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Abstract 92 

γ-amino butyric acid (GABA) is the key inhibitory neurotransmitter in the cortex but 93 

regulation of its synthesis during forebrain development is poorly understood. In the 94 

telencephalon, members of the distal-less (Dlx) homeobox gene family are expressed in, 95 

and regulate the development of, the basal ganglia primodia from which many 96 

GABAergic neurons originate and migrate to other forebrain regions. The Dlx1/Dlx2 97 

double knockout mice die at birth with abnormal cortical development, including loss of 98 

tangential migration of GABAergic inhibitory interneurons to the neocortex (Anderson et 99 

al., 1997a; Anderson et al., 1997b). We have discovered that specific promoter regulatory 100 

elements of glutamic acid decarboxylase isoforms (Gad1 & Gad2), which regulate 101 

GABA synthesis from the excitatory neurotransmitter glutamate, are direct transcriptional 102 

targets of both DLX1 and DLX2 homeoproteins in vivo. Further gain- and loss-of-103 

function studies in vitro and in vivo demonstrated that both DLX1 and DLX2 are 104 

necessary and sufficient for Gad gene expression. DLX1 and/or DLX2 activated the 105 

transcription of both Gad genes, and defects in Dlx function disrupted the differentiation 106 

of GABAergic interneurons with global reduction in GABA levels in the forebrains of 107 

the Dlx1/Dlx2 double knockout mouse in vivo. Identification of Gad genes as direct Dlx 108 

transcriptional targets is significant; it extends our understanding of Dlx gene function in 109 

the developing forebrain beyond the regulation of tangential interneuron migration to the 110 

differentiation of GABAergic interneurons arising from the basal telencephalon, and may 111 

help to unravel the pathogenesis of several developmental brain disorders. 112 

 113 
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Significance Statement 114 

GABA is the major inhibitory neurotransmitter in the brain. We show that Dlx1/Dlx2 115 

homeobox genes regulate GABA synthesis during forebrain development through direct 116 

activation of glutamic acid decarboxylase (GAD) enzyme isoforms that convert 117 

glutamate to GABA. This discovery helps explain how Dlx mutations result in abnormal 118 

forebrain development, due to defective differentiation, in addition to the loss of 119 

tangential migration of GABAergic inhibitory interneurons to the neocortex. Reduced 120 

numbers or function of cortical GABAergic neurons may lead to hyperactivity states such 121 

as seizures (Cobos et al., 2005) or contribute to the pathogenesis of some autism 122 

spectrum disorders. GABAergic dysfunction in the basal ganglia could disrupt the 123 

learning and development of complex motor and cognitive behaviors (Rubenstein and 124 

Merzenich, 2003). 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 
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Introduction 136 

Rapid progress is being made in describing the genetic programs that regulate regional 137 

specification, morphogenesis, cell type specification, neuronal migration and connectivity 138 

in the developing mammalian forebrain. Yet, few molecular pathways have been fully 139 

elucidated. When examining the relative contribution of interneuronal development to 140 

that of the telencephalon overall, Dlx1 and Dlx2 homeobox genes are essential for 141 

interneuronal differentiation and migration in the developing forebrain.  142 

Most cortical GABA (gamma-aminobutyric acid)-producing (GABAergic) interneurons 143 

are born in the subpallial telencephalon and migrate tangentially to the neocortex in 144 

several migratory streams (Marin et al., 2000; Anderson et al., 2002; Wang et al., 2011). 145 

These neurons use GABA as the major inhibitory neurotransmitter which has several 146 

roles, including the regulation of proliferation, migration, differentiation, and synapse 147 

formation during embryonic development (Barker et al., 1998; Lujan et al., 2005; 148 

Kwakowsky et al., 2007). Recently, investigators have focused on the lineage and 149 

temporal-spatial distribution of clonally-related GABAergic interneuronal progenitor 150 

populations derived from the basal forebrain that will eventually populate the striatum, 151 

hippocampus and cortex (Harwell et al., 2015; Mayer et al., 2015; Mayer et al., 2016; 152 

Sultan et al., 2016; Turrero Garcia et al., 2016). However, there has been less emphasis 153 

placed on understanding the developmental regulation of GABA synthesis from the 154 

excitatory neurotransmitter glutamate. 155 

GABA is mainly synthesized from glutamate by the enzyme glutamic acid decarboxylase 156 

(Gad), which has two molecular isoforms, Gad1 (GAD67) and Gad2 (GAD65) (Erlander 157 
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et al., 1991; Martin et al., 2000). Other GABA synthetic pathways require conversion of 158 

putrescine to GABA and pyrrolidinone; the latter compound can be converted to GABA 159 

via hydrolysis (Petroff, 2002). Gene expression analysis of the embryonic basal 160 

telencephalon reveals nearly overlapping patterns of expression of Dlx1 and Dlx2 with 161 

Gad1 and Gad2 in the mouse and zebrafish, primarily in regionally restricted domains 162 

including the ventricular zone (VZ) and subventricular zone (SVZ) (Liu et al., 1997; 163 

Eisenstat et al., 1999; MacDonald et al., 2010). Similar expression data in the human fetal 164 

neocortex has recently been described (Al-Jaberi et al., 2015). Previous studies showed 165 

that in mice lacking both Dlx1 and Dlx2 gene function, known as the Dlx1/2 double 166 

knockout (DKO) mouse (which dies at birth), there is significant and almost complete 167 

reduction of tangential interneuronal migration from the subcortical telencephalon to the 168 

neocortex, resulting in few GABA-expressing cells residing in the mouse neocortex 169 

(Anderson et al., 1997a; Anderson et al., 1997b), as well as in zebrafish (MacDonald et 170 

al., 2013). Ectopic expression of the Dlx genes through gain-of-function assays in slice 171 

and primary cell cultures of the embryonic mouse forebrain can induce cortical cells to 172 

express the Gad genes in vitro (Stuhmer et al., 2002; Li et al., 2012). However, these 173 

prior studies have not explained the underlying molecular mechanism of Dlx genes with 174 

respect to differentiation of GABAergic interneurons during mouse forebrain 175 

development. 176 

Using chromatin immunoprecipitation (ChIP) of embryonic forebrain, electrophoretic 177 

mobility shift assays, reporter gene experiments, gene expression analysis in wild-type 178 

and Dlx1/2 DKO mice, as well as confirmatory gain- and loss-of function assays, we 179 
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have discovered that Dlx1 and Dlx2 regulate GABA expression through direct 180 

transcriptional activation of Gad1 and Gad2 isoforms by binding to specific canonical 181 

homeodomain DNA binding tetranucleotide TAAT/ATTA motifs located in their 182 

respective proximal gene promoters. By combining genetic and molecular approaches to 183 

identify these specific Dlx-dependent downstream target genes in vitro and in vivo, we 184 

further understand the role of Dlx genes as critical effectors of both GABAergic 185 

interneuron differentiation as well as tangential migration during vertebrate forebrain 186 

development. 187 

 188 

Materials and Methods 189 

Animal and tissue preparation 190 

Dlx1/2 double knockout (DKO) mice (a kind gift from Dr. John Rubenstein, University 191 

of California, San Francisco) were maintained in a CD1 background. The null mutants 192 

were genotyped using published protocols (Qiu et al., 1995; Anderson et al., 1997b). For 193 

comparative studies, all mutants were paired with wild-type littermate controls; mutants 194 

and controls were of either sex. Embryonic age was determined by the day of appearance 195 

of the vaginal plug (E0.5) and dissected tissues (neocortex, ganglionic eminences (GE), 196 

hindbrain) were processed as previously described (de Melo et al., 2003). All animal 197 

protocols were conducted in accordance with guidelines set by the Canadian Council on 198 

Animal Care and were approved by the University of Manitoba and University of Alberta 199 

animal care committees.  200 

 201 
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Chromatin Immunoprecipitation (ChIP) 202 

ChIP assays were performed as described previously (Zhou et al., 2004; Le et al., 2007). 203 

The medial and lateral GEs (express Dlx1/Dlx2) and hindbrain tissue (used as a negative 204 

control since this tissue does not express any Dlx family members) were dissected from 205 

E13.5 CD1 mice. Specific rabbit polyclonal high affinity DLX1 and DLX2 antibodies 206 

were previously characterized (Anderson et al., 1997a; Eisenstat et al., 1999) and used to 207 

immunoprecipitate genomic DNA targets cross-linked to DLX1 or DLX2 homeoproteins. 208 

Genomic DNA from an E13.5 mouse embryo was used as a positive control. DNA 209 

derived from E13.5 hindbrain was used as a negative control. 210 

 211 

Thermal cycling/Polymerase Chain Reaction 212 

Oligonucleotide primer pairs were designed to amplify distinct regions of the Gad 213 

promoters (see Table 1 and Figure 1). The polymerase chain reaction (PCR) was carried 214 

out using specific primer pairs with the isolated E13.5 ChIP DNA, with genomic DNA as 215 

positive control, and with hindbrain DNA as negative control. PCR products were 216 

separated by gel electrophoresis, purified, and then ligated into the pCR2.1 TOPO vector 217 

using a TOPO TA cloning kit (Invitrogen). Recombinant plasmid DNA was extracted 218 

using a Plasmid MiniPrep Kit (Qiagen Inc.) and the M13 reverse universal primer was 219 

used for sequence confirmation. 220 

 221 

 222 

 223 



Le TN et al Dlx genes directly regulate GAD isoform expression 

 

9 

 

Electrophoretic Mobility Shift Assay (EMSA) 224 

Selected regions of Gad promoters as putative DLX targets were obtained from ChIP and 225 

screened by sequencing as potential targets (see Table 2). The previously cloned DNA 226 

fragments were excised from the pCR2.1-TOPO vector (Invitrogen), then the 5’ 227 

overhangs were filled in with radiolabeled [α-P32] using the Klenow large fragment of 228 

DNA polymerase I (Promega). The binding reaction mixture with “cold competition” and 229 

“supershift” assasys were performed as previously described (Zhou et al., 2004; Le et al., 230 

2007). Within each target region, sequences of putative TAAT/ATTA homeodomain 231 

binding motifs (Zerucha et al., 2000) were used to generate individual synthetic 232 

oligonucleotides (16-32 bp). These double-stranded oligonucleotides were also subjected 233 

to EMSA analysis. For the complete list of binding motifs studied, see Table 3.  234 

 235 

Reporter gene assays 236 

Effector plasmids expressing the mouse Dlx1 or Dlx2 genes under control of a CMV 237 

promoter were constructed separately by inserting a PCR-amplified 790 bp Dlx1 cDNA 238 

and 1020 bp Dlx2 cDNA (gifts from Dr. John Rubenstein, University of California at San 239 

Francisco) into the pcDNA3 vector (Invitrogen). Reporter plasmids were constructed by 240 

inserting Gad1 and Gad2 targeted promoter regions, which were obtained from ChIP and 241 

PCR (see Table 2), into the pGL3-Basic vector (Promega), in front of the luciferase gene. 242 

The correct orientation of all of the cloned fragments was verified by restriction digestion 243 

and sequencing. Site-directed mutagenesis of putative DLX-binding sites (TAAT/ATTA) 244 

(see Table 3) was performed using the Quick-Change Mutagenesis kit (Stratagene). 245 
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Mutations were complete deletions of candidate TAAT/ATTA motifs and were verified 246 

by DNA sequencing. 247 

Transient co-transfection experiments were performed in the HEK293 human embryonic 248 

kidney cell line (courtesy of Dr. S. Gibson, University of Manitoba) or the P19 murine 249 

embryonic carcinoma cell line (a gift from Dr. M. McBurney, University of Ottawa) or 250 

the C6 rat glioma cell line (American Type Culture Collection). Cells were transiently 251 

transfected using Lipofectamine 2000 reagent (Invitrogen) with luciferase reporter 252 

plasmids (1μg), effector plasmids (1μg), and pRSV-βgal (Promega) (0.4μg) as an internal 253 

control for transfection efficiency (Le et al., 2007). Subsequently, cells were harvested 48 254 

hrs later, and luciferase activities were measured with the Luciferase Reporter Assay 255 

System (Promega) and a standard luminometer, normalizing luciferase activity with β-gal 256 

activity. 257 

 258 

Tissue preparation and Immunofluorescence (IF) 259 

For a complete list of secondary antibodies and tertiary molecules used, see Table 5.  260 

Tissues were prepared as previously described (Eisenstat et al., 1999; Zhou et al., 2004; 261 

Le et al., 2007). E13.5 tissues (whole embryos) or E16.5 and E18.5 tissues (whole 262 

brains), were fixed using 4% paraformaldehyde (PFA), and cryopreserved using sucrose 263 

gradients followed by embedding in OCT medium (Tissue Tek). Tissue samples were 264 

then sectioned coronally at a thickness of 12-15μm using a cryostat (ThermoShandon 265 

Cryotome). Single and double immunofluorescence (IF) experiments were performed as 266 

described (Eisenstat et al., 1999; de Melo et al., 2003; Zhou et al., 2004). For IF, we used 267 
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the following primary antibodies (see Table 4), and the following secondary antibodies 268 

(see Table 5). Negative controls were performed by omitting the primary antibody. 269 

 270 

Tissue preparations and in situ hybridization (ISH) 271 

Non-radioactive in situ hybridization using digoxigenin (DIG)-UTP was performed as 272 

previously described (Eisenstat et al., 1999). For a complete list of antisense probes used, 273 

see Table 6. Sense probes were used as controls. 274 

 275 

Reverse transcription polymerase chain reaction (RT-PCR) and semiquantitative real-276 

time polymerase chain reaction (Real Time-PCR) 277 

Total RNA of mouse E13.5 tissues (striatum and neocortex) were extracted using RNA-278 

Bee reagent (TEL-TEST INC). 1 μg of total RNA was used as a template to synthesize 279 

the cDNA. Prior to RT, DNase I (Sigma) was added to the sample for 15 minute at 37oC 280 

to digest the genomic DNA. In order to denature the DNase I and to linearize the RNA, 281 

the reaction was heated at 70oC for 10 minutes and then put on ice immediately. RT was 282 

performed for 5 minutes at 25oC, 30 minutes at 42oC, and later 5 minutes at 85oC with 283 

iScriptTM Reverse Transcriptase (Bio-RAD). The cDNA was used as a template for both 284 

subsequent PCR and real-time PCR.  285 

Real-time PCR was carried out using the IQ SYBR Green Supermix (Bio-RAD) and 1ul 286 

of the cDNA, 5 pmol of each primer (see list below) for each sample in a 25 μl reaction 287 

on an Icycler iQTM Multi-Color Real-Time PCR Detection System. PCR was performed 288 

at 95oC for 3 minutes, 95oC for 15 seconds, 57oC for 15 seconds, and 72oC for 30 289 
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seconds; for 40 cycles; then 95oC for 1 minute, 57oC for 1 minute, 57oC for 10 seconds; 290 

for 77 cycles in total with increasing set-point temperature after cycle 2 by 0.5oC per 291 

cycle. For real-time PCR, accumulation of the product was measured as an increase in 292 

SYBR green fluorescence and analyzed by the Icycler software. Standard curves relating 293 

initial template copy number to fluorescence and amplification cycle were generated 294 

using plasmid DNA as a template (standard), and were then used to calculate the mRNA 295 

copy number in each sample. The ratio of the intensities of the Gad to Gapdh (internal 296 

control) signals was considered to be a relative measure of the Gad mRNA level in each 297 

sample.  298 

Gad2 Forward primer: 5’-CAAGATAAGCACTATGACCTGTCC -3’, Tm=57oC 299 

Reverse primer: 5’-CTCTGCTAGCTCCAAACACTTATC -3’ 300 

Gad1 Forward primer: 5’-TGACACCCAGCACGTACTC-3’, Tm=57oC 301 

Reverse primer: 5’-CCAGTTTTCTGGTGCATCC-3’ 302 

Gapdh Forward primer: 5’- TTGCCATCAATGACCCCTTCA-3’, Tm=57oC 303 

Reverse primer: 5’- CGCCCCACTTGATTTTGGA-3’ 304 

 305 

High Performance Liquid Chromatography (HPLC) 306 

●HPLC system: The HPLC system consisted of a Beckman model 116 solvent delivery 307 

system controlled by Beckman System Gold software. The mobile phase consisted of 308 
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0.1M Na2HP04, 0.13mM Na2EDTA, 28% methanol, adjusted to a pH of  6.0 (Donzanti 309 

and Yamamoto, 1988). The pump flow rate was 1 ml/min.  Standards and samples were 310 

separated using a 3 μm HR-80 (4.6mm x 80mm i.d., ESA Inc) reverse phase column. 311 

Homoserine was used as an internal standard.   312 

●Tissue preparation: E18.5 forebrains (excluding olfactory bulb) were individually 313 

weighed, frozen, then homogenized and extracted in the mobile phase to a final 314 

concentration of 25mg/ml to adjust for the weight difference (Vriend et al., 1993). The 315 

supernatants were separated by centrifugation, filtered, diluted, and derivatized with o-316 

phthaldialdehyde (OPA)/2-mercaptoethanol (βME) solution (Sigma) before injection. 317 

●Standard solutions: Amino acid stock solutions containing glutamate, glutamine, 318 

GABA, and homoserine were prepared by dissolving 100μg of each powder (Sigma) in 319 

1ml of mobile phase. Working standard solutions were prepared by diluting the stock 320 

solutions to GABA (50, 100, 200, 400 ng/ml), Glutamate and Glutamine (250, 500, 1000, 321 

2000 ng/ml), and Homoserine (200, 400, 800, 1600 ng/ml). These standards were 322 

derivatized as described above. 323 

●Data analysis: Amino acid content was determined by comparing the peak areas of 324 

sample chromatograms to a standard curve prepared from the peak areas of control 325 

chromatograms. To account for sample loss during the extraction procedure, an internal 326 

control homoserine was used in tissue content for balancing the experimental analysis. In 327 

addition, each sample was measured for total protein concentration (Bradford method) 328 

(Bradford, 1976) and amino acid contents were re-calculated accordingly. Amino acid 329 

tissue contents were expressed as ng/injection (average ± standard deviation). 330 

 331 
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Generation of primary embryonic striatal or neocortical cell cultures 332 

E16.5 and E18.5 CD1 embryos were used to derive primary cultures. On day 1, neocortex 333 

or striatum were dissected and collected in Hank’s Balanced Salt solution (HBSS) 334 

(Invitrogen). The tissue was incubated for 10 min at room temperature with 0.05mg/ml 335 

trypsin (Invitrogen). The cells were then pelleted by centrifugation (1200 rpm, 5 min), 336 

resuspended, and gently triturated to single cell suspension in HBSS containing 100μg/ml 337 

DNase I (Sigma). The cell suspension was transferred to a tube containing Neurobasal 338 

medium with B-27 (Invitrogen) and penicillin-streptomycin-fungizone (100U/ml) 339 

(Invitrogen). Cells were counted and 3x107 cells were plated per well using poly-D-lysine 340 

coated 24-well plates (Fisher Scientific) and cultured at 37oC with 5% CO2 overnight. 341 

 342 

DLX2 knockdown with transfection of primary cultures using small interfering RNA 343 

(siRNA) 344 

The siRNAs (Invitrogen) were targeted to the exon 2 coding sequence of Dlx2 (Ensemble 345 

sequence ENSMUST00000024159). Two different siRNA duplexes and one non-346 

silencing control siRNA were used for the experiments as follows:  347 

M_DLX2-R1-sense: 5’-(Fluo)GGAAGACCUUGAGCCUGAAdTdT;  348 

M-DLX2-R1-antisense: 5’-UUCAGGCUCAAGGUCUUCCdTdT;  349 

M-DLX2-R2-sense:5’-(Fluo)UCUGGUUCCAGAACCGCCGdTdT;  350 

M-DLX2-R2-antisense: 5’-CGGCGGUUCUGGAACCAGAdTdT;  351 

CONTROL (Scramble)-sense: 5’-(Fluo)UUCUCCGAACGUGUCACGUdTdT; 352 

CONTROL (Scramble)-antisense: 5’-ACGUGACACGUUCGGAGAAdTdT. 353 
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Transient transfection using Lipofectamine 2000 (Invitrogen) was carried out on culture 354 

day 2 with 40nM siRNAs in Neurobasal medium with B-27 (Invitrogen). Fourty eight 355 

hours after transfection, cells were washed twice with cold PBS, and subjected to the 356 

immunofluorescence protocol as described previously. For primary culture, a minimum 357 

of three wild-type litters from timed-pregnant CD-1 mice at E16.5 and E18.5 were used 358 

for each siRNA experiment. Neocortical or striatal tissues of each entire litter were 359 

combined to generate sufficient primary cells for tissue culture. After transfection, a 360 

minimum of three different areas of knock-down primary cultures were examined, and all 361 

cells in the selected areas were counted (n=4). 362 

 363 

Cell counting and statistical analysis 364 

For DLX2 knock-down experiments using siRNA, labeled cells were counted as 365 

proportions of immunoreactive cells over total DAPI+ cells per section. All numerical 366 

results were expressed as means ± standard errors of the mean (SEM) in text and figure. 367 

Statistical analyses were performed using the unpaired Student’s two-tailed t-test for two 368 

data sets. For all statistical tests, p value of <0.05 was used as the criterion for statistical 369 

significance. 370 

 371 

Image acquisition and processing 372 

Images were acquired using an Olympus IX81 inverted microscope with Fluoview 373 

FV500 confocal laser scanning system, or an Olympus BX51 fluorescent microscope 374 
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with a SPOT 1.3.0 digital camera for photography. (Diagnostic Instruments Inc.). Images 375 

were processed using Adobe Photoshop 7.0 and/or CS5 (Adobe Systems). 376 

 377 

 378 

Results 379 

DLX1 and DLX2 homeodomain proteins occupy the Gad1 and Gad2 promoters in 380 

vivo. 381 

We utilized an optimized ChIP method (Zhou et al., 2004) to identify the occupancy of 382 

DLX1 and/or DLX2 to the Gad1 (formerly Gad67) and Gad2 (formerly Gad65) 383 

promoters in embryonic ganglionic eminences (GEs) in vivo. We then used PCR to 384 

amplify two candidate homeodomain-binding regions in each of the Gad1 and Gad2 385 

promoter loci. These regions were chosen based on the presence of several TAAT/ATTA 386 

canonical homeodomain tetranucleotide DNA binding motifs, and were designated 387 

GAD65 region i & ii, and GAD67 region i & ii (Tables 2 and 3) (Fig. 1A). Of interest, 388 

the ChIP assay showed that both DLX1 and DLX2 were localized to regions i and ii of 389 

the Gad65 and Gad67 promoters in situ (Fig. 1B). Mouse genomic DNA was used as a 390 

positive control for PCR. Omission of the specific antibody served as a negative control 391 

for immunoprecipitation, whereas embryonic hindbrain tissue that does not express Dlx 392 

genes served as a negative tissue control for the ChIP assay. The resulting ChIP-PCR 393 

products of the identified promoter regions were subcloned and sequenced to verify Gad1 394 

and Gad2 promoters as DLX targets for subsequent biochemical analyses. 395 

 396 
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DLX1 and DLX2 specifically bind to the Gad promoters in vitro and in situ. 397 

To determine the specificity of binding of DLX1 and DLX2 to both regions i and ii of 398 

each of the Gad1(Gad67) and Gad2(Gad65) promoters in vitro, we used both 399 

recombinant DLX1 and DLX2 proteins or E13.5 GE nucleoprotein extracts coupled with 400 

radioactive 32P-dATP-labeled Gad65 or Gad67 promoter oligonucleotides for all 401 

regions isolated from the ChIP assay in situ.  402 

For Gad65 (Gad2), EMSAs demonstrated specific binding of both recombinant DLX1 403 

and DLX2 to the Gad65 promoter for both regions (region i Fig. 2A, lanes 2 & 6; region 404 

ii Fig. 2B, lanes 2 & 6) that can be competitively inhibited by unlabeled Gad65 probes 405 

(region i Fig. 2A, lanes 3 & 7; region ii Fig. 2B, lanes 3 & 7). Moreover, the addition of 406 

specific anti-DLX1 or anti-DLX2 antibodies to the protein–DNA complexes resulted in 407 

significant “supershifts” (Fig. 2A and 2B, lanes 4 & 8), while a nonspecific polyclonal 408 

antibody failed to produce such a “supershift” (Fig. 2A and 2B, lanes 5 & 9). Within the 409 

Gad65 promoter regions i and ii, we identified the homeodomain binding motifs that are 410 

necessary for the binding of DLX proteins to these regions (Table 3 and Fig. 1A, bold 411 

and italicized TAAT/ATTA motifs). Using both DLX1 & DLX2 recombinant proteins 412 

(data not shown) and E13.5 GE nucleoprotein extracts, we found that DLX proteins were 413 

able to specifically bind to oligonucleotides containing 3 consecutive TAAT/ATTA 414 

motifs of the Gad65 region i (Table 3 and Fig. 2C, lane 2), and to oligonucleotides 415 

containing the third TAAT/ATTA motif of Gad65 region ii (Table 3 and Fig. 2D, lane 416 

2). Unlabeled probes competitively inhibited the binding (Fig. 2C&D, lane 3), and 417 

specific DLX antibodies resulted in “supershifts” (Fig. 2C&D, lanes 4&5), while a 418 

nonspecific polyclonal antibody failed to produce such a “supershift” (Fig. 2C&D, lane 419 
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6). Other candidate homeodomain binding motifs in the Gad65 promoter were not bound 420 

by DLX1 or DLX2 protein (data not shown).  421 

For Gad67 (Gad1), EMSA experiments also demonstrated that DLX1 and DLX2 422 

specifically bind to Gad67 promoter regions i and ii (Fig. 3A and 3B, lanes 2 & 6) and 423 

that this binding can be competitively inhibited by unlabeled Gad67 probes (Fig. 3A and 424 

3B, lanes 3 & 7). Moreover, the addition of specific anti-DLX1 or anti-DLX2 antibodies 425 

to the protein–DNA complexes resulted in significant band mobility shifts (Fig. 3A and 426 

3B, lanes 4 & 8), while a nonspecific polyclonal antibody failed to produce such a 427 

“supershift” (Fig. 3A and 3B, lanes 5 & 9). Within the Gad67 regions i and ii, there are 428 

homeodomain binding motifs necessary for the binding of DLX proteins to the Gad67 429 

promoter (Table 3 and Fig. 1A, bold and italicized TAAT/ATTA motifs). Recombinant 430 

DLX1 and DLX2 proteins (data not shown) and E13.5 GE nuclear extracts enriched for 431 

these homeodomain proteins both bind to oligonucleotides containing the 2nd and 3rd 432 

TAAT/ATTA motifs of region I (Fig. 3C and data not shown), and to oligonucleotides 433 

containing the fourth TAAT/ATTA motif of region ii (Fig. 3D). Unlabeled probes 434 

competitively inhibited the binding (Fig. 3C&D, lane 3), and specific DLX antibodies 435 

resulted in “supershifts” (Fig. 3C&D, lanes 4&5), while a nonspecific polyclonal 436 

antibody failed to produce such a “supershift” (Fig. 3C&D, lane 6). Other homeodomain 437 

binding motifs in the Gad67 promoter were not significantly bound to DLX1 and DLX2 438 

proteins (data not shown). 439 

 440 

DLX1 and DLX2 activate transcription of Gad promoters in vitro. 441 
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The functional significance of DLX1 and DLX2 binding to the Gad promoters was 442 

assessed using luciferase reporter gene assays in vitro. We co-transfected C6 rat glioma 443 

cells (or P19 embryonal carcinoma cells, data not shown) with an expression vector 444 

encoding DLX1 or DLX2 and a luciferase vector into which the Gad65 promoter regions 445 

i or ii (Table 2) was subcloned. For maximal activity of the Gad67 promoter, we cloned 446 

the full-length ~1.3kb promoter using a standard PCR protocol with flanking primers 447 

designed according to the mouse Gad67 promoter sequence and containing both regions i 448 

and ii (Table 2). Co-transfection with either wild-type Dlx1 and Dlx2 expression 449 

constructs resulted in significant increase of luciferase activity for the Gad65 reporter 450 

constructs (region i: ~7 fold for DLX1 and ~21 fold for DLX2; region ii: ~2 fold for 451 

DLX1 and ~11 fold for DLX2, Fig. 4A, p<0.001). Wild-type DLX1 and DLX 2 proteins 452 

also activated Gad67 reporter gene expression (~3 fold for DLX1 and ~13 fold for 453 

DLX2, Fig. 4B, p<0.001) in the same manner as was observed for Gad65. The increase 454 

in reporter gene activity driven by co-expression of either DLX1 or DLX2 proteins 455 

support that both DLX homeodomain proteins act as transcriptional activators of Gad1 456 

and Gad2 promoter expression in vitro. 457 

To establish the functional significance of specific TAAT/ATTA DNA binding motifs for 458 

Dlx regulation of Gad isoform transcription, we performed site-directed mutagenesis of 459 

the Gad65 and Gad67 promoters to eliminate these binding motifs, then co-transfected 460 

the mutant constructs with expression vector encoding wild-type DLX1 or DLX2 into C6 461 

glioma cells (or P19 embryonal carcinoma cells , data not shown). A Gad65 promoter 462 

region i with 3 TAAT/ATTA motifs mutated was not activated by DLX1 or DLX2 co-463 

expression when compared to that of controls (Fig. 4A), indicating that these 3 motifs 464 
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localized within Gad65 region i might constitute an important binding site for DLX1 465 

and/or DLX2. Our rationale for the simultaneous mutation of these three motifs within 466 

the Gad65 promoter was because these candidate binding sites are in very close 467 

proximity, rendering individual mutations very challenging to generate and corroborative 468 

DNA-binding assays uninterpretable. Co-transfection of the Gad67 promoter with the 2nd 469 

or 3rd TAAT/ATTA motif of region i mutated, or with the 4th motif of region ii mutated, 470 

resulted in a significant reduction of transcriptional activation mediated by DLX1, 471 

indicating that for DLX1,  these binding sites are necessary for transcriptional activation 472 

of the Gad67 promoter (Fig. 4B). However, DLX2 co-expression still activated these 473 

mutated reporter constructs, although with significant decrease in luciferase activity 474 

compared to wild-type controls. Of note, mutation of the 3rd TAAT/ATTA motif of 475 

region i resulted in the least reduction of luciferase activity compared to either mutation 476 

of the 2nd motif of region i or the 4th motif of region ii of the Gad67 promoter (Fig. 4B).  477 

 478 

DLX1 or DLX2 are co-expressed with GAD65, GAD67, or GABA in the developing 479 

forebrain 480 

Expression of DLX1 and DLX2 was closely examined and compared with the expression 481 

of GABA, GAD65 and GAD67 in the subpallial telencephalon (Fig. 4C). DLX1 and 482 

DLX2 expression becomes well-established at E13.5 in the medial ganglionic eminence 483 

(MGE) and lateral ganglionic eminence (LGE), as well as the anterior entopeduncular 484 

(AEP) area (Figs. 4D-F, panels a & d). These DLX homeoproteins are expressed 485 

predominantly in the VZ and SVZ of these regions with lower levels of expression in the 486 

mantle zone (MZ) of the basal forebrain. GABA expression is mainly in the SVZ and MZ 487 
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of the LGE and AEP (Fig. 4D, panels b & e). GABA expression partially overlaps with 488 

the expression of its synthetic enzymes: GAD65 (Fig. 4D compared to 4E, panels b & e) 489 

and GAD67 (Fig. 4F, panels b & e). Incomplete overlap of GABA with GAD65/67 may 490 

be due to a temporal lag between the onset of expression of Gad65/Gad67 RNA and 491 

protein and the onset of expression of GABA. Furthermore, concurrent radial and 492 

tangential migration of GABAergic interneurons in the basal telencephalon could 493 

contribute to only partial spatial overlap between GABA, GAD65 and GAD67. More 494 

importantly, GABA, GAD65, or GAD67 expression overlaps with DLX1 or DLX2 495 

expression in the SVZ, especially the LGE and AEP but to a much lesser extent in the VZ 496 

or MZ of the basal telencephalon (Fig. 4D-F, panels c & f, and insets). Co-expression 497 

studies of DLX1 or DLX2 with GABA, GAD65 or GAD67 at later embryonic stages, 498 

E14.5 to E16.5, consistently demonstrated overlapping patterns of expression of DLX1 or 499 

DLX2 with GABA or GAD65/67, especially in the SVZ of the basal telencephalon (data 500 

not shown). The absence of complete overlap of DLX1/DLX2 with GAD65/67 and/or 501 

GABA support the role for other transcription factors in the regulation of GABAergic 502 

interneuron differentiation, especially in the mantle zone (both GE) and outer SVZ (LGE 503 

> MGE, GABA > GAD65/GAD67). 504 

 505 

GAD65 and GAD67 expression is reduced concomitantly with decreased GABA 506 

neurotransmitter expression in the basal forebrain of Dlx1/2 double null mice 507 

In the wild-type E13.5 basal telencephalon (Fig. 5B), GAD65 and GAD67 are highly 508 

expressed in the SVZ and MZ of the LGE and AEP (Figs. 5A, panels c & e), overlapping 509 

with expression of GABA (Figs. 5A, panels a). In the absence of Dlx1 and Dlx2 function, 510 
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GAD65 and GAD67 expression levels are abolished in the SVZ of the LGE and 511 

embryonic striatum, with significant reduction in the MZ (Fig. 5A, d & f), as well as 512 

GABA reduction (Fig. 5A, panels b). Of significance, GAD65 and GAD67 expression 513 

are absent as well in the AEP of the Dlx1/2 double knockout mutant (Fig. 5A). 514 

Concomitantly, GABA expression is also reduced at the pallial/subpallial boundary in the 515 

double mutant compared to wild-type (Fig. 5A, panel b, white arrow). As development 516 

proceeds, expression of GAD65, GAD67, or GABA is strongly maintained throughout 517 

the basal telencephalon in the wild-type (Fig. 5F), with more established expression in 518 

the neocortex, striatum, and AEP at E16.5 (data not shown) and at E18.5 (Fig. 5C-E, 519 

panels a,c,e). Expression of GAD65, GAD67 and GABA are significantly and uniformly 520 

reduced throughout all regions of basal telencephalon and neocortex at E16.5 (data not 521 

shown) and at E18.5 (Fig. 5C-E, panels b,d,f). Furthermore, remaining GABA-labeled 522 

cells appear to be accumulating ectopically in the embryonic striatum (Fig. 5A, panel b, 523 

and Fig, 5C, panel d, white arrows). These observed patterns of expression are consistent 524 

with the role of DLX proteins as important transcriptional regulators of Gad1 and Gad2 525 

gene and GABA expression in the developing mouse forebrain, especially at later stages 526 

of development of the basal telencephalon. 527 

Although reduction of GABA expression in the neocortex is evident along with decreased 528 

GAD65 and GAD67 levels, it is essential to functionally quantify and compare GABA 529 

concentrations, i.e. the neurotransmitter level, in the forebrains of Dlx1/2 double 530 

knockout mice compared to wild-type. There is the confounding accumulation of GABA-531 

expressing interneurons as ectopias in the basal telencephalon from E13.5 to birth of the 532 

DKO mice (Fig. 5A & C). Abnormal accumulation of GABAergic interneurons in the 533 
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embryonic basal ganglia, concurrent with the defect in tangential migration of these 534 

interneurons to the neocortex, may have partially masked the underlying reduction of 535 

GABA levels in the basal telencephalon and underestimated the important role of Dlx1 536 

and Dlx2 genes in the terminal differentiation of these interneurons. Hence, to determine 537 

the direct role of Dlx1/2 genes in the production of GABA in the entire forebrain 538 

(excluding the olfactory bulbs), we utilized HPLC to measure GABA levels in whole 539 

forebrain extracts obtained from wild-type and Dlx1/2 double knockout mice (Fig. 5G). 540 

At E13.5 and E16.5, GABA levels are comparable between wild-type and knockout 541 

littermates (data not shown). However, at E18.5 we detected a ~26% reduction of GABA 542 

level in the entire forebrain of the DKO compared to the wild-type mice (Fig. 5I, p<0.02, 543 

n=6). Concentrations of the GABA precursors glutamate and glutamine were unchanged 544 

between wild-type and double knockout mice (Fig. 5H, p<0.3 and p<0.2, respectively, 545 

n=6). The amino acid concentrations in extracts of whole forebrain were adjusted to the 546 

frozen weight, and to the total protein concentration of individual forebrain samples, and 547 

to the concentration of an internal control, homoserine.  548 

 549 

Gad65 and Gad67 transcription is reduced in the basal telencephalon of Dlx1/2 null 550 

mice  551 

In wild-type mice, Gad65 and Gad67 RNAs are highly expressed throughout the 552 

embryonic forebrain from rostral to caudal regions at different embryonic ages, as early 553 

as E12.5 (Fig. 6i & iii), based on in situ hybridization experiments. Patterns of RNA 554 

expression were consistent with the corresponding protein expression domains in the 555 

SVZ and MZ of the basal telencephalon, including the AEP for Gad65 (Figs. 6i, panel 556 
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B), and for Gad67 (Fig. 6iii, panel b & e), with overlapping pattern with DLX1 and 557 

DLX2 expression in the SVZ (Figs. 4 E & F). In the absence of Dlx1 and Dlx2 function, 558 

Gad65 (Fig. 6i, panels D-F) and Gad67 (Fig. 6iii, panels a-g) RNA expression levels 559 

were significantly lower in the basal telencephalon and diencephalon. In addition, 560 

interneurons that still expressed Gad mRNAs accumulated as ectopias in the embryonic 561 

striatum (Figs. 6i & iii, black arrows).  562 

Real-Time PCR was performed on three different E13.5 litters, each of which contained 563 

at least 6 pairs of wild-type and mutant embryos from which embryonic ganglionic 564 

eminence tissues were dissected and total RNA was subsequently extracted. There was 565 

~75% reduction of Gad65 mRNA (Fig. 6ii) and a similar ~75% reduction of Gad67 566 

mRNA (Fig. 6iv) expression in the developing E13.5 mutant GE. The reduction of 567 

Gad65 and Gad67 mRNA expression in the Dlx1/Dlx2 DKO mice was statistically 568 

significant (p<0.01, n=6). These results indicate that Dlx1 and Dlx2 are necessary for the 569 

expression of Gad65 and Gad67 mRNA, in order to maintain GABA-producing 570 

interneurons throughout the basal telencephalon as early as E12.5. 571 

  572 

Knockdown of DLX2 expression in primary embryonic striatal and neocortical 573 

cultures results in decreased GABA expression 574 

Our previous studies have shown that transcriptional regulation by DLX2 is more potent 575 

than DLX1, in regards to the induction of GABA expression in vitro (Fig. 4A&B), and 576 

the lack of both Dlx1 and Dlx2 function reduces GABA expression levels in the 577 

embryonic forebrain (Figs. 5H&I and Fig. 6). These results led us to investigate the 578 

potential effects of inhibition of Dlx2 expression on GABA expression in primary 579 
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embryonic forebrain cultures. RT-PCR and Western blot analysis of primary embryonic 580 

forebrain cells transfected with interfering RNA constructs demonstrated an efficient 581 

reduction of DLX2 mRNA and protein expression, respectively, indicating that our 582 

siRNA constructs were working properly (Figs. 7E, F). Moreover, knockdown with the 583 

pooled siRNAs to Dlx2 was rescued by co-transfection with a plasmid expressing Dlx2 584 

(Fig. 7F). Furthermore, qRT-PCR assays demonstrated significant reductions in Gad1 585 

and Gad2 expression, concomitant with reductions in Dlx2 expression with the use of 586 

either siRNA construct but not the scrambled control (Fig. 7E). Primary cultures derived 587 

from embryonic neocortex (Figs. 7A, C) and GE (embryonic striatum) (data not shown) 588 

were transfected with either scrambled control siRNA or two different siRNAs targeting 589 

DLX2 expression. When DLX2 expression was knocked down in embryonic neocortical 590 

cells (Fig. 7A bd, 7B for E16.5, Fig. 7C bd, 7D for E18.5), GABA expression was 591 

correspondingly reduced (Figs. 7A fh, 7B, 7C fh, 7D), respectively. The reduction of 592 

GABA expression by the siRNA targeting Dlx2 was consistent in primary cultures 593 

derived from these neuroanatomical regions. The results were quantified as the number of 594 

DLX2- (blue column) or GABA- (green column) positive cells and compared to controls. 595 

In E16.5 neocortical cultures (Fig. 7B), there was an approximately 1.4 fold reduction 596 

(p<0.04) of DLX2-positive cells with a corresponding 1.4 fold reduction (p<0.01) of 597 

GABA-positive cells. In the E18.5 neocortical cultures (Fig. 7D), there was an 598 

approximately 2.0 fold reduction (p<0.001) of DLX2-positive cells and 2.2 fold reduction 599 

(p<0.001) of GABA-positive cells. This siRNA knockdown study supports a direct 600 

transcriptional role of the DLX2 homeodomain protein in the regulation of the key 601 

enzymes required for GABA synthesis, and subsequently, GABAergic interneuron 602 
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differentiation. More importantly, this study has demonstrated that Dlx genes directly 603 

regulate the transcription of Gad genes, and are necessary to induce the terminal 604 

differentiation of GABAergic neurons in the developing forebrain. 605 

 606 

 607 

Discussion 608 

Chromatin immunoprecipitation (ChIP) technology has advanced the identification of 609 

direct target genes of specific transcription factors, especially homeobox genes (Gould et 610 

al., 1990; Graba et al., 1997; Orlando et al., 1997; Kuo and Allis, 1999). Biochemical 611 

approaches, such as ChIP, rather than genetic approaches, provide several advantages. 612 

Identified target genes are directly downstream and derived from physiological 613 

homeodomain-DNA complexes obtained in vivo. DNA fragments may be from 614 

regulatory elements of known or novel genes. Cross-linking preserves naturally existing 615 

(in situ) protein-DNA interactions. Utilizing these methods, homeodomain targets have 616 

been isolated, including transcription factors, growth factors, adhesion molecules and 617 

secreted proteins (Mannervik, 1999; Komata et al., 2014; Cejas et al., 2016).  618 

We have optimized our ChIP approach by reducing the concentration of the cross-linking 619 

reagent PFA and the incubation time to preferentially obtain homeoprotein-genomic 620 

DNA complexes from embryonic tissues in situ (Zhou et al., 2004). The polyclonal 621 

antisera to DLX1 and DLX2 have been subjected to a rigorous affinity purification 622 

process and are sensitive and highly specific (Eisenstat et al., 1999). In addition, 623 

chromatin is derived from nuclear extracts of embryonic tissues where the peak 624 

developmental expression of DLX1 and DLX2 occurs in restricted anatomical regions, 625 



Le TN et al Dlx genes directly regulate GAD isoform expression 

 

27 

 

hence enriching for the selection of Dlx1- and Dlx2-specific DNA target fragments. 626 

Future advances will utilize high-throughput sequencing platforms and ChIPSeq will 627 

become the dominant profiling approach for generation of libraries of Dlx downstream 628 

targets (Gobel et al., 2010; Reimer and Turck, 2010).  629 

The identification of multiple Dlx target sequences in vivo will facilitate the elucidation 630 

and characterization of a consensus DLX homeodomain DNA-binding-site initially 631 

derived in vitro for Dlx3 by (Feledy et al., 1999). The consensus site identified as 632 

(A/C/G)TAATT(G/A)(C/G) was reported in zebrafish (Zerucha et al., 2000). Since the 633 

homeodomains of the Dlx family are very homologous, it is likely that DLX proteins will 634 

recognize a similar sequence. However, there still are major variations in the flanking 635 

sequences of the TAATT core motif above (Givens et al., 2005). The difference in 636 

binding capabilities between members of the Dlx family may also be due to different 637 

transcriptional co-factors of DLX proteins as well as post-translational modifications, 638 

such as phosphorylation, which have yet to be identified. Identification of the entire 639 

network of Dlx downstream targets will facilitate the elucidation and biological 640 

validation of the consensus binding sequence. 641 

Within the forebrain, the expression of the Dlx genes coincides with the localization of 642 

virtually all neurons that use GABA as their neurotransmitter (Cobos et al., 2005; Cobos 643 

et al., 2007). The spatial and temporal coincidental patterns of DLX and GAD isoform 644 

expression in the SVZ of the basal telencephalon suggest that the Dlx genes may have an 645 

important role in regulating the expression of Gad genes. We have discovered that DLX1 646 

and DLX2 bind directly to specific regions, and furthermore, to specific homeodomain 647 

binding motifs of Gad1 and Gad2 promoters in vivo and in vitro (Figs. 1-3). Reporter 648 
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gene assays and site-directed mutagenesis demonstrated that transcriptional activation is 649 

mediated by DLX1 and DLX2 upon binding to the Gad1 and Gad2 promoters in vitro 650 

(Fig. 4A&B). DLX2 acted as a more potent transcriptional activator than DLX1 of both 651 

the Gad65 and Gad67 promoters, signifying a more important role for Dlx2 gene function 652 

in forebrain development. Co-expression of Dlx1/Dlx2 with various target regulatory 653 

sequences identified by ChIP in vivo linked to a reporter gene demonstrate neither 654 

synergy nor an additive effect of these two transcription factors; the limiting factor either 655 

for activation or inhibition in vitro is always expression of Dlx2 (Zhou et al., 2004) and 656 

data not shown. Indeed, mice homozygous for the Dlx1 mutation have a milder 657 

phenotype than mice homozygous for the Dlx2 mutation. Some Dlx1 mutants are viable 658 

at birth, dependent on the background mouse strain, but are small and all die within 1 659 

month with an abnormal phenotype including a seizure disorder. Dlx2 mutants are similar 660 

to the Dlx1/2 mutants; they all die within a few hours after birth with distinctive 661 

craniofacial skeletal deformities. Dlx1, Dlx2 and Dlx1/2 heterozygotes cannot be 662 

distinguished from their wild-type littermates.  663 

We have provided evidence that Dlx homeobox gene expression marks the majority of 664 

embryonic GABAergic cortical and striatal neurons, from the beginning of their 665 

development in the basal telencephalon (Fig. 4D, and data not shown). In most of the 666 

SVZ, the Dlx genes are co-expressed with GABA, Gad1, and Gad2 genes, all of which 667 

are hallmarks of an interneuronal phenotype in the GE. The Dlx genes are essential for 668 

the development of GABAergic cortical neurons (Anderson et al., 1997a; Anderson et al., 669 

1999; Stuhmer et al., 2002). Indeed, GABA, GAD65, and GAD67 expression are 670 

severely decreased in the SVZ of the basal telencephalon in the Dlx1/2 mutants from 671 
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E13.5 to birth (Fig. 5, and data not shown). However, residual GABA and Gad isoform 672 

expression in the Dlx1/2 mutants suggests that other transcription factors can compensate 673 

for the absence of Dlx1/2 homeobox gene function. Of note, Dlx1, Dlx2, Dlx5 and Dlx6 674 

are expressed in overlapping populations of cells in the developing forebrain, consistent 675 

with redundant functions (Bulfone et al., 1993; Liu et al., 1997; Eisenstat et al., 1999). 676 

Regulation of Gad1/2 by DLX5/DLX6 could be mediated indirectly through the activities 677 

of DLX1/2 on the expression of Dlx5/6 (Zhou et al., 2004). However, since expression of 678 

Dlx5 and Dlx6 is greatly reduced in the Dlx1/2 mutants (Zhou et al., 2004; Ghanem et al., 679 

2008), other genes are more likely to play this role. Candidates include Ascl1 (Mash1), a 680 

bHLH transcription factor, whose expression appears to be upstream of the Dlx genes 681 

(Fode et al., 2000; Kito-Shingaki et al., 2014), and Gsh1 and Gsh2, homeobox genes 682 

whose expression is unaffected in the Dlx1/2 mutants (Yun et al., 2003). Interestingly, in 683 

the Dlx1/2 double mutants, the first wave of neurogenesis (from ~E10-12) appears to be 684 

undisturbed, whereas differentiation of later born neurons (E13.5 to birth) is largely 685 

affected. The primary proliferative population (PPP; located in the VZ) appears normal in 686 

the double mutants, while abnormalities are found in the SVZ that contains the secondary 687 

proliferative population (SPP) of neuroblasts (Marin et al., 2000). These studies signify a 688 

role for Dlx genes in the differentiation of later-born interneurons, as well as provide a 689 

region-specific role of Dlx genes in the developing basal telencephalon. This concept is 690 

supported by our finding that overall GABA neurotransmitter levels do not decrease 691 

significantly in the developing forebrain until E18.5 using HPLC, substantiating the role 692 

of Dlx genes in the terminal differentiation of later-born neurons.  693 
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While these studies have enriched our understanding of the role of Dlx1 and Dlx2 during 694 

forebrain development, important questions remain. There is limited postnatal Dlx 695 

expression in the cortical SVZ (Stuhmer et al., 2002b; Anderson et al., 2001). However, it 696 

is unclear whether this expression arises from cortical progenitors, or whether these Dlx-697 

positive cells are introduced into the cortex by tangential migration from the basal 698 

telencephalon. Through this latter mechanism, progenitor cells that are specified in the 699 

subpallial telencephalon might continue to proliferate after they reach the progenitor zone 700 

of the cortex, providing a secondary source of GABAergic interneurons. Future 701 

generation of conditional temporal, spatial or lineage-specific knockout mouse models 702 

could resolve the functional significance of Dlx genes after birth with respect to postnatal 703 

forebrain development. These genetic mouse models will advance our understanding of 704 

the regulation of cortical interneuron development by Dlx genes, and contribute to animal 705 

models for congenital epilepsies, autism spectrum disorders and neuronal migration 706 

disorders. 707 

To further assess DLX2 as a potent regulator of GABA expression, we utilized RNA 708 

interference technologies to acutely knock down Dlx2 expression in primary wild-type 709 

embryonic striatal and neocortical cultures (Fig. 7). However, it remains to be 710 

demonstrated what thresholds exist for functional reduction of GABA expression and 711 

whether residual GABA expression levels will have any physiological significance for 712 

the inhibitory signalling circuitry of the basal telencephalon. Neurophysiologic 713 

techniques, such as measuring inhibitory currents, may help to determine if there is a 714 

physiologic decrease in inhibitory signal corresponding to the decrease in GABA 715 

expression in the Dlx1/2 mutant mice.  716 
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In summary, we have successfully established that DLX1 and DLX2 are necessary and 717 

sufficient for the transcriptional activation of both Gad isoforms in embryonic forebrain. 718 

Furthermore, there is a global reduction of GABA in the embryonic forebrain of Dlx1/2 719 

DKO mice substantiating a role for these homeobox transcription factors beyond the 720 

regulation of tangential migration of GABAergic interneurons. Our study supports a 721 

critical role for Dlx genes in the differentiation of GABAergic interneurons. This work 722 

contributes towards the identification of potential targets for treating neurodevelopmental 723 

disorders whose pathogenesis may derive from an inbalance of excitation to inhibition, 724 

especially in those patients with a concomitant seizure disorder. 725 
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 896 
Tables 897 

Table 1: Primers designed for downstream targeted Gad promoter regions of DLX 898 

proteins in ChIP assay. 899 

DLX 

Target 

Target 

GenBank # 

Target 

Region 

Primers for specific regions 

Gad1 z49978 GAD67i sense primer: 5’-CGCCCTCTGTGGGAAATTTT-3’ 

antisense primer:5’-CCTGGAGAGGGGTAAAAGAA-3’ 

  GAD67ii sense primer: 5’-GATACGGGATGGAGGGCTAA-3’ 

antisense primer: 5’-GACTGCCTCTGGAGCTTTGT-3’ 

Gad2 AB032757 GAD65i sense primer: 5’-TTTCTGGGTGGCTCACAGT-3’ 

antisense primer: 5’-TCCGGGTTGTTGATAACAAA-3’ 

  GAD65ii sense primer: 5’-AAAAGGGAAACAGAAAGGA-3’ 

antisense primer: 5’-AGAAAGGCTGCTGATTGAA-3’ 

 900 

Table 2: Potential target regions of Gad promoters obtained from ChIP. 901 

DLX Target Target GenBank # Target Region Nucleotide position 

Gad1 z49978 GAD67i -966 to -692 

  GAD67ii -410 to -1420 

Gad2 AB032757 GAD65i -2294 to -2088 

  GAD65ii -958 to -598 

 902 

 903 

 904 
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Table 3: Putative TAAT/ATTA homeodomain binding motifs within individual Gad 905 

promoter regions as potential DLX targets 906 

DLX Target Target Region Motif # Nucleotide position 

Gad1 GAD67i 2nd -744 to -740 

 GAD67i 3rd -723 to -719 

 GAD67ii 4th  -172 to -168 

Gad2 GAD65i 3rd, 4th, 5th  -2131 to -2122 

 GAD65ii 3rd  -624 to -620 

 907 

Table 4: Primary antibodies used for immunoflourescence 908 

Primary 

Antibody 

Dilution Source Reference 

Rabbit anti-DLX1 1:200 Dr. J. Rubenstein, University 

of California, San Francisco 

(Eisenstat et al., 1999) 

Rabbit anti-DLX2 1:400 Dr. J. Rubenstein, University 

of California, San Francisco 

(Eisenstat et al., 1999) 

Rabbit anti-GABA 1:1000 Sigma, St. Louis, MO (Le et al., 2007) 

Rabbit anti-

GAD65 

1:500 Dev. Studies Hybridoma Bank, 

University of Iowa 

(Chang and Gottlieb, 

1988) 

Rabbit anti-

GAD67 

1:1000 Chemicon, Temecula, CA (Bickford et al., 2000) 

 909 

 910 

 911 

 912 
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Table 5: Secondary antibodies used for immunofluorescence 913 

Secondary antibody Dilution Source 

FITC-conjugated goat anti-rabbit 1:100 Sigma, St. Louis, MO 

Texas Red-conjugated donkey anti-rabbit 1:200 Jackson Immunoresearch, 

West Grove, PA 

 914 

 915 

Table 6: Antisense riboprobes used in in situ hybridization studies 916 

Riboprobe cDNA Source Reference 

Gad65 Dr. J. Rubenstein, University of 

California, San Francisco 

(Erlander et al., 1991) 

Gad67 Dr. J. Rubenstein, University of 

California, San Francisco 

(Erlander et al., 1991) 

 917 

 918 
 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
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 938 
Figure Legends 939 

Figure 1: Candidate DLX target sequences within Gad1 (GAD67) and Gad2 (GAD65) 940 

promoter regions were identified through the presence of canonical homeodomain DNA 941 

binding motifs within the Gad promoters and confirmed by chromatin 942 

immunoprecipitation (ChIP). (A) The specific regions within the regulatory elements of 943 

the mouse GAD65/Gad2 (GenBank AB032757; Gad2 NM_008078.2) and GAD67/Gad1 944 

(Genbank Z49978; Gad1 NM_008077.5) promoters, designated GAD65i/ii and 945 

GAD67i/ii, contain putative homeodomain DNA-binding sites (TAAT/ATTA), shown in 946 

filled boxes. DLX proteins occupy colored boxes and do not occupy black boxes, 947 

respectively, based on subsequent experiments. Nucleotide positions are indicated with 948 

respect to transcriptional start sites. (B) DLX1 and DLX2 occupy the Gad1 and Gad2 949 

promoters in E13.5 GE tissues using chromatin immunoprecipitation (ChIP). ChIP assays 950 

of GAD65/Gad2 and GAD67/Gad1 promoter regions showed that DLX1 and DLX2 951 

occupy both regions (region i and region ii) of each Gad gene promoter using E13 GE 952 

tissues and specific DLX1 & DLX2 antibodies. Negative controls utilized no addition of 953 

antibodies and/or E13.5 hindbrain tissues. The positive controls utilized E13.5 genomic 954 

DNA. PCR bands were subcloned and sequenced for confirmation.  955 

 956 

Figure 2: DLX1 and DLX2 proteins specifically bind to Gad65/Gad2 promoter regions i 957 

and ii in situ. EMSA showed recombinant DLX1 or DLX2 binding to α-P32-labeled (A) 958 

Gad65 promoter region i, and (B) Gad65 promoter region ii oligonucleotides containing 959 

homeodomain binding sites (regions labeled in purple boxes in Figure 1A). Ganglionic 960 
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eminence (GE) nuclear-extracted proteins also bound to α-P32-labeled oligonucleotides 961 

containing specific TAAT/ATTA binding motif for (C) Gad65 region i 3 TAAT motifs, 962 

and for (D) Gad65 region ii 3rd TAAT motif (motifs labeled in purple boxes in Figure 963 

1A) . For (A) and (B): radioactive oligonucleotide probes were incubated alone (Lane 1), 964 

with DLX1 recombinant proteins (Lane 2-5), with DLX2 recombinant proteins (Lane 6-965 

9), with unlabeled competitive probes (Lane 3, 7), with specific DLX1 or 2 antibodies 966 

(Lane 4, 8), and with non-specific antibodies (Lane 5, 9). For (C) and (D): radioactive 967 

oligonucleotide probes were incubated alone (Lane 1), with GE nuclear extract (Lane 2-968 

6), with unlabeled competitive probes (Lane 3), with specific DLX1 antibody (Lane 4), 969 

with specific DLX2 antibody (Lane 5), with non-specific antibodies (Lane 6). For (A)-970 

(D), binding of DLX proteins to a specific oligonucleotide sequence results in a gel 971 

shifted band, indicated by solid arrows. Binding of DLX protein to a specific 972 

oligonucleotide and to a specific DLX antibody resulted in a gel supershifted band, 973 

indicated by broken arrows. (DLX1: unbold arrow, DLX2: bold arrow). [r: recombinant; 974 

1: DLX1 protein or anti-DLX1 antibody; 2: DLX2 protein or anti-DLX2 antibody; I: 975 

irrelevant/nonspecific antibody]. 976 

 977 

Figure 3: DLX1 and DLX2 proteins specifically bind to Gad67/Gad1 promoter regions i 978 

and ii in situ. EMSA showed recombinant DLX1 or DLX2 binding to α-P32-labeled (A) 979 

Gad67 promoter region i, and (B) Gad67 promoter region ii oligonucleotides containing 980 

candidate homeodomain binding sites (regions labeled in purple boxes in Figure 1A). GE 981 

nuclear-extracted proteins also bound to α-P32-labeled oligonucleotides containing 982 

specific TAAT/ATTA binding motif for (C) the Gad67 region i 2nd TAAT motif, and for 983 
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(D) the Gad67 region ii 4th TAAT motif (motifs labeled in purple boxes in Figure 1A). 984 

For (A) and (B): radioactive oligonucleotide probes were incubated alone (Lane 1), with 985 

recombinant DLX1 proteins (Lane 2-5), with recombinant DLX2 proteins (Lane 6-9), 986 

with unlabeled competitive probes (Lane 3, 7), with specific DLX1 or 2 antibodies (Lane 987 

4, 8), and with non-specific antibodies (Lane 5, 9). For (C) and (D): radioactive 988 

oligonucleotide probes were incubated alone (Lane 1), with GE nuclear extract (Lane 2-989 

6), with unlabeled competitive probes (Lane 3), with specific DLX1 antibody (Lane 4), 990 

with specific DLX2 antibody (Lane 5), with non-specific antibodies (Lane 6). For (A)-991 

(D), binding of DLX proteins to a specific oligonucleotide sequence results in a gel 992 

shifted band, indicated by solid arrows. Binding of DLX protein to a specific 993 

oligonucleotide and to a specific DLX antibody results in a gel supershifted band, 994 

indicated by broken arrows. (DLX1: unbold arrow, DLX2: bold arrow). [r: recombinant; 995 

1: DLX1 protein or anti-DLX1 antibody; 2: DLX2 protein or anti-DLX2 antibody; I: 996 

irrelevant/nonspecific antibody]. 997 

 998 

Figure 4: (A-B) Dlx1 and Dlx2 activate transcription of Gad1 (Gad67) and Gad2 999 

(Gad65) reporter constructs in vitro. Transient transfection assays in C6 glioma cells with 1000 

(A) Gad65 promoter regions i or ii, and (B) Gad67 1.3kb promoter constructs (contains 1001 

regions I and ii (refer to Figure 1A), containing homeodomain binding sites cloned into a 1002 

pGL3-Luciferase reporter construct, were performed in the absence or presence of DLX1 1003 

or DLX2 co-expression. DLX1 and DLX2 activate transcription of the reporter genes 1004 

using the Gad65 and Gad67 promoters, with DLX2 as a more robust activator. Mutations 1005 

of specific TAAT/ATTA binding motifs within (A) Gad65 or (B) Gad67 promoter 1006 
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sequences lead to a significant reduction of transcriptional activation of these reporter 1007 

gene constructs. All luciferase activities were relative and normalized to the activity level 1008 

of the internal control β-gal. Average ± standard error of the mean of at least triplicate 1009 

experiemens. * denotes p<0.05. [∆GAD65i: mutation of 3 TAATs of Gad65 region i, 1010 

∆1GAD67: mutation of the 2nd TAAT of Gad67 region i, ∆2GAD67: mutation of the 3rd 1011 

TAAT of Gad67 region i, ∆3GAD67: mutation of the 4th TAAT of Gad67 region ii]. (C-1012 

F). Co-expression of DLX homeodomain proteins and the GABA neurotransmitter in 1013 

wild-type E13.5 basal telencephalon. (C) Schematic diagram of coronal section of the 1014 

E13.5 forebrain, showing basal telencephalon in red dashed box. Sections were double-1015 

labeled with specific antibodies against DLX1 (a), DLX2 (d), GABA or GAD65 or 1016 

GAD67 (b, e) of E13.5 ganglionic eminences. The top panels (a, d) show DLX1- or 1017 

DLX2-positive cells (green) in the VZ and SVZ of the LGE, MGE, and AEP. The center 1018 

panels (b, e) show GABA or GAD65 or GAD67-labeled cells (red) in the same tissue 1019 

sections throughout the basal telencephalon, predominantly in SVZ and MZ of the LGE 1020 

and AEP. The bottom panels show the overlay of the two images with 1021 

GABA/GAD65/GAD67 co-expressed with DLX proteins in most SVZ interneurons 1022 

(yellow). Scale bar, 200 μm. Inserts in the Merge row represent an approximate 10x 1023 

enlargement of the dashed inset box to better demonstrate co-labelled cells. [H, 1024 

Hippocampus; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; 1025 

NCx, neocortex; PCx, paleocortex; POa, anterior preoptic area; Str, striatum]. 1026 

 1027 

Figure 5: (A-F) GABA expression in the developing forbrain of Dlx1/2 wild-type 1028 

compared to Dlx1/2 double knockout mice. (A) In the E13.5 wild-type, GABA (a), 1029 
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GAD65 (c), and GAD67 (e) expression is predominantly localized to the SVZ and MZ of 1030 

the AEP and LGE compared to that in the absence of Dlx1 and Dlx2 function (b,d,f). (B) 1031 

Schematic diagram of coronal section of the E13.5 forebrain, showing basal 1032 

telencephalon in red dashed box. In the E18.5 wild-type, (C) GABA, (D) GAD65, (E) 1033 

GAD67 expression is shown in neocortex (a), striatum (c), and AEP (e) compared to the 1034 

Dlx1/2 double mutant (b,d,f). (F) Schematic diagram of coronal section of the E18.5 1035 

forebrain, showing neocortex (green dashed box), striatum (pink dshed box), and AEP 1036 

(blue dashed box). Scale bars, 200 μm. [H, Hippocampus; LGE, lateral ganglionic 1037 

eminence; MGE, medial ganglionic eminence; NCx, neocortex; PCx, paleocortex; POa, 1038 

anterior preoptic area; Str, striatum]. (G-I) GABA levels are reduced in the Dlx1/2 null 1039 

forebrains using High Performance Liquid Chromatography (HPLC). (G) Forebrains of 1040 

wild-type and Dlx1/2 double mutant were dissected as depicted in the red box of the 1041 

diagram. (H) In the E18.5 forebrain, glutamate and glutamine (precursors of GABA) 1042 

levels do not change when comparing wild-type and Dlx1/2 knockout forebrain 1043 

(excluding the olfactory bulbs). (I) GABA neurotransmitter level decreases by 1044 

approximately 26% in the Dlx1/2 knockout as compared to wild-type forebrain. 1045 

Homoserine was used as internal control. Sample concentrations were measured from 1046 

standard curves and expressed as nanogram (ng) per 20μl injection into the HPLC 1047 

apparatus. Average ± standard error of the mean with associated p values.  1048 

 1049 

Figure 6: Expression and level of Gad mRNA isoforms in the rostral and caudal 1050 

forebrain in the wild-type and Dlx1/2 double knockout demonstrated by digoxigenin in 1051 

situ hybridization and quantitative Real Time PCR. (i) Gad65 isoform mRNA is 1052 
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expressed throughout the basal forebrain in a diffuse pattern in the wild-type (panels A, 1053 

B, C – from rostral to caudal) compared to the Dlx1/2 knockout forebrain (panels D, E, F 1054 

– from rostral to caudal). Black arrows depicted ectopic accumulation of Gad65 mRNA 1055 

in the basal ganglia. (ii) Gad65 mRNA level was examined by Real-Time PCR in the 1056 

basal ganglia and compared between wild-type (WT) and double mutant (MT) littermates 1057 

at E13.5. (iii) Gad67 isoform mRNA is also expressed throughout the basal forebrain in a 1058 

diffuse pattern in the wild-type (left panels a-g – from rostral to caudal) and compared to 1059 

Dlx1/2 double knockout forebrain (right panels a-g – from rostral to caudal). Black arrow 1060 

depicted accumulation of Gad67 mRNA in the embryonic striatum at E16.5. (iv) Gad67 1061 

mRNA levels were examined by quantitative Real-Time PCR in the basal ganglia and 1062 

compared between wild-type and double mutant littermates at E13.5. The Real-Time 1063 

PCR results show relative fold differences between wild-type and mutant littermates, and 1064 

were normalized using the house keeping gene GAPDH as an internal control. Average ± 1065 

standard error of the mean with associated p values. CGE: caudal ganglionic eminence, 1066 

LGE: lateral ganglionic eminence, MGE: medial ganglionic eminence, st: striatum, vth: 1067 

ventral thalamus, ah: anterior hypothalamic nucleus, dmh: dorsal medial nucleus, ot: 1068 

olfactory tract, se: septum, vp: ventral pallidum, po: preoptic area, vlgn: ventral lateral 1069 

geniculate nucleus, zi: zona incerta nucleus, rn: red nucleus. Scale bar: (i) 200μm (A-F), 1070 

(iii) 200μm (a-d) and 400μm (e-g).  1071 

 1072 

Figure 7. (A-D) Knockdown of Dlx2 expression by siRNA in E16.5 and E18.5 1073 

embryonic neocortical primary cultures. Primary dissociated forebrain cultures of 1074 

neocortex (A, C) at E16.5 (A) and E18.5 (C) were transfected with a duplex control 1075 
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scrambled siRNA or two different duplex siRNAs targeting Dlx2 coding sequences. 1076 

Transfection of duplex siRNA targeting Dlx2 reduced DLX2 expression (green) (A, C, 1077 

panels b,d) and concomitantly decreased GABA expression (green) (A, C, panels f,h) in 1078 

embryonic neocortical primary cultures when compared to control scrambled siRNA-1079 

transfected cells (A, C, panels a,c,e,g). Scale bars 200μm. (E) Using quantitative RT-1080 

PCR, different versions of siRNA (siRNA constructs 1 and 2) knocked down Dlx2 1081 

expression in primary embryonic neocortical (NC) cultures, compared to a control 1082 

scrambled siRNA control (p<0.01). Controls were performed separately for each siRNA 1083 

construct to Dlx2. Embryonic neocortical cells endogenously express DLX2, and were 1084 

used as a positive control.  Concomitantly, transfection with either Dlx2 siRNA resulted 1085 

in statistically significant decreases in Gad1 and Gad2 expression (p<0.05). (F) For 1086 

testing of siRNA transfection efficiency, co-transfection of both Dlx2 siRNAs and the 1087 

siRNA control, and pooled Dlx2 siRNA with pcDNA3/Dlx2 plasmid was also performed 1088 

in embryonic NC cells. Western analysis with anti-DLX2 antibody showed that different 1089 

versions of siRNA (siRNA constructs 1 and 2) knocked down DLX2 expression 1090 

compared with endogenous DLX2 levels. Co-expression of a Dlx2 expression plasmid 1091 

with Dlx2 siRNA rescued DLX2 expression. An siRNA control (scrambled siRNA) and 1092 

untransfected embryonic neocortical lysate were used as controls, respectively. β-actin 1093 

was used as loading control. (B,D) Quantification of DLX2- and GABA-positive cells 1094 

following reduction of DLX2 expression mediated by duplex siRNA in E16.5 (B) and 1095 

E18.5 (D) neocortical primary cultures (n=4). DLX2- or GABA-positive cells were 1096 

counted and compared with the total of number of immunopositive cells transfected with 1097 
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scrambled siRNA control. All comparisons were performed in at least 3 trials. Average ± 1098 

standard error of the mean with associated p-values. 1099 
















