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ABSTRACT OF THE DISSERTATION 
 
 

Dlx1&2-Dependent Expression of Zfhx1b Regulates the Fate Switch Between Cortical 
and Striatal Interneurons 

 

By Gabriel L. McKinsey 

 

Doctor of Philosophy in Neuroscience 

 

University of California, San Francisco, 2013 

 

 

Mammalian pallial (cortical and hippocampal) and striatal interneurons are both 

generated in the embryonic subpallium, including the medial ganglionic eminence 

(MGE). Herein I demonstrate that the Zfhx1b (Sip1, Zeb2) zinc finger homeobox gene is 

required in the MGE, directly downstream of Dlx1&2, to generate cortical interneurons 

that express Cxcr7, MafB and cMaf. In its absence, Nkx2-1 expression is not repressed, 

and cells that ordinarily would become cortical interneurons appear to transform towards 

a subtype of GABAergic striatal interneurons. These results show that Zfhx1b is required 

to generate cortical interneurons, and suggest a mechanism for the epilepsy observed in 

humans with Zfhx1b mutations (Mowat-Wilson syndrome). 
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CHAPTER 1 

 

General Introduction 

 

Cell type specification within the embryonic basal ganglia is regulated at multiple levels. 

Distinct subdivisions within this region generate distinct neurons. For instance, the lateral 

ganglionic eminence (LGE) generates striatal projection neurons (Waclaw et al., 2009) 

whereas the medial ganglionic eminence (MGE) generates pallidal projection neurons 

(Flandin et al., 2010). Domains within the MGE are biased towards generating different 

cell types; whereas the rostrodorsal MGE largely produces cortical and striatal 

interneurons, the caudoventral MGE largely produces pallidal projection neurons 

(Flandin et al., 2010; Nobrega-Pereira et al., 2010). Distinct MGE-derived cortical 

interneuron subtypes appear to be generated from the same progenitors, perhaps in a 

temporal sequence (Brown et al., 2011). 

Cortical and striatal interneurons are both generated from the MGE (Marin et al., 

2000; Nóbrega-Pereira et al., 2008). The Nkx2-1 homeobox transcription factor has a 

central role in specifying their identity. While Nkx2-1 is initially required for both of 

these cell types, Nkx2-1 expression is repressed soon after immature cortical interneurons 

tangentially migrate from the MGE, while it is maintained in striatal interneurons (Marin 

et al., 2000; Nóbrega-Pereira et al., 2008; Sussel et al., 1999). Forced expression of Nkx2-

1 in cortical interneurons changes their migration so that they settle in the striatum 

(Nóbrega-Pereira et al., 2008), providing additional evidence that repression of Nkx2-1 is 
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a key step in generating cortical interneurons. How Nkx2-1 expression is repressed in 

these cells is unknown.  

Herein, we provide evidence that the Zfhx1b (Sip1, Zeb2) zinc-finger homeobox 

transcription factor is required to repress Nkx2-1 in the generation of cortical 

interneurons. In its absence, we find a decrease in cortical interneurons concomitant with 

increased striatal nNOS/NPY/Somatostatin GABAergic interneurons. We provide 

evidence that expression of the cMaf transcription factor is a highly specific marker of the 

cortical interneuron lineage, and discovered that its expression is lost in Zfhx1b mutants.  

Previous analysis of Zfhx1b mouse mutants has shed light on its functions in the 

development of cortical projection neurons (Miquelajauregui et al., 2007; Seuntjens et al., 

2009). In humans, mutations of Zfhx1b result in Mowat-Wilson syndrome, a 

developmental disorder characterized by mental retardation, epilepsy and defects of 

neural crest-derived tissues, including craniofacial and enteric nervous system (Cacheux 

et al., 2001; Garavelli and Mainardi, 2007; Mowat et al., 1998; Wakamatsu et al., 2001). 

Our results that demonstrate Zfhx1b is required to generate cortical interneurons suggest a 

mechanism for the epilepsy observed in Mowat-Wilson syndrome.   
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Mouse Genetics 

 

Zfhx1b F/F mice were provided by Melinda K. Duncan, University of Delaware 

and were genotyped according to (Miyoshi et al., 2006). CAG-CAT-eGFP mice were 

genotyped according to (Kawamoto et al., 2000). Zfhx1b F/F males were crossed to Beta-

Actin Cre mice (Lewandoski et al., 1997) to generate the Zfhx1b null allele, which was 

followed by a cross to wildtype mice to eliminate the Beta-Actin Cre allele. Zfhx1b+/-

mice were crossed with Nkx2.1-Cre (Xu et al., 2008) or I1/2b-Cre (Potter et al., 2008) 

mice, and male Zfhx1b+/-; Cre+ mice were crossed with female Zfhx1bF/F mice with or 

without the CAG-CAT-EGFP allele to generate conditional mutant embryos.  

 

Histology 

 

Embryonic brains were immersion fixed in 4% paraformaldehyde in phosphate-

buffered saline (PBS) overnight at 4°C on a rocking platform.  Embryonic brains were 

then cryoprotected overnight in 30% sucrose in PBS at 4°C on a rocking platform. Brains 

were then frozen in embedding medium (OCT, Tissue-Tek, Torrance, CA) and 20um 

cryosections were made on a cryostat.  

Postnatal P15 brains were perfused with PBS, followed by 4% PFA. Brains were 

fixed for 2 days in 4% PFA at 4°C on a rocking platform, followed by 2 days in 30% 

sucrose. 40um sections were then collected on a microtome and stored in an ethylene 

glycol/glycerol buffer at -20°C.  
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Immunostaining counts of neocortical and striatal cell numbers were made from 

six Cr-reporter positive brains, two Zfhx1b control, four Nkx2.1-Cre conditional mutants. 

In situ hybridization cell counts were done on four control and four Nkx2.1-Cre 

conditional mutants. 40um coronal sections were analyzed for cell counts; a 1mm wide 

section of neocortex, and a 2x1mm area of striatum.   

 

In situ hybridization and combination fluorescent in situ/immunofluorescence 

 

Section in situ hybridization was performed as in (Jeong et al., 2008) and 

described in (Schaeren-Wiemers and Gerfin-Moser, 1993). A detailed protocol can be 

found on our lab website (McMahon Slide ISH) 

http://physio.ucsf.edu/rubenstein/protocols/index.asp. 

Fluorescent in situ hybridization in combination with immunofluorescence staining was 

done with digoxigenin riboprobes as described and referenced above, with the caveat that 

hybridization and wash temperatures were no higher than 60°C to preserve eGFP 

antibody staining. Primary antibodies for RNA and immunofluorescence labeling were 

applied at the same time and included anti-DIG-HRP-Fab fragments (1:5000, Roche), 

chicken anti-GFP (1:2000, Chemicon) and rabbit anti-Nkx2-1 (1:1000, Santa Cruz). 

Fluorescent in situ hybridization in combination with immunofluorescence staining was 

done with digoxigenin riboprobes as described and referenced above, with the caveat that 

hybridization and wash temperatures were no higher than 60°C to preserve eGFP 

antibody staining. Primary antibodies for RNA and immunofluorescence labeling were 

applied at the same time and included anti-DIG-HRP-Fab fragments (1:5000, Roche), 
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chicken anti-GFP (1:2000, Chemicon) and rabbit anti-Nkx2-1 (1:1000, Santa Cruz). For 

fluorescence in situ hybridization and immunofluorescence signal detection, fluorescent 

secondary antibodies were applied to tissue sections for 2hrs at room temperature 

followed by a 3xPBS-TritonX-100 wash. The in situ hybridization signal was then 

developed with HNPP/Fast Red solution (1:100, Roche) for 20 min-2hrs at RT. This was 

followed by a brief 2xPBS-TritonX-100 wash with weak agitation to preserve the Fast 

Red signal.  

 

Immunofluorescence 

 

20um cryosections were washed in PBS pH 7.4 with .2% TritonX-100 (wash 

buffer) for 3x15 min, followed by a 1hr block in 3% BSA, 5% heat-inactivated goat 

serum in PBS with .2% TritonX-100 (blocking buffer). Primary antibodies were diluted 

in blocking buffer and were incubated overnight at 4°C. Slides were washed on the 

following day with wash buffer 3x5 min and incubated for 2hrs with Alexa fluorescent 

conjugated secondary antibodies diluted 1:300 in blocking buffer. Slides were washed 

3x5min in wash buffer and mounted with Vectashield (Vector Laboratories, Inc). 

 

Antibodies 

 

Immunofluroescence staining was done as described above with the following 

antibodies: chicken anti-EGFP (1:2000, Chemicon); rabbit anti-NKX2-1 (1:1000, Santa 

Cruz); mouse anti-Ki67 (1:200, BD Pharmingen); rabbit anti-cMAF (1:1000, Bethyl 
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Labs); rabbit anti-MAFB (1:1000, Bethyl Labs); goat anti-Somatostatin (1:150, Santa 

Cruz Biotechnology), rabbit anti-nNos (1:1000, Zymed), rabbit anti-calbindin (1:1000, 

Swant), mouse anti-PV (1:5000, Mllipore). 

 

Cell culture, transfections and luciferase assays 

 

P19 cells were cultured as described in (Farah et al., 2000). Experimental 

conditions were tested in triplicate by transfection of cells in 12-well plates using Fugene 

6 (Roche). Cotransfection of a Renilla luciferase expression construct was used as a 

normalization control for a dual-luciferase assay. The following amounts of DNA were 

used in each well: 80ng pGL4.73 (Renilla Luciferase, Promega), 240 ng pCAGGs-empty 

or pCAGGS-Dlx2, 240ng pGL4.23-empty (Luciferase, Promega) or pGL4.23-enhancer. 

Luciferase and Renilla Luciferase quantification was done using a Promega Dual-

Lucifase Assay Kit and a microplate luminometer (Veritas). Chi-square test showed that 

the levels of activation were significant *=p<0.05.  

 

Chromatin immunoprecipitation (ChIP) 

 

ChIP was performed similar to a published method (McKenna et al., 2011) with a 

few modifications. Briefly, E13.5 ganglionic eminences were dissected, fixed in 1.5 % 

formaldehyde for 30 min. and neutralized with glycine. Fixed chromatin was lyzed and 

sheared into 200-1000 bp fragments using a bioruptor (Diagenode). Immunoprecipitation 

(IP) reactions were performed in triplicate using an anti-Dlx2 antibody raised in rabbits 
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against purified MBP-Dlx2 fusion protein (MBP-Dlx2, amino acids 1-154). As negative 

control 30x molar fold MBP-Dlx2 was included in the IP reactions. Precipitated fractions 

were purified using Dynabeads (Invitrogen). Genomic regions were analyzed by qPCR, 

primers are described in Supplementary Data. Genomic enrichment was expressed as fold 

enrichment relative to a nonconserved region upstream of the Dlx2 gene. The Dlx5/6 

intergenic region, known to bind Dlx2, was used as a positive control. After finding that 

we couldn’t use a parametric test, we found significant differences between our samples 

(enhancer regions vs Dlx2 noncon, p<0.001) using the non parametric Kruskal Wallis 

test. The significance between pairs of samples was determined via the non parametric 

Chi square analysis, *=p<0.05.   

 

Whole Genome ChIP-Seq Library Preparation 

Libraries were prepared using an Ovation Ultralow DR Multiplex System 

(Nugen), size selected in the range of 200-300 bp on a LabChip (Lifesciences) and 

quality control tested on a Bioanalyzer (Agilent). 

 

Microarray Experiment 

 

E12.5 MGE were harvested from Zfhx1bF/-;Nkx2.1-Cre and Zfhx1bF/+;Nkx2.1-Cre 

littermates. RNA was purified from MGE tissue using Trizol reagent (Invitrogen) and 

processed further by the UCSF Sandler Center Functional Genomics Core Facility. RNA 

was checked for quality, labeled, and hybridized to Agilent 4x44K mouse expression 

microarrays. A one-way ANOVA linear model was fit to estimate mean M values and 
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calculated moderated t-statistic, B statistic, false discovery rate and p-values for each 

comparison of interest.  

 

Generation of vectors for novel in situ hybridization probes. 

 

Several in situ hybridization probe vectors were created via PCR and subsequent 

cloning into the pGEM-T easy TA construct (Promega). Primers used to clone cDNA 

regions of interest include the following.  

 

Zfhx1b exon 7 Fwd: 5’ TTGCTCAAACCATTCCTTCAC  3’ and Rev: 5’ 

GACCACCGACTCAAGGAGAC 3’.   

cMaf Fwd: 5’ ACTAGCAAGCCCACTCAGGA 3’ and Rev: 5’ 

AGCAGTTGGTGACCATGTCG 3’.  

Dlk1 Fwd: 5’ AGCGGCTATGGGCTCACCTA 3’ and Rev: 5’ 

CATGCATTAATAGGGAGGAAGG 3’.  

Kcdt12 Fwd: 5’ TGCAGCCGTGAATATCTGAG 3’ and Rev: 5’ 

GTTAGCTTCATGTACAAAGTGTGTG 3’.   

Kcnmb4 Fwd: 5’ AGAGCACAGA 

GCACTGTCTTTTA and Rev: 5’ TTCTCCTACAGCGCACACAC 3’.  

Cited1 Fwd: 5’ ACCAGACGCGAGGAAGGCACA 3’ and Rev: 5’ 

GGATCCACTTGCCATCAGCAGCCAGAGG 3’.   

 

qPCR Primers 
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Dlx5/6 

F-GCCATCCAATTTGAAGCAG 

R-GACGGTAAAAACGCTGTAATCAG	  

 

Dlx2 Nonconserved Region 

F-CAGGACTAAGCAGGCCTTTG 

R-TGACCCCAATGACTCTCCAC 

 

649F1/R1 

F-CTG CAG CTT GCT TTA CAT GC 

R-AGC GAT GTG CCA TTA GAA AG 

 

649F2/R2 

F-TGG CCA TTT ATT CCC ACT TT 

R-CCG TCC GTT TCT ATT TCC AG 

 

649F3/R3: 

F-TAC TGC TCC CCC TTT CTG TG 

R-GAA ATA AGG CCA CTC CAA AGC 

 

675F1/R1 

F-GGC TTA TGA ATT TAT ACC CCT TTG C 
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R-TGT CAG TCG GTC TTT GAT TTG 

 

675F2/R2 

F-GCT CAC CTC CAG GAA ACT GC 

R-AAG GCA AGG CTT GGA GTG C 

 

675F3/R3 

F-CAG TAT TCA GGC CAT CAA CG 

R-TCC GAA AAC CCA TCA TTA GG 

 

Genotyping	  Primers	  
	  
	  

The Zfhx1b floxed/WT allele was genotyped with Intron 6 Fwd: 5’ GAA CTA 

GTT GAA TTG GTA GAA TCA ATG GGG 3’ and Intron 6 Rev: 5’ GTA AAG GCT 

CTC TAC GCC TTT TTC AGT TAG 3’. The Zfhx1b null allele was genotyped with the 

Intron 6 Fwd primer and Intron 7 Rev: 5’ AAG CAT GTC GGT AAG CTG AAC AAC 

TAC TAG 3’(Miyoshi et al., 2006). The CAG:CAT:GFP allele was genotyped with CAG 

For: CAG TCA GTT GCT CAA TGT ACC and CAG Rev: ATA TCA CCA GCT CAC 

CGT CTT (Kawamoto et al., 2000). The Dlx1/2 WT allele was genotyped with DP4+: 5’ 

TCC GAA TAG TGA ACG GGA AGC CAA AG 3’ and DP4-: 5’ CAG GGT GCT GCT 

CGG TGG GTA TCT C 3’. The Dlx1/2 null allele was genotyped with Q2: 5’ AGC TGC 

TCG GGG GTC GCT CAC CTG 3’ and Q3: 5’ TCG CAG CGC ATC GCC TTC TAT 
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CGC 3’. The Cre allele was genotyped with Cre 484: 5’ GCA TTT CTG GGG ATT GCT 

TA 3’ and Cre 834: 5’ GTC ATC CTT AGC GCC GTA AA 3’.  

 
Genotyping protocols can be found at our lab website at 
http://physio.ucsf.edu/rubenstein/protocols/index.asp.  
 

 

 

Table	  1:	  List	  of	  DNAs	  used	  as	  templates	  to	  generate	  riboprobes.	  
	  

Gene Name Source 
Length of 
Probe (bp) 

Location of probe 
complementarity 

        
Cited1 John Rubenstein 728 full coding RNA 

cMaf John Rubenstein 407 
portion of 3' UTR and 
coding region 

Cux2 Celine Zimmer 977 5' end of cDNA 
Cxcr4 Dan Littman 1817 full RNA 

Cxcr7 ATCC MGC-18378 1913 
full coding sequence with 
portions of 5' and 3' UTR 

Dlk1 John Rubenstein 601 
portion of 5' UTR and exon 
1 

Dlx5 John Rubenstein 1600 1600bp from 3' end 
ErbB4 Cary Lai 920 amino acids 326-633 
Gad67 Bryan Condie 2000 full coding sequence  
Gbx2 Mike Frohman 550 650 bp from 3' end 
ID2 Mark Israel 260 bases 546-806 of cDNA 
ID4 Mark Israel 443 portion of 3’ UTR 
Kcdt12 John Rubenstein 801 portion of 3' UTR 

Kcnmb4 John Rubenstein 532 
portion of last exon and 3' 
UTR 

Lhx6 Vassilis Pachnis 1342 bases 1208-2550 of cDNA 
Lhx8 Vassilis Pachnis 1000   
Lmo3 TH Rabbitts 2000 full coding sequence 
MafB Sabine Cordes 451 portion of 3'UTR 
Nkx2-1 John Rubenstein 2200 full coding sequence 

nNos 
imaGenes-
IRAKp961F1743Q 971 portion of cDNA 

NPY Andrew Lumsden     
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Nrp2 
Marc Tessier-
Lavigne 1200 amino acids 536-911 

Olg1 David Rowitch 986 portion of 3'UTR 
Olg2 David Rowitch 600 portion of cDNA 

Sox6 
Open Biosystems                            
Clone ID#5269193 2526 full human coding sequence 

Sst Tom Lufkin 1000 full RNA 

TrKA Mary Ellen Palko 464 
cDNA of extracellular 
domain 

TacR1 John Rubenstein 712 
portion of 3' UTR and 
coding region 

Zfhx1a 
Open Biosystems 
Clone ID#40111227 759 portion of 3'UTR 

Zfhx1b Victor Tarabykin 700   
Zfhx1b exon 7 John Rubenstein 454 portion of exon 7 
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Conditional Deletion of Zfhx1b in the VZ or the SVZ of the Subpallium Using 

Nkx2.1-Cre or DlxI12b-Cre 

 

Zfhx1b prenatal expression has been noted in migrating cortical interneurons and 

the subpallial telencephalon (Batista-Brito et al., 2008; Seuntjens et al., 2003). We found 

that Zfhx1b RNA is expressed in E12.5 MGE-derived cells that are tangentially migrating 

through the LGE and into the cortex by performing fluorescent in situ hybridization 

(FISH) on a brain in which MGE-derived cells expressed EGFP (expressed due to 

Nkx2.1-Cre induced recombination of the CAG:CAT-EGFP Cre reporter allele) (Figures 

2A-A”).  

To determine the role of Zfhx1b in the development of the basal ganglia, we used 

a conditional mutagenesis approach. Using an allele of Zfhx1b, in which exon 7 is floxed 

(Higashi et al., 2002), we removed Zfhx1b expression using two different Cre alleles. 

Deletion of exon 7 creates a frameshift mutation and premature truncation of the protein. 

Previous analysis failed to detect the truncated mutant protein in Zfhx1b mutant tissues, 

providing evidence that this is a null allele (Higashi et al., 2002). 

To remove Zfhx1b in the early progenitors of the MGE, we used the Nkx2.1-Cre 

allele (Xu et al., 2008), which drives Cre expression in the ventricular zone (VZ) of the 

MGE beginning around E9.5 [later it also drives expression in the subventricular and 

mantle zones (SVZ and MZ)]. To differentiate between the role of Zfhx1b in the VZ and 
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the SVZ/MZ, we used the DlxI1/2b-Cre allele (Potter et al., 2008), which drives Cre 

expression in the SVZ and MZ of the entire subpallium beginning around E10.5. To 

examine the pattern of recombination, we used an antisense riboprobe designed against 

Zfhx1b exon 7.   

By E12.5, Cre activity from both the Nkx2.1-Cre and DlxI1/2b-Cre alleles 

removed Zfhx1b RNA expression in the expected patterns (Figures 1A-1C). As 

previously reported, the Nkx2-1 allele did not express Cre in the dorsal-most portion of 

the MGE, thus explaining the persistence of Zfhx1b in that location (Figure 1B). Of note, 

in the Nkx2.1-Cre; Zfhx1b conditional mutant brains, Zfhx1b RNA expression was not 

observed in the cells that appear to be migrating from the dorsal MGE into the mantle of 

the LGE, suggesting that the Zfhx1b+ cells in the mantle of the E12.5 LGE are likely to 

be MGE-derived cells (e.g. cortical and/or striatal interneurons) (X in Figure 1B).  Also, 

note that DlxI1/2b-Cre leads to recombination in the SVZ and MZ of the LGE, MGE and 

CGE (white arrowhead, Figure 1C and data not shown). 

Next, we examined the expression of Zfhx1b’s closely related homologue, Zfhx1a, 

in the E12.5 control and mutant telencephalon. Both Zfhx1a and Zfhx1b are expressed in 

the subpallial VZ, whereas only Zfhx1b is clearly expressed in the SVZ (Figures 1A and 

2B). Zfhx1a’s expression did not clearly change in the Nkx2.1-Cre mediated Zfhx1b 

mutant (Figure 2B-2D’). Thus, in the Nkx2.1-Cre conditional Zfhx1b mutant, only the VZ 

of the MGE continued to strongly express a Zfhx homologue. 

 

MGE-Derived Pallial Interneurons Migrate to the Striatum When Deleting Zfhx1b 

in the VZ of the MGE Using Nkx2.1-Cre 
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We analyzed the effect of deleting Zfhx1b, using Nkx2.1-Cre at multiple 

developmental stages, including E12.5, E15.5 and P0. To track the fate of Zfhx1b mutant 

cells, we used the CAG:CAT-EGFP Cre reporter allele (Kawamoto et al., 2000). Mutant 

brains had the following genotype: Nkx2.1-Cre;Zfhx1bF/-;CAG:CAT-EGFP; whereas 

controls had the following genotype: Nkx2.1-Cre;Zfhx1bF/+;CAG:CAT-EGFP (on 

occasion, some were: Nkx2.1-Cre; Zfhx1bF/+). At E12.5, while the control brain showed a 

robust stream of EGFP+ cells migrating into the cortex, the mutant’s EGFP+ MGE 

derivatives failed to migrate to the cortex, and many were detected in the LGE mantle 

(Figures 1D-1G’).  

Next, we analyzed the phenotype using molecular markers of MGE-derived cells 

including Nkx2-1 and Lhx6. While Nkx2-1 RNA and protein is expressed throughout the 

VZ and SVZ of the MGE, its expression thereafter is restricted to specific neuronal 

lineages. MGE-derived cortical interneurons repress Nkx2-1 expression as they migrate 

out of the MGE while most, but not all, classes of striatal interneurons maintain Nkx2.1 

expression. (Flandin et al., 2010; Marin et al., 2000; Nóbrega-Pereira et al., 2008; Sussel 

et al., 1999). In the mutants, there was a subtle increase in Nkx2-1 RNA expression in the 

LGE and CGE (Figures 1H-1J’). This increase was more apparent at higher 

magnification when analyzing NKX2-1 protein expression (Figures 1G and 1G’), and at 

later stages  (E13.5 and E15.5) (Figures 1N-P” and 3A-F’). 

EGFP and NKX2-1 protein expression in control brains co-localized in a subset of 

cells derived from the MGE. EGFP/NKX2-1+ cells were observed in the MGE VZ and 

SVZ progenitors and a subset of their derived neurons, including the globus pallidus, and 
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striatal interneurons (Xu et al., 2008; Figure 1G solid arrowheads), while interneurons 

migrating to the cerebral cortex showed little to no NKX2-1 protein expression (Figure 

1G open arrowheads). In mutant brains however, most if not all EGFP labeled cells had 

detectable levels of NKX2-1 protein, with many cells strongly co-expressing NKX2-1 

and EGFP in the LGE MZ, and in a region lateral to the globus pallidus (Figure 1G’ solid 

arrowheads). Thus, Zfhx1b mutants had a defect in their ability to repress Nkx2-1 RNA 

and protein expression, concomitant with failure of MGE-derived migration to the 

cerebral cortex. While Zfhx1b was required to repress Nkx2-1 expression, we did not find 

evidence that Nkx2-1 regulated Zfhx1b expression; this conclusion was based on in situ 

hybridization analysis of Zfhx1b expression in mice lacking Nkx2-1 in newly born MGE 

neurons at E15.5 (Nkx2-1 conditional mutant with Dlx5/6-Cre)(Figure 11).  

Lhx6 RNA is expressed in tangentially migrating cells that are immature cortical 

and striatal interneurons, as well as cell types that remain in the subpallium (Flandin et 

al., 2011; Lavdas et al., 1999; Liodis et al., 2007; Sussel et al., 1999; Zhao et al., 2008). 

In the Zfhx1b mutant, Lhx6+ cells failed to be detected in the pallium, whereas they 

continued to be densely located throughout the MGE, and as a scattered population in the 

LGE and CGE (Figures 1K-1M’).  

Next, we assessed the effect of the Zfhx1b mutation on the expression of other 

transcription factors that regulate differentiation of MGE-derived neurons at E12.5. Sox6, 

an important regulator of MGE–derived interneuron development, is expressed in the 

SVZ of the MGE (Azim et al., 2009; Batista-Brito et al., 2009). In the Zfhx1b mutant, 

expression of Sox6 in the MGE SVZ expression appeared increased (Figures 2E-2G’). 

Lhx8(7) and Gbx2 transcription factors are expressed in differentiating MGE neurons at 
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E12.5, and are required for the development of striatal cholinergic interneurons (Chen et 

al., 2010; Fragkouli et al., 2005; Zhao et al., 2003). In the Zfhx1b mutants, Lhx8 and 

Gbx2 RNA expression were not appreciably changed (Figures 2H-2J’ and data not 

shown). Thus, Zfhx1b mutants may have a selective defect in cells fated to become 

pallial, but not striatal, interneurons. To explore this hypothesis we studied the phenotype 

at later developmental stages.  

By E15.5, the tangential migration of immature cortical interneurons is well 

established, and can be readily visualized by expression of Lhx6, Somatostatin, and 

EGFP (in Nkx2.1-Cre;CAG-EGFP brains) (Figures 3, 4D-4F). By contrast, in Zfhx1b 

mutants (Nkx2.1-Cre), pallial expression of Lhx6, Somatostatin, and EGFP was strongly 

attenuated (Figures 3, 4D’-4F’). On the other hand, subpallial expression of these 

markers was increased in two locations: the striatum (asterisks Figures 3A-3C’, 3G-3I’, 

and 4D-4F’) and a region contiguous with the caudoventral striatum, which we believe 

corresponds to the anlage of the central nucleus of the amygdala (labeled e, for ectopia; 

Figures 3E’, 3H’, 4D’; note that Figure 4T shows Dlx5 expression labeling the central 

nucleus of the amygdala, CeA). The ectopia in these regions also contained increased 

expression of Nkx2-1 and Sox6 (Figures 3D-3F’ and 3J-3L’). These genes are normally 

expressed in the subpallial projection neurons such as the globus pallidus, striatal 

interneurons and cortical interneurons (Sox6 only) (Azim et al., 2009; Batista-Brito et al., 

2009; Flandin et al., 2010; Nóbrega-Pereira et al., 2008).  

Next, we tested whether the mutant cells that failed to migrate to the pallium had 

features of the globus pallidus or striatal interneurons. We examined expression of 

several globus pallidus markers including Kcnmb4 (calcium-activated potassium 
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channel), Kctd12 (potassium channel tetramerization domain containing protein), Gbx2 

and Lhx8. Unlike the abnormal expression of Lhx6, Somatostatin, Nkx2-1 and Sox6, 

expression of Kcnmb4, Kctd12, Gbx2 and Lhx8 appeared normal in the Zfhx1b mutants 

(Figures 3M-3O’, 4S-4U’, and 4J-4O’), providing evidence that the abnormal collections 

of cells correspond either to abnormally migrated cortical interneurons, or to striatal 

interneurons, and not globus pallidus neurons. Furthermore, as Gbx2 and Lhx8 expression 

and function are linked to the development of striatal cholinergic interneurons (Chen et 

al., 2010; Zhao et al., 2003), these results provided evidence that increased striatal Nkx2-1 

expression did not correspond to cells destined to become striatal cholinergic 

interneurons. 

 To distinguish whether the abnormal collections of cells in the mutant striatum 

were cortical or striatal interneurons, we examined expression of Cxcr7 and NPY. At 

E15.5 Cxcr7 marked migrating cortical interneurons, and few cells in the striatum 

(Figures 10J,10K and 10L), suggesting that it is a relatively specific cortical interneuron 

marker (Wang et al., 2011). In the mutant, there was a robust reduction of Cxcr7 

expression in the pattern of migrating cortical interneurons, without a substantive 

increase in striatal expression (Figures 10J’,10K’,10L’); a similar result was seen for 

Cux2 (not shown). On the other hand, at E15.5, NPY expression strongly marks scattered 

striatal cells (probably interneurons), and relatively few migrating cortical interneurons 

(note, most of the cortical expression at this age resembles that of immature projection 

neurons in the cortical plate). In the mutant, there was a robust increase in NPY 

expression in the striatum (Figures 3P-3R’), in a pattern closely resembling the pattern of 
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ectopic Nkx2-1, Lhx6 and Sox6 (Figures 3D-3L’). Thus, we propose that the mutant 

cortical interneurons are transformed towards GABAergic striatal interneurons.  

 

Deleting Zfhx1b in SVZ of the MGE Using DlxI12b-Cre Phenocopies Loss of Zfhx1b 

function in the VZ (Nkx2.1-Cre) 

 

Towards defining the stage of differentiation when Zfhx1b is required for 

programming interneurons to migrate to the cortex, and not the striatum, we used the 

DlxI12b-Cre allele (Potter et al., 2008). DlxI1/2b-Cre expression begins in subpallial 

SVZ cells that express the mitotic marker Ki67 (Figures 2T-2T’’), suggesting that Cre 

recombination occurs in secondary progenitor cells that are mitotically active. Thus, 

DlxI12b-Cre induces recombination beginning in the SVZ of the entire subpallium, 

whereas Nkx2.1-Cre induces recombination in the VZ of the MGE and preoptic area 

(Figures 1D-1F’). 

We analyzed the effect of deleting Zfhx1b using DlxI12b-Cre at E12.5 and E15.5. 

In general, all of the phenotypes of MGE-derived cells observed with the Nkx2.1-Cre 

were recapitulated with the DlxI12b-Cre (Figures 2, 5, 6), including the strong reduction 

of tangential migration to the cortex, indicated by analysis of Cre-dependent reporter 

EGFP expression, and Lhx6, Somatostatin, and CXCR7 expression. Like Nkx2.1-Cre 

mutants, DlxI1/2b-Cre mutants showed increased numbers of striatal cells that expressed 

Lhx6, Nkx2-1, NPY, Somatostatin and Sox6 (Figures 5A-5I’, 5M-5O’ and 6J-6L’). 

Furthermore, these mutants did not show an increase in the number of cells that 
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expressed markers of the globus pallius (Lhx8, Gbx2, Kcnmb4) or striatal cholinergic 

interneurons (Lhx8, Gbx2) (Figures 5J-5L’, 5P-5R’; and 2Q’-2S’, and data not shown). 

 

Postnatal Analysis of cortical and striatal interneuron phenotypes in Nkx2.1-

Cre;Zfhx1b  mutants 

Nkx2.1-Cre conditional mutants died between P17 and P21; at P15, mutants 

weighed ~30% less than their control littermates, a phenotype that was exacerbated by 

litter size. We did not observe seizures or other neurological/behavioral phenotypes.  

We analyzed postnatal day 0 (P0) and P15 Nkx2.1-Cre;Zfhx1bF/- conditional 

mutants to better understand the nature and extent of their cortical and striatal interneuron 

defects. In the P0 neocortex there was an ~90% reduction in the number of EGFP+ Cre-

reporter marked cells, as well as a decrease in Calbindin, Somatostatin, and Lhx6 

expressing interneurons (Figures 7A-7C’; 7S).Likewise, at P15 there was a >90% 

reduction in number of neocortical EGFP+ cells (Figure 7D-7F’; 9S). Next, we counted 

the number cortical interneurons in the Nkx2-1-Cre lineage that expressed Parvalbumin 

(PV) or Somatostatin, which are the two main MGE-derived subtypes (Rudy et al., 2011). 

We saw a strong reduction in double labeled neurons, with the numbers of EGFP+ 

interneurons expressing Somatostatin or PV reduced by >90% or more (Figure 9S). The 

expression of cortical Calretinin, which predominantly marks CGE-derived cortical 

interneurons, showed little to no change in the Zfhx1b; Nkx2.1-Cre conditional mutant 

(Figure 7F-F’).  

In the striatum at P0, as we saw at E15.5, there was an increase in the number of 

cells expressing EGFP (Cre reporter),  Somatostatin and Lhx6 (Figure 7G-7I’); consistent 
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with the hypothesis that Zfhx1b mutant cells that were destined to go to the neocortex, 

instead migrated to the striatum. Additionally, there was a clear increase in the number of 

striatal cells expressing nNos, NPY and Nkx2-1 (Figures 7J-7K’, 8B and 8B’), while we 

observed no change in Lhx8, a marker for striatal cholinergic interneurons (Figures 8A 

and 8A’). 

As NPY, Somatostatin, and nNos are also expressed in subsets of cortical 

interneurons, their increased striatal expression does not provide unequivocal information 

about whether supernumerary cells correspond to cortical interneurons that failed to 

correctly migrate, or to interneurons that changed fate due to the mutation. To this end, 

we searched for a marker that is expressed in striatal, but not cortical interneurons. TacR1 

is robustly expressed in striatal interneurons (Ardelt et al., 1996). We found that TacR1 is 

almost exclusively expressed in striatal and not cortical interneurons at E15.5, P0 and 

P15 (Figures 7L, 7L’, 7Q, 7Q’, 8D-8F’, and data not shown). In Zfhx1b-Nkx2.1-Cre 

mutants at P0, there was increased striatal TacR1 expression (Figure 7Q-7Q’), supporting 

the idea that at least some of the mutant cells are adopting a striatal interneuron identity. 

At P15 the number of mutant cells (EGFP+) was roughly the same as in controls, and they 

were evenly dispersed within the striatum, lacking the cell clusters and ectopia (striatal 

and caudal amygdala) that were apparent at younger ages (Figure 7M-7M’, 7T).  The 

elimination of the excess mutant striatal cells appears to occur through apoptosis, which 

is robust at P0 (expression of activated cleaved-caspase 6), particularly in the ectopia 

(Figure 8C-8C’).  

Despite the cell death,  Zfhx1b conditional mutants at P15 continued to have 

significantly increased numbers of striatal nNOS, NPY, Somatostatin and TacR1 
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expressing cells (183%, 230%, 225%, and 164%, respectively, relative to control brains ) 

(Figures 7N-7Q’, 7T). Importantly, total striatal PV+ cells were decreased by 58% (Figure 

9S). Furthermore, there was no detectable change in TrkA expression (Figure 7R-7R’, 

7T), which marks striatal cholinergic interneurons. We saw very few Calretinin+ cells in 

the control striatum (1-3 cells per section), which did not noticeably change in the Zfhx1b 

conditional mutant (data not shown). Thus, Nkx2.1-Cre;Zfhx1b mutants have a selective 

increase in striatal interneurons expressing nNos, NPY, Somatostatin and TacR1, but have 

reduced PV interneurons, and no change in cholinergic or calretinin interneurons. 

We also analyzed the gross morphological properties of nNos/NPY/Somatostatin 

striatal interneurons in the Zfhx1b mutant, and found that, like control brains (also, see 

Chesselet and Graybiel, 1986), Zfhx1b conditional mutants had Somatostatin processes 

restricted to the matrisomes (Chesselet and Graybiel, 1986), in a lateral to medial 

gradient (Figure 8G-8I’- arrowheads mark Calbindin-poor striosomes), suggesting that 

the overproduced nNos/NPY/Somatostatin interneurons in the Zfhx1b conditional mutant 

share grossly similar morphological properties with wildtype striatal interneurons.  

 

RNA Expression Array Analysis Identifies Candidate Mediators of Zfhx1b Function 

 

Towards identifying the molecular mechanisms underlying the Zfhx1b mutant 

phenotype we used an RNA expression microarray analysis. We compared gene 

expression from the E12.5 MGE of Nkx2.1-Cre; Zfhx1bF/- mutants to that of Nkx2.1-Cre; 

Zfhx1bF/+ control littermates. Table 2 lists the most highly up-regulated and down-

regulated genes. Overall, a larger number of genes were found to be significantly up-
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regulated than down-regulated in Zfhx1b mutants, which may reflect Zfhx1b’s function as 

a recruiter of repressive transcriptional complexes (van Grunsven et al., 2003; 

Verschueren et al., 1999; Verstappen et al., 2008). We verified the results for many of the 

genes by performing in situ RNA hybridization on E12.5 control and mutant brains 

(Figure 12 and data not shown). 

We were most interested in genes that were altered in both the Nkx2.1-Cre and 

DlxI12b-Cre Zfhx1b mutants, given that both mutants showed altered interneuron 

migration and specification. Six genes fell into this category: cMaf, MafB, CXCR7, Dlk1, 

Cited1 and Gpc4 (Figures 10, 12). Dlk1, Cited1 and Gpc4 were up-regulated in the MGE 

both mutants (Figure 12). cMaf, MafB, and CXCR7 were down-regulated in the MGE and 

migrating interneurons; later in the paper we focused more on these genes (Figures 10, 

12); below we discuss the other genes.  

Dlk1 expression was strongly increased in the VZ and SVZ of the MGE in the 

Nkx2.1-Cre mutant, and increased weakly only in the SVZ of the MGE in the DlxI12b-

Cre mutant. (Figures 12J-12L’ and 12HH-12JJ’’). Given that Zfhx1b’s function was 

required in the SVZ of the MGE, the increase in Dlk1 expression could play a role in the 

phenotype. Dlk1 encodes a secreted delta-like ligand (Ferrón et al., 2011; Moon et al., 

2002) that could alter Notch signaling. We used electroporation to increase Dlk1 

expression in wild type MGE, but failed to identify a change in interneuron migration 

(data not shown).  

 Other genes related to Notch-signaling were also identified in the array analysis, 

including the Id2 and Id4 helix-loop-helix and Sox6 HMG-box transcription factors 

(Table 2). Expression of Id4 was increased in the VZ of the Nkx2.1-Cre mutant; however, 
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no change in expression was detected in the DlxI12b-Cre mutant (Figures 12M-12O’ and 

12KK-12MM’); this implies that Id4 does not contribute to the interneuron phenotype. 

Id2 expression showed a subtle expression increase in the Nkx2.1-Cre mutant (not 

shown); like Id4, we did not find a change in its expression in the DlxI1/2b-Cre mutant 

(not shown).  Sox6 expression was also increased based on the array and an increase was 

seen in both Nkx2.1-Cre and DlxI1/2b-Cre mutants by in situ hybridization at E12.5 

(Table 2 and Figures 2F-2F’ and data not shown), which became more pronounced at 

E13.5 and E15.5 (Figures 3J-L’ and 5G-I’). Of note, Sox6 represses MGE expression of 

Ascl1 (Mash1) (Azim et al., 2009), a basic-helix-loop-helix transcription factor whose 

expression is promoted by Notch-signaling. 

Expression of Cited1, a p300-binding transcriptional co-activator that promotes 

signaling in the TGF-beta pathway (van Grunsven et al., 2003; Yahata et al., 2000),  was 

increased in the SVZ of the ventral MGE and POA in both the Nkx2.1-Cre and DlxI12b-

Cre mutants (Figures12S-12U’ and 12QQ-12SS’). This is of interest given that ZFHX1B 

acts as a SMAD-binding transcriptional co-repressor (Postigo et al., 2003; Verschueren et 

al., 1999). Thus, Cited1 and Zfhx1b may function antagonistically in MGE development.  

Gpc4 expression in the SVZ of the MGE was increased in both mutants (Figure 12V-

12X’ and 12TT-12WW’). Glypicans (GPC) are extracellular matrix proteins that promote 

FGF-signaling (Bonneh-Barkay et al., 1997; Galli et al., 2003; Jen et al., 2009).   

Expression of genes related to oligodendrogenesis, including Olg1 and GPR17 

(Chen et al., 2009; Lu et al., 2000) were down-regulated on the array in the Nkx2.1-Cre 

mutant (Table 2); we failed to detect GPR17 expression by in situ hybridization and Olg1 

expression was weak. For this reason, we studied Olg2 expression; indeed its expression 
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was reduced in the SVZ of the MGE at E12.5 (Figures 12P-12R’). The down-regulation 

of oligodendrocyte markers may be related to the increase in ID4 RNA; ID proteins can 

repress oligodendrogenesis by binding to OLG proteins, which prevents their nuclear 

localization (Wang et al., 2001). By E15.5, we did not detect a change in Olg2 expression 

(Figures 4P-4R’). The DlxI12b-Cre mutant did not show changes in Olg2 expression 

(Figure 12NN-12PP’) suggesting the Zfhx1b function in the VZ, and not SVZ, regulates 

oligodendrogenesis. 
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Figure 1: 
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Figure 1. Zfhx1b expression in the MGE is required for interneuron migration at E12.5.  

(A-C) Zfhx1b RNA expression detected by in situ hybridization in control and conditional 

Zfhx1b mutant telencephalons. (B) Nkx2.1-Cre. (C) DlxI12b-Cre. Black arrowhead in B 

shows loss of Zfhx1b expression in the MGE VZ (except dorsal-most MGE). White 

arrowheads in B and C show loss of Zfhx1b expression in the SVZ of the MGE. X in B 

shows loss of Zfhx1b expression in the SVZ/MZ of the LGE. (D-P’) Coronal 

hemisections of the telencephalon comparing gene expression in three rostral-to-caudal 

planes of section in control (left side) and Zfhx1b Nkx2.1-Cre conditional mutants (right 

side). (D-F’) Two color immunofluoresence detection of EGFP (green) and NKX2-1 

(red). (G,G’) Higher magnification view of two color immunofluoresence detection of 

EGFP (green) and Nkx2-1 (red) in control (G) and Zfhx1b mutant (G’). Solid white 

arrowheads show increased numbers of cells that express both EGFP (green) and NKX2-

1 (red) in the mutant’s LGE/Str. In the wild type cortex, black arrowheads (with white 

outline) show that cells express EGFP (green) and not NKX2-1. (H-P’) In situ 

hybridization expression analysis at E12.5 of Nkx2-1 (H-J’) and Lhx6 (K-M’), and at 

E13.5 of Nkx2-1 (N-P’). Asterisks in (N-P’) show increased numbers of labeled cells in 

striatum. X in panels (K’-M’) notes the loss of labeled cells in the cortex. Abbreviations: 

Cx: cortex; e: ectopia in region of the ventral striatum and central nucleus of the 

amygdala; GP: globus pallidus; LGE: lateral ganglionic eminence; MGE: medial 

ganglionic eminence; MZ: mantle zone; Str: Striatum; SVZ: subventricular zone; VPd: 

ventral pallidum; VZ: ventricular zone.  Scale bars equal 500µm (A and D), and 300 µm 

(G).  
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Figure 2: 
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Figure	  2. A-A”. Zfhx1b is expressed in tangentially migrating MGE-derived cells at 

E12.5. Two-color detection of EGFP (green: panel A) expression by immunofluoresence, 

and Zfhx1b expression by FISH (red: panel A’), on E12.5 coronal hemisections of the 

telencephalon in three rostral-to-caudal planes of section. MGE-derived cells expressed 

EGFP (expressed due to Nkx2.1-Cre induced recombination of the CAG:CAT-EGFP Cre 

reporter allele). (A”) combined red/green signals; examples of double-labeled cells are 

indicated by white arrowheads. Labeling of the blood vessels (b) is an artifact. 

 

B-J’. Zfhx1b expression in the MGE is required for interneuron migration at E12.5. 

Analysis of Zfhx1b;Nkx2.1-Cre mutants; coronal hemisections of the telencephalon 

comparing gene expression in three rostral-to-caudal planes of section in control (left 

side) and Zfhx1b;Nkx2.1-Cre conditional mutants (right side). In situ hybridization 

analysis of Zfhx1a (A-D’), Sox6 (E-G’) and Lhx8 (H-J’) expression. Asterisk in F’ shows 

increased expression in the mutant. 

 

K-S’.  Analysis of E12.5 Zfhx1b;DlxI12b-Cre mutants; coronal hemisections of the 

telencephalon comparing gene expression in control (left side) and Zfhx1b;DlxI12b-Cre 

conditional mutants (right side). In situ hybridization analysis of Nkx2-1 (K-M’), Lhx6 

(N-P’), and Lhx8 (Q-S’) expression.  X in N-P’ shows lack of labeled cells in the cortex. 

 

T-T”. DlxI12b-Cre is expressed in the subpallial SVZ, but not VZ. Two color 

immunofluoresence detection of Cre (green) and Ki67 (proliferation marker; red). 
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Asterisk in T’: Ki67+ cells in the SVZ of the MGE. Arrowheads in V” show double-

labeled cells.  

 

Abbreviations: b: blood vessel; Cx: cortex; GP: globus pallidus; LGE: lateral ganglionic 

eminence; LGE-Co: LGE corridor; MGE: medial ganglionic eminence; MZ: mantle zone; 

Str: striatum; SVZ: subventricular zone; VPd: ventral pallidum; VZ: ventricular zone. 

Scale bar equals 150µm (A), 500µm (B) and 300µm (T).   
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Figure 3: 
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Figure 3. Zfhx1b expression in the MGE is required for interneuron migration at E15.5. 

Coronal hemisections of the telencephalon comparing gene expression in three rostral-to-

caudal planes of section in control (left side) and Zfhx1b;Nkx2.1-Cre conditional mutants 

(right side). (A-C’) Two color immunofluoresence detection of EGFP (green) and NKX2-

1 (red). (D-U’) In situ hybridization analysis. Nkx2-1 (D-F’), Lhx6 (G-I’), Sox6 (J-L’), 

Lhx8 (M-O’), NPY (P-R’), Kcnmb4 (S-U’). Asterisks show increased numbers of labeled 

cells in the striatum. X shows reduced number of labeled cells in cortex.  Abbreviations: 

CGE: caudal ganglionic eminence; Cx: cortex; e: ectopia in region of the ventral striatum 

and central nucleus of the amygdala; GP: globus pallidus; LGE: lateral ganglionic 

eminence; MGE: medial ganglionic eminence; MZ: mantle zone; Str: striatum; SVZ: 

subventricular zone; VPd: ventral pallidum; VZ: ventricular zone. Scale bar equals 

500µm (A).   
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Figure 4:  
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Figure 4. Zfhx1b expression in the MGE is required for interneuron migration at E15.5. 

Coronal hemisections of the telencephalon comparing gene expression in three rostral-to-

caudal planes of section in control (left side) and Zfhx1b;Nkx2.1-Cre conditional mutants 

(right side). In situ hybridization analysis of markers used to study: 

Interneurons: MafB (A-C’), Sst (D-F’), GAD67 (G-I’);  

Globus Pallidus: Gbx2 (J-L’); Kcdt12 (M-O’); 

Oligodendrocytes: Olg2 (P-R’); 

Central nucleus of the amygdala: Dlx5 (S-U’).  

 

Asterisks show increased numbers of labeled cells in the striatum. X shows reduced 

numbers of labeled cells in the cortex. Abbreviations: CeA: central nucleus of the 

amygdala; CGE: caudal ganglionic eminence; Cx: cortex; e: ectopia in region of the 

ventral striatum and central nucleus of the amygdala; GP: globus pallidus; LGE: lateral 

ganglionic eminence; MGE: medial ganglionic eminence; MZ: mantle zone; Str: 

striatum; SVZ: subventricular zone; VPd: ventral pallidum; VZ: ventricular zone. Scale 

bar equals 500µm (A).   
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Figure 5: 

 

 



	   39	  

 
 
 
 
 
Figure 5. Zfhx1b expression in the SVZ of the MGE is required for interneuron migration 

at E15.5. Coronal hemisections of the telencephalon comparing gene expression in three 

rostral-to-caudal planes of section in control (left side) and Zfhx1b DlxI12b-Cre 

conditional mutants (right side). In situ hybridization analysis of: Nkx2-1 (A-C’), Lhx6 

(D-F’), Sox6 (G-I’), Lhx8 (P-R’), NPY (M-O’), Kcnmb4 (P-R’). Asterisks show increased 

numbers of labeled cells in the striatum. X shows reduced number of Lhx6+ cells in 

cortex. Abbreviations: CGE: caudal ganglionic eminence; Cx: cortex; e: ectopia in region 

of the ventral striatum and central nucleus of the amygdala; GP: globus pallidus; LGE: 

lateral ganglionic eminence; MGE: medial ganglionic eminence; MZ: mantle zone; Str: 

striatum; SVZ: subventricular zone; VPd: ventral pallidum; VZ: ventricular zone. Scale 

bar equals 500µm (A).   
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Figure 6:  
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Figure 6. Zfhx1b expression in the SVZ of the MGE is required for interneuron migration 

at E15.5. Coronal hemisections of the telencephalon comparing gene expression in three 

rostral-to-caudal planes of section in control (left side) and Zfhx1b;DlxI12b-Cre 

conditional mutants (right side). In situ hybridization analysis of cMaf (A-C’), MafB (D-

F’), CXCR7 (G-I’) and Sst (J-L’) expression. Asterisks show increased numbers of 

labeled cells in the striatum. X shows reduced numbers of labeled cells in the cortex. 

Abbreviations: Cx: cortex; e: ectopia in region of the ventral striatum and central nucleus 

of the amygdala; Str: striatum. Scale bar equals 500µm (A).   
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    Figure 7: 
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Figure 7. Zfhx1b expression in the MGE regulates the numbers and fate of postnatal (P0 

and P15) cortical and striatal interneurons. Coronal hemisections showing the neocortex 

(A-F) and the striatum (G-R), comparing gene expression in control (left side) and 

Zfhx1b;Nkx2.1-Cre conditional mutants (right side). (A, A’, D- F’ G,G’,M,M’) Two color 

immunofluorescence with anti-EGFP (Cre reporter; green) and interneuron markers (red); 

other panels show in situ hybridization results.  
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Figure 8: 
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Figure 8. Analysis of gene expression and cell behavior in P0 (A-F’) and P15 (G-I’) 

Nkx2.1-Cre; Zfhx1b conditional mutants. Coronal hemisections compare telencephalic 

gene expression and protein levels in control (left) and Zfhx1b;Nkx2.1Cre mutants (right). 

In situ hybridization analysis of Lhx8 (A-A’), Nkx2.1 (B-B’), and TacR1 (D-F’) 

expression (asterisks dhow increased numbers of TacR1+ cell in the striatum. (C-C’) 

Colocalization of the Cre-reporter EGFP (green) with the apoptotic marker cleaved 

caspase 6 (red) in caudal ectopic cell accumulations of the Zfhx1b conditional mutant. 

(G-I’) Sparse expression of Calbindin+ (green) and Sst+ cells and fibers (red) in striasomal 

(calbindin-poor) regions. Asterisks show increased numbers of labeled cells in the 

striatum. Arrowheads mark Calbindin-poor, Somatostatin-poor domains of the striatum. 

Abbreviations: GP: globus pallidus; Str: striatum. Scale bar equals 500µm (A, G), 250µm 

(C), and 1mm (D). 
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Figure 9: 
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Figure 9. Quantitative measurements of cell number changes in Zfhx1b mutants. (S) Cell 

counts of total Cre-reporter EGFP+ cell numbers in the P0 and P15 cortex (i), relative 

changes in the numbers of cells that had colocalization of the EGFP Cre-reporter with 

Somatostatin or PV at P15 (ii), and changes in total levels of Somatostatin and PV in the 

P15 cortex (iii). (T) Measurements of EGFP+ Cre-reporter cells in the P15 striatum (i), 

relative changes in the numbers of EGFP-colocalization with PV, Somatostatin and nNos 

in the P15 striatum (ii) and relative changes in the total numbers of the markers PV, Sst, 

nNos, NPY, TacR1 and TrkA in the P15 striatum. Scale bar equals 500µm (A,D, G and 

M).  *=p<.05. 
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Table	  2:	  Gene	  Expression	  Array	  Results	  of	  Zfhx1b-Regulated	  Genes.	  
	  
A	  more	  complete	  listing	  of	  the	  microarray	  results	  is	  attached	  as	  an	  excel	  file	  
	  

Short	  Name Long	  Name 
Control	  
Average 

cKO	  
Average 

Fold	  
Control/
cKO FDR B 

In	  situ	  
expression	  
change 

Dlk1 
delta-‐like	  1	  homolog	  
(Drosophila) 12.96 14.53 2.959 0.0005 5.613 (+++) 

Id2 
inhibitor	  of	  DNA	  
binding	  2 11.07 12.40 2.519 0.0005 5.57 (+) 

Pdgfa 
platelet	  derived	  
growth	  factor,	  alpha 12.93 14.14 2.309 0.0548 2.081  

Wfdc2 
WAP	  four-‐disulfide	  
core	  domain	  2 10.91 11.97 2.075 0.0756 1.759  

Tgfb3 

transforming	  
growth	  factor,	  beta	  
3 9.87 10.84 1.962 0.2386 -‐0.113 (+) 

Sulf1 sulfatase	  1 10.85 11.74 1.852 0.1786 0.485  

Masp1 

mannan-‐binding	  
lectin	  serine	  
peptidase	  1 10.80 11.68 1.835 0.1295 1.04  

Gtl2	  (Meg3) 

GTL2,	  imprinted	  
maternally	  
expressed	  
untranslated	  mRNA 14.42 15.27 1.805 0.1786 0.49  

Tgfbi 

transforming	  
growth	  factor,	  beta	  
induced 9.93 10.75 1.767 0.1694 0.643  

Mirg 
miRNA	  containing	  
gene 10.31 11.12 1.754 0.0270 2.825  

Cited1	  
(Mrg1) 

Cbp/p300-‐
interacting	  
transactivator	  with	  
Glu/Asp-‐rich	  
carboxy-‐terminal	  
domain	  1 10.69 11.50 1.751 0.1866 0.385 (++) 

Id4 
inhibitor	  of	  DNA	  
binding	  4 13.92 14.67 1.678 0.0548 2.082 (++) 

Gpc4 glypican	  4 10.52 11.21 1.616 0.0257 2.894 (+) 

Nt5dc3 
RIKEN	  cDNA	  
C630002B14	  gene 11.47 12.17 1.616 0.1786 0.523  

Cdc14a 

CDC14	  cell	  division	  
cycle	  14	  homolog	  A	  
(S.	  cerevisiae) 10.43 11.10 1.595 0.1857 0.414  

Ntng1 netrin	  G1 10.10 10.77 1.59 0.0396 2.429  
8430408O14  10.87 11.49 1.536 0.0870 1.576  

Chn2 
chimerin	  
(chimaerin)	  2 11.04 11.58 1.453 0.1894 0.317  

Man2a1 
mannosidase	  2,	  
alpha	  1 11.74 12.27 1.443 0.0865 1.599  

Comt	   catechol-‐O-‐ 11.75 12.27 1.441 0.0890 1.462  
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(Comt1) methyltransferase 

Rian 

RNA	  imprinted	  and	  
accumulated	  in	  
nucleus 12.04 12.53 1.397 0.1606 0.812  

Sox6 
SRY-‐box	  containing	  
gene	  6 8.07 8.46 1.309 0.9453 -‐3.375 (+) 

Kif5c 
kinesin	  family	  
member	  5C 11.13 11.49 1.284 0.2168 0.028  

Zfp238 
zinc	  finger	  protein	  
238 13.81 13.46 0.786 0.2085 0.127  

Rabepk 

Rab9	  effector	  
protein	  with	  kelch	  
motifs 11.33 10.90 0.741 0.1878 0.357  

Cdca7 
cell	  division	  cycle	  
associated	  7 14.14 14.59 0.732 0.3158 -‐0.635 (+) 

Abtb2 

ankyrin	  repeat	  and	  
BTB	  (POZ)	  domain	  
containing	  2 11.57 11.09 0.72 0.1894 0.326  

Sgol2 
shugoshin-‐like	  2	  (S.	  
pombe) 10.78 10.30 0.713 0.2168 0.018  

Tcf4 
transcription	  factor	  
4 14.29 13.78 0.702 0.2096 0.091 

no	  noticeable	  
change 

Rftn2 
raftlin	  family	  
member	  2 11.38 10.85 0.693 0.1786 0.488  

Akp2	  (Alpl) 
alkaline	  
phosphatase	  2,	  liver 11.19 10.66 0.69 0.2137 0.067  

Gucy1b2 
guanylate	  cyclase	  1,	  
soluble,	  beta	  2 10.43 9.89 0.69 0.1857 0.408  

Rprm 

reprimo,	  TP53	  
dependent	  G2	  arrest	  
mediator	  candidate 13.57 13.03 0.687 0.1921 0.28  

3110003A17
Rik 

RIKEN	  cDNA	  
3110003A17	  gene 14.93 14.37 0.676 0.1647 0.678  

Kcnj10 

potassium	  
inwardly-‐rectifying	  
channel,	  subfamily	  J,	  
member	  10 10.23 9.65 0.668 0.1314 1.014  

Ednrb 
endothelin	  receptor	  
type	  B 10.96 10.37 0.667 0.1873 0.372  

Chst3 

carbohydrate	  
(chondroitin	  
6/keratan)	  
sulfotransferase	  3 12.08 11.50 0.667 0.1921 0.292  

Kif20a 
kinesin	  family	  
member	  20A 14.54 13.92 0.649 0.0983 1.316  

Adcyap1r1 

adenylate	  cyclase	  
activating	  
polypeptide	  1	  
receptor	  1 11.74 11.11 0.646 0.1788 0.459  

Zbtb43 

zinc	  finger	  and	  BTB	  
domain	  containing	  
43 11.02 10.38 0.641 0.0890 1.438  

2610034M16
Rik 

RIKEN	  cDNA	  
2610034M16	  gene 11.10 10.45 0.638 0.0681 1.878  

Cxcr7 
chemokine	  (C-‐X-‐C	  
motif)	  receptor	  7 13.32 12.59 0.602 0.0297 2.682 (-‐-‐-‐) 
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Sox11 
SRY-‐box	  containing	  
gene	  11 14.49 13.74 0.593 0.0890 1.509 

no	  noticeable	  
change 

Ng23 Ng23	  protein 9.65 8.86 0.577 0.0293 2.744  

Kcne1l 

potassium	  voltage-‐
gated	  channel,	  Isk-‐
related	  family,	  
member	  1-‐like 10.38 9.53 0.555 0.0073 3.865  

1190002H23
Rik 

RIKEN	  cDNA	  
1190002H23	  gene 13.81 12.89 0.53 0.0890 1.448  

Nts neurotensin 10.28 9.35 0.526 0.1878 0.351  

Pde4dip 

phosphodiesterase	  
4D	  interacting	  
protein	  
(myomegalin) 12.52 11.54 0.508 0.0890 1.409  

Arl4d 
ADP-‐ribosylation	  
factor-‐like	  4D 13.73 12.71 0.493 0.1226 1.113  

Olig1 

oligodendrocyte	  
transcription	  factor	  
1 9.60 8.56 0.488 0.0068 3.938 (-‐-‐) 

Bcan brevican 11.41 10.11 0.406 0.1295 1.05  

Tgm2 
transglutaminase	  2,	  
C	  polypeptide 10.65 9.33 0.4 0.2081 0.14  

Zfhx1b	  
(Zeb2;	  Sip1) 

zinc	  finger	  E-‐box	  
binding	  homeobox	  2 13.02 11.66 0.389 0.0005 5.536 (-‐-‐-‐) 

cMaf	  (v-‐maf,	  
maf) 

avian	  
musculoaponeurotic	  
fibrosarcoma	  (v-‐
maf)	  AS42	  oncogene	  
homolog 10.18 8.73 0.365 0.2096 0.106 (-‐-‐-‐) 

Efcab6 
RIKEN	  cDNA	  
4931407K02	  gene 9.94 8.34 0.329 0.0029 4.652  

Gpr17 
G	  protein-‐coupled	  
receptor	  17 11.14 8.56 0.168 0.0002 6.369  

	  
	  

Figure 10: 
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Figure 10. cMaf and CXCR7 are highly specific markers of the cortical interneuron 

lineage that are lost in Zfhx1b conditional mutants and Dlx1/2-/- mutants. Coronal 
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hemisections of the E12.5 (A-F”) and E15.5 (G-L”) telencephalon comparing cMaf (A-

C”; G-I”) and CXCR7 (D-F”; J-L”) RNA expression by in situ hybridization in three 

rostral-to-caudal planes of section in control (left panels), Zfhx1b;Nkx2.1-Cre conditional 

mutants (middle panels), and Dlx1/2-/- mutants (right panels). X shows reduced/absent 

cMaf+ or CXCR7+ cells in cortex or ganglionic eminences. Abbreviations: CGE: caudal 

ganglionic eminence; ChP: choroid plexus; Cx: cortex; LGE Co: LGE corridor; dMGE: 

dorsal medial ganglionic eminence; vMGE: ventral medial ganglionic eminence; Str: 

striatum. Scale bars are equal to 500µm (A) and 200uM (M).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 
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Figure 11. Nkx2-1 expression in the newly born MGE neurons does not regulate cMaf or 

Zfhx1b expression. Coronal hemisections of the E15.5 telencephalon comparing gene 

expression in three rostral-to-caudal planes of section in control (left side) and Nkx2-

1;Dlx5/6-Cre conditional mutants (right side). In situ hybridization analysis of cMaf (A-

B’) and Zfhx1b (C-D’) expression. Abbreviations: Cx: cortex; Str: striatum. Scale bar 

equals 500µm (A).   
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Figure 12: 
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Figure 12. Expression analysis (in situ hybridization) of Zfhx1b-regulated genes that were 

identified using gene expression array. Comparison of Nkx2-1-Cre (left side) and 

DlxI12b-Cre (right side). Coronal hemisections of the E15.5 telencephalon comparing 

gene expression in three rostral-to-caudal planes of section in control (left side) and 

Zfhx1b conditional mutants (right side) of the following	  genes:	  cMaf,	  MafB,	  CXCR7,	  Dlk1,	  

ID4,	  Olg2,	  Cited1	  and	  Gpc4. Asterisks	  show	  increased	  expression	  in	  the	  mutant.	  X	  

shows	  decreased	  expression	  in	  the	  mutant. Abbreviations: CGE: caudal ganglionic 

eminence; Cx: cortex; LGE: lateral ganglionic eminence; MGE: medial ganglionic 

eminence; MZ: mantle zone; SVZ: subventricular zone; VZ: ventricular zone. Scale bar 

equals 500µm (A).   
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CHAPTER 4: 

 

Transcriptional control of Zfhx1b by Dlx2 
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Zfhx1b Expression Is Downstream of Dlx1/2 in the Developing Basal Ganglia 

 

Dlx1 and Dlx2 are necessary for subpallial development, including interneuron migration 

to the cortex (Anderson et al., 1997a; Long et al., 2009a; Long et al., 2009b; Yun et al., 

2002a); thus we examined Zfhx1b RNA expression in Dlx1/2 constitutive null mutants 

using in situ hybridization (Figures 13A-B’). In control brains at E12.5 and E15.5, Zfhx1b 

was expressed in the VZ and SVZ of the subpallium, in addition to its previous described 

expression in the cortical plate and SVZ (Miquelajauregui et al., 2007; Seuntjens et al., 

2009).  Zfhx1b expression in the subpallial MZ was restricted to dispersed cells in the 

LGE and to a nucleus forming near the ventral medial ganglionic eminence (MGE) 

(Figures 1A; 13A, 13B). In Dlx1/2-/- mutants, Zfhx1b expression was strongly and 

specifically decreased in the SVZ of the entire subpallium; expression in the subpallial 

VZ was maintained, albeit perhaps reduced (Figures 13A-B’).  

Towards defining the mechanisms that regulate Zfhx1b expression in the 

developing subpallium, we identified two regulatory elements near the Zfhx1b locus that 

drive expression in the developing subpallium. These enhancers, here named #649 and 

#675, were identified by virtue of their extremely strong evolutionary conservation 

(Figures 14C-G) and their reproducible enhancer activity in the forebrain of mouse 

embryos in transgenic experiments (Figures 15H-I) (Visel et al., 2007; Visel et al., 2008). 

The other genes in this region do not have known expression in the developing 

subpallium. Analysis of enhancer activity at E11.5 in transgenic whole mounts and 

sections showed that both enhancers drive LacZ expression in the subpallium, including 

the SVZ of the MGE (Figures 15H,I).  The spatial overlap of enhancer activities and 
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Zfhx1b mRNA expression suggests that these two elements are distant-acting 

transcriptional activators of Zfhx1b in the developing subpallium. Computational analysis 

identified multiple candidate homeobox binding sites (asterisks in Figures 15D,E and 

highlighted regions in 15F,G).  

To test whether Dlx2 can regulate these candidate Zfhx1b enhancers we used a 

luciferase reporter assay. Co-transfection of a luciferase reporter construct containing 

enhancers #649 and #675 with a Dlx2 expression vector in P19 cells showed that DLX2 

strongly activates Luciferase transcription when these elements are present (Figure 16J). 

To determine whether DLX2 directly regulates enhancers 649 or 675, we 

performed chromatin immunoprecipitation (ChIP)-qPCR of E13.5 basal ganglia using a 

DLX2 antibody.  We found enrichment over several homeodomain-containing regions of 

enhancers 649 and 675, with a particular domain of #675 (region #3) showing the 

strongest enrichment as compared to control regions of the of the genome (Figure 17K). 

Also, the relative enrichment of the enhancer fragments was eliminated when a DLX2 

polypeptide was included in the immunoreaction as a negative control (Figure 17K). 

In addition, in preliminary whole-genome ChIP-seq experiments, the binding of 

Dlx2 to the 675 enhancer was found to be strong, yielding a peak of enrichment over the 

same region that gave the highest level of qPCR enrichment, (Figure 18). Further analysis 

of this data will likely uncover other Dlx2 binding Zfhx1b regulatory regions. 

In summary, we have identified two candidate distant-acting gene regulatory 

elements whose activity patterns suggest that they contribute to Zfhx1b expression in the 

developing subpallium.  These enhancer elements are activated by DLX2 in luciferase 

reporter assays, and are bound by DLX2 in vivo, providing strong evidence that subpallial 
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Zfhx1b expression directly depends on Dlx1/2.  Consistent with this, we observed marked 

alterations of Zfhx1b expression in the subpallial SVZ of Dlx1/2-deficient mice.  Taken 

together, these results raise the possibility that the loss of Zfhx1b expression in the SVZ 

could contribute to the defects in differentiation and interneuron migration seen in Dlx1/2 

mutants. To investigate this possibility, we compared the phenotypes of the conditional 

Zfhx1b and Dlx1/2-/- mutants. 

 

Dlx1/2-/- Constitutive and Zfhx1b Conditional Mutants Have Similar Changes in 

Gene Expression Related to Their Defects in Interneuron Migration 

 

As Zfhx1b expression in the subpallial SVZ was greatly reduced in the Dlx1/2 mutants 

(Figures 13A-B’), and because interneuron migration to the cortex was greatly reduced in 

both the Dlx1/2-/- and Zfhx1b mutants, we hypothesized that loss of Zfhx1b may underlie 

some of the interneuron migration phenotype of the Dlx1/2-/- mutants. To evaluate this 

idea, we compared gene expression phenotypes of the Dlx1/2-/- constitutive null mutant 

with the Zfhx1b conditional (Nkx2.1-Cre) mutant at E15.5 (Figure 19). 

Indeed, changes in Nkx2-1 and Sox6 expression were similar in the Dlx1/2-/- and 

Zfhx1b mutants.  Nkx2-1 and Sox6 RNAs are normally expressed in similar patterns at 

E15.5 (Figures 19A,B,C,G,H and I); in wild type brains, both RNAs are maintained in the 

MGE, and in putative striatal interneurons and globus pallidus neurons, while they are 

downregulated in the MGE-derived cortical interneuron lineage (Nkx2.1-, Sox6low). Both 

Dlx1/2-/- and Zfhx1b mutants show increased numbers of Nkx2-1+ and Sox6+ cells in the 
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striatum/LGE (asterisks in Figure 19; note: the Dlx1/2-/- mutant striatum is small due to 

Dlx-function in the LGE) (Anderson et al., 1997b; Yun et al., 2002b). 

Lhx6+ cells are lacking throughout the cortex and increased in the striatum of both 

the Dlx1/2-/- and Zfhx1b mutants (Figures 19D-F’’). Likewise, Somatostatin+ and NPY+ 

cortical interneurons were lost, whereas their expression was increased in the striatum 

(Figures 19J-L’’; Somatostatin data not shown).  
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Figure 13: 

 

 
 
 
 
 
Figure 13. Dlx1&2 are required for Zfhx1b expression in the SVZ of the subpallium.  

(A-B’) Coronal hemisections of the telencephalon comparing Zfhx1b expression in 

Dlx1/+/- and Dlx1/2-/- at E12.5 (A-A’) and E15.5 (B,B’). Note the greatly reduced Zfhx1b 

expression in the SVZ of the LGE and MGE. X notes reduction in Zfhx1b expression in 

the SVZ. Abbreviations: Cx: cortex; LGE: lateral ganglionic eminence; Luc. Luciferase; 

MGE: medial ganglionic eminence; MZ: mantle zone; SP: subpallium; SVZ: 

subventricular zone, VZ: ventricular zone. Scale bar equals 500µm (A and B). *=p<.05. 
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Figure 14: 
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Figure 14. Relative genomic position of two ultraconserved DNA elements near the 

Human Zfhx1b (Zeb2) locus, #675 (D) and #649 (E) (data from http://genome.ucsc.edu/). 

(D and E) Genomic alignment of enhancers #675 and #649; each contain a number of 

conserved consensus homeobox sites (asterisks). (F and G) Base-resolution view of 

regions with homeobox sites within #649 and #675, which are heavily conserved across 

vertebrate species and are similar to known DLX2 binding sites (Potter et al., 2008). 
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Figure 15: 
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Figure 15. (H and I) Whole mount E11.5 enhancer-lacZ transgenic mouse embryos that 

demonstrated lacZ expression (X-Gal staining) in the ganglionic eminences (subpallium) 

(H’ and I’). Abbreviations: Cx: cortex; LGE: lateral ganglionic eminence; Luc. 

Luciferase; MGE: medial ganglionic eminence; MZ: mantle zone; SP: subpallium; SVZ: 

subventricular zone, VZ: ventricular zone. Scale bar equals 500µm (A and B). *=p<.05. 
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Figure 16: 
 
 
 

 
 
 
 

 

Figure 16. Luciferase assay demonstrating DLX2-dependent transcriptional activation 

(pCAGGS vector) mediated by enhancers #649 and #675 upstream of luciferase (pGL4.23 

vector). 

 
 
 
 
 



	   67	  

 
 
Figure 17: 
 
 

 
 
 
 
 

 

 

Figure 17. Blue bars: DLX2 ChIP qPCR assay (N=3) demonstrates anti-DLX2 binding to 

chromatin from E13.5 ganglionic eminences to subdomains of enhancers #675 and #649 

and the positive control (Dlx5/6 enhancer), and not to the negative control region (a non-

conserved domain upstream of Dlx2). Red bars: Addition of a DLX2 peptide blocks the 

anti-DLX2 binding. 
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Figure 18: 
 
 
 
 
 

 
 

 

 

Figure 18. Dlx2 immunoprecipitation, followed by whole-genome ChIP-seq. The peak in 

orange is a normalized binning of sequencing reads, positioned over the Zfhx1b enhancer 

#675.  
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Figure 19: 
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Figure 19. Comparison	  between	  Dlx2	  and	  Zfhx1b	  mutants	  reveals	  common	  changes	  

in	  gene	  expression.	  Zfhx1b;Nkx2.1-Cre and Dlx1/2-/- mutants both fail to repress Nkx2-1 

and Sox6, lose cortical interneurons, and accumulate MGE cells in their striatum. Coronal 

hemisections of the E15.5 telencephalon comparing gene expression in three rostral-to- 

caudal planes of section in controls (left side) and mutants (right side).  In situ 

hybridization analysis of Nkx2-1 (A-C”), Lhx6 (D-F”), Sox6 (G-I”), NPY (J-L”) 

expression was assessed for control, Zfhx1b;Nkx2.1-Cre mutants and Dlx1/2-/- mutants. 

Asterisks show increased numbers of labeled cells in the striatum. X shows reduced 

number of Lhx6+ cells in cortex. Abbreviations: CGE: caudal ganglionic eminence; Cx: 

cortex; e: ectopia in region of the ventral striatum and central nucleus of the amygdala; 

GP: globus pallidus; LGE: lateral ganglionic eminence; MGE: medial ganglionic 

eminence; MZ: mantle zone; Str: striatum; SVZ: subventricular zone; VPd: ventral 

pallidum; VZ: ventricular zone. Scale bar equals 500µm (A).   
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Herein we demonstrate that the Zfhx1b zinc finger homeobox gene subpallial 

expression is directly positively regulated by Dlx1&2, and is required in the MGE to 

generate cortical interneurons that express Cxcr7, MafB and cMaf. In its absence, Nkx2-1 

expression is not repressed, and cells that ordinarily would become cortical interneurons 

are transformed towards the NPY/nNos/Somatostatin subtype of striatal GABAeric 

interneuron. Furthermore, it is possible that the Zfhx1b-/- phenotype is also caused by 

defects in migration and differentiation that contribute to the formation of subpallial 

ectopia. However, below we largely concentrate on discussing the evidence that Zfhx1b 

regulates cell-type specification. 

 

Cell-type Specification within the MGE  

 

The MGE generates multiple cell types, including GABAergic interneurons of the 

cortex and striatum, GABAergic projection neurons of the basal ganglia (e.g. globus 

pallidus), cholinergic neurons of the striatum and basal telencephalon and 

oligodendrocytes (Flandin et al., 2010; Petryniak et al., 2007; Xu et al., 2008). The MGE 

generates roughly 60% of all GABAergic cortical interneurons; these express PV, 

Somatostatin, NPY and nNos (Gelman and Marín, 2010; Rudy et al., 2011).  

The MGE also generates striatal interneurons. There are three subtypes of 

GABAergic striatal interneurons: PV+, nNos/NPY/Somatostatin+ and Calretinin+ (Tepper 

et al., 2010). 

The striatum also has cholinergic interneurons. The cholinergic population is 

marked and regulated by the Gbx2, Islet1, and Lhx8 transcription factors (Chen et al., 
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2010; Fragkouli et al., 2009), and the neurotrophin receptor TrkA (Sanchez-Ortiz et al., 

2012). 

The ventral MGE is not a major source for cortical interneurons based on fate 

mapping using Shh-Cre (Flandin et al., 2010). Shh+ progenitors in the caudo-ventral 

MGE produce most of the globus pallidus neurons, ~30% of striatal PV+ interneurons and 

very few cortical interneurons (Flandin et al., 2010). Thus, the dorsal MGE must be the 

source of most cortical and striatal GABAergic interneurons.  

Here, we identified perhaps the first specific early marker of dorsal MGE-derived 

cortical interneurons: cMaf (Figure 10). cMaf expression begins in the SVZ, is 

maintained as the cells migrate through the striatum and into the cortex, and is dependent 

on Zfhx1b and Dlx1/2 function (Figure 7). Mafb expression is also dependent on Zfhx1b 

and Dlx1/2 function (Figure 5D-F’, 12D-12F’ and 12BB-12DD’ (Cobos, 2006; Long et 

al., 2009a; Long et al., 2009b). Notably, neither cMaf, nor Mafb are strongly expressed 

prenatally in neurons of the striatum (interneurons and medium spiny neurons), 

suggesting that prenatally they may be specific markers of the cortical interneuron 

lineage. Currently, Maf function in the developing forebrain is unknown, although in 

other regions of the embryo (e.g. hindbrain and pancreas) this transcription factor family 

has prominent roles in regulating cell fate and differentiation (Cordes and Barsh, 1994; 

Nishimura et al., 2006) 

Thus, progenitors in the dorsal MGE generate cortical and striatal interneurons. 

Whether these cell types are generated from distinct subregions, from distinct but 

intermixed progenitors, or from the same progenitors in a stochastic or temporally 

modulated program is poorly understood. While there is evidence that the same 
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neuroepithelial progenitor can generate different types of cortical interneurons 

(parvalbumin and somatotstatin)(Brown et al., 2011), it is not known whether or not 

cortical and striatal interneurons are derived from the same progenitor.  

Here we provide evidence that Zfhx1b is required in the MGE SVZ to regulate the 

development of a subset of its derivatives. Zfhx1b mutants did not exhibit clear 

phenotypes of striatal cholinergic interneurons, the globus pallidus and oligodendrocytes. 

Zfhx1b was required to generate GABAergic cells that migrate to the cortex, and to 

repress the generation GABAergic cells that migrate to the striatum. We suggest that 

Zfhx1b promotes a fate switch between cortical interneurons and nNos/NPY/Somatostatin 

striatal interneurons through repression of Nkx2-1 expression. Furthermore, Zfhx1b 

mutants have reduced striatal PV interneurons (Figure 7M,7M’); thus, Zfhx1b could also 

control this fate decision.  

 

Transcriptional regulation of cell type specification in the MGE 

 

There is genetic evidence for at least three parallel (although interacting) 

transcriptional pathways in the MGE that are required for cortical interneuron 

development. Here we define them as the: 1) Ascl1 (Mash1); 2) Dlx; and 3) Nkx2-1 

pathways (note: direct biochemical evidence is required to solidify these models). Ascl1 

pathway is active in VZ and SVZ progenitors that are high in Notch signaling and is 

required for neurepithelial state; this pathway is required to non-autonomously repress 

neurogenesis and Dlx expression (Casarosa et al., 1999; Yun et al., 2002a). The Dlx 

pathway requires Dlx1, 2, 5 and 6, is active in SVZ progenitors and some neurons, and 
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promotes neuronal maturation and migration in part through increasing expression of Arx 

and GAD1 (Cobos et al., 2005; Long et al., 2009a; Long et al., 2009b). The Dlx pathway 

represses the Ascl1 pathway and oligodendrogensis (Long et al., 2009a; Long et al., 

2009b; Petryniak et al., 2007; Yun et al., 2002a). The Nkx2-1 pathway is the core 

mediator of MGE regional and cell identity (Butt et al., 2007; Sussel et al., 1999); it 

functions through induction of Lhx6 and Lhx8 (Sussel et al., 1999). Lhx6 is essential for 

induction of Mafb and Shh in neurons, maintaince of Sox6 in interneurons, and the 

differentiation of Somatostatin and Parvalbumin cortical interneurons (Lhx6) (Liodis et 

al., 2007; Zhao et al., 2008); Lhx8 is required in cholinergic striatal interneurons (Lhx8) 

(Fragkouli et al., 2005; Fragkouli et al., 2009; Zhao et al., 2003).  

A key feature of MGE neuronal derivatives is that only a subset maintains Nkx2-1 

and Lhx8 expression, such as the globus pallidus and cholinergic striatal interneurons 

(Marin et al., 2000). Thus, cortical interneurons must suppress Nkx2-1 and Lhx8 

expression. We propose that Dlx and Nkx2-1 pathways interact at this step. We 

demonstrated that Dlx1/2 were required for Zfhx1b expression in the subpallial SVZ 

(Figure 13), and that Zfhx1b was required for repression of Nkx2-1, but not of Lhx8 

(Figures 3D-F’, 3M-O’, 5A-C’ and 5J-L’). Thus, in the absence of Zfhx1b, dorsal MGE-

derived neurons continued to express Nkx2-1, Sox6 and Lhx6, and migrate into the 

striatum and not the cortex. These cells failed to express markers of cortical interneurons 

(Cxcr7, cMaf and MafB) (Figures 10 A-L”, 12A-12I’), but highly expressed the striatal 

GABAergic subtype markers NPY, nNos and Somatostatin. (Figures 3P-R’ and 5M-O’ 

(Tepper et al., 2010). Additionally, there was increased expression of the Substance P 

receptor (TacR1, NK-1), which is robustly expressed in Somatostatin+ and ChAT+ striatal 
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interneurons, and in very few cortical interneurons (Ardelt et al., 1996; Figure 8D-8F’), 

lending support to our hypothesis that Zfhx1b controls a fate decision between cortical 

and striatal GABAergic interneurons.  

We suggest that Zfhx1b controls this step in the SVZ and not in the VZ of the 

MGE, as we observed the same phenotype using DlxI12b-Cre (SVZ recombination, 

Figures 2, 5, 6) and Nkx2.1-Cre (VZ recombination, Figures 1, 2, 3, 4). Finally, we 

propose that there is a distinct Zfhx1b-independent mechanism for the generation of 

cholinergic neurons that depends on the maintenance of Lhx8, perhaps in combination 

with Islet1 and Gbx2 (Chen et al., 2010; Fragkouli et al., 2009).  

 

Regulation of Interneuron Migration Pathway: Cortex vs Striatum 

 

Loss of Zfhx1b expression in the MGE SVZ leads to GABAergic neuron 

migration to the striatum. Given the persistence of Nkx2-1 expression, this is consistent 

with the idea that these cells are behaving like striatal interneurons. Our data are in 

concordance with evidence that persistent Nkx2-1 expression blocks interneuron 

migration to the cortex, and promotes interneuron invasion of the striatum (Nóbrega-

Pereira et al., 2008). Previous studies suggested that Nkx2-1 promotes interneuron 

integration into the striatum via repression of Npn2/Sema3-dependent repulsion (Marín et 

al., 2001; Nóbrega-Pereira et al., 2008). Thus, we investigated whether we could detect a 

change in Npn2 and Npn1 RNA expression in migrating immature Zfhx1b mutant 

interneurons. We did not detect a change in Nrp1 and Nrp2 epxression at E12.5.  Note 

however, Npn1/2 RNA expression was very difficult to detect as cells move out of the 
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MGE (data not shown). It is important to bear in mind that the increased migration to the 

striatum, particularly that leads to the formation of the clusters of cells in the extended 

striatal zone, could be due to an alternative mechanism(s), perhaps independent of a fate 

change. Note that most of the “ectopic” striatal cells undergo apoptosis (Figure 8C, 8C’), 

so that by P15 the number of striatal interneurons in the mutant is roughly normal. This 

suggests that the striatum can not support a large increase in interneuron number, as 

found with MGE transplantation (Martínez-Cerdeño et al., 2010) 

 

Zfhx1b functions in the MGE Progenitors 

 

While Zfhx1b function in the SVZ of the MGE appears to regulates the switch 

between cortical and striatal interneurons, Zfhx1b is also expressed in the VZ of the MGE 

(Figure 1A). Two genes related to Notch signaling were up-regulated in the mutant MGE 

VZ, including the secreted delta-like ligand Dlk1 (Ferrón et al., 2011; Moon et al., 2002) 

and the HLH transcription factor ID4 (Yun et al., 2004) (Figure 12J-12O’). Dlk1 

expression was up-regulated in the VZ and SVZ; perhaps its change in expression could 

alter the balance of cell fates decisions.  

ID proteins can repress oligodendrogenesis by binding to OLG proteins, which 

prevents their nuclear localization (Wang et al., 2001). Currently, however, we do not 

have strong evidence for a change in oligodendrogenesis, although we found reduced 

Olg2+ cells in the SVZ of the MGE at E12.5 (Figures 12P-12R’), and the gene expression 

array reported reduced expression of markers of oligodendrocytes (Olg1 and GPR17). It 

is likely that Zfhx1a expression in the MGE VZ (Figure 2B-D’) compensates for the loss 
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of Zfhx1b, and thereby weakens the VZ phenotype (Miyoshi et al., 2006).  It has recently 

been shown that during oligodendrocyte differentiation, Zfhx1b acts in part by 

antagonizing Smad activity (Weng et al., 2012)	  

 

In the pallium, Zfhx1b functions in both progenitors and neurons. In hippocampal 

progenitors, it functions upstream of Wnt signaling to control development of the entire 

region (Miquelajauregui et al., 2007). In the neocortex, Zfhx1b functions in postmitotic 

neurons, through expression of neurotrophin-3 and Fgf9, to control cell fate decisions 

non-autonomously in the cortical ventricular zone (Seuntjens et al., 2009) 

Thus, Zfhx1b may have distinct functions in telencephalic progenitors and 

neurons, although it is unclear whether Zfhx1b has a common molecular mechanism in all 

developing cells. Zfhx1b mediates some of its functions through interactions with SMAD 

proteins, and thus participates in TGF-beta signaling (Comijn et al., 2001; Postigo et al., 

2003; Verschueren et al., 1999). This is intriguing because there is evidence that SMAD 

dominant negative expression can inhibit interneuron tangential migration (Maira et al., 

2010). Furthermore, in the Zfhx1b mutant, there is increased expression of CITED1 

(Table S1; Figures S6S-S6U’ and S6QQ-S6SS’), a SMAD-binding transcriptional co-

activator (van Grunsven et al., 2003; Yahata et al., 2000). Thus, future studies are needed 

to further investigate the molecular mechanisms of Zfhx1b’s function in subpallial 

development, including whether it directly represses Nkx2-1 expression and the degree to 

which it functions through modulating TGF-beta and Notch signaling. 
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Zfhx1b and Human Disease 

 

Mowat-Wilson syndrome (MWS) is caused by a heterozygous mutation or 

deletion of the Zfhx1b (ZEB2, SIP1), and is characterized by a distinctive facial 

appearance, intellectual disability, and variable other features including agenesis of the 

corpus callosum, seizures, and Hirschsprung disease (Cacheux et al., 2001; Evans et al., 

2012; Garavelli and Mainardi, 2007; Mowat et al., 1998; Wakamatsu et al., 2001). Given 

Zfhx1b’s critical role in cortical interneuron development, we propose that cortical 

interneuron defects contribute to the seizure phenotype of MWS.  Furthermore, since 

Dlx1&2 regulate Zfhx1b expression in the subpallium, and Dlx1&2 also regulate 

craniofacial and enteric nervous system development (Qiu et al., 1995), it will be 

intriguing whether Zfhx1b is also downstream of Dlx function during development of 

these tissues. 
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