive cells
(F). GL, glomerular layer; GCL, granule cell layer.

The Gshi1/2 double mutant striatum and olfactory
bulb are more severely defective than inthe  Gsh2
mutants

To examine wheth&Bshlhas a significant role in striatal and
olfactory bulb development on its own, we analy@sh1/~
embryos. Using the same markers as for @sh2 mutant

These results argue that, in the presence of functi®shl
alleles,Gshlis not required for striatal projection neuron and
olfactory bulb interneuron development. This notion is also
supported by the expression patterisghlitself (Fig. 4A,C).

The expanded expression domainGshlin the Gsh2”/~
telencephalon, however, suggests that it may have a role in
striatal and olfactory bulb development wh&sh2is missing.

To determine this, we generat€shl/2double homozygous
mutants. At E18.5, th&shl/2 double mutant striatum, as
marked by ISL1 expression, is dramatically reduced (54%
smaller than in th&sh2mutant), being only 21% of the wild-
type striatum (Fig. 5B; Table 1). Again, the ventral striatum
demarcated by SOX1 staining is severely affected in the double
mutant being 37% of that in ti@sh2mutants and only 12%

of wild types (Fig. 5D; Table 1). In addition to this considerable
reduction in size, removal of botAshland Gsh2genes has
more severe effects on striatal neuron differentiation since no
DARPP-32-positive cells can be detected at E18.5 (Fig. 6B).
Moreover, nqu-OR positive patches can be seen in the double
mutant striatum (Fig. 6D). These results indicate that the patch
compartment is completely deficient even though ISL1 staining
(Fig. 5B) indicates the presence of a rudimentary striatum.
Expression of the early neuronal marRdil-tubulin is present
within the double mutant striatum (data not shown) as well as
Calbindin (CaBP) (Fig. 6F). Therefore the lossGs¥hland
Gsh2 function does not appear to affect all neuronal
differentiation in the mutant striatum. The lack of DARPP-32
andp-OR expression, however, demonstrates a requirement for
at least one of eitheGsh2 or Gshlto be present for the
differentiation of striatal projection neurons in the patch
compartment to occur. Our data further show that MGE-
derived striatal (NKX2.1) and cortical interneurons (DL*X
and CaBP) (Anderson et al., 1999; Marin et al., 2000) are
generated in significant numbers. Many NKX2.1-positive cells
are seen in th&shl/2mutant striatum (Fig. 9L) as well as
DLX- and CaBP-positive cells in the cortex (Fig. 91) (data not
shown), similar to that in wild types. As in tBsh2mutants,

we did not detect an increase in TUNEL-positive cells within
the LGE or the striatal complex of tsh1/2double mutants.
The lack of data supporting cell death in tBsh2 single
mutant (Toresson et al., 2000; Yun et al., 2001) @st1/2
double mutant striata, suggests that their reduction in size
could be due to proliferation defects.

Since Gshlis required for striatal development in the
Gsh27~telencephalon, could it have a similar role in olfactory
bulb neurogenesis? As described above@ble2”~ olfactory
bulb displays a significant reduction in DLX- and G&b
expressing cells (Fig. 3B,D). In th@shl/2double mutant,
there is an even greater reduction in DLX staining (Fig. 7B)
and a complete lack of GARpositive (Fig. 7D) and TH-
positive cells (Fig. 7F). These findings also demonstrate a role,
albeit less pronounced, f@shlin olfactory bulb neurogenesis
of Gsh2”/~ mice.

Lack of a complete respecification of striatal

embryos, we could not detect any significant abnormalities iprogenitors inthe  Gsh1/2 double mutant LGE
striatal development (Fig. 5A,C; Table 1). The expression oBased on the expansion of t@shlexpression domain in the

the striatal markers DARPP-3@;OR and CaBP irGsh1”~

Gsh2 mutant, along with the severely disturbed striatal

embryos (Fig. 6A,C,E) were indistinguishable from wild typesdevelopment observed in tshi1/2double mutant, we would

(Fig. 2A,C,E). Additionally,Gsh1”/~ mutants did not exhibit

expect a more severe misspecification of striatal progenitors in

detectable olfactory bulb interneuron defects (Fig. 7A,C,E)the Gshl/2double mutant from that seen in tGsh2mutant.
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Fig. 8. Progenitor cell specification at E12.5
in Gsh2andGsh1/2double homozygous
mutants. MASH1 protein is detected in many
cells of the MGE and LGE VZ of the wild
type (A). In theGsh2mutant the LGE level

of MASH1 is lower and confined to the
ventromedial VZ (B). In th&sh1/2double
mutant, only a few MASH1-positive cells are
seen in the LGE, close to the MGE (C). The
majority of VZ and SVZ cells of the wild

type are positive for DLX (D). In th&sh2
mutant, only cells of the medialmost LGE
SVZ express DLX proteins (E) while DLX-
positive cells in th&sh1/2double mutant
LGE are very rare (F). In situ hybridization
for Raldh3marks cells in the ventromedial
LGE of the wild type (G)Raldh3expression
is present at low levels in the same region of
the Gsh2/~ LGE (H) but completely absent
in the double mutant (1). High levels of PAX6
protein show a sharp boundary in the dorsal
LGE of the wild type (J). Ectopic PAX6 is
found in a large region of the LGE VZ in
bothGsh2mutants (K) andsshl/2double
mutants (L).

LGE/MGE sulcus in Gshl/2 double
mutants (Fig. 8C,F). For the analysis of
these mutants the expression domain of
the gene for the retinoic acid synthesizing
enzyme,retinaldehyde dehydrogenase 3
(Raldh3 Aldhla3 (Li et al., 2000), is
particularly interesting being confined to
the ventromedial half of the LGE (Fig.
8G).Raldh3transcripts can be detected at
low levels in theGsh2mutant LGE (Fig.
8H) but are absent from the double
mutant LGE (Fig. 81). Despite the more
severe alterations in ventral gene
expression seen inGshl/2 double
mutants, the ectopic expression of the
dorsal regulators PAX6 and NGN2 in the
double mutant LGE (Fig. 8L) (and data
not shown) was not noticeably different
from that in theGsh2mutant (Fig. 8K)
(and data not shown). Thus, the slightly
expanded expression domain®s$hlat
E12.5 (Fig. 4D) appears to be necessary
for the little correct specification present
in the Gsh2 mutant LGE at this stage.
Contrary to the defects observed in the
double mutant LGE at E12.5, the MGE
appears very similar to wild types (Fig.
8), as does the expression of the MGE-
marker NKX2.1 (data not shown).
Somewhat surprisingly, however, at
E16.5 the molecular identity of VZ cells

At E12.5, the morphology of the double mutant LGE wasn the double mutant LGE appears partially restored in that the
similar to that of theGsh2 mutant (Fig. 8), however, the domains of NGN2 (Fig. 9C) and PAX6 (Fig. 9F) expression
molecular identity of the double mutant LGE is more severelare similar to that iGsh2single mutants (Fig. 9B,E) and wild

disturbed than that of th&sh2mutant. MASH1 and DLX, types (Fig. 9A,D). Only a few cells within the dorsolateral LGE
which both cover around one third of the E1@&&h2mutant  of Gsh1l/2double mutants still express low levels of NGN2 and
LGE (Fig. 8B,E), are only detected in a few cells close to th®AX6. Moreover, MASHL1 is expressed in the VZ of the double
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Fig. 9. Progenitor cell specification i@sh2and
Gsh1/2double homozygous mutants at E16.5.
(A,B) NGN2 expression is detected in many cells
of the cortical VZ but not in the LGE of the wild
type (A). TheGsh2mutant looks similar to the
wild type at this stage (B). In th@sh1/2double
mutant (C), high levels of NGN2 are detected
only in the cortical VZ but low levels can also be
detected in a few cells in the lateral LGE. (D-

F) The expression of PAX6 is also similar in wild
type (D),Gsh2single (E) andssh1/2double
mutants (F). (G-I) In the wild type, high levels of
DLX protein can be detected in the VZ, SVZ and
mantle of the ventral telencephalon (G). T&h2
mutant shows less labeling in the VZ but
otherwise looks similar to the wild type (H).
Considerably fewer cells in th&sh1/2double
mutant LGE SVZ express DLX (I). (J-L) NKX2.1
expression defines the remnant of the MGE
(asterisk in J) at this stage and clearly helps to
visualize the shortening of the LGE VZ in the
Gsh2mutant (K) andsshl/2double mutant

(L) compared to the wild type (J). The NKX2.1-
positive region in L is larger than in J and K, this
is because the section in L is somewhat more
caudal than the others; we do not notice an
increase in MGE size in the double mutant.
Arrows in | and L shows the boundary between
the MGE and LGE. GP, globus pallidus.

Loss of Gsh gene function results in
fewer LGE precursor cells

In the Gsh2mutant, as well as in th&sh1/2
double mutant, the LGE is significantly
reduced in size from that in the wild type (Fig.
9). As mentioned earlier, this reduction does
not seem to result from increased cell death,
suggesting that reduced proliferation may
contribute to the phenotype. Indeed, previous
studies have shown that at E12.5 in @&h2
mutant, the SVZ of the LGE does not form
properly (Toresson et al., 2000; Yun et al.,
2001). Staining for the cell cycle marker Ki67
(Schluter et al., 1993) at E12.5 shows very
few cells in the SVZ of either th&sh2
mutant (Fig. 10B) or theGshl/2 double
mutant (Fig. 10C) as compared to wild types
(Fig. 10A). At E16.5, proliferation within the
Gsh2mutant SVZ appears to have resumed
since Ki67 staining indicates the presence of
numerous precursor cells in the SVZ (Fig.
10E). In the E16.5 double mutant, however,
SVZ proliferation (as marked by Ki67
staining) remains deficient (Fig. 10F). To

mutant LGE, albeit at lower levels (data not shown). The SVZomplement this data, we did Toluidine Blue stains on sections
was more severely disturbed in the double mutant since DLXom E18.5 brains and counted mitotic figures (i.e. dividing
proteins (Fig. 91) were detected in significantly fewer cells thagrecursors) in the VZ and SVZ. The data show that the loss of
in Gsh2 mutants (Fig. 9H) or wild types (Fig. 9G). This Gsh2as well asGshlgenes results in a significant decrease in
phenotype is restricted to the double mutant LGE since DLXhe number of dividing striatal precursors, both in the VZ and
expression appears at normal levels in the ventral-mo#ihe SVZ (Table 2). The reduction is most severe in the SVZ as
telencephalic SVZ corresponding to the MGE as marked bipdicated by the ratio of mitotic figures in the SVZ versus the
NKX2.1 (Fig. 9l,L). VZ in each of the wild-typeGsh2andGsh1/2alleles. Taken
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Fig. 10.Proliferating cells at E12.5 and E16.5 in
Gsh2andGsh1/2double homozygous mutants.
Immunohistochemistry for the cell cycle marker
Ki67 shows strong labeling in the VZ and SVZ
(separated by the dashed line) of the wild-type
LGE and MGE (A). Labeling in th&sh2mutant

is normal in the VZ and MGE SVZ but
significantly lower in the LGE SVZ (B). The
Gsh1/2double mutant (C) is similar to tti&sh2
mutant. At E16.5, the SVZ of tHésh2mutant

LGE (E) has improved, showing numerous Ki67-
positive cells which is not the case in the SVZ of
the double mutant LGE (E).

VZ by late stages of striatal neurogenesis.
Although the extent ofsshlexpression in
the early LGE (i.e. E12.5) of tiigsh2mutant

is minimal as compared to later stages, the
present results show that it is nonetheless
required for the little correct LGE
specification present at that time-point. These
results suggest thabsh2 gene function is
required for both early and late stages of
striatal development. In the absencé&ssh?2
Gshl gene function can, at least in part,
direct later stages of striatal development.
Interestingly, in the absence of bé&khland
Gsh2the ventral regulatorMashland DIx
genes are observed in the late VZ and SVZ
of the mutant LGE. Their expression at this

together with the reduction of DLX expression in the SVZ ofstage, however, is greatly reduced and only scattered DLX-
the double mutant LGE (Fig. 91), these findings indicate thapositive cells are observed. Thi&shgene function does not

Gsh2or Gshl(in the absence oBsh) is required for the
correct formation of the LGE SVZ precursor population.

DISCUSSION

The role of Gshl inthe Gsh2 mutant telencephalon
As would be expected from the expression pattel@ssflin

appear to be required for the establishment and/or induction of
molecular identity within LGE precursors but rather for its
maintenance.

We previously proposed a model for the molecular
specification of striatal and cortical progenitors (Toresson et
al., 2000) based on the results fr@sh2 Sey Sey/Gshznd
Neurogenin(Fode et al., 2000) mutants. According to this
model cortical and striatal progenitors have the ability to

the wild-type telencephalon, the development of striataéxpress either a ventral (DLX, MASH1) or a dorsal (NGN)
projection neurons and olfactory bulb interneurons does natevelopmental program and the choice between the two is
normally seem to be dependent on this gene product. DespitederPax6and Gsh2control. This model explains nicely the

this, our data clearly demonstrate that in the absenGsiu

early misspecification in th&sh2/~ LGE and in theSey

Gshl is required for much of the striatal developmentpallium. The recovery of molecular identity in tBsh2mutant
observed. What makes this particularly interesting is the fadtGE at later stages, however, was suggested to depend on
that Gshl is normally only expressed in a very small Gshl Although Gshlappears to posses similar functions to
subpopulation of precursors confined to the ventromedial limiGsh2in maintaining ventral specification of LGE precursors,

of the LGE. InGsh2 mutants, theGsh1expression domain

it is not required to repress dorsal gene expression in LGE

expands considerably, so that it covers the entire mutant LGEecursors, as is the case sh2 Indeed, the present results

Table 2. Mitotic figures in the VZ and SVZ of wild type,
Gsh2single andGsh1/2double homozygous mutants at

E18.5
Wild type Gsh2~  Gsht’~Gsh2/-
Ventricular zone (VZ) 219+19.8 138+10.4* 144+13.0*
Subventricular zone (SVZ) 1101+89.9 486+37.5* 291+27.0*
Ratio SvVzZ/VzZ 5.1+0.3 3.6+0.5* 2.2+0.2%

n=4 for each allele.
*Significant from wild type at 95%significant fromGsh27- at 95%, one
way ANOVA with the Fisher PLSD post-hoc test.

show that removal oGsh1from the Gsh2/~ background did

not result in an expansion of the ectofpiax6 and Ngn
expression domain from that observedash2mutants, even

at E12.5. Unlike that observed in tBsh2mutants, however,

in Gshl/2 double mutants very littleMashl or DIx gene
expression was detected in the ventromedial LGE at E12.5.
These new findings limit the validity of the previously
proposed model (Toresson et al., 2000) to the early stage,
dorsolateral LGE cells and suggests Ngnindependent
regulation of Mashl and DIx gene expression in the
ventromedial LGE. Interestingly, Yun et al. (Yun et al., 2001),
have recently suggested that the LGE may be divided into
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dorsal (dorsolateral) and ventral (ventromedial) domains basatZ and SVZ.Gsh gene function appears to be particularly
on restricted gene expression patterns. If this is the case, thiemportant for the establishment of the SVZ since the ratio of
perhaps a unique function @sh2is to represfPax6 and  precursors in the SVZ versus the VZ decreases significantly
neurogeningene expression in the dorsolateral LGE domairwhen going from wild type t&sh2mutant toGsh1/2double
while other factors restrict their expression from themutant. Moreover, the loss of boBshland Gsh2leads to a
ventromedial LGE domain. This apparent differenc&gh2  severe reduction in DLX-expressing SVZ cells. The fact that
andGsh1lfunction may, however, be due to the fact Bahl Gsh genes control both the molecular identity of LGE
is not expressed in the dorsolateral LGESsh27~ mutants at  precursors and aspects of their proliferation is interesting in the
an early enough time-point. Genetic replaceme@sif2with light of results, primarily fromDrosophila studies, showing
the Gshlgene is needed to adequately address this issue. that the cell cycle control machinery in many cases is linked
The mechanism by whicléshl functions in theGsh2  to cell fate decisions (Edgar and Lehner, 1996).
mutant telencephalon is, as yet, unclear. The simplest ) o )
explanation would be that in the absencessh2 the small ~ Gsh genes and clonal relationships in the striatum
domain of LGE precursors that normally expres&@shl and olfactory bulb
expands dramatically and constitutes the entire LGE at lat&ecent studies have shown that the majority of striatal
stages. This is not a typical situation where compensationterneurons are generated from the MGE (Olsson et al., 1998;
though genetic redundancy has previously been proposed (eMarin et al., 2000) while the different classes of striatal
Otx or En genes) (Acampora et al., 1997; Joyner, 1996; Sudprojection neurons are generated in the LGE (Pakzaban et al.,
et al., 1997). In these previous examples compensation occur893; Deacon et al., 1994; Olsson et al., 1995; Olsson et al.,
where the homologous genes overlap in their expressiatD98). The clonal relationships, however, of striatal projection
patterns. In the case of th&sh genes, the region of neurons are unknown. The major subdivisions of the striatal
telencephalon wher@shland Gsh2expression overlaps (i.e. complex (i.e. caudate-putamen, nucleus accumbens and
the MGE) appears to be least affected by the removal of botiifactory tubercle) display many similarities based on their
genes. Instead, it is the mostBsh2positive; Gshtnegative  morphology and the expression of different neurochemicals
LGE that requiresssh1function in the absence &fsh2 Some  (Heimer et al., 1995). They differ, however, in afferent and
mechanism may therefore exist that allows for the enlargemeafferent connections as well as in their compartmentalization
of the ventromedial population in th&sh2 mutant. One (Heimer et al., 1995), making it possible that they are generated
possibility is that the dorsolateral LGE has a negative influendeom different progenitors within the LGE, separated spatially
on the proliferation of ventromedial LGE cells and in theand/or temporally. Our studies Bax6/Gsh2double mutants
Gsh27/~ LGE this inhibition is lost. Support for this model, (Toresson et al., 2000), indicated that the failure to properly
comes from the expression profile of DLX proteins in@s2  generate the olfactory tubercle @sh2mutants is due to the
mutant LGE. DLX proteins are normally expressed at highmisspecification of precursor cells in the dorsolateral LGE at
levels in VZ precursors of the dorsolateral LGE while theiran early stage of striatal develolpment. This finding suggests
expression is found deeper in cells of the SVZ at mor¢hat olfactory tubercle neuronal precursors are normally
ventromedial locations (see Fig. 8D, Fig. 9G) (Eisenstat et algcated in this portion of the LGE, predominantly at early
1999). In theGsh2mutant, the DLX expression profile appearsstages. The neurons of the dorsal striatum and nucleus
to be more similar to that in ventromedial regions of the wildaccumbens are largely generated at later stages than those in
type LGE (see Fig. 8E, Fig. 9H) (Corbin et al., 2000)the olfactory tubercle (Bayer and Altman, 1995) and therefore
suggesting that thesh2mutant LGE possesses characteristicdbenefit, at least partially, from tl@&shlexpansion in th&sh2

typical of the ventromedial LGE. mutant. Therefore, there may be both spatial and temporal
] o domains of distinct striatal precursor cells for the olfactory

Gsh genes are required for maintaining the LGE tubercle, dorsal striatum and nucleus accumbens positioned

precursor pool along the dorsolateral to ventromedial extent of the LGE.

One of the most striking defects in tBsh2single andssh1/2 Another subdivision of striatal neurons is the patch-matrix

double homozygous mutants is the reduction in the volume dfistinction (Gerfen, 1992). Patch neurons make up 15% of total
the striatal complex. This effect could be caused by at least tvgtriatal volume and are generated at a low but steady level from
different mechanisms, increased cell death or a reducdbe earliest time-points of striatal neurogenesis until the end
proliferation of striatal precursors. As was the case iG$t®2  (van der Kooy and Fishell, 1987). The generation of matrix
mutant (Toresson et al., 2000; Yun et al., 2001), we did nateurons however, starts later than patch neurogenesis and they
detect an increase in TUNEL labelling in tBsh1/2double are born in increasing numbers as striatal development
mutant striatum, indicating that increased cell death does nptoceeds (van der Kooy and Fishell, 1987). InGsa2mutant,
contribute significantly to this phenotype. The reduction irthere is a clear reduction of striatal patches, which is likely due
striatal volume is therefore most likely caused by ao the early misspecification of LGE precursors. The matrix
proliferative deficit within the progenitor pool. Indeed, thecompartment must also be affected, since it normally
Gsh2mutant LGE does not appear to establish a proliferativeonstitutes 85% of the striatum (Lanca et al., 1986) and the
SVZ at E12.5 (Toresson et al., 2000; Yun et al., 2001). This i$3sh2 mutant striatum is reduced to 45% of the wild type.
at least in part, ameliorated at later stages of striatdfloreover, in theGsh1l/2double mutant we observe a specific
neurogenesis in th&sh2 mutant, but remains significantly lack of patch neurons and the small rudimentary striatum
reduced in theGsh1/2double mutant. The present results,formed is positive only for the matrix marker CaBP. TGis$2
therefore, indicate thash2(or Gshlin its absence) function (or Gshl in its absence) are absolutely required for the
is required for the proliferation of LGE precursors both in thormation of the striatal patch compartment. It has been
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suggested previously that striatal patch neurons derive from thecontrol of brain morphogenesis through Otx gene dosage requirement.

VZ while the SVZ contributes to the formation of the matrix Development24 3639-3650.

compartment (Anderson etal.. 1997: van der Kooy and Fisheﬁ\ltman, J. (1969). Autoradiographic and histological studies of postnatal

1987). Alth h onl | t'.’ ’ data fit with thi del: " neurogenesis. IV. Cell proliferation and migration in the anterior forebrain,
)' oug 9” y correla |ve,_our ata fiewi . IS MOGeL it special reference to persisting neurogenesis in the olfactory Julb.

the disturbances in patch formation correlates with the alteredcomp. Neurol137, 433-457.

gene expression in the VZ, while the reduction in the matrixnderson, K. D. and Reiner, A.(1991). Immunohistochemical localization

compartment could be associated with the observed decreaséf DARPP-32 in striatal projection neurons and striatal interneurons:
in SVZ precursors implications for the localization of D1-like dopamine receptors on different

. . .. types of striatal neuron8rain Res568, 235-243.
Interestingly, the progressive loss of DARPP-32-positivexngerson, s. A., Qiu, M., Bulfone, A., Eisenstat, D. D., Meneses, J.,

patches not only correlates with decreasing copie&sit Pedersen, R. and Rubenstein, J. 1(1997). Mutations of the homeobox
alleles but also with a reduction in the expression of the retinoic genes DIx-1 and DIx-2 disrupt the striatal subventricular zone and
acid synthesizing enzymeRaIth (Li et al 2000) Our differentiation of late born striatal neuroméeuron19, 27-37.

. . - ! S A nderson, S., Mione, M., Yun, K. and Rubenstein, J. L(1999). Differential
previous studies have _'mpl'cat?d I,‘GE'de”Ved retinoids in thé origins of neocortical projection and local circuit neurons: role of DIx genes
development of the striatal projection neurons (Toresson et al.,in neocortical interneuronogenes@ereb. Cortes9, 646-654.

1999). Thus, the altereRaldh3expression in th€&sh2single  Bayer, S. A. and Altman, J.(1995). Neurogenesis and neuronal migration. In

and Gsh1/2 double mutants may contribute to the striatal ;hedRat_ NPerVOUS syste(ed. G. Paxinos), pp. 1041-1078. San Diego:
; P e ; cademic Press.

phleno(tj)ép? Vlatl at;]ed'“![c.tl?nl Ig :cetl?OIdbsyntthIS'b lit .Bulfone, A., Wang, F., Hevner, R., Anderson, S., Cutforth, T., Chen, S.,

n adarton 0 € striatal derects observed, abnormalities '_n Meneses, J., Pedersen, R., Axel, R. and Rubenstein, J.(L998). An
olfactory bulb interneuron development are also detected in olfactory sensory map develops in the absence of normal projection neurons
Gsh2single (Corbin et al., 2000; Yun et al., 2001) &=h1/2 or GABAergic interneurondNeuron21, 1273-1282.
double mutants. Olfactory bulb interneurons can be divide§asarosa, S., FOShE, C-ta{]:‘IGU"'eg‘Otv Fflggg)-nzh’('iazgé sfggu'ates
. ot : neurogenesis in the ventral telencephaldevelopmen -534.

Into two dIStIn.Ct morphO|Oglcal subtypes, the granme neuronéorbin, J. G., Gaiano, N., Machold, R. P, Langston, A. and Fishell, G.
and the _per|g|9merU|ar neurons. The granule cells aré >op0). The Gsh2 homeodomain gene controls multiple aspects of
GABAergic while the periglomerular cells can be telencephalic developmerievelopment27, 5007-5020.

GABAergic, dopaminergic or both (Shipley et al., 1995). ThePeacon, T. W.,, Pakzaban, P. and Isacson, @.994). The lateral ganglionic
generation of these neurons begins at late embryonic Stagegminence is the origin of cells committed to striatal phenotypes: neural
. . . . . transplantation and developmental evidefrain Res668 211-219.
and Cjommues into adulthood. Previous studies (Corbm et at‘fdgar, B. A. and Lehner, C. F.(1996). Developmental control of cell cycle

2000; an ?t al., 2001) have demonstrated fBlAD@W'gene regulators: a fly’s perspectivBcience274, 1646-1652.
expression in the olfactory bulb appears to be deficient at EXsenstat, D. D., Liu, J. K., Mione, M., Zhong, W., Yu, G., Anderson, S.
but returns to normal at E18.5. In spite of this, GABA- A, Ghattas, |, Puelles, L. and Rubenstein, L. R1999) DLX-1, DLX-

; ; . ; 2, and DLX-5 expression define distinct stages of basal forebrain
expressing neurons remain deficient (Corbin et al., 2000). Thediﬁeremiaﬁonll Comp. Neurold14, 217-237.

anCity of GADRy7 prOtein'eXpreSSing cells ob_served here iSFode, C., Ma, Q., Casarosa, S., Ang, S. L., Anderson, D. J. and Guillemot,
likely to account for this. Thus the defect in granule cell F (2000). A role for neural determination genes in specifying the
development in theGsh2 mutant may be due to a dorsoventral identity of telencephalic neuroBenes Devi4, 67-80.
developmental delay (Corbin et al., 2000). This delay is |ike|)Foster, G. A, Schultzberg, M., Hokfelt, T., Goldstein, M., Hemmings, H.

: : C., Jr, Ouimet, C. C., Walaas, S. |. and Greengard, P(1987).
to be dependent otshl gene function since th&sh1/2 Development of a dopamine- and cyclic adenosing-Bonophosphate-

dOU_ble mutants appear to have no GABxpressing neurons.  egulated phosphoprotein (DARPP-32) in the prenatal rat central nervous
While the formation of GABAergic granule cells does not system, and its relationship to the arrival of presumptive dopaminergic

absolutely require Gsh2 gene function, periglomerular innervation.J. Neurosci7, 1994-2018.

neurogenesis seems to be more sensiti\,@sﬂmgene dose Garel, S., Marin, F., Grosschedl, R. and Charnay, R1999). Ebfl controls
: . ) early cell differentiation in the embryonic striatubrevelopmeni26, 5285-
Reid et al. (Reid et al., 1999), have recently performed clonal c5q,

ana|y5i§ of olfactory bulb inteme'urons and Shown that wheBerfen, C. R. (1992). The neostriatal mosaic: multiple levels of
progenitors were labeled at E17 in the rat (E15 in the mouse),compartmental organizatiofirends Neuroscil5, 133-139.
clones contained either granule cells or periglomerular cell$zerfen, C. R., Baimbridge, K. G. and Miller, J. J.(1985). The neostriatal

SEH s ; ; i ; mosaic: compartmental distribution of calcium-binding protein and
These flndlngs indicate that from this time point i the parvalbumin in the basal ganglia of the rat and monReyc. Natl. Acad.

neurogenesis of olfactory bulb interneurons, separate g, sag2 8780-8784.

precursor populations exist for the two different subtypes. Ifeimer, L., Zahm, D. S. and Alheid, G. F(1995). Basal Ganglia. Mfihe rat

this respectsh2appears to be essential for the generation of nervous systenfed. G. Paxinos), pp. 579-628. San Diego: Academic Press.

periglomerular interneurons. Joyner, A. L. (1996). Engrailed, Wnt and Pax genes regulate
midbrain—hindbrain developmerfrends Genetl2, 15-20.
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