9504 - The Journal of Neuroscience, September 17, 2008 - 28(38):9504 -9518

Development/Plasticity/Repair

Molecular Specification and Patterning of Progenitor Cells in
the Lateral and Medial Ganglionic Eminences

Eric S. Tucker,"* Samantha Segall,>* Deepak Gopalakrishna,* Yongqin Wu,* Mike Vernon,* Franck Polleux,>* and
Anthony-Samuel LaMantia'-

Departments of 'Cell and Molecular Physiology and 2Pharmacology, *Curriculum of Genetics and Molecular Biology, and “University of North Carolina
Neuroscience Center, The University of North Carolina at Chapel Hill School of Medicine, Chapel Hill, North Carolina 27599

We characterized intrinsic and extrinsic specification of progenitors in the lateral and medial ganglionic eminences (LGE and MGE). We
identified seven genes whose expression is enriched or restricted in either the LGE [biregional cell adhesion molecule-related/downregu-
lated by oncogenes binding protein (Boc), Frizzled homolog 8 (Fzd8), Ankrd43 (ankyrin repeat domain-containing protein 43), and Ikzf1
(Ikaros family zinc finger 1)] or MGE [Map3k12 binding inhibitory protein 1 (Mbip); zinc-finger, SWIM domain containing 5 (Zswim5);
and Adamts5 [a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 5]]. Boc, Fzd8, Mbip, and
Zswim5 are apparently expressed in LGE or MGE progenitors, whereas the remaining three are seen in the postmitotic mantle zone.
Relative expression levels are altered and regional distinctions are lost for each gene in LGE or MGE cells propagated as neurospheres,
indicating that these newly identified molecular characteristics of LGE or MGE progenitors depend on forebrain signals not available in
the neurosphere assay. Analyses of Pax6°?*?, Shh ~'~, and Gli3*"*” mutants suggests that LGE and MGE progenitor identity does not
rely exclusively on previously established forebrain-intrinsic patterning mechanisms. Among a limited number of additional potential
patterning mechanisms, we found that extrinsic signals from the frontonasal mesenchyme are essential for Shh- and Fgf8-dependent
regulation of LGE and MGE genes. Thus, extrinsic and intrinsic forebrain patterning mechanisms cooperate to establish LGE and MGE

progenitor identity, and presumably their capacities to generate distinct classes of neuronal progeny.
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Introduction

Progenitors in the lateral and medial ganglionic eminences (LGE
and MGE) produce postmitotic neurons with distinct migratory
trajectories and fates: LGE progenitors produce striatal projec-
tion neurons and olfactory bulb interneurons, whereas MGE as
well as caudal ganglionic eminence (CGE) progenitors produce
cortical and hippocampal interneurons (Pleasure et al., 2000;
Toresson and Campbell, 2001; Wichterle et al., 2001; Nery et al.,
2002; Stenman et al., 2003; Xu et al., 2004; Butt et al., 2005;
Tucker et al., 2006). Previously identified, regionally restricted,
transcriptional regulators (Anderson et al., 1997; Sussel et al.,
1999; Corbin et al., 2000; Toresson and Campbell, 2001; Stenman
et al., 2003) may not fully account for these divergent capacities.
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Accordingly, we identified additional genes that distinguish LGE
or MGE progenitors or progeny and determined the role of in-
trinsic and extrinsic signaling mechanisms in establishing LGE
and MGE identity.

It is unclear whether LGE and MGE progenitors rely exclu-
sively on local patterning mechanisms intrinsic to the forebrain
neuroepithelium or require extrinsic signals to establish or retain
molecular distinctions. Isolated neural progenitors from distinct
forebrain regions, including the LGE and MGE, maintain some in
vivo molecular identity when propagated as neurospheres (Hi-
toshi etal., 2002; Ostenfeld et al., 2002; Parmar et al., 2002). Thus,
we asked whether novel molecular dimensions of LGE and MGE
identity, once established in vivo, are maintained independent of
local intrinsic and extrinsic forebrain signals. Patterned gene ex-
pression in the LGE and MGE depends on forebrain position, as
well as local secreted signals and transcriptional regulators (Wil-
son and Rubenstein, 2000; Rallu et al., 2002b; Schuurmans and
Guillemot, 2002; Campbell, 2003), including the transcription
factor Pax6 (Stoykova et al., 1996; Gotz et al., 1998; Stoykova et
al., 2000; Toresson et al., 2000; Yun et al., 2001), the secreted
signal sonic hedgehog (Shh) (Chiang et al., 1996; Fuccillo et al.,
2004; Xu et al., 2005), and its transcriptional mediator Gli3 (Theil
et al.,, 1999; Tole et al., 2000; Rallu et al., 2002a). Thus, we asked
whether Pax6, Shh, or Gli3 regulate expression or patterning of
the newly identified LGE- or MGE-enriched genes. In addition,
signals from outside the forebrain may establish or reinforce LGE
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white; candidate genes are in green.

and MGE distinctions. The frontonasal mesenchyme (Fn:M), a
source of inductive signals for the olfactory pathway during early
forebrain development, is adjacent to the ventral forebrain neu-
roepithelium (LaMantia et al., 1993, 2000; Haskell and LaMantia,
2005). Thus, we asked whether this mesenchyme regulates ex-
pression or patterning of LGE- and MGE-enriched genes or
modulates the activity of intrinsic signals thought to influence
gene expression in the forebrain neuroepithelium.

Affymetrix-based microarray screen identifies transcripts that are putatively enriched in the LGE or MGE at E14.5. 4,
Five-step (I-V) differential dissection of the E14.5 forebrain. Cortical (I) and olfactory bulb (I1) rudiments were removed, the basal
forebrain was bisected (IIl), and lateral, medial, and caudal ganglionic eminences were isolated (IV-V). B—D, MGE versus LGE
relative gene expression determined from Affymetrix U74Av2 (B), U74Bv2 (C), and U74Cv2 (D) GeneChips. Intensity of expression
in the LGE is indicated by color (blue, low; red, high). Green lines indicate twofold change in expression. Reference genes are in

J. Neurosci., September 17, 2008 - 28(38):9504 9518 « 9505

Our results show that several molecular
features of LGE and MGE progenitors are
not selectively maintained in vitro, nor do
they depend exclusively on intrinsic fore-
brain mechanisms previously thought to
pattern the LGE and MGE. Instead, our in
vitro observations suggest that local signal-
ing via Shh and Fgf8 is modulated by sig-
nals from the frontonasal mesenchyme to
establish or maintain multiple dimensions
of LGE and MGE molecular identity.

Materials and Methods

Animals. The University of North Carolina at
Chapel Hill (UNC-CH) Division of Laboratory
Animal Medicine maintained colonies of wild-
type Institute of Cancer Research (ICR), small
eye (Pax65%'™), extra-toe (Xt "), and Shh™"*
mice. Timed-pregnant litters [day of vaginal
plug = embryonic day 0.5 (E0.5)] were gener-
ated by mating wild-type mice, or mice het-
erozygous for each mutation, independently.
Timed-pregnant females were killed by rapid
cervical dislocation, and embryos were col-
lected for tissue culture and RNA isolation or
fixed and embedded for in situ hybridization.
All experimental procedures were reviewed and
approved by the Institutional Animal Care and
Use Committee at UNC-CH.

Forebrain microdissection and sample prepa-
ration. Embryos were collected in ice-cold com-
plete HBSS (Tucker et al., 2006) and dissected
individually in a Sylgard dish containing ice-
cold HBSS (Invitrogen) with 10% RNAlater
(Ambion). Forebrains were microdissected as
shown in Figure 1A under RNase-free condi-
tions. After hemisecting the brain and remov-
ing the meninges, a microscalpel was used to
separate the cortical and olfactory bulb rudi-
ments from the basal forebrain. The basal fore-
brain was transected posterior to the intergan-
glionic sulcus, defining the boundary of the
lateral and caudal ganglionic eminences. The
lateral and medial ganglionic eminences were
separated along the interganglionic sulcus, and
neighboring cortical and septal tissues were re-
moved. The caudal ganglionic eminence was
further separated from surrounding cortical
and thalamic tissues. Samples of cortex, olfac-
tory bulb, lateral, medial, and caudal ganglionic
eminences were collected separately into RNA-
later and pooled from a single litter comprised
of 10 embryos. Tissue samples were subse-
quently solubilized in TRIzol (Invitrogen), ho-
mogenized through a graded series of hypoder-
mic needles, and stored at —20°C.

RNA was extracted from TRIzol samples, pu-
rified using RNeasy spin columns (Qiagen),
and quantified using a ND-1000 spectropho-
tometer (NanoDrop Technologies). Fifteen mi-
crograms of total RNA was supplied to the UNC Neuroscience Center
quantitative expression core for cRNA synthesis and chip hybridization.
For reverse transcription (RT)-PCR experiments, 2 ug of RNA was
treated with 1 U of DNase I (Ambion) for 1 h at 37°C to eliminate
contaminating genomic DNA. cDNA reactions were prepared with 1 ug
of DNase I-treated RNA. Immediately before cDNA synthesis, template
RNA was incubated with 0.05 ug of random primers (Invitrogen) for 5
min at 70°C and rapidly cooled on ice. This mixture was incubated with
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ImProm-II reverse transcriptase (Promega), 5 mm MgCl,, 0.5 mm dNTP,
and RNasin ribonuclease inhibitor (Promega) for 10 min at 25°C fol-
lowed by 1 h at 42°C. For negative controls, identical reactions were
prepared without reverse transcriptase.

Quantitative RT-PCR. Primers and dual-labeled probes (supplemental
Table 1, available at www.jneurosci.org as supplemental material) were
designed using Primer Express Software version 1.5 (Applied Biosys-
tems), and where possible, their sequences spanned exon—exon junc-
tions. Quantitative RT-PCRs (qQRT-PCRs) were performed in 96-well
optical plates on an Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems). PCRs (50 ml) contained 1.25 U of HotStar
TagDNA Polymerase (Qiagen), 4.8 mm MgCl,, 50 um dNTP (GE Health-
care), 1:500 Rox Dye (Invitrogen), forward and reverse primers (100 nm
for Gapdh; 300 num for all targets), 200 nm dual-labeled probe (5" FAM
reporter dye and 3" TAMRA quencher dye), and 50 ng of cDNA in 1X
Qiagen PCR buffer. PCR conditions were 95°C for 10 min, followed by 40
two-step cycles of 95°C for 15 s and 60°C for 1 min. For all experiments,
Gapdh served as the endogenous control gene, and the LGE was used as
the calibrator sample. Each primer—probe set amplified a single PCR
product of predicted size as determined by agarose-gel electrophoresis
and had approximately equal amplification efficiencies to Gapdh when
validated with a serial dilution of representative cDNA. Relative quanti-
fication was determined according to the delta-delta CT method (Livak
and Schmittgen, 2001). Mean fold change and SEM for each sample was
log transformed before graphing.

Tissue preparation and in situ hybridization. Wild-type (ICR) or mu-
tant embryos and littermate controls were fixed overnight in RNase-free
4% paraformaldehyde in 1 X PBS with 2 mm EGTA at 4°C. Embryos were
rinsed in PBS, cryoprotected by immersion through sucrose (10, 20, and
30% sucrose in RNase-free 1 X PBS; each step overnight at 4°C), embed-
ded in freezing compound, rapidly frozen in liquid-nitrogen-cooled
2-methyl butane, and stored at —80°C. Serial cryosections were collected
onto slides at 20 um intervals and stored at —80°C before in situ hybrid-
ization. No qualitative differences in expression of candidate genes were
observed between ICR and nonmutant littermate controls of Pax6 and
Gli3 genotypes, suggesting no significant interstrain variability. Thus,
ICR and nonmutant littermates were used interchangeably as control
material in each in situ hybridization experiment. Approximately 10 mu-
tants of each genotype were analyzed in the study. Mutant material was
sequentially sectioned into five series; sets of five slides containing four
mutants and one control were simultaneously processed under equiva-
lent reaction conditions.

We generated plasmids for riboprobe synthesis by cloning PCR prod-
ucts (supplemental Table 1, available at www.jneurosci.org as supple-
mental material) from E14.5 LGE or MGE cDNA into either pCRII-
TOPO (Invitrogen) or pBluescript I KS (Stratagene). A 586 bp fragment
of Pax6 containing 58 bases of 3" untranslated region (UTR) and coding
sequence through an internal Bg/II site was used to generate antisense
Pax6 riboprobe. Nkx-2.1 riboprobe was synthesized from a plasmid con-
taining a 603 bp Sall-Ncol fragment of 5" UTR from an EST clone (IM-
AGE: 6416507). After proteinase K pretreatment and prehybridization,
digoxigenin-labeled riboprobes were hybridized for 12-16 h at 55-60°C
on cryosections or 65-70°C on explants. After rinsing, sections or ex-
plants were incubated with a 1:5000 dilution of alkaline phosphatase
conjugated sheep anti-digoxigenin (Roche Diagnostics) in blocking
buffer at 4°C for 14-16 h and developed in a nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate solution (20 ul/ml 5-10% polyvi-
nyl alcohol; Roche Diagnostics) in the dark for 2-30 h. Fresh developing
solution was exchanged every 8—12 h. After developing, material was
rinsed, and alkaline phosphatase activity was quenched by fixation in 4%
paraformaldehyde; sections were mounted in Aquatex (EM Science Har-
leco), and explants were stored at 4°C in a glycerine-azide buffer.

Neurosphere production and collection for RNA isolation. LGE and MGE
tissue was dissected from three to four E14.5 forebrains in ice-cold com-
plete HBSS. The tissue was collected separately in supplemented DMEM/
F12 medium (Invitrogen) containing 0.6% p-glucose (Sigma), 1X pen-
icillin/streptomycin, a defined hormone and salt mixture (Reynolds et
al., 1992), 2 mm glutamine, and 1 X B27 (Invitrogen; supplemented me-
dium) plus DNase I (0.01 mg/ml; Sigma). Trypsin (Invitrogen) was

Tucker et al. @ Molecular Diversity of LGE and MGE Progenitors

added to a final concentration of 0.25%, and tissue was digested for 15
min at 37°C. After enzymatic digestion, tissue was mechanically dissoci-
ated, and an equal volume of supplemented medium containing 5 mg/ml
trypsin inhibitor (Invitrogen) was added to the cell suspensions. The
enzyme-quenched cell suspensions were passed through 40 wm basket
filters to remove large debris and centrifuged at 700 rpm for 15 min. Cell
pellets were resuspended in 1 ml of supplemented medium, and cell
densities were determined with a hemocytometer. Cells were diluted to a
final concentration of 10 cells/ml in supplemented medium containing
recombinant human epidermal growth factor (EGF) (20 ng/ml; Pro-
mega) and basic fibroblast growth factor (FGF) (20 ng/ml; Promega) and
plated into six-well plates. Fresh media containing EGF and FGF were
added on the third and sixth day of culture, and neurospheres were
harvested on day 8. Large phase bright neurospheres were selected and
transferred individually to 1.5 ml Eppendorf tubes containing RNAlater.
Neurospheres were spun to pellet, homogenized in TRIzol, and pro-
cessed for cDNA synthesis as above.

Forebrain explant cultures. Forebrain epithelium (Fb:E)/frontonasal
mesenchyme cultures were prepared as described previously (LaMantia
et al., 2000; Tucker et al., 2006). Briefly, the E9.5 ventrolateral forebrain
and adjacent frontonasal mass was microdissected, and the surface epi-
thelium and mesenchyme was enzymatically digested and mechanically
removed (forebrain epithelium only), or only the surface epithelium was
removed (forebrain epithelium/frontonasal mesenchyme cocultures).
Explants were grown floating on polycarbonate Nuclepore membranes
(13 mm/8 wm pore; Whatman) for 3 d in DMEM containing 10% fetal
calf serum. After 3 d, explants were briefly rinsed in RNase-free 1 X PBS,
fixed for 1 h at room temperature in RNase-free 4% paraformaldehyde in
1X PBS with 2 mMm EGTA, rinsed three times for 5 min each in PTW
(RNase-free 1X PBS with 2 mm EGTA and 0.1% Tween 20), and dehy-
drated through a 10, 20, 50, 75, 100% methanol series in PTW for 5 min
each. Explants were rinsed and stored in a third exchange of 100% meth-
anol at —20°C for up to 6 weeks before in situ hybridization.

Explant pharmacology. Pairs of explanted forebrain epithelium and
frontonasal mesenchyme cocultures were treated with 10 pum cyclopam-
ine (kind gift from William Gaffield, Western Regional Research Center,
Agricultural Research Service, United States Department of Agriculture,
Albany, CA), 25 or 100 um 4-diethylaminobenzaldehyde (DEAB;
Sigma), 10 um 3-[(3-(2-carboxyethyl)-4-methylpyrrol-2-yl)methylene]-
2-indolinone (SU5402) (donated by Pfizer), or their respective vehicle
controls. Stock solutions of cyclopamine (40 mM in 100% ethanol),
DEAB (100 mwm stock in DMSQO), and SU5402 (40 mMm in DMSO) were
prepared aseptically, aliquoted, and stored at —20°C. Cultures were fed
daily with medium containing drug or vehicle control and fixed after
72 h. For local delivery of Shh, retinoic acid (RA), and Fgf8, forebrain
neuroepithelium explants were placed over individual agonist-soaked
beads before positioning on membrane filters. Affi-Gel blue beads (75—
150 wm wet diameter; Bio-Rad) were rinsed in sterile PBS, soaked in
recombinant mouse Shh, N-term (0.3 mg/ml; R&D Systems) for 1 h at
37°C, and briefly rinsed in Leibovitz’s L-15 medium (L-15) (Invitrogen).
AG1-X2 resin beads (75-180 wm wet diameter; Bio-Rad) were converted
to formate form, rinsed in PBS, soaked light protected in RA (10 S Min
DMSO; Sigma) for 40— 60 min at room temperature, and rinsed three
times for 5 min each in L-15 before use. Heparin acrylic beads (Sigma)
were rinsed in PBS, incubated in a 5 ul droplet of recombinant mouse
Fgf8b (1 mg/ml; R&D Systems) for 90 min at room temperature, and
rinsed three times for 5 min each in L-15. Control beads were treated
identically, but soaked in respective vehicles. Fgf8b was applied globally
at 100 ng/ml in medium and replenished daily during the 72 h culture
period.

Results

Microarray analysis identifies genes with enhanced LGE or
MGE expression levels

We probed murine genome expression arrays with cDNAs from
E14.5 LGE, MGE, CGE, neocortex (CTX), and olfactory bulb
(OB) to identify novel molecular distinctions between LGE and
MGE cells and those in related forebrain subdivisions (Fig. 1A)
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Table 1. Genes enriched in either the LGE or MGE as determined by Affymetrix microarray analysis
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Seven candidate genes for restricted

Affymetrix ID Gene symbol Fold change pvalue Enrichment LGE or MGE expression

Reference genes We selected seven c?ndidate genes, whose
02237 at Rurg 197 0000023 lGi>Mee  apparent differential expression levels
92271_at Pax6 49 0.000001 1e>mge  seemed likely to be matched with re-
104415_at Foxp] 37 0.000002 lGE>MGe  stricted cellular expression in the develop-
105632_at Rarb 35 0.000322 lGE>MeE  ing LGE and MGE, from the subset of 42
164118_at Foxp2 3.0 0.000000 LGE > MGE LGE and 29 MGE-enriched genes. We ap-
97988_at Meis2 (Mrg1) 23 0.000001 LGE > MGE plied the following criteria to identify
134379_r_at Nhkx-2.1 (Titf1) 36.8 0.000219 MGE > LGE genes for detailed analysis: (1) the fold
94754_at Lhxs 184 0.000219 MGE>LGE  change had to be statistically significant at
94176_at Lh?(6 6.1 0.000219 MGE > LGE p < 0.00005; (2) the probability that the
163516_at Olig2 4.6 0.000068 MGE > LGE s f .
101146 _at Gsh1 21 0.000099 MGE>1GE ~ SCMC Was present In Its respective tissue

Candidate genes had to be statistically significant [p < 0.005
112792 at lhafl 49 0.000003 LGE > MGE for all genes except biregional cell adhe-
17276 at Boc 43 0.000031 LGE > MGE sion molecule-related/downregulated by
103688_at Ankrd43 35 0.000001 LGE>MGE  oncogenes (Cdon) binding protein (Boc),
99415_at Fzd8 28 0.000031 LGE > MGE which was present at p < 0.05]; and (3) the
115173 _at Adamts5 49 0.004063 MGE > LGE function of the gene within the context of
133340_f_at Mbip 3.7 0.001109 MGE>LGE  LGE/MGE molecular or cellular diversity
104778_at Zswim5 2.8 0.000266 MGE > LGE

had yet to be explored. Differential expres-

D, Identification number.

(see Materials and Methods). Samples from each of the five re-
gions were microdissected and pooled from a single litter and
then hybridized independently to Affymetrix U74Av2, U74Bv2,
and U74Cv2 GeneChips. The quality of input RNA was examined
before cRNA synthesis and after chip hybridization by examining
3'/5" ratios of two endogenous control genes (B-actin and
Gapdh). After hybridization and scanning, we used the -
Affymetrix GeneChip Operating Software to generate a list of
apparently differentially expressed LGE and MGE genes.

LGE cells express 37.5% and MGE cells express 38.7% of the
~36,000 transcripts represented as probe sets on the U74v2
GeneChips. Remarkably, most transcripts are equivalently ex-
pressed in the LGE and MGE (Fig. 1B-D); nevertheless, after
removing nonmeaningful comparisons (i.e., nonrepresented
transcripts or absent to absent calls), we found 951 differentially
expressed transcripts. Most showed less than a twofold change in
gene expression (Fig. 1 B-D, green lines), and only 205 transcripts
(~22%) had a fold change greater than or equal to two. To facil-
itate the selection of candidates from this initial subset, we only
considered transcripts present at a level of 2.8-fold or greater
(signal log ratio of 1.5) between LGE and MGE, which decreased
the number of differentially expressed transcripts to 71. By exam-
ining absolute detection signals across all tissue compartments
for each of the 71 differentially expressed transcripts, we found
that relatively few genes were uniquely expressed in either the
LGE or MGE. Instead, 22 of 42 (52%) of the LGE-enriched tran-
scripts were expressed at higher levels outside the LGE. Some
LGE-enriched genes (Ngn2, Tbrl, and NeuroD6) are highly ex-
pressed in the cerebral cortex, and their presence may reflect an
incomplete removal of lateral cortical tissue during sample prep-
aration. Alternatively, as for Pax6, their LGE enrichment may
reflect expression patterns that span the cortical rudiment-LGE
boundary, thus resulting in enhanced LGE versus MGE expres-
sion. In contrast, MGE-enriched transcripts were less promiscu-
ously expressed, because only 7 of 29 (24%) are expressed more
abundantly elsewhere. The differentially expressed transcripts
encode a wide assortment of proteins, including many nuclear,
membrane-associated, extracellular, and cytosolic proteins (sup-
plemental Table 2, available at www.jneurosci.org as supplemen-
tal material).

sion in additional forebrain compart-

ments (CGE, OB, and CTX) was also con-
sidered in our evaluation of transcript abundance and possible
LGE or MGE enrichment. Based on these criteria, we selected
four genes apparently enriched in the LGE [ankyrin repeat
domain-containing protein 43 (Ankrd43), Boc, Frizzled homolog
8 (Fzd8), and Ikaros family zinc finger 1 (IkzfI; also known as
Zfpnlal)], and three genes apparently enriched in the MGE [a
disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 5 (Adamts5; also known as
aggrecanase-2), Map3k12 binding inhibitory protein 1 (Mbip),
and zinc-finger, SWIM domain containing 5 (Zswim5)] (Fig.
1B-D, Table 1).

The four LGE-enriched genes encode a variety of protein
products. Ankrd43 encodes a 334 aa protein with 90% homology
(299 of 334 aa) between human and mouse, including 96% ho-
mology within the distinctive ankyrin repeats located between
residues 130—168 and 169-202. Informatic analysis of Ankrd43
predicts nuclear localization (56.5% probability determined by
PSORT II) as well as DNA binding capacity [molecular function
gene ontology (GO): 0003677; evidence inferred from electronic
annotation (IEA)]. Boc encodes a type I transmembrane receptor
containing four Ig repeats and three fibronectin type Il repeats in
its extracellular domain and no identifiable motifs in its intracel-
lular domain. Boc regulates myogenic differentiation (Kang et al.,
2002), is associated with Shh signaling (Okada et al., 2006; Ten-
zen etal., 2006), and is expressed in dorsal aspects of the brain and
spinal cord during development (Mulieri et al., 2002; Tenzen et
al., 2006). Fzd8 encodes a member of the Frizzled family of Wnt
receptors and has been previously suggested to be differentially
expressed in the developing forebrain (Kim et al., 2001). IkzfI
encodes a zinc-finger transcription factor with a well established
role in lymphocyte lineage specification (Georgopoulos et al.,
1994), as well as regulation of growth hormone, prolactin, and
pro-opiomelanocortin gene expression in the pituitary (Ezzat et
al., 2005a,b). In addition, IkzfI transcript and protein localizes to
the embryonic and postnatal striatum, where it appears to regu-
late the development of striatal enkephalinergic neurons (Agos-
ton et al., 2007).

The three MGE-enriched genes also encode proteins with di-
verse functions. Adamts5 encodes a 930 aa zinc metalloproteinase
implicated in aggrecan degradation in mouse models of osteoar-
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thritis and inflammatory arthritis (Glasson et al., 2005; Stanton et
al., 2005). Mbip encodes a 344 aa protein that binds Map3k12
through a pair of leucine zipper-like motifs and specifically in-
hibits the ability of Map3k12 to activate JNK (Fukuyama et al.,
2000). Zswim5 encodes an 1188 aa protein of unknown function
with 96% homology between mouse and human (1138 of 1188).
Zswimb5 protein is predicted to localize to the nucleus (60.9% by
PSORT 1I), selectively bind zinc ions (molecular function GO:
00082705 evidence IEA), and interact with DNA or proteins in
different contexts (Makarova et al., 2002). Thus, the MGE- and
LGE-enriched genes identified in our microarray encode a di-
verse set of proteins with putative adhesive, signaling, and DNA
binding and transcriptional functions.

qRT-PCR validates differential expression of LGE- and
MGE-enriched genes

We first confirmed the reliability of our screen by quantifying
expression levels of established LGE- and MGE-specific genes in
parallel with those newly identified in our screen. Microarray
analysis correctly detected differential expression of several estab-
lished LGE-enriched genes, including Rxrg, Rarb, Meis2 (Mrgl),
Foxpl, Foxp2, and Pax6, and MGE-enriched genes: Lhx6, Lhx8,
Nkx-2.1, Gshl, and Olig2 (Fig. 1B-D, Table 1). To validate the
accuracy of our approach, we used quantitative PCR to compare
expression levels of three control genes previously shown to be
enriched in the LGE or MGE: Pax6 and Gsh2 (LGE) (Stoykova et
al., 1996; Yun et al., 2001) and Nkx-2.1 (MGE) (Lazzaro et al.,
1991; Price et al., 1992; Shimamura et al., 1995), with that of the
seven newly identified LGE- or MGE-enriched genes. Expression
levels of Pax6 (Fig. 2A) and Gsh2 (Fig. 2 B) are significantly ele-
vated in the LGE. Similarly, Nkx-2.1 (TitfI), which is predomi-
nantly localized to the MGE, is elevated by ~50 times over the
LGE (Fig. 2C). There was complete accord between the microar-
ray and qRT-PCR estimates of differential LGE and MGE expres-
sion for two of these three control genes (Gsh2 is not represented
in the U74v2 chip set), as well as all seven of our newly identified
LGE- or MGE-enriched genes (Figs. 3A,D,G,], 4A,D,G). Also,
the distribution of mRNA abundance across additional forebrain
regions (cortex and olfactory bulb) was consistent between mi-
croarray and qRT-PCR data for each control and candidate gene.
Thus, our microarray data accurately reflect both the known ex-
pression patterns of LGE- and MGE-enriched genes and quanti-
tative differences in LGE versus MGE mRNA levels determined
by qRT-PCR.

Expression patterns demonstrate novel molecular diversity in
the LGE and MGE

To determine whether quantitative differences in LGE and MGE
mRNA levels were matched by distinct expression patterns, we
examined the distribution of the seven newly identified LGE- or
MGE-enriched genes by in situ hybridization. Of the LGE-
enriched candidate genes, Boc and Fzd8 are easily detected at
E12.5 (Fig. 3B,E) and remain through E14.5 (Fig. 3C,F). Boc
extends throughout the LGE as well as cortical ventricular zone
(VZ), but stops at the MGE border (Fig. 3 B, C). Similarly, Fzd8 is
found in the LGE VZ but not the MGE (Fig. 3E, F), and as pre-
viously reported, is also present in a lateral (high) to medial (low)
gradient in the cortical VZ (Kim et al., 2001). Neither Ankrd43
nor Ikfzl are robustly detected at E12.5 (Fig. 3H,K). At E14.5,
however, Ankrd43 is seen in the LGE mantle, and to a lesser extent
in the dorsal aspect of the LGE ventricular zone/subventricular
zone (SVZ) (Fig. 3I). Ankrd43 transcripts are also found in the
cortical marginal zone and to a lesser extent the cortical ventric-
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Figure 2.  Quantitative RT-PCR of three independent reference genes confirms microarray
data and validates differential dissection. Pax6 and Gsh2 are appropriately enriched in the LGE,
whereas Nkx-2.1 is enriched in the MGE. Microarray (gray, signal log ratio = signal log high/
signallog low) and qRT-PCR (black, log mean fold change == SEM; n = 3) data are comparable
for Pax6 and Nkx-2.7; Gsh2-specific probes are not included on the U74v2 chipset. Gene expres-
sion in each tissue is relative to the LGE.

ular zone, as well as the nascent piriform cortex and marginal
zone of the medial pallium (Fig. 3I). Similarly, Tkzf is seen in a
restricted population of LGE mantle cells by E14.5, but is ex-
cluded from the MGE and neocortex (Fig. 3L). All three MGE-
enriched genes can be detected by in situ hybridization in the
E12.5 forebrain (Fig. 4). Adamts5 is restricted to the MGE mantle
and nascent choroid plexus, whereas the other two genes are most
prominent in the MGE, as well as the septal area and ventricular
and subventricular zones (Fig. 3I); some transcripts, however,
are detected atlow levels in the LGE and cortexat E12.5. At E14.5,
Adamts5 is seen at relatively low levels in the MGE SVZ and
mantle, and more robustly the choroid plexus (Fig. 4 B, C). Mbip,
expressed in the VZ and SVZ (Fig. 4E, F), extends medially from
a sharp boundary at the LGE through the MGE and into the
septum. Zswim5 is limited to the MGE (Fig. 4H,I) and most
strongly expressed in a narrow band of cells located at the bound-
ary between the VZ and SVZ of the MGE (Fig. 4H, I, insets).
Thus, cellular expression of LGE- and MGE-enriched genes iden-
tified by microarray and confirmed by qRT-PCR is either limited
to or enhanced in the LGE or MGE. Boc, Fzd8, Mbip, and Zswim5
are restricted to the VZ/SVZ, where progenitors are found,
whereas Ikzf1, Ankrd43, and Adamts5 are found in the mantle,
where differentiating neurons are located.
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Figure3. qRT-PCRand insitu hybridization validates the expression of LGE-enriched candidate genes. 4, D, G, J, qRT-PCR data

(black) closely match microarray data (gray) for Boc (4), fzd8 (D), Ankrd43 (G), and Ikzf1 (J). B, €, Bocis expressed in the ventricular
zone of the cortex and LGE at E12.5 and E14.5. E, F, Fzd8 is expressed in the ventricular zone of the lateral cortex and the LGE at
E12.5and E14.5. H, I, Ankrd43 is weakly expressed in the LGE mantle at E12.5 (arrowhead). Ankrd43 message increases at E14.5
and localizes to cells within the LGE mantle (arrowhead), as well as cells within the cortical plate (arrows). K, L, Ikzf1is absent from
the E12.5 forebrain but is present in the LGE mantle at E14.5 (arrowhead). SC, Spinal cord; WT, wild type.

Maintainence of LGE and MGE gene expression

The expression of Boc, Fzd8, Mbip, and Zswim5 in the VZ/SVZ
indicates that this subset of newly identified genes may be asso-
ciated with LGE or MGE neural progenitors. Thus, we asked
whether region-specific expression is maintained in progenitor
cells isolated from the LGE and MGE and propagated in vitro as
neurospheres. Some aspects of LGE and MGE progenitor identity
are retained in neurospheres from the LGE, MGE, and cortex
(Hitoshi et al., 2002; Ostenfeld et al., 2002; Parmar et al., 2002),
even though the neurosphere assay represents highly selective,
and clearly artificial, in vitro conditions for progenitor isolation
and expansion. Pax6 and Gsh2, two established LGE-enriched
genes, are selectively expressed in LGE-derived neurospheres, as
is Nkx-2.1, an established MGE-enriched gene, in MGE-derived
neurospheres (Parmar et al., 2002) (Fig. 54, B). In contrast, re-

gional specificity is not maintained for any
of the newly identified LGE- or MGE-
enriched genes. Expression of the LGE
genes is diminished or absent in LGE as
well as MGE neurospheres (Fig. 5A),
whereas two of the MGE-enriched genes,
Adamts5 (associated primarily with man-
tle rather than VZ/SVZ cells in vivo) and
Mbip, are expressed at similar levels in
MGE- as well as LGE-derived neuro-
spheres (Fig. 5B).

Because Shh-mediated signaling ap-
pears to differentially regulate MGE versus
LGE gene expression in vivo (Rallu et al.,
2002a), differences in maintenance of ap-
propriate expression of the newly identi-
fied MGE- and LGE-enriched genes in
neurospheres might reflect differences in
expression or activity of Shh, perhaps via
Gli3 transcriptional regulation in MGE-
versus LGE-derived neurospheres. The
partial maintenance of MGE genes in
MGE-derived neurospheres, or loss of
LGE genes in LGE-derived neurospheres,
does not appear to reflect differential ac-
tivity of Shh; Shh message is not detected
in either LGE or MGE neurospheres (Fig.
5C). Similarly, the influence of Gli3 alone
is unlikely to explain the partial mainte-
nance of MGE or loss of LGE progenitor
identity in vitro, because Gli3 is expressed
in LGE and MGE neurospheres at levels
comparable to those in the LGE and MGE
in vivo (Fig. 5C). Accordingly, whereas the
differential expression of Pax6, Gsh2, Nkx-
2.1, and Gli3 persists in LGE versus MGE
neurospheres, apparently independent of
continued Shh availability, these distinc-
tions are insufficient to establish or main-
tain region-specific expression of four
newly identified genes that distinguish
LGE and MGE progenitors. Apparently,
the in vivo molecular identity of LGE and
MGE progenitors is only partially retained
in the conditions necessary to establish
primary neurospheres from progenitors
isolated from the LGE or MGE.

E14.5WT |

Regulation of LGE and MGE identity by Pax6, Gli3, and Shh

We next evaluated potential intrinsic, local context-dependent
mechanisms that might regulate novel aspects of LGE and MGE
progenitor identity. Pax6, Gli3, and Shh are major determinants
of dorsal/ventral and medial/lateral forebrain patterning, includ-
ing patterning of LGE and MGE gene expression (Chiang et al.,
1996; Stoykova et al., 2000; Tole et al., 2000; Rallu et al., 2002a).
The seven genes identified here may be influenced by these car-
dinal regulators in the context of morphogenetic axes (medial/
lateral and dorsal/ventral) in the developing forebrain. Accord-
ingly, their expression patterns or levels should change in
response to mutations in Pax6, Gli3, or Shh, as is the case for other
LGE- and MGE-associated genes, including Gsh2 and Nkx2.1
(Corbin et al., 2000; Pabst et al., 2000; Toresson et al., 2000; Yun
et al., 2001; Rallu et al., 2002a). Alternatively, LGE and MGE
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patterning of some or all of the newly iden-
tified LGE and MGE genes may be inde-
pendent of these established regulators of
forebrain axes. 16

We assessed changes in expression of
each of the seven novel genes, as well as the
MGE-specific gene Nkx-2.1, in at least five
E14.5 mutant embryos of each genotype.
For all but two probes, there was absolute il
consistency in expression changes in each
set of mutants analyzed. Multiple probes
for Ankrd43 and Adamts5 had variability
in both wild-type and mutant tissue, per-
haps because of their relatively low abun-
dance and restricted expression pattern.
This technical issue diminished the num-
ber of reported observations in the expres-
sion analysis for these two genes.

There is a combination of stability and
change in expression patterns and levels of
the four LGE-enriched genes in E14.5
Pax6°?5%, Shh ™', or Gli3*"*" mutant
embryos. Boc expression patterns are not
altered in homozygous Pax6 mutants (n = 4
5/5) (Fig. 6 A). Expression levels, however,
appear reduced in the forebrain (Fig. 6 A),
but not the spinal cord (n = 5/5) (Figs. 3C,
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6A, compare insets). Loss of function of
both Shh and Gli3 results in the expansion
of Boc and Fzd8 expression in the forebrain 4
(Fig. 6B,C). In Shh mutants, Boc is seen
throughout the highly dysmorphic fore-
brain VZ (n = 5/5), and in the Gli3 mu-
tant, Boc expands into the VZ of the MGE
and septal region (n = 5/5) (Fig. 6B,C).
Fzd8 expression also appears diminished
in the Pax6°9”5% forebrain, without a no-
ticeable change in pattern (n = 5/5) (Fig. 6 D; supplemental Fig.
1 A, B, available at www.jneurosci.org as supplemental material),
and expands medially in Shh ™'~ (n = 5/5) (Fig. 6 E; supplemen-
tal Fig. 1G,H, available at www.jneurosci.org as supplemental
material) and Gl3**” (n = 5/5) (Fig. 6F; supplemental Fig.
1M, N, available at www.jneurosci.org as supplemental material)
embryos. Ankrd43 and IkzfI remain expressed in a lateral popu-
lation of mantle cells in both Pax6 (n = 4/5; n = 5/5) and Gli3
(n = 3/5; n = 5/5) mutants (Fig. 6G, I,],L); however, expression
of both genes expands in Shk '~ embryos. Ankrd43 is seen
throughout the entire forebrain mantle (n = 3/5) (Fig. 6 H),
whereas IkzfI expands throughout the ventral mantle region (n =
5/5) (Fig. 6K). Thus, expression of all four LGE-enriched genes
apparently depends on Shh-mediated repression in the MGE.
Moreover, for Boc and Fzd8, Gli3 but not Pax6 mediates this
negative regulation (see Fig. 9).

All three MGE-enriched genes are sensitive to homozygous
loss of Pax6, Shh, or Gli3 function. Homozygous Pax6 mutation
has a similar influence on Mbip and Zswim5 expression. Mbip
expression is diminished in the MGE SVZ, but expands laterally
into the medial aspect of the LGE (n = 4/5) (Fig. 7A; supplemen-
tal Fig. 1C,D, available at www.jneurosci.org as supplemental ma-
terial). Zswim5 remains expressed near the VZ/SVZ border, but
its boundary shifts laterally into the LGE (n = 5/5) (Fig. 7D;
supplemental Fig. 1 E, F, available at www.jneurosci.org as sup-
plemental material). This lateral expansion across the MGE/LGE

Figure 4.
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gRT-PCR and in situ hybridization validates the expression of MGE-enriched candidate genes. 4, D, G, qRT-PCR data
(black) confirms microarray data (gray) for Adamts5 (A), Mbip (D), and Zswim5 (G). B, €, Adamts5 mRNA localizes to the lower
SVZ/mantle of the MGE at E12.5 and E14.5 (arrowheads), as well as epithelial cells of the choroid plexus. E, F, Mbip is expressed in
the VZ and SVZ of the MGE at E12.5 and E14.5. H, I, Zswim5 message localizes primarily to the SVZ of the MGE at E12.5 and E14.5.
Insets, Higher magnification of boxed regions in H and /. Patchy expression is also seen in the MGE VZ at both time points.

border is also seen for Nkx-2.1, as previously reported (supple-
mental Fig. 2 A—A", available at www.jneurosci.org as supplemen-
tal material) (Stoykova et al., 2000). Adamts5 is diminished in
both abundance and frequency in the Pax6°%’*” ventral fore-
brain. When detected, the remaining Adamts5 message is dis-
placed ventrolaterally from its normal position at the SVZ/man-
tle border of the MGE (n = 3/5) (Fig. 7G); however, choroid
plexus expression consistently appears unaltered (n = 4/4) (Fig.
7G). Shh has a more uniform influence; there is no detectable
expression of any of the three MGE-enriched genes in the Shh ™/~
forebrain (n = 5/5 for each) (Fig. 7B, E,H; supplemental Fig.
11-L, available at www.jneurosci.org as supplemental material).
In contrast, Gli3 loss of function has distinct effects on each gene.
Mbip becomes restricted to the VZ of the most medial aspect of
the MGE and septum (n = 5/5) (Fig. 7C; supplemental Fig. 10,P,
available at www.jneurosci.org as supplemental material). This
domain of Mbip expression corresponds to an analogous domain
of Nkx-2.1 expression in Gli3 mutants, which also appears shifted
medially from its normal boundary at the LGE border (n = 4/4)
(supplemental Fig. 2 B-E, available at www.jneurosci.org as sup-
plemental material). Zswim5 is diminished in the VZ/SVZ of the
MGE, but unlike Mbip and Nkx-2.1, expands laterally throughout
the LGE and cortex (n = 5/5) (Fig. 7F; supplemental Fig. 1Q,R,
available at www.jneurosci.org as supplemental material). Ad-
amts5 cannot be detected in the MGE of Gli3*”*¥ embryos, and
because GIi3 mutants lack a choroid plexus in the lateral ventricle
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g 8 o 1 both induces and patterns Mbip (n =
£ . Boc ) Fzd8 S | Mbip ,| Zswim5 9/9) (Fig. 8 B, middle two panels). Influ-
"g’) 2 2 ence of the frontonasal mesenchyme on
8 1 induction and patterning is not univer-
; 2 2 C Brain LGE MGE LNS MNS sal, however, because neither Boc (n =
e 4 3/3) nor Zswim5 (n = 4/4) appear to be
N N Gli3 significantly regulated by this tissue

;z Z Shh (data not.shO\-Nn).. o

Inductive signaling intrinsic to the ven-
1: Ankrd43 1:: Ikzf1 Gapdh tromedial forebrain is also regulated by
frontonasal mesenchyme. Thus frontona-
Figure 5.  Newly identified LGE- and MGE-enriched genes are not selectively maintained in primary neurosphere cultures. A, sal mesenchymal signals influence expres-

Pax6 and Gsh2 transcripts are expressed at higher levels in LGE-derived neurospheres (L-NS) than MGE-derived neurospheres
(M-NS), reflecting a preservation of their in vivo expression profile. The selective expression of Boc, Fzd8, Ankrd43, and lkzf1,
however, is lost in L-NS. B, Nkx-2.7 is expressed in M-NS but absent from L-NS, mirroring its in vivo expression profile. Adamts5,
Mbip,and Zswim5 are not selectively maintained by M-NS. L-NS display increased expression of Adamts5 and Mbip compared with
native LGE levels. C, Semiquantitative RT-PCR indicates that Gli3 is selectively maintained in L-NS versus M-NS, whereas Shh
expression is undetectable in either population. Brain, E14.5 brain; LGE and MGE, E14.5 LGE and MGE.

(Theil et al., 1999), Adamts5 message is absent from the remain-
ing regions of the mutant forebrain (n = 5/5) (Fig. 7). Thus, like
the newly identified LGE genes, MGE genes are all regulated
through Shh-dependent mechanisms. Nevertheless, there is di-
vergent dependence on Gli3: expanded expression of Zswim5
suggests regulation by Gli3-mediated repression of Shh signaling,
whereas the repressor activity of Gli3 alone is unlikely to account
for patterned expression of Mbip and Adamts5 in the MGE (see
Fig. 9).

Extrinsic patterning of LGE and MGE genes

Together, the results of the neurosphere and mutant analyses
indicate that the molecular identity of LGE and MGE progeni-
tors, particularly that defined by expression of the four newly
identified progenitor markers, depends on additional mecha-
nisms beyond those that establish or maintain intrinsic axes in
the forebrain. Potential candidates are limited: the major tissue
adjacent to the ventral forebrain between E9.5 and E12.5 (when
LGE and MGE identity emerges) is the frontonasal mesenchyme.
This mesenchyme is a source of inductive signals for the nascent
olfactory epithelium (LaMantia et al., 1993, 2000); therefore, we
used an in vitro assay (Fig. 8 A) to determine whether this mesen-
chyme also influences regional differences in LGE and MGE gene
expression in the forebrain neuroepithelium. The tissue used for
our in vitro mesenchyme/epithelium (M/E) interaction assay is
microdissected from the forebrain and frontonasal mass at E9.5.
Thus, our assay begins with ventral forebrain tissue in which
there is no indication of MGE/LGE patterning. The assay period
extends for 3 d in vitro, thus providing a culture period that

sion and pattern of Shh and Fgf8. In the
absence of frontonasal mesenchyme, Shh
is detected in the presumed ventral aspect
of the isolated Fb:E; however, the in situ
signal is attenuated, and its expression do-
main is relatively broad. In the presence of
frontonasal mesenchyme, Shh expression
appears enhanced, and the expression domain boundaries are
sharpened and refined (n = 8/9) (Fig. 8 B, bottom panel). Fgf8
message localizes to a small but intensely labeled stripe of fore-
brain neuroepithelial cells found only in the presence of fronto-
nasal mesenchyme (n = 2/5) (Fig. 8 B); in situ detection of Fgf8
was variable, however, and we were unable to localize Fgf8 tran-
scripts in all explant pairs. Consistent with a difference in the
expression pattern and intensity of Shh, there is an apparent dif-
ference in the abundance of Shh transcripts in isolated forebrain
epithelium versus paired frontonasal mesenchyme/forebrain ep-
ithelium explants. Shh transcripts appear attenuated in the iso-
lated epithelium, whereas GIi3 levels are indistinguishable in Fb:E
versus Fn:M/Fb:E explants (Fig. 8C). Fgf8a, a splice variant
thought to be an endogenous antagonist of Fgf8 signaling (Lee et
al., 1997; Liu et al., 1999; Sato et al., 2001), declines in the pres-
ence of mesenchyme (Fig. 8C), whereas Fgf8b (the primary active
Fgf8 isoform) levels appear equivalent between Fb:E and Fn:M/
Fb:E explant cultures (Fig. 8C). Thus, signals from the frontona-
sal mesenchyme establish or maintain expression or pattern of
several genes associated with either LGE or MGE progenitors as
well as the inductive signals Shh and Fgf8 in the ventral forebrain
neuroepithelium.

M/E interaction regulates Shh and Fgf signaling in the

ventral forebrain

Our results suggest that MGE as well as LGE patterning relies
on signals from the lateral frontonasal mesenchyme; however,
ventral forebrain patterning is thought to depend primarily on
Shh and Fgf8 from the neuroepithelium itself (Chiang et al.,
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1996; Ohkubo et al., 2002; Storm et al,,
2003, 2006; Fuccillo et al., 2004; Gutin et
al., 2006). Because Shh expression levels
and pattern are modulated by frontona-
sal mesenchyme (Fig. 8 B,C), we asked
whether M/E interaction facilitates Shh-
mediated patterning in the ventral fore-
brain. Pharmacological disruption of
Shh in the presence of frontonasal mes-
enchyme leads to loss of MGE gene ex-
pression and enhancement of LGE gene
expression; Mbip (n = 6/6) and Nkx-2.1
(n = 5/5) expression levels are consis-
tently reduced, whereas Fzd8 (n = 5/5)
and Pax6 (n = 4/5) expression domains
are expanded (Fig. 9A, second row).
Nevertheless, Shh alone, in the absence
of mesenchyme, is not sufficient to en-
hance Nkx2.1 expression (n = 9/9), nor
induce Mbip expression (n = 8/8) (sup-
plemental Fig. 3A, available at
www.jneurosci.org as supplemental ma-
terial). Apparently, Shh-mediated MGE
gene expression depends critically on
signals from the lateral frontonasal mes-
enchyme. Previous observations show
that RA, which is known to regulate Shh
at several sites, including the facial pri-
mordial (Schneider et al., 2001), is pro-
duced by the frontonasal mesenchyme,
and signals to subsets of forebrain pre-
cursor cells (Haskell and LaMantia,
2005). Nevertheless, pharmacological
loss of RA signaling does not influence
initial expression or patterning of LGE
(Fzd8, n = 7/8; Pax6, n = 6/7) or MGE
(Mbip, n = 7/7; Nkx-2.1, n = 8/8) genes
(Fig. 94, third row), nor does gain of RA
signaling induce or enhance LGE (Fzd8,
n = 6/7; Pax6, n = 6/7) or MGE (Mbip,
5 = 5; Nkx-2.1 = 3/3) gene expression in
absence of mesenchyme (supplemental
Fig. 3B, available at www.jneurosci.org
as supplemental material). Efficacy of
DEAB in reducing RA-sensitive gene ex-
pression was independently confirmed
in whole embryos by qRT-PCR and in
situ hybridization (data not shown).
Thus, mesenchymal influence on the
LGE and MGE genes we have evaluated
is unlikely to reflect RA regulation of Shh
or other local forebrain signals.

Fgf8, presumably from the anterior
neural ridge of the telencephalic vesicle
(the “rostral patterning center”), also
appears to be critical for MGE morpho-
genesis and gene expression (Storm et
al., 2006). Because frontonasal mesen-
chyme influences expression and pro-

Tucker et al. @ Molecular Diversity of LGE and MGE Progenitors

]

E14.5 Pax6%/®Y || E14.5 Shh (-/-) || E14.5 GIig"™"

e

Figure6. LGE-enriched gene expression is partially dependent on canonical axial patterning mechanisms. A, Boc expression is
diminished in the Pax6 mutant forebrain, but remains appropriately patterned (arrowhead). Spinal cord (SC; inset) expression is
less effected. B, Boc expression expands to the ventral forebrain (vFb) of the Shh mutant. C, Boc expression expands medially
(arrowhead) in the G/i3 mutant forebrain. D, Pax6 mutation does not change patterning of fzd8 expression (arrowhead). E, fzd8
expression expands throughout the Shh ~/~ vFb. F, Loss of G/i3 function results in the medial expansion (arrowhead) of Fzd8
expression. G, Ankrd43 expression (arrowhead) is unaffected by Pax6 mutation. H, I, Its expression uniformly increases in the
mantle region of the Shh mutant (H) and is shifted slightly ventromedially (arrowhead) in the G/i3 mutant (/). J-L, Ikzf1 remains
appropriately patterned in the Pax6 mutant (J, arrowhead), expands throughout the ventral mantle region of the Shh mutant (K),
and shifts somewhat ventrolaterally (arrowhead) in the G/i3 mutant (L). Sep, Septum or septal area.

portions of active versus inactive Fgf8 isoforms in the forebrain ~ frontonasal mesenchyme, pharmacological disruption of Fgfr ty-
neuroepithelium (Fig. 8 B, C, available at www.jneurosci.org as sup-  rosine kinase activity does not alter mesenchymally regulated
plemental material), the mesenchyme may regulate ventral fore- ~ Nkx-2.1 expression or pattern (n = 5/5); Mbip induction, how-
brain patterning by modulating Fgf8 activity. In the presence of  ever, is substantially attenuated (n = 5/5) (Fig. 9A, fourth row).
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the Gli3 mutant forebrain.

LGE gene expression is also disrupted: Fzd8 (n = 5/5) and Pax6
(n = 4/4) expand to the entire explant neuroepithelium (Fig. 94,
fourth row). Apparently, Fgf signaling influences LGE patterning
independent of the establishment and maintenance of restricted
Nkx2.1 expression. To determine whether Fgf8 regulates ventral
forebrain gene expression directly, we exposed isolated forebrain
epithelium to either a local or global source of Fgf8. Fgf8b beads
do not enhance Nkx-2.1 (n = 5/5), whereas Mbip appears to be
modestly enhanced (n = 4/6) (Fig. 9B, top row). Similarly, bath
application of Fgf8b upregulates Mbip expression (n = 3/3),
without altering Nkx-2.1 expression (n = 2/2) (Fig. 9B, bottom
row). Apparently, Fgf8 positively regulates at least one MGE
gene, Mbip, and this regulation occurs independently of Nkx2.1.
Together, these observations indicate that Shh and Fgf8 are max-
imally effective in patterning MGE and LGE gene expression in the
context of M/E interactions between the frontonasal mesenchyme
and the forebrain neuroepithelium.

Discussion
We defined novel dimensions of LGE and MGE progenitor iden-
tity and specification. Incomplete maintenance of LGE and MGE

E14.5Shh (-/-) || E14.5 Gligx"*"

MGE-enriched gene expression is differentially requlated by mutations that disrupt axial patterning in the forebrain.
A, Mbip expression is expanded laterally (arrowhead) in the Pax6 mutant MGE. B, E, H, Mbip expression (B) is lost in the Shh —/~
VFb, asis the expression of Zswim5 (E) and Adamts5 (H ). C, Mbip expression is retracted medially (arrowhead) in the G/i3 mutant
forebrain. D, Similar to Mbip, Zswim35 expression expands laterally (arrowhead) into the Pax6 mutant LGE. F, Zswim35, unlike Mbip,
expands laterally (arrowhead) throughout much of the G/i3 mutant forebrain. G, Adamts5 expression is reduced and displaced
ventrolaterally (arrowhead) in the Pax6 mutant MGE, but is present in the choroid plexus. I, Adamts5 expression is lost entirely in

genes in neurospheres, coupled with di-
vergent changes in expression patterns of
LGE and MGE genes in Pax659"5,
Shh ™', and Gli3*"*" mutants, suggests
that progenitor identity depends on mech-
anisms beyond Pax6- or Gli3-mediated
Shh signaling. Instead, integration of sig-
nals from extrinsic tissues and forebrain
neuroepithelium is critical for establishing
LGE and MGE identity. The frontonasal
mesenchyme, adjacent to the rudimentary
ventral forebrain, is a major source of ex-
trinsic signals that modulate expression
and activity of Shh and Fgf8 in the ventral
forebrain, as well as induction and pat-
terning of LGE and MGE genes. Thus, LGE
and MGE progenitor identity depends on
forebrain position and likely reflects a bal-
ance of extrinsic signals from the fronto-
nasal mesenchyme and intrinsic signals
from neighboring forebrain cells.

Novel dimensions of LGE and MGE
molecular diversity

Most previously identified LGE- or MGE-
restricted genes encode transcription fac-
tors (Campbell, 2003; Takahashi and Liu,
2006; Wonders and Anderson, 2006). Of
seven LGE- or MGE-enriched genes iden-
tified here, only one, IkzfI, which is not
expressed in progenitors, is an established
transcription factor. Boc, enhanced in
LGE progenitors, is implicated in myogen-
esis and axon guidance (Kang et al., 2002;
Mulieri et al., 2002; Kang et al., 2003; Con-
nor et al., 2005; Okada et al., 2006). Boc
initiates adhesive signaling by binding
Cdon, which our microarray data suggest
is expressed uniformly in LGE, MGE, and
cortex. Thus, Boc may limit Cdon-
dependent signaling to LGE and cortical
progenitors. Fzd8, a Wnt receptor also en-
hanced in LGE precursors, may regulate progenitor or neuroblast
polarity and motility through activation of canonical or nonca-
nonical signaling pathways (Veeman et al., 2003; Kikuchi et al.,
2007). Mbip, limited to MGE progenitors, selectively inhibits
Map3k12 induction of JNK/SAPK activity (Fukuyama et al.,
2000). Because Map3ki2 and JNK apparently regulate cortical
radial migration (Hirai et al., 2002, 2006; Kawauchi et al., 2003),
Mbip inhibition of Map3kl12 signaling may prohibit radial and
support tangential migration of MGE cells. Zswim5, also in the
MGE, has DNA and protein binding capacity, but no known
function (Makarova et al., 2002). Ankrd43, in the LGE mantle,
has no known function and remains expressed in apparent adult
striatal projection neurons (Allan Brain Atlas, Ankrd43). Ad-
amts5 in the MGE mantle, as well as in the choroid plexus like
another family member, Adamts9 (Jungers et al., 2005), may ex-
pose MGE cells to additional metalloprotease activity at the ven-
tricular surface, perhaps modifying the local extracellular envi-
ronment. Thus, our data suggests that adhesion and signaling are
selectively regulated in LGE and MGE progenitors, as well as their
postmitotic progeny.
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Figure8.  Frontonasal mesenchyme enhances and patterns gene expression in the develop-
ing forebrain. A, At 9.5, Fn:M directly apposes the nascent telencephalon at the rostrolateral
pole of the prosencephalic vesicle. By microdissecting and culturing either Fb:E alone or the
Fn:M and the Fb:E paired (Fn:M/Fb:E), we assessed the influence of the Fn:M on LGE and MGE
gene expression. B, Pax6 mRNA is present in Fh:E-only cultures, but enriched (arrow) and
predictably patterned (asterisk) in the Fb:E of Fn:M/Fb:E cocultures. Fzd8, Nkx-2.1, and Mbip
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Limited maintenance of LGE and MGE progenitor identity
Several aspects of LGE and MGE identity are not maintained
when progenitors are isolated in vitro. Loss of four novel
progenitor-associated genes either reflects incomplete retention
or in vitro respecification of endogenous precursor identity.
There is conflicting evidence for retention of neural progenitor
identity in vitro: some reports suggest it is preserved (Hitoshi et
al., 2002; Ostenfeld et al., 2002; Parmar et al., 2002), whereas
others suggest such distinctions are lost (Gabay et al., 2003;
Santa-Olalla et al., 2003; Hack et al., 2004). Neurosphere forma-
tion likely selects against the expression of late progenitor mark-
ers, such as Zswim5, heavily enriched in the MGE SVZ, as well as
early differentiation markers of the striatal mantle, including
Ankrd43 and Ikzfl. Nevertheless, some regional identity remains
intact: Pax6 and Gsh2 in LGE, and Nkx-2.1in MGE neurospheres.
These factors alone, however, do not maintain expression of ad-
ditional LGE or MGE genes, perhaps because of selection of EGF-
and FGF-responsive progenitors with more generic identity
(Gabay et al., 2003; Hack et al., 2004). Indeed, the altered milieu
in the neurosphere assay leads to anomalous expression of LGE
and MGE genes, including Boc, Mbip, and Adamts5, as well as loss
of Shh. These results, together with previous comparisons of mo-
lecular identity of embryonic and adult forebrain neurospheres
(Hack et al., 2004; Haskell and LaMantia, 2005; Councill et al.,
2006), suggest in vivo progenitor identities are not completely
maintained in vitro. Maintenance of LGE and MGE progenitor
identity defined here, in contrast to that associated with Pax6,
Gsh2, or Nkx-2.1, must rely on systemic signals or local cell-cell
interactions.

Pax6-, Shh-, and Gli3-dependent and -independent
mechanisms pattern the LGE and MGE
Patterned expression of LGE- or MGE-enriched genes depends
on Shh signaling; nevertheless, this regulation is not limited to
Gli3-dependent repression. LGE genes expand in the Shh '~
forebrain, indicating Shh repression; however, Boc and Fzd8 also
expand in the Gli3*”*" forebrain (Fig. 10). Apparently, Shh-
dependent repression of Boc and Fzd8 in the MGE depends on
Gli3, because Shh remains available in the Gli3*”*7 MGE (Theil
etal.,, 1999; Tole et al., 2000). Neither Boc nor Fzd8 are lost in the
Gli3**7 LGE. Thus, Gli3 must not regulate Boc and Fzd8 by
repressing Shh signaling. Instead, Gli3-dependent Shh repression
of Boc and Fzd8 in the MGE may depend on full-length Gli3
activator function (Sasaki et al., 1999; Wang et al., 2000), present
in the Shh-rich MGE (Fotaki et al., 2006). Gli3-activator function
regulates ventral spinal cord progenitor segregation and neuro-
nal differentiation (Bai et al., 2004; Lei et al., 2004 ). In the ventral
forebrain, Shh-dependent Gli3-mediated transcriptional activa-
tion presumably upregulates inhibitors of Boc and Fzd8 expres-
sion in MGE cells, thereby establishing an MGE/LGE expression
boundary.

Gli3 loss of function also highlights key distinctions in Shh
and Gli3 regulation of MGE gene expression, reinforcing the hy-

<«

expression show significant enhancement (arrows) and patterning of expression in Fn:M/Fb:E
cultures. In addition, the Fn:M influences the inductive signaling molecules Shh and Fgf8 by
enhancing and refining their expression domains in the overlying Fb:E. (, Semiquantitative
RT-PCRindicates that Shh transcripts increase, whereas G/i3 transcript levels appear unchanged
between Fb:E only and Fn:M/Fb:E cultures. Also, mesenchymal signals selectively reduce Fgf8a
(inactive splice isoform) and maintain Fgf8b (active splice isoform) expression levels in the
forebrain neuroepithelium. E9 FbE, Uncultured forebrain neuroepithelium. Arrowheads point
to frontonasal mesenchyme in Fn:M/Fh:E cultures.
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Gli3-mediated patterning of LGE and
MGE gene expression may reflect cur-
rently uncharacterized Shh-independent
signaling mechanisms.

Pax6loss of function has distinct effects
on the newly identified LGE- and MGE-
enriched genes. Pax6 apparently influ-
ences Boc and Fzd8 expression levels, but
not pattern. In contrast, Pax6 regulates
Mbip and Zswim5 patterning at the MGE/
LGE border. Pax6 loss of function results
in medial to lateral expansion of Mbip and
Zswimb5, consistent with a similar shift in
Shh, Nkx-2.1, and Lhx6 (Stoykova et al.,
2000). This regulation is likely indirect;
however, Pax6 and Nkx-2.1 expression
converge in the early ventral telencephalon
(Corbin et al., 2003), perhaps allowing
Pax6 to influence the lateral MGE. Appar-
ently, Pax6 operates in parallel with GIi3 to
define or maintain the MGE/LGE bound-
ary. Unlike GIi3, however, Pax6 maintains
bounded expression of both Mbip and
Zswim5 (Fig. 10). Thus, the influences of
three canonical forebrain patterning

Pax6 |

W

j Control ||

+Fgféb || Control ||

Nkx-2.1

+Fgfsb |

genes, Pax6, Shh, and Gli3, are not uni-
form when assessed within multiple di-
mensions of LGE and MGE molecular

diversity.

Extrinsic regulation of LGE and MGE
progenitor identity

We have shown that frontonasal mesen-
chyme patterns the prosencephalon (La-
Mantia et al., 1993; Anchan et al., 1997)
and promotes migratory capacity of
early forebrain neuroblasts (Tucker et
al., 2006). We now demonstrate that
frontonasal mesenchyme influences
LGE and MGE progenitor gene expres-

Figure9.

bead.

pothesis that Shh-dependent maintenance of ventral forebrain
patterning involves more than Gli3-mediated repression of Shh
target genes. Mbip and Zswim5 have opposing changes in Gli3*"
xy mutants (Fig. 10). Mbip, like Nkx-2.1, is limited to a medial
domain, whereas Zswim5 expands laterally throughout the dorsal
telencephalon. This suggests differential requirements for Gli3-
mediated repression in defining the lateral MGE boundary.
Zswim5 depends on Gli3-mediated repression of Shh activity to
reinforce the MGE/LGE border; Mbip does not. Moreover, be-
cause Mbip and Nkx-2.1 appear diminished and restricted medi-
ally in the GIi3*"*" ventral forebrain, their normal expression at
the LGE border may depend on Gli3 activator function or repres-
sion of inhibitory mechanisms in the lateral MGE. Alternatively,

Frontonasal mesenchyme regulates gene expression in the ventral forebrain by modulating the activities of Shh and
Fgf8. A, Fn:M/Fb:E cocultures treated with vehicle control and DEAB (equivalent results at 25 and 100 wum) display normal MGE
(Mbip and Nkx-2.1) and LGE (Fzd8 and Pax6 ) patterning, indicating that a local source of retinoic acid in the mesenchyme does not
significantly impact ventral forebrain gene expression. MGE gene induction is blocked by cyclopamine (Cyclop; 10 wum), whereas
LGE gene expression expands uniformly. SU5402 (10 um), a selective inhibitor of Fgfr tyrosine kinase activity (Mohammadi et al.,
1997), prevents Mbip but not Nkx-2.7 induction, while expanding LGE gene expression. B, Bead (1 mg/ml) or bath (100 ng/ml)
application of Fgf8b enhances Mbip but not Nkx-2.7 expression in Fb:E cultures. Asterisks indicate placement of heparin acrylic

sion. Frontonasal mesenchyme facili-
tates Mbip induction and patterning and
enhances or restricts Fzd8, Pax6, and
Nkx-2.1 in forebrain neuroepithelium.
Moreover, this mesenchyme promotes
and refines Shh and Fgf8 expression and
regulates active versus inactive Fgf8 iso-
forms. Indeed, Shh and Fgf regulation of
MGE- and LGE-enriched genes depends
on mesenchymal signaling (Fig. 10). In-
duction and patterning of Mbip and Nkx-2.1 requires Shh, yet
their requirement for Fgf signaling differs: presumed global
inhibition of Fgfr tyrosine kinase activity blocks Mbip induc-
tion without altering Nkx-2.1. Moreover, Fgf8 directly acti-
vates Mbip, whereas our data, along with previous observa-
tions (Shimamura and Rubenstein, 1997; Crossley et al.,
2001), indicate that Fgf8 alone does not induce expression of
Nkx-2.1 in the early ventral forebrain. Loss of Nkx-2.1 expres-
sion in Fgf8 (Storm et al., 2006) as well as Fgfrl ~'~; Fgfr2 '~
(Gutin et al., 2006) mutants may therefore reflect failed MGE
development rather than direct Fgf8 regulation of Nkx-2.1
expression. In addition, Shh and Fgf signaling are necessary to
maintain mesenchyme-mediated patterning of LGE genes:
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Fzd8 and Pax6 expand when Shh and Fgf
signaling is blocked, despite the presence
of mesenchyme. Nevertheless, Shh and
Fgf8 alone, without mesenchymal sig-
nals, appear insufficient to insure nor-
mal MGE and LGE gene expression. The
integration of extrinsic and intrinsic sig-
naling mechanisms may be essential for
initial definition of LGE and MGE pro-
genitor identity, thus establishing dis-
tinct migratory and differentiation ca-
pacities of neurons derived from these
forebrain subdivisions.
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