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Prox1 Regulates the Subtype-Specific Development of
Caudal Ganglionic Eminence-Derived GABAergic
Cortical Interneurons
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Neurogliaform (RELN+) and bipolar (VIP+) GABAergic interneurons of the mammalian cerebral cortex provide critical inhibition
locally within the superficial layers. While these subtypes are known to originate from the embryonic caudal ganglionic eminence (CGE),
the specific genetic programs that direct their positioning, maturation, and integration into the cortical network have not been eluci-
dated. Here, we report that in mice expression of the transcription factor Prox1 is selectively maintained in postmitotic CGE-derived
cortical interneuron precursors and that loss of Prox1 impairs the integration of these cells into superficial layers. Moreover, Prox1
differentially regulates the postnatal maturation of each specific subtype originating from the CGE (RELN, Calb2/VIP, and VIP). Inter-
estingly, Prox1 promotes the maturation of CGE-derived interneuron subtypes through intrinsic differentiation programs that operate in
tandem with extrinsically driven neuronal activity-dependent pathways. Thus Prox1 represents the first identified transcription factor
specifically required for the embryonic and postnatal acquisition of CGE-derived cortical interneuron properties.
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Despite the recognition that 30% of GABAergic cortical interneurons originate from the caudal ganglionic eminence (CGE), to
date, a specific transcriptional program that selectively regulates the development of these populations has not yet been identified.
Moreover, while CGE-derived interneurons display unique patterns of tangential and radial migration and preferentially populate
the superficial layers of the cortex, identification of a molecular program that controls these events is lacking.

ignificance Statement

Here, we demonstrate that the homeodomain transcription factor ProxI is expressed in postmitotic CGE-derived cortical in-
terneuron precursors and is maintained into adulthood. We found that Prox1 function is differentially required during both
embryonic and postnatal stages of development to direct the migration, differentiation, circuit integration, and maintenance
programs within distinct subtypes of CGE-derived interneurons. j

Introduction
Mammalian neocortical circuits are primarily comprised of two
interconnected neuronal cell types: excitatory glutamatergic pro-
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jection neurons with pyramidal morphologies and a smaller pop-
ulation of inhibitory GABAergic interneurons (~20%), the
majority of which project axons locally. GABAergic interneurons
can be categorized into numerous diverse subtypes based on their
morphology, connectivity, laminar position, molecular expres-
sion profile, and intrinsic firing properties (Kubota et al., 1994;
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Markram et al., 2004; Kubota et al., 2011; DeFelipe et al., 2013;
Fino et al., 2013). It is increasingly becoming evident that this
diversity reflects specialized roles for each cortical interneuron
subtype in shaping activity within the mature neuronal circuit
(Buzsiki et al., 2007; Thomson and Lamy, 2007; Klausberger and
Somogyi, 2008; Sohal et al., 2009; Isaacson and Scanziani, 2011;
Krook-Magnuson et al., 2012; Kvitsiani et al., 2013; Larkum,
2013). How then does this diversity develop, and what are the
mechanisms by which different subtypes of interneurons become
integrated into the cortical network?

Work from several research groups has determined the spa-
tiotemporal embryonic origins of GABAergic interneuron diver-
sity (Marin and Rubenstein, 2003; Wonders and Anderson, 2006;
Batista-Brito and Fishell, 2009; Gelman and Marin, 2010;
Hernéndez-Miranda et al., 2010; Marin et al., 2010; Le Maguer-
esse and Monyer, 2013; Miyoshi et al., 2013; Kessaris et al., 2014).
GABAergic cortical interneurons are not locally generated within
the cortical germinal zones; instead they arise from the ventral
telencephalon (Anderson et al., 1997), in particular the medial
and caudal ganglionic eminences (MGE and CGE; Wichterle et
al.,2001; Nery etal., 2002; Xu et al., 2004; Butt et al., 2005; Flames
etal., 2007; Fogarty et al., 2007; Miyoshi et al., 2007, 2010; Won-
ders et al., 2008; Rubin et al., 2010; Inan et al., 2012) as well as the
preoptic area (POA; Gelman et al., 2009; Gelman et al.,, 2011).
Cortical interneurons arising from the MGE and CGE give rise to
nonoverlapping subtypes that occupy distinct layers of the devel-
oping neocortex (Nadarajah et al., 2002; Kriegstein and Noctor,
2004; Tanaka et al., 2006; Fogarty et al., 2007; Métin et al., 2007;
Miyoshi et al., 2007, Miyoshi et al., 2010; Li et al., 2008; Lopez-
Bendito et al., 2008; Rubin et al., 2010; Sessa et al., 2010; Miyoshi
and Fishell, 2011; Marin, 2013). The MGE produces ~70% of the
total GABAergic cortical interneuron population, specifically the
PV (Pvalb, Parvalbumin) and SST (Sst, Somatostatin)-expressing
classes, which, mirroring pyramidal neurons (Molyneaux et al.,
2007; Leone et al., 2008; Rakic, 2009; Franco et al., 2011; Lui et al.,
2011; Kwan et al., 2012; Franco and Miiller, 2013; Gao et al.,
2013), integrate into the cortex in an inside-out pattern (Miller,
1985; Fairén et al., 1986; Miyoshi et al., 2007; Rymar and Sadikot,
2007). In contrast, CGE-derived cortical interneurons comprise
~30% of the total interneuron pool, the vast majority of which
express either RELN (Reln, Reelin) or VIP (Vip, vasoactive intes-
tinal polypeptide), including a subclass that coexpresses CR
(Calb2, Calretinin; Miyoshi et al., 2010). Unlike MGE lineages,
CGE-derived interneurons specifically populate the superficial
layers regardless of their birthdate (Miyoshi et al., 2010; Miyoshi
and Fishell, 2011). Interestingly, the serotonin receptor Htr3A is
selectively expressed in CGE-derived interneurons (Lee et al.,
2010; Vucurovic et al., 2010) and regulates their embryonic mi-
gration (Murthy et al., 2014). Thus there must exist distinct ge-
netic programs that control both the migration and subtype
specification of CGE-derived versus MGE-derived cortical in-
terneurons (Kriegstein and Noctor, 2004; Hernandez-Miranda et
al., 2010; Tanaka and Nakajima, 2012; Marin, 2013; Kessaris et
al,, 2014).

Here we report that expression of the homeodomain tran-
scription factor ProxI is selectively maintained in postmitotic
CGE-derived GABAergic cortical interneurons during embry-
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onic and postnatal time points and directs the migration and
maturation programs of each CGE-derived cortical interneuron
subtype.

Materials and Methods

In vivo mouse genetics. All animal handling and experiments were per-
formed in accordance with protocols approved by local Institutional
Animal Care and Use Committee of the NYU School of Medicine. The
following genetic crosses were generated for our experiments. Total cor-
tical GABAergic populations were visualized with DIx5/6-Flpe; RCE:FRT
(Miyoshi et al., 2010). MGE-derived GABAergic populations were visu-
alized with Lhx6BAC-Cre; DIx5/6-Flpe; RCE:dual (Fogarty et al., 2007;
Miyoshi et al., 2010). In this cross, to exclude the labeling of blood vessels
by the Lhx6BAC-Cre driver (repository stock #026555; The Jackson Lab-
oratory), an intersectional strategy was used (Miyoshi and Fishell, 2006;
Dymecki and Kim, 2007). The DIx6a-Cre (Monory et al., 2006; reposi-
tory stock number #008199; The Jackson Laboratory) and Vip-Cre
(Taniguchi et al., 2011; repository stock number #010908; The Jackson
Laboratory) drivers were used in our ProxI loss-of-function studies. The
Whnt3a-Cre driver (Yoshida et al., 2006; Gil-Sanz et al., 2013) was used to
verify the Prox1 expression that occurs transiently within the Cajal—
Retzius cells during embryogenesis (data not shown). Ai9 was used as a
red-fluorescent protein (tdTomato) reporter line (repository stock num-
ber #007909; The Jackson Laboratory). The Htr3ABAC-Cre driver line
was generated in a manner similar to the previously generated
Htr3ABAC-EGFP line (Gong et al., 2003; Lee et al., 2010) and deposited
into the GENSAT program. Briefly, the coding region of Cre was inser-
ted into ~200 kb of the BAC fragment including the regulatory elements
of Htr3A. Compound male Dix6a-Cre; Prox1-F/+ (Harvey et al., 2005)
mice were crossed with female ProxI-C:EGFP/C:EGFP mice (Iwano et al.,
2012) to generate control (DIx6a-Cre; Prox1-C:EGFP/+) and ProxI loss-
of-function (DIx6a-Cre; Prox1-C:EGFP/F) experimental animals. This
breeding strategy was followed after we observed that the DIx6a-Cre
driver caused somatic recombination in the floxed ProxI loss-of-
function allele (Harvey et al., 2005), most likely during the phase of
germline transmission, when these two alleles existed together in fe-
males. Genotyping of the two conditional ProxI alleles was performed
as previously described (Harvey et al., 2005; Iwano et al., 2012). In all
of our ProxI conditional loss-of-function experiments (DIlx6a-Cre,
Htr3ABAC-Cre and Vip-Cre-mediated removal of Prox1), we did not
observe any obvious difference between the controls and mutants
regarding the size of the forebrain as well as the thickness of the
cortical layers.

Microarray expression analysis. For the comparison of genes selectively
expressed within CGE-derived versus MGE-derived interneuron precur-
sors, we selectively labeled each population with EGFP in vivo through
the use of Mash1BAC-CreER; RCE:loxP (Battiste et al., 2007; Miyoshi et
al., 2010) and Nkx2-1BAC-Cre; RCE:loxP (Xu et al., 2008; Sousa et al.,
2009) compound transgenic animals, respectively. To generate labeled
CGE-derived interneuron precursors within the cortex at E18.5, 4 mg of
tamoxifen (in corn oil) was administered by oral gavage to the pregnant
dam at E16.5 (Miyoshi et al., 2010). Note that in both genetic labeling
strategies, some oligodendrocyte precursors are labeled with EGFP in
addition to GABAergic neuronal precursors (Kessaris et al., 2006). By
using the fluorescent dissection microscope (Olympus, MVX 10), em-
bryos harboring green brains were selected, brains were dissected out in
HBSS solution one by one, meninges were removed, and each pair of
cortices was dissected out and stored in a tube with 200 ul of HBSS
solution and kept on ice until the dissection was complete for the entire
litter. During this step, a small piece of the embryonic brainstem was also
collected in numbered tubes for genotyping. Later, HBSS was removed
and 20 ul of DNase I (2000 U/ml in HBSS; Worthington) and 200 ul of
Papain (20 U/ml in HBSS; Worthington) solution were immediately
added. By gentle pipetting (typically approximately 10-15 times) with a
200 pl filter tip pipette, cortices were broken into small pieces. After 20
min of incubation at 37°C, 750 ul of 1% (v/v) normal horse serum
(Gibco) inice-cold HBSS and 75 ul of DNase I (2000 U/ml in HBSS) were
added. After gently inverting the tubes a couple of times, tubes were
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Table 1. Genes enriched in CGE-derived versus MGE-derived interneurons at E18.5 Table 1. Continued

Symbol: Name Fold change  Symbol: Name Fold change
CCND2: cyclin D2 107.68 CRYAB: crystallin, a-B 11.75
MKI67: antigen identified by monoclonal antibody Ki-67 67.082 GMNN: geminin, DNA replication inhibitor 11.692
TOP2A: topoisomerase (DNA) Il 170 kDa 64.226 TTK: TTK protein kinase 11.145
MEIS2: Meis homeobox 2 60.951 SPC25: SPC25, NDC80 kinetochore complex component, homolog 11.138
RRM2: ribonucleotide reductase M2 54.829 TUBATC: tubulin, a-1c 11.057
SYNPR: synaptoporin 53.649 TCF19: transcription factor 19 10.957
WNTS5A: wingless-type MMTV integration site family, member 5A 43.522 (DC6: cell division cycle 6 10.9
CENPF: centromere protein F, 350/400 kDa 42.989 NEDD: neural precursor cell expressed, developmentally downregulated 9 10.727
CEP55: centrosomal protein 55 kDa 39.435 UHRF1: ubiquitin-like with PHD and ring finger domains 1 10.651
Ccnb1/Gm5593: cyclin B1 37.666 SORCS3: sortilin-related VPS10 domain containing receptor 3 10.229
(DCAS: cell division cycle associated 5 35.871 SPON1: spondin 1, extracellular matrix protein 10.21

PBK: PDZ binding kinase 35.556 HMGB2: high mobility group box 2 10171

EZR: ezrin 33.941 RAD51AP1: RAD51 associated protein 1 10.081
KIF2C: kinesin family member 2C 31.704 RAI14: retinoic acid induced 14 10.036
VIM: vimentin 31.315

NUSAP1: nucleolar and spindle associated protein 1 28928

MELK: mqtern'a | embryonic Ieucmg Zipper kinase 27.681 centrifuged for 3 min at 0.3 relative centrifugal force (rcf), the superna-
EMP?: epithelial membrane protein 1 2414 tant was discarded, 500 ul of ice-cold HBSS (containing 5 ul of DNase I)
CENPA: centromere protein A 23.144 ’

KIF22: kinesin family member 22 2311

PAX6: paired box 6 23.073
CENPE: centromere protein E, 312 kDa 22.218
NR2F2: nuclear receptor subfamily 2, group F, member 2 21.87

CKS2: (DC28 protein kinase regulatory subunit 2 21.21

SPAG5: sperm associated antigen 5 21.161
ECT2: epithelial cell transforming sequence 2 oncogene 21.113
RWDD3: RWD domain containing 3 20.515
(DK1: cyclin-dependent kinase 1 20.515

TMEM123: transmembrane protein 123 20.48

ASPM: asp (abnormal spindle) homolog, microcephaly associated (Drosophila) 20.245
BIRCS: baculoviral IAP repeat containing 5 19.555
DTL: denticleless E3 ubiquitin protein ligase homolog (Drosophila) 19.304
BRCAT: breast cancer 1, early onset 17.891
ANLN: anillin, actin binding protein 16.842
SHCBP1: SHC SH2-domain binding protein 1 16.766
MIS18BP1: MIS18 binding protein 1 16.608
EGLN3: egl nine homolog 3 (Caenorhabditis elegans) 15.965
CCNA2: cyclin A2 15.743
TPX2: TPX2, microtubule-associated, homolog (Xenopus laevis) 15.409
(DC20: cell division cycle 20 15.237
DEPDC1: DEP domain containing 1 15.082
(XCL14: chemokine (C-X-C motif) ligand 14 14.875
AURKB: aurora kinase B 14.806
MCM2: minichromosome maintenance complex component 2 14.643
KIF18A: kinesin family member 18A 14.561
KIF20A: kinesin family member 20A 14.086
GRB10: growth factor receptor-bound protein 10 13.737
MCM3: minichromosome maintenance complex component 3 13.63

LRR1: leucine-rich repeat protein 1 13.588
BUB1: BUB1 mitotic checkpoint serine/threonine kinase 13.53

RACGAP1: Rac GTPase activating protein 1 13.465
HBA1/HBA2: hemoglobin, -1 13.359
DNA2: DNA replication helicase 2 homolog (yeast) 13.219
KIF11: kinesin family member 11 13.138
RLBP1: retinaldehyde binding protein 1 13.003
PLK4: polo-like kinase 4 12.999
NCAPG: non-SMC condensin | complex, subunit G 12.724
PSRCT: proline/serine-rich coiled-coil 1 12.714
CCNB2: cyclin B2 12.388
PROX1: prospero homeobox 1 12.378
STIL: SCL/TALY interrupting locus 12.191
PRC1: protein regulator of cytokinesis 1 12.157
HTR3A: 5-hydroxytryptamine (serotonin) receptor 3A, ionotropic 11.839
(CDC109B: coiled-coil domain containing 1098 11.835

(Table Continues)

was added, and the cell pellet was resuspended by gentle pipetting using
a 1000 pul filter tip pipette. These cells were subjected to FACS (MoFlo;
Beckman Coulter), and EGFP-positive cells were collected into num-
bered tubes containing 500 ul of ice-cold HBSS. Cell numbers were
typically between 10,000~20,000 and 20,000~30,000 cells per brain for
CGE-derived and MGE-derived populations, respectively. These tubes
were then centrifuged for 5 min at 0.3 rcf, supernatant was discarded, and
tubes were snap frozen in liquid nitrogen and stored at —80°C until
mRNA extraction and subsequent labeling. RNA extraction, labeling,
and subsequent microarray expression analyses using Affymetrix Gene
Chips (Mouse 430A.2, which contains 45,000 probe sets covering over
39,000 transcripts) were performed at the Genomic Core Laboratory at
the Memorial Sloan Kettering Center. Analyses of the changes in gene
expression profiles in the conditional ProxI loss-of-function experi-
ments were performed in a very similar manner by comparing the mRNA
transcriptomes of the EGFP-labeled cells purified from the E18.5 cortices
of control heterozygous and ProxI loss-of-function animals (DIx6a-Cre;
Prox1-C:EGFP/+ and /F).

The raw probe-level expression measurements were obtained from the
Affymetrix CEL files. Analysis of microarray data was performed using
Ingenuity iReport. Probe set intensities were summarized and normal-
ized using RMA, and significant differential expression was determined
by a moderated ¢ test (LIMMA) using an FDR-adjusted p value cutoff (Q
value) of 0.05 and a fold change cutoff of 1.5. For the gene expression
comparison of CGE-derived versus MGE-derived interneurons, we ac-
quired 723 significantly differentially expressed probe sets resulting in
567 genes with 382 CGE-enriched and 185 MGE-enriched genes (Tables
1 and 2). For the analysis of ProxI loss-of-function, we acquired 93 probe
sets resulting in 46 upregulated and 33 downregulated genes upon ProxI
loss-of-function. Since we analyzed three male and three female samples
by chance for the comparison of control and ProxI loss-of-function,
respectively, we found several gender-specific genes with significant and
large changes (Table 3).

CGE cell transplantation into the postnatal cortex. CGE tissues were
dissected out from control and Proxl loss-of-function (Dix6a-Cre;
Prox1-C:EGFP/+ and /F) mutants at E14.5 and cells were dissociated
and stored in individual tubes on ice. These cell suspensions were pre-
pared in a manner identical to that described above for FACS purification
of cells in our microarray analysis. However, the procedure before the
cell-sorting step was changed: the cell pellets were resuspended into 200
ul of ice-cold NB/B27 tissue culture medium containing 5 ul of DNase I,
instead of HBSS solution. The dissociated CGE including EGFP-labeled
cells was typically between 1500 and 3000 cells/ul in a total of 200 ul. Cell
concentration was adjusted to ~5000 cells/ul by removing the superna-
tantafter centrifuging the tubes, and cells were kept on ice typically ~1-4
h before the subsequent transplantation step.

Cell transplantation into P3 pup cortices was performed following the
protocol of the Anderson lab as previously described (Inan et al., 2012).
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Table 2. Genes enriched in MGE-derived versus CGE-derived interneurons at E18.5 Table 2. Continued

Symbol: Name Fold change  Symbol: Name Fold change
PALD1: phosphatase domain containing, paladin 1 56.966 S0X6: SRY (sex determining region Y)-box 6 3.891
GRIAT: glutamate receptor, ionotropic, AMPA 1 27.832 SATB1: SATB homeobox 1 3.882
LHX6: LIM homeobox 6 22.68 (DK20: cyclin-dependent kinase 20 3.818
(8orf4: chromosome 8 open reading frame 4 18.462 SPATS2L: spermatogenesis associated, serine-rich 2-like 3.802
NXPH1: neurexophilin 1 14.768 KIF2A: kinesin heavy chain member 2A 3.753
ID3: inhibitor of DNA binding 3, dominant negative helix-loop-helix protein 11.804 PDE2A: phosphodiesterase 2A, caMP-stimulated 3.641
CXCR7: chemokine (C-X-C motif) receptor 7 11.699 Fhod3: formin homology 2 domain containing 3 3.514
MEF2C: myocyte enhancer factor 2C 11.461 KCTD12: potassium channel tetramerization domain containing 12 3.479
MAFB: v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian) ~ 11.068 SERPINIT: serpin peptidase inhibitor, clade | (neuroserpin), member 1 3.476
GUCY1A3: quanylate cyclase 1, soluble, -3 10.147 FAM19A5: family with sequence similarity 19 (chemokine (C-C motif)-like), 3.476
CUX2: cut-like homeobox 2 9.613 member A5

RPH3A: rabphilin 3A homolog (mouse) 8.384 ALK: anaplastic lymphoma receptor tyrosine kinase 3.385
NPY: neuropeptide Y 8.362 FURIN: furin (paired basic amino acid cleaving enzyme) 337
MANTAT: mannosidase, e, class 1A, member 1 8.053 ARL4D: ADP-ribosylation factor-like 4D 332
THBS1: thrombospondin 1 8.04 FUT9: fucosyltransferase 9 (cx (1,3) fucosyltransferase) 3.304
TGFB2: transforming growth factor, 82 7.935 PTPRT: protein tyrosine phosphatase, receptor type, T 3.295
KLF5: Kruppel-like factor 5 (intestinal) 7.882 RYR2: ryanodine receptor 2 (cardiac) 3.28
HNMT: histamine N-methyltransferase 7.848 MTM1: myotubularin 1 3.259
IGFBP4: insulin-like growth factor binding protein 4 7.575 SKI: v-ski sarcoma viral oncogene homolog (avian) 3.232
RPP25: ribonuclease P/MRP 25 kDa subunit 7.443 CNTNAP2: contactin associated protein-like 2 3.223
PPARGCTA: peroxisome proliferator-activated receptor -y, coactivator 1 c¢ 7.198 DUSP26: dual specificity phosphatase 26 (putative) 3.206
NID2: nidogen 2 (osteonidogen) 7.115 TENM?2: teneurin transmembrane protein 2 3.185
(BFA2T3: core-binding factor, runt domain, a-subunit 2; translocated to, 3 7.053 MAP4K5: mitogen-activated protein kinase kinase kinase kinase 5 3.178
DMD: dystrophin 6.861 ATP1B1: ATPase, Na */K + transporting, 31 polypeptide 3.15
PLXDC2: plexin domain containing 2 6.792 (DH13: cadherin 13, H-cadherin (heart) 3.139
C1QTNF4: C1q and tumor necrosis factor-related protein 4 6.643 VSTM2B: V-set and transmembrane domain containing 2B 3.098
SCN1A: sodium channel, voltage-gated, type |, a-subunit 6.414 SPTBN1: spectrin, 3, nonerythrocytic 1 3.082
RBFOX1: RNA binding protein, fox-1 homolog (C. elegans) 1 6.172 EPHA5: EPH receptor A5 3.056
GALC: galactosylceramidase 6.013 Pcdhb21: protocadherin 321 3.042
APC: adenomatous polyposis coli 59771 SLC22A3: solute carrier family 22 (extraneuronal monoamine transporter), 3.041
DGKG: diacylglycerol kinase, -y 90 kDa 5.965 member 3

KCNK2: potassium channel, subfamily K, member 2 5918 CNTNAP4: contactin associated protein-like 4 3.04
SST: somatostatin 5719 ATP1A3: ATPase, Na /K + transporting, a3 polypeptide 3.034
Gm16489: predicted gene 16489 5.705

RUFY2: RUN and FYVE domain containing 2 5.469

TGFB3: transforming growth factor, 83 5.267 . . . . -

SEMA3A: sema domgaign, immunoglobBuIin domain (Ig), short basic domain, 5.218 Briefly, P3 pups were anesthetized on ice for 5 min and stabilized on a Sty-

secreted, (semaphorin) 3A
SMARCA2: SWI/SNF-related, matrix-associated, actin-dependent requlator of ~ 5.136
chromatin, subfamily a, member 2
PHLDA1: pleckstrin homology-like domain, family A, member 1 5.095
NOX4: NADPH oxidase 4 5.046
MMP2: matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase, 72 kDa 5.013
type IV collagenase)

EPB41L4A: erythrocyte membrane protein band 4.1 like 4A 4.869
SLA: Src-like-adaptor 4.596
(DH9: cadherin 9, type 2 (T1-cadherin) 4,587
CACNA2D2: calcium channel, voltage-dependent, cc2/3-subunit 2 4.552
DPF1: D4, zinc and double PHD fingers family 1 4.485
PKP4: plakophilin 4 4.453
Ptprd: protein tyrosine phosphatase, receptor type, D 441
Pisd-ps3: phosphatidylserine decarboxylase, pseudogene 3 4.404
RUNX1T1: runt-related transcription factor 1; translocated to, 1 (cyclin 439
D-related)
NETO1: neuropilin (NRP) and tolloid (TLL)-like 1 439
PCMTD1: protein-L-isoaspartate (p-aspartate) 0-methyltransferase domain 4323
containing 1
NPNT: nephronectin 4183
MYH7: myosin, heavy chain 7, cardiac muscle, B 414
SCUBE1: signal peptide, CUB domain, EGF-like 1 4.083
ARHGAP20: Rho GTPase activating protein 20 4.016
DCX: doublecortin 4

KCNMB2: potassium large conductance calcium-activated channel, subfamily 3.909
M, B member 2
(Table Continues)

rofoam platform. Approximately 5 ul of CGE cells was loaded into a capil-
lary electrode prefilled with mineral oil and loaded into an oocyte
nanoinjector (Drummond). Each pup received two injections bilaterally
into the somatosensory cortex of each hemisphere at a location of 1 mm
lateral to the midline and 1 and 2 mm rostral of the interaural line, ata depth
of 1 mm. Each injection site consisted of ~60 mini injections of 69 nl of cell
suspension (total of ~4 ul). After injections, the pup was labeled and placed
back in the nest, and analyses were performed at the age of P21.

Tissue preparation and immunohistochemistry. Embryos were dissected
out, and transcardiac perfusion was performed with cold 4% formalde-
hyde/PBS solution (w/v). Brain dissection was performed in PBS in a
Petri dish, and brains were subsequently placed into 4% formaldehyde/
PBS solution on ice. Brains were postfixed according to the developmen-
tal stages (E14.5: 20 min, E16.5: 40 min, E18.5 onward: 60 min) and,
following a brief rinse in PBS, were placed into cold 25% sucrose/PBS
(w/v) solution for cryoprotection until they sunk to the bottom. Ex-
ceptions were E10.5 embryos: after peeling the thin skin layer of the
head, the entire bodies were placed into 4% formaldehyde/PBS solu-
tion on ice for 20 min. Later brains or embryos were placed into OCT
compound (Sakura Finetek) and kept at —80°C. Cryosections were
prepared at 12 um thickness and collected on glass slides (Fisher),
and, after ~1 h of drying, the sections were stored at —80°C. For the
morphological analysis of Prox1 loss-of-function cells, 100 um cryo-
sections were immediately placed into PBS solution and stored at 4°C
until further analysis.

Immunohistochemistry was performed as previously described (Mi-
yoshiand Fishell, 2012). All incubations were performed in PBS contain-
ing 1.5% normal donkey serum (Jackson ImmunoResearch; v/v) and
0.1% Triton X-100 (v/v; DST solution). Sections were rinsed three times
in PBS to remove the residual OCT, followed by nonspecific antibody
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Table 3. Gene expression comparison between Prox7 heterozygous versus null in
CGE-derived interneuron precursors within the E18.5 cortex

Symbol: Name Fold change

Genes upregulated in CGE-derived ProxT loss-of-function cells in the E18.5 cortex

XIST: X inactive-specific transcript (nonprotein coding) 376.517
SLN: sarcolipin 5321
SFRP2: secreted frizzled-related protein 2 4.251
SCN1A: sodium channel, voltage-gated, type |, ac-subunit 3.998
C1QTNF1: C1q and tumor necrosis factor-related protein 1 3.558
NTNG1: netrin G1 3.009
PROX1: prospero homeobox 1 2717
DLKT1: &-like 1 homolog (Drosophila) 2.709
MSRB2: methionine sulfoxide reductase B2 2.384
SVIL: supervillin 2377
DUSP26: dual specificity phosphatase 26 (putative) 2287
TGFBI: transforming growth factor, B-induced, 68 kDa 2.15
Etl4: enhancer trap locus 4/KIAA1217 2142
GABRA2: GABA A receptor, a2 214
DBC1: deleted in bladder cancer 1 2.083
FGA: fibrinogen c chain 2.034
Rnd3: Rho family GTPase 3 1.991
SEZ6L: seizure-related 6 homolog (mouse)-like 1.958
HCN1: hyperpolarization activated cyclic nucleotide-gated potassium 1.926
channel 1
PAG1: phosphoprotein associated with glycosphingolipid microdomains 1 1.915
ligp1: interferon inducible GTPase 1 1.896
MPDZ: multiple PDZ domain protein 1.893
DNAHS: dynein, axonemal, heavy chain 8 1.886
SLC4A4: solute carrier family 4, sodium bicarbonate cotransporter, 1.86
member 4
NRP2: neuropilin 2 1.783
RNGTT: RNA guanylyltransferase and 5’ -phosphatase 1.782
APCDD1: adenomatosis polyposis coli downregulated 1 1.756
TMEM176B: transmembrane protein 176B 1.745
SHISA2: shisa homolog 2 (Xenopus laevis) 1.706
PLAGL1: pleomorphic adenoma gene-like 1 1.694
CUX2: cut-like homeobox 2 1.689
CALB1: calbindin 1, 28 kDa 1.676
CACHD1: cache domain containing 1 1.657
SPC25: SPC25, NDC80 kinetochore complex component, homolog 1.653
(S. cerevisiae)
ENPP3: ectonucleotide pyrophosphatase/phosphodiesterase 3 1.65
DTNA: dystrobrevin, « 1.634
HNMT: histamine N-methyltransferase 1.628
FGF12: fibroblast growth factor 12 1.625
SCHIP1: schwannomin interacting protein 1 1.586
NPPA: natriuretic peptide A 1.576
EPB41L4A: erythrocyte membrane protein band 4.1 like 4A 1.565
(ST3: gystatin C 1.546
TRIM25: tripartite motif containing 25 1.544
ZFHX3: zinc finger homeobox 3 1.541
NPTX2: neuronal pentraxin Il 1.537
SEMA4A: semaphorin 4A 1.532
SLC6A15: solute carrier family 6 (neutral amino acid transporter), member 15 1.529

Genes downregulated in CGE-derived Prox1 loss-of-function cells in the E18.5 cortex

Ddx3y: DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked 67.225

EIF253: eukaryotic translation initiation factor 2, subunit 3 v, 52 51.606
kDa

KDM5D: lysine (K)-specific demethylase 5D 20.671

VIP: vasoactive intestinal peptide 14.152

Uty: ubiquitously transcribed tetratricopeptide repeat gene, Y 5.435
chromosome

TRIL: TLR4 interactor with leucine-rich repeats 4.79

(CK: cholecystokinin 3.224

RSP0O2: R-spondin 2 2.076

(Table Continues)
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Table 3. Continued
Symbol: Name Fold change
FGFR1: fibroblast growth factor receptor 1 1.908
CRABP1: cellular retinoic acid binding protein 1 1.858
TMEFF2: transmembrane protein with EGF-like and two follistatin-like 1.814
domains 2
CALB2: calbindin 2 1.787
SPEG: SPEG complex locus 1.776
ID4: inhibitor of DNA binding 4, dominant negative helix-loop-helix 1.762
protein
ROBO1: roundabout, axon guidance receptor, homolog 1 (Drosophila) 1.746
CRIM1: cysteine-rich transmembrane BMP regulator 1 (chordin-like) 1.745
MY01B: myosin IB 1.686
NAV2: neuron navigator 2 1.671
(PNE2: copinell 1.671
PTPRE: protein tyrosine phosphatase, receptor type, E 1.665
CACNA1G: calcium channel, voltage-dependent, T type, c-1G-subunit 1.618
GNAIT: guanine nucleotide binding protein (G-protein), cc-inhibiting 1.592
activity polypeptide 1
CHST15: carbohydrate (N-acetylgalactosamine 4-sulfate 6-0) sulfotrans- 1.585
ferase 15
FAM134B: family with sequence similarity 134, member B 1.579
BCKDHB: branched chain keto acid dehydrogenase E1, 3-polypeptide 1.567
Rcan2: regulator of calcineurin 2 1.555
NRIP3: nuclear receptor interacting protein 3 1.545
IDHHC2: zinc finger, DHHC-type containing 2 1.542
IL-18: interleukin 18 (interferon--y-inducing factor) 1.536
CCRNA4L: CCR4 carbon catabolite repression 4-like (S. cerevisiae) 1.535
WWC1: WW and (2 domain containing 1 1.528
PRKCE: protein kinase C, & 1.519
HSD11B1: hydroxysteroid (11-3) dehydrogenase 1 1.51

We FACS purified EGFP-labeled cells from the E18.5 cortices of control and Prox7 loss-of-function animals (Dlx6a-Cre;
Prox1-C:EGFP/+ and /F) and subsequently performed a microarray expression analysis. Genes are shown upregu-
lated and downregulated in cells lacking Prox7, respectively. Genes are shown for FDR-adjusted p -value (<<0.05)
and fold change (>1.5). Note that the values of gender-linked genes are indicated with boldface as male—female
split happened by chance across control and Prox1 loss-of-function brains.

blocking, which was performed in DST solution at room temperature for
30—60 min. Primary antibody incubation was subsequently performed
overnight at 4°C. Primary antibody was added to the DST solution
at the following concentrations: rabbit anti-GFP (1:2000; Invitrogen,
#A11122), rat anti-GFP #GF090R (1:2000; Nacalai Tesque, #04404-84),
chicken anti-GFP (1:2000; Abcam, #ab13970), rat anti-RFP #5F8 (1:
2000; Allele Biotechnology, #ACT-CM-MRRFP10), rabbit anti-RFP (1:
2000; Clontech, #632496), goat anti-Prox] N terminus (1:1000; R&D
Systems, #AF2727), rabbit anti-Proxl C terminus (1:1000; Abcam,
#ab11941-100), mouse anti-Nkx2-1 #8G7G3/1 (1:1000; Progen,
#16108), rabbit anti-Nkx2-1 #EP1584Y (1:2000; Abcam, #ab76013), goat
anti-Sp8 (Santa Cruz Biotechnology, #sc-104661), mouse anti-
CoupTFII #7147 (Perseus Proteomics, #PP-H7147-00), mouse anti-
RELN #CR-50 (1:1000; MBL, #D223-3), goat anti-RELN (1:1000; R&D
Systems, #AF3820), mouse anti-PV #PARV-19 (1:2000; Sigma, #P3088),
rat anti-SST #YC7 (1:1000; Millipore Bioscience Research Reagents,
#MAB354), rabbit anti-SST (1:1000; Millipore Bioscience Research Re-
agents, #AB5494), rabbit anti-VIP (1:1000; ImmunoStar, #20077),
mouse anti-Calretinin (1:1500; Millipore Bioscience Research Reagents,
#MABI1568), and rabbit anti-Calretinin (1:1500; Millipore Bioscience
Research Reagents, #AB5054). Secondary antibodies conjugated with Al-
exa Fluor dyes 488 and 594 (Invitrogen; 1:2000 dilutions) or DyLight 649
(Jackson ImmunoResearch; 1:1000 dilutions) raised in donkey were cho-
sen for visualizing the primary antibody staining. To visualize the cell
nuclei and the laminar structure of the developing neocortex, DAPI (Sig-
ma; 1 pg/ul in PBS and filtered) was added on slides at the end of the
immunohistochemistry procedure for 10—15 min. Slides were rinsed a
couple of times in PBS and then mounted in Fluoromount G (Southern
Biotech). Fluorescent images were captured using a cooled-CCD camera
(Princeton Scientific Instruments) using MetaMorph software (Univer-
sal Imaging).
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To better visualize the morphologies of EGFP-labeled interneurons
with immunohistochemistry, 100 wm cryosections were generated and,
by using the confocal microscope LSM 510 (Carl Zeiss), images were
captured every 4 um of optical distance and a stacked view was made
typically by combining three to four images.

After the electrophysiological recordings, post hoc immunohistochem-
istry was performed on 250-um-thick vibratome sections. Sections were
fixed for 2 h on ice with 4% formaldehyde containing PBS, and after 30
min of multiple PBS rinses, incubated for two or three overnights at 4°C
with selected antibodies. We found that the fixation time is critical, es-
pecially for VIP immunohistochemistry. Sections were washed in PBS
typically from the morning to the late afternoon and incubated at 4°C
overnight with donkey secondary antibodies (The Jackson Laboratory)
together with Alexa 488-conjugated streptavidin (1:1000; Invitrogen, #S-
11223). Later, sections were rinsed with PBS and submerged in DAPI
solution for 30 min and after multiple washes with PBS mounted and
coverslipped on a slide glass with a lid with two layers of electrical tape.
See details for the general immunohistochemistry procedure in the above
section.

Marker and layer analysis of cortical interneuron distribution. For the
P21 analysis of DIx6a-Cre control and ProxI loss-of-function interneu-
rons, pictures were taken from six representative hemispheric fields per
brain for SST/RELN/EGFP/DAPI and CR/VIP/EGFP/DAPI-labeled sec-
tions. Image acquisition was performed in the somatosensory barrel field
with a 10X lens and two pictures were combined to cover the cortical
layers from I to VI. By using Adobe Photoshop, DAPI was placed in a
different picture layer, layer borders of the cortex were drawn using the
pen tool based on the DAPI signal, and then the DAPI picture layer was
made invisible. The cell numbers were determined for each specific la-
beling (e.g., SST—/RELN+/EGFP+, SST+/RELN+/EGFP—) in cortical
layers I, II/1IL, IV, V, and VI. At the end of the cell counting, two lines
were drawn following the superficial edge of the cortex and the bottom of
layer VI and total pixel numbers between these two lines were analyzed
and then converted to the surface area for 2.4 M pixels = 1 mm 2. Marker
profiles (cell numbers for each layer) were converted to cell density
(cells/1 mm?) for each section, and the values from the six fields from
each brain sample were averaged per brain and final results were
shown as the average = SEM from three brains for each marker
analysis. For the analysis of PV expression, since we found no overlap
between PV and EGFP in both control and ProxI loss-of-function
brains, we simply counted the total numbers of PV-positive cells
within the six fields, calculated the cell density, and averaged for three
brains. For the P7 analysis, the profile for CR/VIP/EGFP/DAPI was
analyzed. Similar analyses were performed for the images obtained
from the experiments using the Htr3ABAC-Cre and Vip-Cre driver
lines to remove Proxl.

Electrophysiology and data analysis. Whole-cell patch-clamp electro-
physiological recordings were performed on randomly selected cells lo-
cated in neocortical layers I-III labeled with EGFP in acute brain slices
prepared from control and Prox1 loss-of-function (DIx6a-Cre; Prox1-C:
EGFP/+ and /F) P16-P20 animals. Briefly, animals were decapitated
and the brain was dissected out and transferred to physiological Ringer’s
solution (ACSF) in 4°C with the following composition (mm): 125 NaCl,
2.5KCl, 25 NaHCO3, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, and 20 glucose.
The brain was then glue fixed to a stage and 250 pum slices were cut using
a vibratome (Vibratome 3000 EP). The slices were allowed to recover in
recording ACSF at room temperature for at least 45 min before record-
ing. Acute slices were then placed in a recording chamber mounted on
the stage of an upright microscope (Axio Scope; Zeiss) equipped with
immersion differential interference contrast objectives (5X and 40X)
coupled to an infrared camera system (Zeiss), perfused at a rate of 1-2
ml/min with oxygenated recording ACSF, and maintained at a tempera-
ture of 31°C. An EGFP filter was used to visualize the interneurons in
epifluorescence.

Patch electrodes were made from borosilicate glass (Harvard Appara-
tus) and had a resistance of 4—8 M(). For both intrinsic electrophysio-
logical properties and sEPSC recordings the patch pipettes were filled
with a solution containing the following (in mm): 128 K-gluconate, 4
NaCl, 0.3 Na-GTP, 5 Mg-ATP, 0.0001 CaCl,, and 10 HEPES.
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Experiments were performed in current-clamp and voltage-clamp
mode using the Axopatch 200B amplifier (Molecular Devices). sSEPSCs
were recorded at V}, = —70 mV with a sampling rate of 10 kHz and were
filtered on-line at 3 kHz. The recorded sEPSCs were analyzed using Mini
Analysis software (Synaptosoft). The synaptic values were obtained for
the average trace after visual inspection of individual events. The decay
time was calculated by fitting the average trace with a single exponential.
Access resistance was always monitored to ensure the stability of record-
ing conditions. Cells were only accepted for analysis if the initial series
resistance was <40 M{) and did not change by >20% throughout the
recording period. No compensation was made for access resistance and
no correction was made for the junction potential between the pipette
and the ACSF.

Passive and active membrane properties were recorded in current-
clamp mode by applying a series of subthreshold and suprathreshold
current steps and the analysis was done in Clampfit. The resting mem-
brane potential (V) was ascertained in current-clamp right after rup-
turing the patch by applying zero current. All values presented are
average = SEM.

Results

Within cortical interneuron lineages, Prox1 expression is
selectively maintained in CGE-derived subtypes

During the development of GABAergic cortical interneuron pop-
ulations, a sequential transcriptional cascade of Nkx2-1-Lhx6—
Sox6/SatB1 expression has been established as critical for the
specification, migration, and maturation of MGE-derived lin-
eages (Sussel et al., 1999; Liodis et al., 2007; Butt et al., 2008; Du et
al., 2008; Zhao et al., 2008; Azim et al., 2009; Batista-Brito et al.,
2009; Balamotis et al., 2012; Close et al., 2012; Denaxa et al., 2012;
Narboux-Néme et al., 2012). However, aside from transcription
factors, Dlx, Arx, and CoupTF, which participate in the early de-
velopment of both MGE and CGE cortical interneuron subtypes
(Cobos et al., 2005b; Colasante et al., 2008; Friocourt et al., 2008;
Kanatani et al., 2008; Lodato et al., 2011), a distinct genetic cas-
cade that regulates CGE-derived cortical interneuron develop-
ment has not yet been characterized.

To identify genes specifically enriched in CGE-derived in-
terneurons, we performed a comparative gene expression analy-
sis using oligonucleotide microarrays on RNA extracted from
EGFP-labeled interneuron precursors derived from the CGE or
the MGE that were FACS purified from the E18.5 cortex (Tables
1 and 2). Selective labeling of CGE-derived or MGE-derived cor-
tical interneuron precursors was achieved through use of the
Mash1BAC-CreER (Battiste et al., 2007; Miyoshi et al., 2010) or
Nkx2-1BAC-Cre (Xu et al., 2008) driver lines, respectively. This
analysis revealed that the expression of ProxI is highly enriched
(X12.4; Table 1) within CGE-derived versus MGE-derived cor-
tical interneurons at E18.5. ProxI is a mammalian homolog of
Prospero, which determines cell fate through its asymmetric lo-
calization in dividing neuroblasts within the fruit fly larva
(Choksi et al., 2006; Doe, 2008) as well as in photoreceptor pro-
genitors (Cook et al., 2003). Similarly, in the hippocampus, ProxI
has been shown to play important roles in cell proliferation
(Kaltezioti et al., 2010; Lavado et al., 2010) and fate determina-
tion (Iwano et al., 2012). Since ProxI is further demonstrated to
be essential for the development of horizontal cells, which are the
interneurons of the retinal circuit (Dyer et al., 2003), we hypoth-
esized that it plays important roles in the GABAergic local in-
terneurons within the cerebral cortex.

We next characterized the expression of Prox1 within the de-
veloping telencephalon using immunohistochemistry. At E10.5,
Proxl is expressed in the subventricular zones of the MGE (de-
fined by Nkx2-1 expression), lateral GE (LGE), and CGE (Fig.
1 A, B; Lavado and Oliver, 2007). This is consistent with the pre-
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Figure 1.  (GE-derived but not MGE-derived GABAergic cortical interneurons maintain expression of the transcription factor Prox7 during their development. A, B, Inmunohistochemistry for
Prox1 reveals expression within the SVZs of the ventral eminences (MGE, LGE, and CGE) as earlyas E10.5. Expression of Nkx2-1largely demarcates the MGE domain. DAPI nuclear counterstain is shown
inwhite. ¢, D, GABAergic neuronal precursors in the forebrain are labeled by EGFP through combinatorial use of a DIx5/6-Fipe driver and an RCE:FRT reporter at E14.5. High levels of Prox1 expression
are found in the SVZs of the MGE and CGE. Some non-GABAergic populations in the ventral forebrain also express Prox1 (open arrowheads). D', A higher magpnification picture of the neocortexin D
is shown. Most Prox1-expressing cells are found to be GABAergic n the cortical plate (CP), intermediate zone (IZ), and subventricular/ventricular zones (SVZ/VZ). Non-GABAergic Prox1-expressing
cells (red without green) within the marginal zone (MZ) are Cajal—Retzius cells and Prox1 expression within this population shuts off by E18.5 (confirmed by Wnt3a-Cre driver fate mapping; data not
shown). E, E’, AtE16.5, Prox1 expression is largely confined to GABAergic neuronal precursors within the cortex (E) and overlaps with Sp8 (E’). F, G, MGE-derived GABAergic populations are labeled
with EGFP in Lhx6BAC-Cre; DIx5/6-Flpe; RCE:dual animals. MGE-derived cortical interneuron precursors at E16.5 do not express Prox1 (F, F’). At P21, Prox1 remains absent from MGE-derived
interneurons (G-G"). H-J, Analysis of Prox1 expression in specific CGE-derived cortical interneuron subtypes in DIx6a-Cre; Prox1-C:EGFP/+ P21 brains. H, RELN-expressing interneurons that are
negative for SST originate from the embryonic CGE and Prox7 expression (EGFP) are observed in 84.3% of this population albeit at variable levels (arrowheads; open arrowhead indicates
Prox1-negative RELN-positive cell). SST-positive cells do not express Prox1 (asterisk). /, J, The majority of CR(Calb2)/VIP (double arrowheads) and VIP-single (single arrowhead) populations express
Prox1. Most CR-positive cells lacking VIP are MGE derived (K) and do not express Prox1 (asterisk). K, A schematic correlating the molecular expression and the embryonic origin of GABAergic
interneurons within the P21 mouse somatosensory barrel cortex (S1BF; adapted from Miyoshi etal., 2010). Prox1is expressed within CGE-derived but not MGE-derived cortical interneuron subtypes.
GP, globus paliidus; HC, hippocampus; Str, striatum; Th, thalamus. Scale bars: A-D, F, 200 wm; E-J, 50 pm.

vious finding that Proxl transcription is induced by Ascll  to GABAergic interneuron populations, as indicated by DIx5/6
(Mashl), a proneural factor expressed within all three ganglionic  lineage fate mapping (Miyoshi et al., 2010; Fig. 1D’; Prox1 is
eminences (Torii et al., 1999). By E14.5, Prox1 expression is in-  transiently expressed in Cajal-Retzius cells but shuts off by birth;
creased in the subventricular zone of the CGE (Fig. 1C,D) andin  data not shown). This timing coincides with the arrival of the
addition, is observed within the cortex and is restricted primarily  earliest cohort of CGE-derived interneurons into the cortex (Mi-
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yoshi et al., 2010), several days after MGE-derived interneurons
begin to populate this structure (Anderson et al., 2001; Fogarty et
al., 2007; Miyoshi et al., 2007; Xu et al., 2008). At E16.5, we
observed that Prox1-positive GABAergic cells (Fig. 1E) coex-
pressed Sp8 (Fig. 1E’), a transcription factor selectively ex-
pressed in CGE-derived but not MGE-derived or POA-derived
lineages (Ma et al., 2012). To further demonstrate that Prox1 is
selectively expressed within CGE-derived lineages, we generated
a BAC transgenic Cre driver by using cis-regulatory elements of
Htr3A gene (Htr3ABAC-Cre, GENSAT, also X11.8 enriched in
CGE lineages; Table 1) and combined this with DIx5/6-Flpe and a
dual EGFP reporter (RCE:dual) to label CGE-derived interneu-
ron precursors. We found that Prox1 is expressed in the CGE-
derived interneuron precursors labeled with the Hir3ABAC-Cre
driver within the E16.5 cortex (data not shown). Consistent with
these results, we did not observe Prox1 expression in immature
MGE-derived interneurons labeled with EGFP by using an inter-
sectional genetic approach (Dymecki and Kim, 2007) that com-
bined Lhx6BAC-Cre (Fogarty et al., 2007) and DIx5/6-Flpe
drivers with the RCE:dual reporter at E16.5 (Fig. 1 F, F'). Interest-
ingly, Prox1 regulation within MGE-derived cells is lineage spe-
cificin that it entirely shuts off in cortical interneuron and globus
pallidus populations (Fig. 1F; Flandin et al., 2010; Nobrega-
Pereira et al., 2010), but remains expressed in some striatal in-
terneurons (Fig. 1F; Rubin and Kessaris, 2013).

We then analyzed the expression profile of Prox1 in the P21
neocortex. Using immunohistochemistry, we observed that while
a substantial number of cells were found to express Prox1, it was
still completely excluded from MGE-derived interneurons (Fig.
1G-G"). To further analyze which specific subtypes of CGE-
derived interneurons express Prox1, we took advantage of a con-
ditional ProxI allele (Prox1-C:EGFP), which expresses EGFP
under the control of the endogenous ProxI locus following Cre-
mediated recombination (Iwano et al., 2012). We combined this
line with a forebrain pan-GABAergic DIx6a-Cre driver (Monory
et al., 2006) to analyze the morphologies and molecular markers
of ProxI-expressing cortical interneurons labeled with EGFP
(DIx6a-Cre; Prox1-C:EGFP/+). Within the P21 cortex, Prox] was
detectable in most (84.3%) of the RELN-expressing (without
SST) cells (Fig. 1H), although its expression levels in this popu-
lation were somewhat variable (Fig. 1H, solid arrowheads). Prox1
was also expressed in almost all (98.6%) of the VIP-positive cells
(Fig. 11,J) at P21 (Fig. 1K). Conversely, the large majority of
ProxI-positive interneurons expressed either VIP or RELN, and
only 7.7% were negative for both markers (Fig. 1K). These results
are consistent with the previous finding that Prox1 is expressed in
CGE-derived interneuron subtypes (Rubin and Kessaris, 2013).
We conclude that, while Prox1 is uniformly expressed in the
subventricular zones of the ganglionic eminences, within cortical
interneuron lineages it is selectively maintained within CGE-
derived subtypes into adulthood (Fig. 1K).

Prox1 promotes the migration of CGE-derived interneuron
precursors into superficial cortical layers

To test the role of Prox1 in CGE-derived interneurons, we used an
additional conditional ProxI loss-of-function allele to generate
ProxI-null cells at distinct developmental stages. In this condi-
tional loss-of-function allele (ProxI-F), exons 2 and 3 that en-
code the homeodomain of ProxI are flanked by loxP sites
(Harvey et al., 2005; Lavado et al., 2010), such that Prox1 expres-
sion is ablated following Cre-mediated recombination. We
combined this allele to the conditional ProxI-C:EGFP line (Fig.
1H-J), in which the entire coding region of ProxI is flanked by
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loxP sites, such that recombination results in a null allele in ad-
dition to EGFP expression in ProxI-expressing cells. We com-
bined both ProxI conditional alleles with a Dix6a-Cre driver line
(Monory et al., 2006), which allowed us to remove ProxI from
the entire telencephalic GABAergic population as these cells
transit through the subventricular zone. Using EGFP as a
marker, we identified the ProxI-expressing population and
compared the behavior of control (heterozygous: ProxI-C:
EGFP/+) versus Proxl loss-of-function (null: ProxI-C:EGFP/F)
cells (Fig. 2).

As we have previously shown, CGE-derived interneuron
precursors are first observed migrating tangentially through
the intermediate zone of the cortex at ~E14.5 (Miyoshi et al.,
2010). At this stage, both control and ProxI loss-of-function
CGE-derived interneuron precursors exhibited comparable
migration patterns within the cortex (Fig. 3A,B). This sug-
gests that ProxI loss-of-function does not delay the initiation
of tangential migration into the cortex. By E16.5, in the con-
trol cortex, we observed an increase in the number of cells in
the cortical marginal zone and within the developing cortical
plate (Fig. 2A), consistent with previous analyses (Miyoshi et
al.,2010; Rubin et al., 2010). In contrast, fewer ProxI1-null cells
had migrated into the marginal zone and cortical plate, al-
though the intermediate and subventricular zone populations
were similar to controls (Fig. 2 B, C). Two days later, at E18.5,
in addition to the reduction of labeled cells located in the
marginal zone and cortical plate, we observed an accumula-
tion of ProxI-null cells in the intermediate and subventricular
zones (Fig. 2D-F). This indicates that Prox1 is required for the
transition of CGE-derived interneuron precursors from the
tangential migration stream into the cortical plate.

Next, we analyzed how the abnormal migration pattern we
observed in ProxI-null cells during embryonic stages ultimately
impacts their localization within the postnatal cortex. We com-
pared the laminar distribution of EGFP(ProxI)-labeled control
and ProxI-null cells at P7 (Fig. 2G,H), a stage at which most
GABAergic interneurons have completed their migration within
the cortex (Miyoshi and Fishell, 2011; Inamura et al., 2012). In
the ProxI loss-of-function animals, we observed a marked reduc-
tion in EGFP-labeled cell numbers in layers I (47.9%) and I1/I11
(64.5%) with a corresponding increase in layers V/VI (148.7%)
compared with controls (Fig. 2I). This indicates that CGE-
derived interneurons lacking ProxI function were displaced
ectopically within deeper layers. Furthermore, while many
EGFP-labeled control cells exhibited vertically oriented processes
in the superficial layers (Fig. 2G), these morphologies were not
similarly evident in ProxI loss-of-function cells (Fig. 2H).

Loss of Prox1I results in dysregulation of relatively few genes
within CGE-derived interneuron precursors

We next examined whether Prox1 was required for the expres-
sion of the candidate CGE transcription factors CoupTFII (Tri-
podi et al., 2004; Kanatani et al., 2008; Miyoshi et al., 2010; Cai et
al., 2013) and Sp8 (Waclaw et al., 2006; Ma et al., 2012) but found
no differences between control and loss-of-function cortices (Fig.
3C-F). Thus to uncover the molecular mechanisms underlying
the impaired transition of ProxI loss-of-function cells from the
intermediate to marginal zone, we performed an unbiased mi-
croarray expression analysis comparing EGFP-labeled control
versus Prox1 loss-of-function interneurons that were FACS puri-
fied from the E18.5 cortex. Somewhat surprisingly, we observed
significant changes in only a small number of genes (79 genes
including 46 upregulated and 33 downregulated genes, fold
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Figure 2.  Prox7 promotes the superficial layer positioning of CGE-derived interneurons by regulating embryonic tangential migration. Localization of EGFP(Prox7)-labeled control (Dlx6a-Cre;
Prox1-C:EGFP/+) and ProxT loss-of-function (DIx6a-Cre; Prox1-C:EGFP/F) GABAergic cells were analyzed within the cortex (shown in black). Nuclear counter staining by DAPIis shown in blue. 4, B,
While we found no delay in the initiation of tangential migration from the CGE into the cortex of Prox7 loss-of-function at E14.5 (Fig. 34, B), by E16.5, we observed a decrease in Prox7-null
EGFP-labeled cells reaching the marginal zone (MZ) and cortical plate (CP). Comparable numbers of EGFP-labeled cells are found in the intermediate and subventricular/ventricular zones (IZ and
SVINVI). C, Bar graphs comparing the cortical area normalized distribution of EGFP-labeled (GABAergic Prox7) cells at E16.5 in the control (filled) and Prox7 loss-of-function (LOF, shaded)
experiments. Two-tailed t test: p = 0.0255*(MZ), p = 0.0172*(CP), p = 0.425(1Z/SVZ/NZ). D—F, By E18.5, in addition to the loss in marginal zone and cortical plate, more EGFP-labeled cells were
observed within the intermediate zone and SVZ/VZ of the conditional Prox7 loss-of-function cortices. For the sake of clarity, hippocampal areas are cropped from the figures (bottom). Two-tailed ¢
test:p = 0.0156*(MZ), p = 0.00893**(CP), p = 0.132(1Z/SVZ/V'Z). 61, At P7, mutant cells were decreased in superficial (I-IIl) layers, butincreased in deep (V, VI) layers compared with the control
cortex. Two-tailed t test: p = 0.00693**(I), p = 0.00960**(II/1ll), = 0.837(IV), p = 0.0842(V/VI). In addition, the population of cells with vertically oriented processes that is normally found in the
superficial layers (G) was less obvious in the ProxT loss-of-function cortex (H). All error bars indicate SEM. Scale bar, 50 um.
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change > 1.5, p value <0.05; data not
shown), including downregulation of Vip
(X14.15), Cck (X3.22), and Calb2 (Calre-
tinin, X1.79), markers that are expressed
within mature CGE-derived interneuron
subtypes (Table 3).

Previous work has shown that Dix1/2
activity induces the expression of the tran-
scription factor Arx (Cobos et al., 2005a;
Colasante et al., 2008), promoting migra-
tion by suppressing neurite growth medi-
ated by Pak3, a p2l-activated serine/
threonine kinase that acts as a down-
stream effector of the Rho family of GT-
Pases (Cobos et al., 2007). However, in
our microarray analysis comparing gene
expression levels in control versus ProxI
loss-of-function cells, we did not reveal
any measurable change in Pak3, Arx, or
any of the Dix-gene family members (data
not shown). These data strongly suggest
that the migration of CGE-derived in-
terneuron precursors is independently
regulated by the DIx1/2 and ProxI tran-
scription factors.

Subtype-specific requirement for Prox1
in the differentiation of CGE-derived
cortical interneurons

To further characterize the later effects of
Prox1 loss-of-function on CGE-derived
interneuron subtypes following their dif-
ferentiation, we analyzed control and
conditional (DIx6a-Cre) Proxl loss-of-
function cells at P21, when interneurons
have acquired their characteristic molecu-
lar markers and intrinsic electrophysio-
logical properties. Consistent with what
we have observed at P7, we found that the
abnormalities in the layer distribution of
EGFP-labeled cells persisted at P21, with a
decrease in layers I-IV and increase in
layer VI in the mutant (Fig. 4I). The total
number of EGFP-expressing ProxI cells in
mutants compared with controls was re-
duced at P7 (82.8% of control numbers)
and further decreased by P21 (74.6% of
control numbers; Fig. 4]), suggesting that
Prox1 is important for the maintenance of
CGE-derived cortical interneurons even
after they have reached their final laminar
locations. Because the DIx6a-Cre driver
removes ProxI broadly throughout the
ventral telencephalic subventricular zones, we
tested the specific requirement for Prox1
in CGE-derived interneurons. To do so,
we used an Hir3ABAC-Cre driver to re-
move ProxI only in the migrating postmi-
totic interneuron precursors derived from

the CGE (Fig. 5). By combining with a Cre-dependent tdTomato
(A19: R26R-CAG-loxPstop-tdTomato-WPRE polyA; Madisen et
al., 2010) and ProxI1-C:EGFP conditional reporter lines, we ob-
served that the Hrr3ABAC-Cre driver targets a subpopulation of
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Figure3.  Embryonic (Dlx6a-Cre) Prox1 loss-of-function does not affect the intemeuron precursors for their tangential migration from
the CGE into the developing cortex as well as the expression of Sp8 and CoupTFll transcription factors. We performed embryonic (Dix6a-Cre)
control (4, G, E)and Prox loss-of-function (Prox7-C:EGFP/+ and /F ) experiments (B, D, F ). A, B, AtE14.5, about the time the earliest cohort
of CGE-derived interneuron precursors is first observed tangentially migrating through the intermediate zone (IZ) of the cortex (Miyoshi et
al., 2010), we found no obvious differences between control and Prox7-null cells labeled with EGFP (shown in black) with regard to their
migration pattern or distance from the CGE. Nuclear counter staining by DAPIis shown in blue. Double arrowheads indicate the CGE-derived
interneuron precursors that have reached the border area between the hippocampus (HC) and cortex (Ctx). While control EGFP(Prox1)-
labeled cells are positioned laterally to the developing globus pallidus (GP) and do not express CoupTFIl (Nr2f2), in the Prox7 loss-of-function
ventral telencephalon, very few EGFP(Prox7)-labeled cells are observed in the comparable domain. €, D, In addition to its expression within
cortical progenitors, at E16.5, the Sp8 expression pattern within EGFP(Prox7)-labeled cells is comparable between the control and Prox7
loss-of-function cortex. E, F, Higher magnification pictures of the cortical subventricular/ventricular zones (SVZ/VZ) in Figure 2D and £.
While there are significantly more EGFP-labeled cells found in the SVZ/VZ of the ProxT loss-of-function cortex at E18.5 (see also Fig. 2F ), the
proportion of CoupTFll expression within EGFP(Prox7)-labeled cells is not changed. M, MGE; L, LGE; Th, thalamus; MZ, marginal zone; CP,
cortical plate. Scale bars: A-D, 200 wm; E, F, 50 pum.

migrating CGE-derived interneurons expressing Prox1 (Fig.
5A-C; data not shown). Even though this Htr3ABAC-Cre
driver exhibited less efficient recombination compared with
the Dix6a-Cre driver (Figs., 2A,D, 3A) resulting in a milder
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Figure4. Subtype-specific requirement for Prox7 in CGE-derived GABAergic cortical interneuron development. 4, B, Inmunohistochemistry for RELN/SST on EGFP(Prox7)-labeled cells in control
and Prox1 loss-of-function (Dlx6a-Cre; Prox1-C:EGFP/+ and /F) cortices at P21. While RELN-expressing cells (negative for SST) expressed EGFP at variable levels (arrowheads), they were generally
reduced in the superficial layers of conditional Prox7 loss-of-function cortices (B). Open arrowhead indicates the EGFP(Prox7)-negative RELN cells and double arrowheads indicate MGE-derived
SST/RELN-expressing interneurons. €, D, Characterization of CR, VIP, and EGFP-positive cell profiles at P21. Double and single arrowheads indicate CR/VIP or VIP-single interneurons, respectively.
While CR/VIP cells were severely reduced in mutants, the total numbers of VIP-single cells was unchanged. Furthermore, the remaining CR/VIP cellsin mutants (D, double arrowheads) did not exhibit
the characteristic bipolar morphology observed in controls (C). E-H, To better visualize the morphologies in Prox7-null CR/VIP interneurons, stacked views from confocal microscopy images were
generated. CR/VIP-expressing cells (double arrowhead and inset) are found with bipolar morphology (E). In contrast, none of the CR/VIP-expressing cells remaining in the Prox7 loss-of-function
cortex exhibit typical bipolar morphology (F~H). The best example of a mutant cell that we found to retain bipolar morphology to some extent is shown in H, but in most cases, obvious processes
protruding from the soma could not be found (F, G). I, Layer distribution of EGFP(Prox7)-labeled control (filled bars) and Prox1 loss-of-function (LOF) cells (shaded bars) at P21. At P21, EGFP-labeled
Prox1-null cells were displaced within deeper layers of the cortex, similar to the phenotype observed at P7 (Fig. 2/). Two-tailed t test: p = 0.0133%(I), p = 0.000380***(1l/Ill), p = 0.00376**(1V),
p = 0.463(V), p = 0.0148*(V1). J, Molecular expression profiles of interneurons in the P21 somatosensory barrel cortex for control and Prox7 loss-of-function experiments. The total numbers of
PV(Pvalb)-expressing (red) and SST-expressing (orange) interneurons were not altered in the mutant. RELN (SST-negative) cell numbers were reduced to (Figure legend continues.)
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phenotype, we still observed a similar displacement of EGFP-
labeled cells into the deeper cortical layers (Fig. 5D-H ).

We next compared the molecular expression profiles of
interneurons within the P21 cortices of control and ProxI
conditional loss-of-function animals (Fig. 4A—D). Within the
P21 cortex, we did not observe any obvious changes in the
distribution and numbers of PV-expressing and SST-
expressing cells (Fig. 4 A, B, red and orange bar graphs in J),
indicating that Prox1 expression within the MGE subventricu-
lar zone is not required for the development of MGE-derived
cortical interneurons.

CGE-derived interneurons can be divided into three broad
classes based on their molecular expression profiles (Fig. 1K; Mi-
yoshi et al., 2010) of RELN (SST negative), CR/VIP double, and
VIP single (CR negative). In the cortices of conditional ProxI
loss-of-function animals, the total number of RELN-expressing
(without SST) cells, a population that is largely comprised by
neurogliaform and dense plexus morphologies (Miyoshi et al.,
2010; Fig. 4 A, B), was reduced to 42% of control numbers (Fig. 4],
dark blue bars). The loss of RELN-expressing (SST-negative) cells
was particularly prominent in layers I-IV (Fig. 4K, top). Interest-
ingly, loss of RELN-expressing cells was also observed in the
Prox1-negative population (Fig. 4K, gray bars). This suggests the
~15% of the RELN-positive population that does not express
Prox1 in the P21 cortex (Figs. 1 H, 4A, open arrowhead) likely still
required this gene earlier during development.

We next examined the remaining two broad classes of CGE-
derived interneurons, CR/VIP coexpressing and VIP-single (CR-
negative) populations, both of which exhibit primarily bipolar/
bitufted morphologies (Fig. 4C-H). Strikingly, the CR/VIP
double-positive population was severely reduced across all corti-
cal layers in the mutants (Fig. 4K, middle) to 16% of control
numbers (Fig. 4]). Furthermore, the very few CR/VIP double-
positive cells that remained lacked their characteristic bipolar
morphology (Fig. 4C,D, insets; E-H, confocal stack images). Late
embryonic removal of ProxI with the CGE-specific driver
Hitr3ABAC-Cre also resulted in a decrease in CR/VIP cells (Fig.
5I), although the effect was less pronounced than that observed
with the early embryonic Dix6a-Cre driver, consistent with the
milder layer displacement of Htr3ABAC-Cre ProxI-null cells
(Fig. 5H). In addition, not all of the CR/VIP-expressing ProxI-
null cells lost the bipolar morphologies in this late embryonic
removal (Fig. 5G,G"). Regarding the VIP-single cells, although we
did not observe any obvious change in the total number of cells
(Fig. 4]), following the general trend of deep layer displacement
observed in the ProxI loss-of-function population (Fig. 4I), they
were decreased in the superficial (I-1II) and correspondingly in-
creased in the deep (IV-VI) cortical layers (Fig. 4K, bottom).

<«

(Figure legend continued.) ~ ~40%, CR/VIP-interneurons were severely reduced, and the VIP-
single population was unaltered. Overall, EGFP(Prox7)-expressing cells were reduced to 75% in
the ProxT loss-of-function mutant at P21. Two-tailed ¢ test: p = 0.880(PV), p = 0.0905(SST),
p = 0.000334***(RELN), p = 0.0236*(CR/VIP), p = 0.403(VIP), p = 0.00169***(EGFP). K,
The laminar distribution of each RELN, CR/VIP, and VIP-single interneuron subtype is shown. In
addition to control (filled bars) and Prox7 loss-of-function (shaded bars), gray bars indicate the
EGFP-negative population of each subtype. While the RELN-positive population was primarily
reduced in the superficial (I-IV) layers, CR/VIP-expressing cells were reduced in all layers. The
VIP-single population was reduced in superficial (I-IIl) and increased in deep (IV-VI) layers and
thus was ectopically displaced into deeper layers. Statistics are shown for the marker-positive
profilesincluding both EGFP-positive and EGF-negative cells. Two-tailed  test: p = 0.00437*%,
p = 0.00127%, p = 0.1841, p = 0.6411, p = 0.551 (I-VI, RELN), p = 0.188, p = 0.0369*,
p =10.0136%, p = 0.0371%, p = 0.316 (I-VI, R/VIP),p = 0.216,p = 0.148,p = 0.414,p =
0.0507, p = 0.0164* (I-VI, VIP). All error bars are SEM. Scale bars, 50 pm.
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To further characterize the requirement of ProxI in the differ-
entiation of CGE-derived interneurons, we performed whole-cell
patch-clamp recordings from EGFP-positive cells in acute brain
slices (P16—P20) and analyzed their intrinsic electrophysiological
properties. While we excluded the residual CR/VIP interneurons
from our analysis due to severity of the null phenotype in these
cells (Fig. 4F-H), all of the ProxI loss-of-function cells we re-
corded in the superficial layers (I-111; 24 cells) exhibited normal
resting membrane potential, displayed overshooting action po-
tentials (APs), and could sustain high-frequency AP discharge
(data not shown). Based on their membrane properties and dis-
charge characteristics, we were able to assign the recorded cells to
the previously reported CGE-derived subtype categories (Butt et
al., 2005; Miyoshi et al., 2010), suggesting that their electrophys-
iological differentiation is largely unaffected by ProxI loss of
function. From the ProxI loss-of-function cells recorded in layer
1 (17 cells), all of which were post hoc identified as RELN positive
and VIP negative (Fig. 6 A, B, middle), we found five late-spiking
(LS; Fig. 6B), five initial-adapting, five type 1 bursting non-
adapting, and one delayed intrinsic-bursting interneuron, and
one cell that could not be classified. Analysis of LS neuroglia-
form cells (Chu et al., 2003; Tamas et al., 2003; Kubota et al.,
2011; DeFelipe et al., 2013; Ma et al., 2014; Pohlkamp et al.,
2014) that are one of the most characteristic subtypes residing
in layer I and expressing RELN did not reveal any differences
across a variety of intrinsic electrophysiological measures
when comparing control and ProxI-null cells (Fig. 6A,B).
From the seven EGFP-positive ProxI loss-of-function cells re-
corded in layers II/III, six were post hoc identified as VIP pos-
itive and negative for CR (Fig. 6 D, E, middle). In these cells, we
found three irregular-spiking (IS) and two type 3 delayed non-
fast spiking (ANFS3) interneurons and one cell that could not
be classified (Miyoshi et al., 2010). Similar to the RELN-
positive classes, VIP-expressing dNFS3 (Fig. 6E) and IS (data
not shown) subtypes appeared to have normal passive and
active membrane properties (Fig. 6D).

We next analyzed the sEPSCs received by control and ProxI-
null cells as a measure of their network integration. All cells re-
corded received sEPSCs, but remarkably, VIP-positive ProxI
loss-of-function cells in layers II/III showed a marked reduction
in the number but not the amplitude of these events (Fig. 6 D, E,
bottom, F). Since ProxI-null VIP-single cells that were not dis-
placed but were properly located in layers II/III still showed a
significant reduction in the sEPSCs they receive (Fig. 6F), this
interneuron subtype appears to require Prox1 function to prop-
erly integrate into the cortical network. In contrast, the ProxI
loss-of-function LS cells received a comparable number of excit-
atory events with similar amplitude to the control cells (Fig.
6A,B, bottom, C). Thus we found a selective decrease in the
excitatory drive onto VIP-single but not RELN-expressing pop-
ulations after the removal of Prox1.

Our early embryonic (DIx6a-Cre) loss-of-function experi-
ments on forebrain GABAergic interneuron populations de-
monstrate a subtype-specific requirement for Prox1 within all
CGE-derived interneurons. RELN-expressing cells were reduced
from the superficial layers by ~40%, and CR/VIP double-
positive cells were largely eliminated from the cortex. Moreover,
the CR/VIP cells that persisted failed to acquire their characteris-
tic bipolar morphology. Finally, the VIP-single population was
displaced into deeper layers, and even properly located cells ex-
hibited a severe reduction in excitatory input.
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Figure 5. Late embryonic (Htr3ABAC-Cre) Prox1 loss-of-function (LOF) in CGE-derived interneurons shows similar but milder phenotypes compared with pan-GABAergic early embryonic
(DIx6a-Cre) removal. We used the Htr3ABAC-Cre driver to restrict recombination to CGE-derived lineages. This driver recombines the Prox7-C:EGFP allele at somewhat later stages of embryonic cell
migration than Dlx6a-Cre (Figs. 2—4) in a subpopulation of CGE-derived cells. A-C, Recombination efficiency of the Htr3ABAC-Cre driver was addressed by analyzing crosses with Prox1-C:EGFP/+
and Ai9 reporter (R26R-CAG-loxPstop-tdTomato-WPRE polyA) lines in the same animal at E14.5 (A) and E18.5 (B, €). At E14.5, the Htr3ABAC-Cre driver (A) resulted in fewer EGFP-expressing cells
within the cortex compared with the Dix6a-Cre driver (Fig. 34). At E18.5, substantial numbers of EGFP-labeled cells were evident in the cortex, although to a lesser extent when compared with the
DIx6a-Cre driver (Fig. 2D). €, ', Ahigher magnification view of B also shown for EGFP signals only (C’). The Htr3ABAC-Cre driver also targets non-GABAergic populations, most likely the Cajal—Retzius
and subplate cells (red without green), in addition to CGE-derived interneuron precursors. D-G, Comparison of control and ProxT loss-of-function (Htr3ABAC-Cre; Prox1-C:EGFP/+ and /F) cells at
P21.E, G, Higher magnification of the areas in D and F are presented and EGFP signals are shown in black (€', 6"). Double arrowheads indicate CR/VIP-expressing cells and single arrowheads indicate
VIP-single (CR-negative) cells. In contrast to what we observed in the early embryonic (Dix6a-Cre) Prox1 loss-of-function study, in the Htr3ABAC-Cre mutant, not all of the remaining CR/VIP cells lost
their characteristic bipolar morphologies (G"). While the CR/VIP Prox7-null cell in the middle has a round morphology with no obvious processes, the cell at the bottom exhibits a bipolar morphology
(G"). H, A graph indicating the layering of late embryonic (Htr3ABAC-Cre) ProxT loss-of-function cells in P21 cortex. Note that the decrease (Layers |-Ill) and increase (Layers V/VI) found in the
EGFP-expressing cells of ProxT loss-of-function cortex are consistent but milder compared with the results observed from the early embryonic (DIx6a-Cre) loss-of-function (Fig. 4/). Two-tailed ¢ test:
p = 0.0636(1), p = 0.212(II/1l1), p = 0.359(1V), p = 0.0412*(V), p = 0.0205*(V1). 1, Cell numbers of CR/VIP-expressing and VIP-single populations in the P21 cortex of control and late embryonic
Prox1 loss-of-function animals (shaded bars). EGFP(Prox7)-negative populations are shown in gray bars. Consistent with the early embryonic (Dlx6a-Cre) loss-of-function, we also observed a
reduction in CR/VIP-expressing cells, with no obvious change in the VIP-single population following late embryonic (Htr3ABAC-Cre) loss-of-function. Note that the recombination mediated by the
Htr3ABAC-Cre driver does not take place in all CGE-derived population at P21 in either control or ProxT loss-of-function animals (gray bars) compared with that observed when the Dix6a-Cre driver
was used (Figs. 1/-K, 4K). Two-tailed ¢ test: p = 0.0852(CR/VIP), p = 0.0786(VIP). Error bars indicate SEM. Scale bars: A—C, 200 um; D-G, 50 pm.
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Reduction of excitatory events in VIP-single cortical interneurons following embryonic (DIx6a-Cre) Prox1 removal. Control and embryonic (Dlx6a-Cre) ProxT loss-of-function (LOF) cells

labeled with EGFP were recorded in brain slices of the somatosensory cortex (P16 —P20). Subsequent to electrophysiological analysis and biocytin filling, post hoc immunohistochemistry for
RELN/VIP or CR/VIP was performed. 4, A control cell that was identified by post hoc analysis to be positive for RELN but not VIP showed characteristic LS firing at near threshold (top, black trace; red
traceisat subthreshold) and received SEPSCs at a frequency of 3 Hz (bottom trace). B, A Prox7-null RELN-positive VIP-negative cell showed a similar LS action potential discharge and received SEPSCs
ata comparable frequency and amplitude to that of control cells (4). €, Analysis of the frequency (left) and amplitude (right) of SEPSCs in the control (n = 6) and ProxT loss-of-function LS cells (n =
4, shaded bars) shows that these interneurons do not require Prox1 for the establishment of proper excitatory inputs. Mann—Whitney: p = 0.187(frequency), p = 0.442(amplitude). D, A
representative example of a VIP-single (CR-negative) control cell with dNFS3 firing properties, with the SEPSCs it receives shown at the bottom. E, A trace of a dNFS3 cell (VIP-positive CR-negative)
lacking Prox1. F, In contrast to RELN-positive LS cells (€), Prox7-null VIP-single interneurons (n = 4) show a dramatic reduction in the frequency of SEPSCs (left) compared with control cells (n = 4).
Nevertheless, the amplitude of SEPSCs shows no change (right). Mann—Whitney: p = 0.0397*(frequency), p = 0.191(amplitude). Scale bar, 50 m.

Prox1 has a postnatal role in the maturation of
CGE-derived interneurons
To distinguish between early and late roles for ProxI in the devel-
opment of CGE-derived interneurons (Fig. 1), we sought to ex-
amine the consequences of removing this gene during the
postnatal maturation period after CGE-derived interneurons
have already settled into their final laminar positions. To achieve
this, we focused on the VIP-positive population, which broadly
expresses Prox1 (Fig. 1I-K) and also includes the most severely
affected population, the CR/VIP coexpressing subtype.

We first analyzed the timing of ProxI removal with the Vip-Cre
driver line (Taniguchi et al., 2011) by combining with a Cre-
dependent tdTomato reporter line (Ai9) in control (ProxI-C:

EGFP/+) and Proxl loss-of-function (ProxI1-C:EGFP/F) exp-
eriments. While at ~E18.5 we found very few cells labeled for EGFP
and tdTomato in the developing cortex (data not shown), later by
P7, we observed efficient and overlapping recombination in the
ProxI-C:EGFP allele and tdTomato reporter in both control (Fig.
7A) and loss-of-function (Fig. 7B) cortices. Thus the Vip-Cre driver
line appeared to be well suited for us to perform postnatal ProxI
loss-of-function experiments. At P7, we observed comparable cell
numbers and layer distributions of control and ProxI-null interneu-
rons (Fig. 7H, top; total recombined cells in the Prox]I mutant was
97.4% of that in controls). This finding supports the idea that the
layer displacement of VIP-single interneurons in the embryonic
(DIx6a-Cre) Prox1 loss-of-function cortex (Figs. 21, 41,K) results
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Figure 7.  Postnatally (Vip-Cre), Prox1 is required for the differentiation and survival of CR/VIP interneurons. Postnatal conditional loss-of-function (LOF) of Prox7 was performed specifically
within VIP-expressing interneurons with the Vip-Cre driver. Vip-positive cells were labeled independently of Prox1 expression by combining the tdTomato reporter (Ai9) with the control or Prox7
loss-of-function (Prox1-C:EGFP/+ or /F) alleles. This Vip-Cre driver initiates recombination in the Prox7-C:EGFP allele only after E18.5 (data not shown), thus allowing us to perform postnatal
loss-of-function studies. A, B, By P7, we observed efficient recombination in both the tdTomato reporter and conditional Prox7-C:EGFP alleles in control and mutant cortices. In controls, VIP-positive
interneurons exhibited a mature profile of (R (Calb2) expression by P7 (4, inset, double arrowheads), whereas in mutants, fewer cells expressed (R (B, inset). Note that layer Va pyramidal neurons
have not downregulated CR at P7. -G, Still, by P21, mutants exhibited a reduction in CR expression compared with controls, and those that remained did not show (Figure legend continues.)
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from the failure of cells to transit from the intermediate zone into the
cortical plate, rather than from impaired radial migration inside the
cortical plate that occurs subsequently during the first postnatal
week (Miyoshi and Fishell, 2011). However, by P21 (Fig. 7C-G), in
the ProxI loss-of-function mutant we observed a progressive de-
crease in the number of labeled cells specifically in layers II/III (Fig.
7H, bottom). This indicates that sustained Proxl expression en-
hances the survival of Vip-Cre-labeled interneurons during the post-
natal period between P7 and P21.

Although at P7 the layer distribution of Vip-Cre-labeled
cells was not different between the control and conditional
ProxI loss-of-function cells (Fig. 7H ), we did observe changes
in their molecular expression profiles. While approximately
half (49.4%) of the Vip-Cre-labeled control population ex-
pressed CR at P7, there was a 30% decrease in CR expression in
the mutant (33.2 vs 49.4% of total reporter-lableled popula-
tion in control; Fig. 7I). Consistent with the cell loss found
between P7 and P21, we observed a further reduction in CR
expression in the mutant at P21 (Fig. 7I; control: 49.5% and
mutant: 27.9% of total labeled cells in control). Furthermore,
at this age, we observed morphological defects in the CR-
expressing mutant cells that persisted in the adult cortex (Fig.
7E-G, double arrowheads, E'=G"). Although not as severely
affected as the cells in the embryonic (DIx6a-Cre) and late-
embryonic (Htr3ABAC-Cre) Proxl loss-of-function brains
(Figs. 4F-H, 5G), CR/VIP-expressing cells in the Vip-Cre
mutant still exhibited some defects in acquiring their charac-
teristic bipolar morphologies (Fig. 7E-G,E'-G’, double ar-
rowheads). We also analyzed the CR-expressing cells that were
not labeled by Vip-Cre, the majority of which are derived from
the MGE and coexpress SST (Fig. 1K), and as expected, they
were unaffected in mutant animals at P21 (Fig. 71, orange
bars). Regarding the expression of VIP itself as detected by
immunohistochemistry, at P7, we did observe a slight delay in
the onset of its expression in conditional loss-of-function an-
imals, but this recovered by P21 (Fig. 7I; reduction in VIP
matches the cell loss at P21 shown in Fig. 7H, bottom).

From our postnatal (Vip-Cre) loss-of-function analysis, we
conclude that Prox! is necessary in the CR/VIP subclass for the
proper morphogenesis, CR expression, and survival of cells after
the age of P7.

<«

(Figure legend continued.)  the similar characteristic bipolar morphologies observed in con-
trols (C, D), but had kinked processes (E—G, double arrowheads). To better visualize cell mor-
phology, EGFP is shown in black to the right of (-G (C"-G’). H, The laminar distribution of
control and postnatal (Vip-Cre) Prox1 loss-of-function cells in the cortex at P7 and P21. While
there was no obvious difference between the control and postnatal Prox7 conditional mutant at
P7,by P21, cells were specifically reduced in layers Il/11l of the mutant. EGFP(Prox7) labeling and
tdTomato expression (Ai9 reporter) are shown in green and red, respectively, and the overlap is
indicated by yellow. Two-tailed t test: p = 0.127, p = 0.620, p = 0.577, p = 0.756(I-V/VI,
P7),p = 0.953,p = 0.0301%, p = 0.735, p = 0.467, p = 0.648(1-VI, P21), p = 0.700,p =
0.121(total numbers for P7 and P21). Error bars indicate SEM for total number of recombined
cells in each layer. I, CR and VIP expressions were analyzed in postnatal (Vip-Cre) ProxT condi-
tional mutants (labeled green and/or red) at P7 and P21. Values are shown as the proportion of
labeled cells normalized to the total number of control cells at each age. While there was no
change in the reporter-positive cell numbers at P7 (H), CR expression was decreased in the
mutant compared with control at both ages. VIP expression was delayed in onset (P7) but
recovered by P21 (the loss of VIP at P21 matches the cell loss in H, bottom). Reporter-negative
CR-expressing cells (orange), most of which are derived from the MGE and coexpress SST,
showed no change at P21. Two-tailed ¢ test: p = 0.0143*(CR P7), p = 0.0120%(CR P21),p =
0.383(VIPP7),p = 0.198(VIP P21), p = 0.562(CR, no reporter). Error bars represent SEM. Scale
bars: 50 m.
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Prox1 cell-autonomously specifies the CR/VIP subtype of
CGE-derived interneurons independent of its role in
tangential migration

Although ProxI clearly plays important roles in the postnatal
differentiation of CGE-derived interneurons, the phenotypes we
observed in the CR/VIP-expressing bipolar interneuron popula-
tion when ProxI is removed embryonically (DIx6a-Cre) versus
postnatally (Vip-Cre) are quite distinct.

This raises the possibility that the bipolar subtype is particu-
larly sensitive to its laminar positioning (Figs. 21, 4I). Alterna-
tively, independent of its role in cell migration, ProxI could
directly regulate the genetic program required during embryo-
genesis for bipolar interneurons to properly differentiate and ac-
quire their characteristic morphologies. To distinguish between
these possibilities, we dissected out the CGE from control or
ProxI loss-of-function (DIx6a-Cre; Prox1-C:EGFP/+ or /F) em-
bryos at E14.5. We then dissociated and transplanted these cells
into wild-type postnatal cortices (P3) and analyzed later at P21
(Fig. 8A). This heterochronic transplantation approach allowed
us to bypass the tangential migratory phase of CGE-derived in-
terneuron precursors and to directly test the ability of mutant
cells to differentiate within the postnatal cortex. Similar experi-
ments using MGE-derived interneuron precursors have shown
that these neurons can properly mature and integrate within the
network (Martinez-Cerdeno et al., 2010) when they are hetero-
chronically transplanted into the postnatal cortex (Wonders et
al., 2008; Southwell et al., 2010; Inan et al., 2012).

In our control transplantation experiments, we observed
EGFP-labeled cells that express VIP-single (without CR; Fig. 8B)
or both CR and VIP (Fig. 8C,D) in a proportion similar to those
observed in control brains where cells have tangentially migrated
from the CGE into the cortex (Fig. 81, compare the control bars;
data without transplantation is shown in proportion from Fig.
4]). In addition, many of these transplanted control cells ac-
quired bipolar morphologies by P21 (Fig. 8B—D). This demon-
strates that VIP-expressing CGE-derived interneuron subtype
can differentiate properly within the developing cortical plate
even without following the normal migratory route from the
CGE. However, when E14.5 ProxI loss-of-function cells were
transplanted, the proportion of EGFP-labeled cells coexpressing
CR and VIP was reduced to one-third of that in controls (Fig. 81,
shaded bar graph, right), and their bipolar morphologies were
severely attenuated (Fig. 8G,H). These results were comparable
to what we observed at P21 in the embryonic ProxI loss-of-
function mutants (DIx6a-Cre; Prox1-C:EGFP/F; Fig. 81, compare
shaded bar graphs of ProxI loss-of-function). These results indi-
cate that the severe phenotype in CR/VIP coexpressing bipolar
interneurons that we observed in ProxI embryonic (DIx6a-Cre)
loss-of-function animals was not due to impaired migration and
displacement of cells but rather arose directly from an intrinsic
requirement for ProxI function during interneuron specifica-
tion. Thus we conclude that ProxI independently regulates both
the migration and differentiation of CGE-derived cortical in-
terneuron subtypes in a cell-autonomous manner.

Discussion

Despite the recognition that 30% of all GABAergic cortical in-
terneurons originate from the CGE, to date, a specific transcrip-
tional program that selectively regulates the development of these
populations has not yet been identified. Moreover, while CGE-
derived interneurons display unique patterns of tangential and
radial migration and preferentially populate the superficial layers
of the cortex, identification of a molecular program that controls
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Figure 8.  Cell migration and bipolar differentiation of CR/VIP-expressing interneurons is
independently and cell-autonomously controlled by Prox7. A, A schematic of heterochronic
transplantation experiments. E14.5 CGE tissue from Dix6a-Cre control and Prox1 conditional
loss-of-function (LOF) embryos (Prox7-C:EGFP/+ and /F) was dissected, dissociated, and sub-
sequently transplanted into WT host P3 cortices, allowing CGE-derived interneuron precursors
to bypass the tangential migration phase and to directly differentiate inside the cortical plate.
B-D, Representative examples of transplanted control EGFP(Prox7)-labeled cells at P21 that are
positive for VIP-single (B) or CR/VIP (C, D) with EGFP labeling shown in black. E-H, Prox1
loss-of-function EGFP-labeled transplanted cells positive for VIP-single (E, F) or CR/VIP (G,
H) at P21. Transplantation did not rescue the embryonic (DIx6a-Cre) Prox1 loss-of-
function phenotype, as only a few EGFP(Prox7)-labeled mutant cells expressed CR/VIP and
these did not possess the characteristic bipolar morphologies of this subtype (G, H).
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these events is lacking. Here, we demonstrate that the homeodo-
main transcription factor Prox1, while initially broadly expressed
within the ganglionic eminences, becomes restricted to postmi-
totic CGE-derived cortical interneuron precursors and is selec-
tively maintained within this population into adulthood. Despite
its relatively uniform expression within CGE-derived interneu-
rons, ProxI function is differentially required during both em-
bryonic and postnatal stages of development and within distinct
subtypes of CGE-derived interneurons (Fig. 9). During cell mi-
gration, ProxI regulates the integration of CGE-derived in-
terneurons into the superficial cortical layers by coordinating
their transition from the subventricular/intermediate zone
stream into the cortical plate. The cortical neurogliaform and
dense plexus interneuron populations (RELN-positive) are re-
duced to 40% without Prox1 function. Furthermore, ProxI is
cell-autonomously required for the morphological development/
maintenance of the CR/VIP-bipolar subtype and proper network
integration of VIP-single population. As such, ProxI is the first
transcription factor to be identified that is specifically required
for the differentiation, circuit integration, and maintenance of
CGE-derived cortical interneurons.

Prox1 is selectively maintained in CGE-derived cortical
interneuron lineages

While Prox1 is initially present in the subventricular zones of all
ganglionic eminences, its expression is maintained only in CGE-
derived but not MGE-derived cortical interneuron precursors
during their respective migration and maturation. What medi-
ates the selective persistence of Proxl expression within CGE-
derived cortical interneurons? It has been recently demonstrated
that canonical B-catenin (Ctnnbl)-dependent Wnt signaling
controls the expression of ProxI in the pallium. Overexpression
of a constitutively active form of 3-catenin induces Prox1 expres-
sion uniformly within pyramidal neurons (Machon et al., 2007;
Karalay et al., 2011). Conversely, perturbation of canonical Wnt
signaling by misexpression of dominant-negative Lefl (Karalay et
al., 2011) increased Fgf signaling (Shimogori et al., 2004) or Zeb2
loss-of-function (Miquelajauregui et al., 2007) eliminated Prox1
expression within the dentate gyrus. Nevertheless, neither gain-
nor loss-of-function manipulation of B-catenin activity in the
GABAergic population targeted by the DIx6a-Cre driver altered
the pattern of Prox1 expression in MGE- and CGE-derived cor-
tical interneuron precursors at E18.5 (data not shown). As such,
to date the only demonstrated role for canonical Wnt signaling in
cortical interneuron generation is in the regulation of cell prolif-
eration within the MGE (Gulacsi and Anderson, 2008). These
findings indicate that canonical Wnt signaling does not regulate
ProxI expression within CGE-derived interneurons. In the fu-
ture, it will be interesting to explore how ProxI is differentially
regulated within the distinct lineages of cortical interneuron
precursors.

In addition to the MGE and CGE, the POA has been shown to
give rise to cortical GABAergic interneurons (Bartolini et al.,
2013; Miyoshi et al., 2013). The POA harbors at least two distinct
progenitor domains that can be delineated by Nkx5-1 and DbxI

<«

1, Bar graphs representing the proportion of CR/VIP or VIP-single-labeled populations in cells
labeled by EGFP(Prox1) expression. The values obtained from the heterochronic transplantation
experiments (transplant+) resembled the results without transplantation (transplant—; see
also Fig. 4J) for both control and Prox7 loss-of-function. Two-tailed ¢ test for transplant-
negative versus positive: p = 0.191(VIP control), p = 0.264(CR/VIP control), p = 0.129(VIP
mutant), p = 0.628(CR/VIP mutant). Error bars represent SEM. Scale bar, 50 m.
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Figure 9.

Prox1 requlates multiple developmental steps of CGE-derived interneurons in a subtype-specific manner. Left, Embryonic, Prox7 is selectively expressed within CGE-derived cortical

interneuron precursors. During embryonic stages, ProxT facilitates the transition of tangentially migrating cells from the intermediate zone (IZ) into the cortical plate (CP) and marginal zone (MZ).
This step s critical for the positioning of CGE-derived interneuron precursors into the superficial layers of the neocortex. Adult, Embryonic (Dlx6a-Cre) and postnatal (Vip-Cre) loss-of-function studies
reveal that ProxT function is differentially required in a stage- and subtype-specific manner. (1) RELN-positive cells were reduced by ~40%. (2) CR/VIP double-positive cells were mostly eliminated
from the cortex and the remaining cells failed to acquire their characteristic bipolar morphology. Sustained expression of Prox1 during postnatal stages is required for the maintenance and survival
of this cell class. (3) The VIP-single population was displaced into deep cortical layers. Prox1 is further required for this interneuron class to receive proper excitatory inputs and to integrate into

superficial neocortical circuits. LOF, loss-of-function; VZ, ventricular zone.

expression. POA-derived interneurons originating from an
Nkx5-1 lineage have been fate mapped using a Nkx5-1BAC-Cre
driver line, and while one-third of this population expresses NPY
(Gelman et al., 2009), none of these interneurons were found to
express PV, SST, VIP, or CR (Calb2). Interestingly, Prox1 expres-
sion was observed in this POA-derived population (Rubin and
Kessaris, 2013). A second POA-derived interneuron population
can be fate mapped using the DbxI-Cre driver, and this pop-
ulation gives rise to interneuron classes with the molecular
profiles including PV, SST, RELN, and VIP (Gelman et al.,
2011). In contrast to the Nkx5-I-expressing POA lineage,
Prox1 does not appear to be expressed in the majority of the
mature DbxI-Cre fate-mapped population since Proxl-
positive interneurons express neither PV nor SST (Fig. 1K).
To further test if ProxI plays any roles in the differentiation
and maturation of POA-derived interneurons, it may be inter-
esting to use the Nkx5-1BAC-Cre and DbxI-Cre lines to re-
move ProxI in future studies.

Our findings demonstrate a sustained requirement for Prox1
throughout the development of CGE-derived cortical interneu-
rons. In this regard, ProxI is similar to DIxI, which promotes
both the embryonic migration of interneuron precursors and
the postnatal maintenance of SST-expressing and VIP-
expressing interneuron subtypes (Cobos et al., 2005b, 2007).
However, our microarray analysis comparing gene expression
levels in control versus ProxI loss-of-function CGE-derived
cells purified from the E18.5 cortex (Table 3) did not reveal
any measurable change in DIx-gene family members as well as
their known target genes (Pak3 and Arx). We conclude that
DIxI and ProxlI transcription factors independently promote
the migration of CGE-derived interneurons through distinct
mechanisms.

Distinct requirements for Prox1 and neuronal activity in the
maturation of CGE-derived interneuron subtypes

It has been recently reported that neuronal activity is required for
multiple aspects of GABAergic interneuron development (Lin et

al., 2008; Bortone and Polleux, 2009; De Marco Garcia et al.,
2011; Inada et al., 2011; Inamura et al., 2012). Within the CGE-
derived interneuron populations, suppression of cell activity im-
pairs the migration and morphological development of the
RELN-expressing and CR/VIP-expressing subtypes, whereas the
VIP-single (CR-negative) class was not affected by this manipu-
lation (De Marco Garcia et al., 2011, 2015; Karayannis et al.,
2012).

Here, we find that VIP-single (CR-negative) interneurons re-
quire Prox1 during embryonic stages for proper laminar posi-
tioning and for receiving proper levels of excitatory input, even
though these cells exhibit relatively normal morphological devel-
opment in the absence of Proxl. Since suppression of activity
itself does not affect the formation of excitatory inputs onto VIP-
single cells (Karayannis et al., 2012), Prox1 appears to regulate the
circuit integration of this cell type in an activity-independent
manner. In contrast, while excitatory inputs onto the RELN-
expressing interneuron class were not affected by loss of ProxI,
intrinsic activity is required for this cell type to receive inputs with
the proper kinetics (Karayannis et al., 2012). Our results support
the idea that each of the CGE-derived interneuron subtypes is
dependent on fundamentally distinct developmental pro-
grams that are driven to different extents by a ProxI-mediated
genetic cascade and intrinsic-activity driven programs (West
and Greenberg, 2011). Thus it appears that ProxI and neuro-
nal activity independently play essential roles in mediating the
connectivity of all CGE-derived interneurons in a subtype-
specific manner.

In summary, we demonstrate that Prox1 function is required
for the laminar positioning and development of all CGE-derived
cortical interneurons (Fig. 9). Clearly, however, its actions in
directing the development of CGE-derived interneurons are both
stage and subtype specific. As such, it will be interesting in future
studies to identify the molecular partners that work both in con-
cert and in parallel with Prox1 to confer distinct CGE-derived
interneuron properties.
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