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The globus pallidus (GP) is a central component of basal ganglia whose malfunctions cause a variety of neuropsychiatric disor-
ders as well as cognitive impairments in neurodegenerative diseases such as Parkinson’s disease. Here we report that the proto-
cadherin gene Celsr3 is regulated by the insulator CCCTC-binding factor (CTCF) and the repressor neuron-restrictive silencer
factor (NRSF, also known as REST) and is required for the development and connectivity of GP. Specifically, CTCF/cohesin and
NRSF inhibit the expression of Celsr3 through specific binding to its promoter. In addition, we found that the Celsr3 promoter
interacts with CTCF/cohesin-occupied neighboring promoters. In Celsr3 knockout mice, we found that the ventral GP is occu-
pied by aberrant calbindin-positive cholinergic neurons ectopic from the nucleus basalis of Meynert. Furthermore, the guide-
post cells for thalamocortical axonal development are missing in the caudal GP. Finally, axonal connections of GP with striatum,
subthalamic nucleus, substantia nigra, and raphe are compromised. These data reveal the essential role of Celsr3 in GP develop-
ment in the basal forebrain and shed light on the mechanisms of the axonal defects caused by the Celsr3 deletion.

The genes Celsr1, Celsr2, and Celsr3 are members of the mam-
malian nonclustered protocadherin (Pcdh) family that are ho-

mologous to the fly flamingo gene (1). The flamingo gene plays
important roles in dendrite development and self-avoidance, ax-
onal projection, and planar cell polarity (PCP) in Drosophila (2–
7). The mammalian Celsr genes are the so-called core PCP genes
that have conserved as well as newly diversified functions. In par-
ticular, the vertebrate Celsr3 gene has been shown to regulate ax-
onal projections, dendrite development, neuronal migration, cil-
iogenesis, and retina circuit development (8–16). However, very
little is known about Celsr gene regulation.

The globus pallidus (GP) is a central nucleus of the basal gan-
glia (BG) (17, 18). Malfunctions of GP lead to several neuropatho-
logical conditions, such as Parkinson’s disease, as well as many
neuropsychiatric diseases (19). The mouse GP, which corre-
sponds to the GPe in primates, contains approximately 44% of
parvalbumin-positive (PV�) neurons and 1% of calretinin-posi-
tive (CR�) interneurons, but calbindin-positive (CB�) cells are
rare (20, 21). The GP is traditionally thought to be derived from
the medial ganglionic eminence (MGE) (22); however, recent
studies have revealed that, in addition to MGE, subpopulations of
GP cells are also generated from the lateral ganglionic eminence
(LGE) and preoptic area (POA) (21, 23). The molecular require-
ments for GP development are not known, but specific transcrip-
tion factors appear to be essential. For example, Nkx2-1 is required
for the generation of most GP neurons except the Npas1� type
from LGE (23). In addition, Lhx6/8 double-mutant mice do not
have a well-defined GP (24).

The GP functions through extensive axonal connections with
other brain nuclei. For example, GP receives GABAergic axons
from the striatum, glutamatergic fibers from the subthalamic nu-
cleus (STN), dopaminergic axons from the substantia nigra pars
compacta (SNc), and serotonergic axons from the raphe (18, 20).
In turn, GP sends GABAergic fibers to the output nuclei: the en-
topeduncular nucleus (EP, or GPi in primates) and the STN

(18–20). Finally, the cells close to or associated with the develop-
ing GP might assist in the development of the major thalamocor-
tical and corticofugal pathways as guidepost cells in the ventral
forebrain (25–29). However, little is known about the molecular
mechanisms of the development of GP connectivity.

We report that the transcription factors CCCTC-binding fac-
tor (CTCF) and neuron-restrictive silencer factor (NRSF) regulate
the expression of Celsr3 by directly binding to its promoter region.
In particular, the Celsr3 promoter interacts with several other pro-
moters, most of which are enriched with the histone mark
H3K4me3 and CTCF/cohesin, through long-distance DNA loop-
ing. In addition, we report the critical role of Celsr3 in GP devel-
opment and connectivity. Specifically, we have found that the ven-
tral region of the Celsr3 mutant GP is occupied by cholinergic
neurons ectopic from the nucleus basalis of Meynert (NB) and
that the axonal connections of the GP with other nuclei are com-
promised. Taken together, these data suggest that Celsr3, regu-
lated by CTCF/cohesin and NRSF, is essential for GP development
and connectivity.

MATERIALS AND METHODS
Plasmid construction. The sequences for the mouse full-length Celsr3
open reading frame (ORF) (9,930 bp) were cloned from brain total RNA
preparations by reverse transcriptase PCR (RT-PCR) experiments. We
first designed four pairs of primers (F1, AGTAG ATGGT GCCCA
GAGAG CAGTG; R1, GTGCT GATGG CAAAT CGGTT CCGAG; F2,
ACAGC GCCAT CAGCT ACCAA ATCAC; R2, CGTTG CAGTC ATCCA
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CGCTC AACAC; F3, CAGGA GGCCT GAGTG ACGGA CAATG; R3,
GCTGG CCTTG TTTCC TCAGG AGCTG; F4, TTGGA CACCA GCCTG
TCTAG GCAAG; R4, AGGAG TGACC CTCGC TTCTG GGAAC) to
amplify four overlapping fragments of 2,552, 2,553, 3,646, and 1,589 bp,
respectively. We then amplified the first half (4,896 bp) of the Celsr3 ORF
by PCR with the primer pair F5 (CGGAA TTCGC CACCA TGGCG
AGGCG GCCTC TATGG TG with the EcoRI site) and R2 by using the
first two fragments as templates. The PCR product was digested and
cloned between the EcoRI and XbaI sites of the pCAG-Myc expression
vector. The second half (5,322 bp) of the Celsr3 ORF was cloned similarly
with the primer pair F6 (ACCCA GCGGG CTACT CTTCT ACAAC) and
R5 (CCCAA GCTTG AGTGA CCCTC GCTTC TGGGA AC) and inserted
between the XbaI and HindIII sites. The final Celsr3 clone was confirmed
by sequencing with 16 primers covering the entire length. The cloned
sequence contains a total of 36 exons, including a novel 15-nucleotide (nt)
alternative exon (exon 17).

The human full-length NRSF was cloned from the HEC-1-B total
RNA preparation by RT-PCR into pTNT vector (Promega) between the
EcoRI and XbaI sites. The primer set was GGAAT TCAAC ATGGC
CACCC AGGTA ATG and GCTCT AGATT ACTCC TGCCC TTGAG
CT. The region encoding the ZF1-8 domain of NRSF was then subcloned
with a Myc tag coding sequence added to the 3= end. The primers were
CGGAA TTCAC CATGG GTGCT CCAGA TATTT ACA and GCTCT
AGATT ACAGA TCCTC TTCTG AGATG AGTTT TTGTT CGGTA
ATATT ATCAG GCAA. The human full-length CTCF was cloned previ-
ously (30).

The knockdown plasmids for NRSF and Celsr3 were constructed by
ligating the annealed primer pairs into pLKO.1 (Sigma) between the
EcoRI and AgeI sites. For plasmids used to generate the gel-shift probes,
the human CELSR3 promoter region containing putative CTCF or NRSF
motifs was amplified by PCR from the human genomic DNA and cloned
into the pGEM-T vectors (Promega) (CELSR3-CTCF, ACCCA AGCTT
ACCAC AGCAT CCCCG ACG and GGGGT ACCCA CCACT GCACT
CCGAA AGA; CELSR3-NRSF, TCGCC GAGGT TACTT TCCTG and
TTTTT GATTC GGCAC CACGG). For in situ hybridization, the se-
quences of probes for Er81, Lhx6, and Lmo3 were amplified from the
mouse brain cDNA using specific primer pairs (Allen Brain Atlas) and
then cloned into pGEM-T vectors. All constructs were confirmed by se-
quencing.

Cell culture. HEC-1-B, HepG2, IMR-32, and SK-N-SH cells were cul-
tured in minimal essential medium (MEM) (Gibco), supplemented with
10% fetal bovine serum (FBS) (Gibco), 1% penicillin-streptomycin
(Gibco), 2 mM Glutamax (Gibco), and 1 mM sodium pyruvate (Sigma).
HEK 293T cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (HyClone), supplemented with 10% FBS and 1% penicillin-
streptomycin. Cells were maintained at 37°C in a 5% CO2 incubator.

4C-seq. Circular chromosome confirmation capture (4C) libraries for
high-throughput sequencing (4C-seq) were constructed as described pre-
viously (31), with some modifications. Briefly, an E18.5 fetal brain was
dispersed by collagenase (Sigma) treatment in 500 �l of 10% FCS-DMEM
for 45 min at 37°C with shaking at 700 rpm. Cells were then filtered
through a 40-�m cell strainer (BD Biosciences) to make single-cell sus-
pensions and cross-linked with 1% formaldehyde for 10 min at 37°C.
Human SK-N-SH cells were cross-linked directly. The cross-linked DNA
was digested with HindIII (NEB) overnight with shaking at 900 rpm and
then ligated using T4 DNA ligase (NEB). After phenol-chloroform extrac-
tion and ethanol precipitation, the purified DNA was digested with the
secondary restriction enzyme DpnII (NEB) and ligated again. Finally,
4C-seq libraries were amplified from the religated DNA using PCR with
inverse primers, including Illumina adapter sequences (human CELSR3,
AATGA TACGG CGACC ACCGA GATCT ACACT CTTTC CCTAC
ACGAC GCTCT TCCGA TCTCA GGAAC AGCAG CTTAC TATGG
AAG and CAAGC AGAAG ACGGC ATACG AGATC GTGAT GTGAC
TGGAG TTCAG ACGTG TGCTC TTCCG ATCGA ACCTA AGCAG
AGTCC TTGTG AG; mouse Celsr3, AATGA TACGG CGACC ACCGA

GATCT ACACT CTTTC CCTAC ACGAC GCTCT TCCGA TCTCT
GGTGA AGGTG CTTGG TGTCC and CAAGC AGAAG ACGGC
ATACG AGATC GTGAT GTGAC TGGAG TTCAG ACGTG TGCTC
TTCCG ATCAG TGCTG CTCAG GCAAC TCGTA C). Sequencing was
performed using 50-bp single-end reads on an Illumina HiSeq 2000 sys-
tem according to the manufacturer’s specifications. The 4C experiments
were performed in duplicate. Sequenced reads were analyzed and mapped
to the human (GRCh37/hg19) or mouse reference genome (NCBI37/
mm9) by the r3Cseq and visualized in normalized reads per million
(RPM) (32).

ChIP sequencing (ChIP-seq). Chromatin immunoprecipitation
(ChIP) was performed using reagents from the Millipore according to the
manufacturer’s instructions. Briefly, SK-N-SH cells were cross-linked
with 1% formaldehyde for 10 min at 37°C. After quenching with glycine at
a final concentration of 0.125 M, the cells were lysed and sonicated using
a Vibra-Cell ultrasonic processor (Sonics). The lysate was immunopre-
cipitated with antibodies against H3K4me3 (Millipore), H3K27me3 (Mil-
lipore), CTCF (Millipore), or RAD21 (Abcam). The immunoprecipitated
complexes were isolated by using protein G-agarose beads. Following elu-
tion, cross-linked DNA-protein complexes were incubated at 65°C to re-
verse the cross-linking. The DNA was then purified and quantified using
PicoGreen reagent (Invitrogen) for library construction. The libraries
were sequenced using the Illumina HiSeq 2000 platform. Sequenced reads
were mapped to the human genome (GRCh37/hg19) using the program
Bowtie (version 1.0.0) (33), and peaks of H3K4me3, H3K27me3, CTCF,
and RAD21 were determined using MACS software (version 1.4.2) (34).

Recombinant protein production and EMSA. The recombinant hu-
man CTCF and the truncated NRSF (zinc finger 1 to 8) proteins were
synthesized from pTNT-CTCF (30) and pTNT-NRSF(ZF1-8)-myc plas-
mids, respectively, using a TNT T7 quick coupled transcription/transla-
tion system (Promega). All wild-type and mutation probes were produced
by PCR with 5= biotin-labeled primers, and the probes were gel-purified
(CELSR3-CTCF, GAACA ACTGG ACACC TGT and GGAGG CGGGG
CTTCT GCG; CELSR3-RE1a, TGTCT TCCAG GGGCC TCG and
AACCT GATGC AGGAG CTGTC; CELSR3-RE1b, CTGCA TCAGG
TTCAG CACC and AAGAG ACCCC GGGAG CG; CELSR3-RE1b-Mut1,
TGTCT TCCAG GGGCC TCG and AACCT GATGC AGGAG AGGTA).
Gel shift experiments were carried out using the chemiluminescent re-
agent LightShift (Thermo) according to the manufacturer’s instructions.
Monoclonal CTCF antibody (BD Biosciences) and Myc antibody (Milli-
pore) were used for supershift and Western blot experiments.

Lentivirus cloning, packaging, and transduction for shRNA knock-
down. Lentivirus was packaged by cotransfecting 293T cells with the
knockdown plasmid targeting Celsr3, NRSF, CTCF, or Rad21 and two
helper plasmids, the envelope plasmid pMD2.G and the packaging plas-
mid psPAX2. The sequences of the short hairpin RNAs (shRNAs) were
GGAGC AAGTC CTTAT TGAAG T (NRSF), CCTCT TTGTT TACAA
GTGAA A (Celsr3), GTCGA GCTGG ACGGC GACGT A (GFP), and
CAACA AGATG AAGAG CACCA A (scrambled control). Knockdown
efficiency was assayed by infecting human 293T cells or mouse primary
cortical neurons with the lentivirus for knocking down NRSF or Celsr3,
respectively. Five days after infection, cells were harvested, and total RNA
was extracted using TRIzol (Ambion). Real-time PCR was used to assay
the knockdown efficiency. For the knockdown of NRSF and Celsr3, we
screened three shRNAs for each gene and found one with high efficiency.
The CTCF and RAD21 knockdown plasmids were previously reported
(30).

Real-time PCR. Total RNA was isolated from cultured human or
mouse cells by using TRIzol (Ambion). The reverse-transcription reac-
tion was performed by using a reverse transcription system (Promega)
with 1 �g total RNA. Real-time PCR was then performed with primer
pairs in at least three independent experiments (CELSR3, GCTGG
CATTT CGGAC ACG and AGAAG GAGAT GGGAA GCACG G; CTCF,
TCTGG ACGAC AATGA GGATG AG and GCACC TGTAT TCTGG
TCTTC AAC; RAD21, GAGAG AAGAA GTTGG GAACA TCAG and
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TAATA GGAGG TTAGA AGTAG TAGTG CT; NRSF, GGATA ATGAG
CGAGT CTACA AGTG and TATGG GCGTT CTCCT GTATG; GAPDH,
GGAGT CCACT GGCGT CTTCA C and GCAGG AGGCA TTGCT
GATGA T; mouse Celsr3, GCAGT CCTCA AGCAC TCCCT C and
CCTGG TGGCT CCTCA TTCG; mouse NRSF, CGTAT AAATG TGAAC
TTTGT CCT and CCCGT TGTGA ACCTG TCTT; mouse �-actin,
TTGTT ACCAA CTGGG ACGAC and CTGGG GTGTT GAAGG TCTC).
Statistical analysis was performed using Student’s t test.

Cell differentiation. The neuroblastoma IMR-32 cells were main-
tained at 37°C in a saturated humidity atmosphere containing 5% CO2.
After 24 h of plating, all-trans retinoic acid (RA) was added to a final
concentration of 10 �M to induce differentiation. Dimethyl sulfoxide
(DMSO) (0.1%) was added for the vehicle control. The cells were main-
tained for 5 additional days, with the RA- or DMSO-containing medium
being changed every 2 days.

Animals. The Celsr3 deletion mice were previously described (11).
Genotyping was performed by PCR with the primers CCCCC TGAAC
CTGAA ACATA AAATG, ACTTC AGCAC TGCAC CCGAC TTAC and
GCCCT GCGAG AACTA CATGA AATG. All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC)
of Shanghai Jiao Tong University.

Histology and immunohistochemistry. The day on which the vaginal
plug was found was defined as E0.5. The ages of embryos were judged by
the plugging date in combination with age-specific developmental fea-
tures. Nissl staining was performed as described previously (11).

Dams at the appropriate pregnancy date were anesthetized with so-
dium pentobarbital (20 mg/ml) at a dose of 100 mg/kg. Embryos were
obtained by Caesarean section of the dams. The E13.5 embryonic heads
were decollated and immediately immersion fixed in cold 0.1 M phos-
phate-buffered saline (PBS; pH 7.4) with 4% paraformaldehyde (PFA) for
2 to 6 h. The brains of embryos older than E13.5 were removed and fixed.
Adult mice were anesthetized and perfused with PBS, followed by 4% PFA
in PBS. Their brains were then removed and postfixed for 4 to 6 h. After
washed in PBS, the fixed brains were cryoprotected with increasing grades
of sucrose (15% to 30%) in 0.1 M PBS, embedded in optimum cutting
temperature compound (OCT) (Sakura), and sectioned at 14 to 20 �m
with a microtome (Leica).

For immunohistochemistry, sections were washed three times in PBS,
blocked in 3% bovine serum albumin (BSA)– 0.1% Triton X-100 for 1 h at
room temperature (RT), and then incubated with primary antibodies at
4°C overnight. The primary antibodies used were rabbit anti-green fluo-
rescent protein (anti-GFP) (1:2,000; Abcam), rabbit anti-GFP (1:1,000;
Invitrogen), rabbit anti-tyrosine hydroxylase (anti-TH) (1:500; Milli-
pore), rabbit anti-CR (1:2,000; Swant), rabbit anti-CB (1:3,000; Swant),
rabbit anti-activated caspase 3 (1:500; Cell Signaling Technology), mouse
anti-Islet1 (1:100; Developmental Studies Hybridoma Bank [DSHB]),
goat anti-choline acetyltransferase (anti-ChAT) (1:100; Millipore), rabbit
anti-VGLUT2 (1:1,000; Synaptic Systems), rabbit anti-Olig2 (1:500; Mil-
lipore), rabbit anti-NG2 (1:200; Millipore), mouse anti-Nkx2-1 (1:100;
Labvision), mouse anti-glial fibrillary acidic protein (anti-GFAP) (1:
500; Millipore), and rabbit anti-SERT (1:1,000; Immunostar).

For GFAP staining, the fixation time was shortened to 20 min. For
staining with Islet1, Nkx2-1, and SERT antibodies, sections were treated
by antigen retrieval in 10 mM sodium citrate (pH 6.0) before blocking.
After incubation with primary antibodies, sections were washed in PBS
and then incubated with Cy3- or Alexa Fluor 488-conjugated secondary
antibodies (Jackson ImmunoResearch) for 1 h at RT. The sections were
washed again with PBS and mounted with Vectashield DAPI-containing
mounting medium (Vector Laboratories).

Acetylcholinesterase (AChE) histochemistry. For AChE histochem-
istry, we used the protocol described in reference 35, with minor modifi-
cations. Briefly, E18.5 brains were removed and fixed in 4% PFA in PBS
for 2 h. The brains were cryoprotected with 15% and 30% sucrose, em-
bedded in OCT, and sectioned. All the following steps were performed on
a laboratory rotator at 80 rpm. After being rinsed twice in 0.1 M acetate

buffer (pH 6.0), slides were incubated in the reaction solution for 16 h in
the dark. The reaction solution contained 0.12% acetylthiocholine iodide,
0.065 M sodium acetate, 4 mM sodium citrate, 3 mM cupric sulfate, and
0.1 mM potassium ferricyanide. Slides were then rinsed five times (1 min
each) in the acetate buffer, incubated with 1% ammonium sulfide solu-
tion for 5 min and washed five times (1 min each) with 0.1 M sodium
nitrate. Finally, slides were immersed in 0.1% silver nitrate for 5 min,
followed by five changes of 0.1 M sodium nitrate and dehydrated, and
coverslipped before imaging.

Cell birth dating. Pregnant dams at E10.5, E11.5, E12.5, and E13.5
received bromodeoxyuridine (BrdU) (Sigma) at 50 mg/kg with intraper-
itoneal injections. Embryos were harvested at E18.5. For BrdU (1:1,000;
DSHB) labeling, slides were treated with HCl (2 N) for 10 min. BrdU� and
total cells within the GP region were quantified. The counted areas con-
tained at least 150 cells.

Western blotting. For the analyses of Celsr3 and NRSF protein ex-
pression, P21 Celsr3�/� brains and spleens (as a nonneural control) were
removed. Brains were freshly cut at 200 �m with a vibratome. GP, stria-
tum, and cortex regions were then separated under a dissecting micro-
scope. For the comparison of TH or Tau expression levels between control
and Celsr3�/� mice, the telencephalon and diencephalon were removed
from E18.5 brains. These tissues were immediately homogenized in radio-
immunoprecipitation assay (RIPA) buffer (Sigma) and centrifuged at
12,000 � g for 20 min at 4°C to remove the pellets. Western blot experi-
ments were performed according to the standard protocol, with �-actin as
a loading control. The antibodies used were rabbit anti-GFP (1:1,000;
Invitrogen), rabbit anti-NRSF (1:1,000; Millipore), rabbit anti-TH (1:
1,000; Millipore), rabbit anti-Tau (1:1,000; Abcam), and mouse anti-�-
actin (1:10,000; Abcam).

In situ hybridization. In situ hybridization was performed as de-
scribed previously (11). Digoxigenin (DIG)-labeled cRNA probes were
synthesized by in vitro transcriptions with T7 or SP6 polymerase. The
probe targets were as follows: Er81 (nucleotides 1781 to 2454 of
NM_007960.3), Lhx6 (nucleotides 1723 to 2126 of NM_008500.2), and
Lmo3 (nucleotides 735 to 1509 of NM_207222.2).

DiI tracing. After dissection, brains were fixed overnight with 4% PFA
solution. Single crystals of 1,1=-dioctadecyl-3,3,3=,3=-tetramethyl indo-
carbocyanine perchlorate (DiI) (Molecular Probes) were inserted into
various brain regions under a dissecting microscope with fine forceps.

For dorsal thalamus implantation, E13.5 and E14.5 brains were em-
bedded in 5% agarose (Amresco). We first sectioned the brain coronally
from the caudal to the rostral levels with a vibratome to expose the dorsal
thalamus. Single crystals of DiI were then inserted into the dorsal thala-
mus using fine forceps under a dissecting microscope. The brains with DiI
implanted were kept in the 4% PFA solution at RT for 2 weeks in the dark
to allow dye diffusion. Finally, the brains were sectioned coronally from
the dorsal thalamus toward the telencephalon at 150 �m with a vi-
bratome. The sections were counterstained with 4=,6-diamidino-2-phe-
nylindole (DAPI) before being imaged with a Zeiss microscope.

For striatum implantation, the agarose-embedded E18.5 brains were
cut coronally from the olfactory bulb toward the striatum with a vi-
bratome. When the striatum was exposed, single crystals of DiI were in-
serted. After 2 weeks of incubation with the 4% PFA solution, brains were
sectioned further caudally at 150 �m. Sections with GP were collected,
counterstained with DAPI, and imaged.

For GP implantation, rostral parts of the brains were removed to ex-
pose GP. After DiI insertion, brains were kept in 4% PFA for 6 weeks at
RT. Finally, the brains were sectioned caudally at 150 �m. Sections at the
desired levels were collected and imaged.

In utero electroporation. For in utero electroporation, we used the
protocol described in reference 36, with minor modifications. Briefly,
dams at E12.5 were anesthetized with pentobarbital sodium. After the
abdomen had been cleaned, laparotomy was performed and the uteri were
exposed. For electroporation of two vectors, a mixture of pCAG-GFP (2
�g/�l) and pLKO.1-shCelsr3 (2.5 �g/�l) or control constructs was pre-
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pared at a molar ratio of 1:1. The expression vectors were then mixed with
0.05% fast green as a tracer and injected through the uterine wall into the
lateral ventricle. Five electrical pulses were applied at 32 V for a duration
of 50 ms at 900-ms intervals. Six days later, the pregnant mice were sacri-
ficed, and embryonic brains were fixed overnight. The brains were then
mounted with 5% agarose and sectioned at 50 �m with a vibratome.

Imaging and cell counting. Slides were imaged with a Zeiss Axiovert
200 microscope. The pictures in Fig. 3B, Fig. 9D, and Fig. 10D to F and H
were photo merged from small pictures. Cell counting was performed on
images at magnifications of �200. At least three sections of the rostral,
middle, and caudal GP levels were counted. Data were expressed as
means � standard deviations (SD). The significance of differences was
assessed using the two-tailed Student t test.

Nucleotide sequence accession number. The sequence cloned here
can be accessed through GenBank accession number KJ954288.

RESULTS
Inhibition of CELSR3 by NRSF. To understand the mechanisms
of developmental regulation of the Celsr3 gene, we first investi-

gated the expression levels of the Celsr3 proteins in several mouse
brain regions by Western blotting with an anti-enhanced-GFP
(anti-eGFP) antibody using an eGFP reporter mouse line (Fig.
1A) (11). The mouse line was constructed by inserting an eGFP
reporter in frame with the first four amino acid residues of the
Celsr3 protein under the control of the endogenous transcription
and translational signals. We found that Celsr3 is expressed at high
levels in the GP, cortex, and striatum, in contrast to no expression
in the spleen and several nonneural tissues (Fig. 1A and B). This
is consistent with previous reports that the expression of Celsr3 is
neuron specific (37). Interestingly, we found that NRSF, which is
a transcription factor suppressing the expression of neuron-spe-
cific genes in nonneural tissues (38), is expressed at high levels in
the mouse nonneural tissues but at low levels in the brain (Fig. 1A
and B). We found two putative NRSF binding sites located in
tandem in the promoter region of CELSR3 (Fig. 1C), although
most genes contain only one NRSF binding site (39). The two sites

FIG 1 Inhibition of CELSR3 expression by NRSF. (A) Schema of the wild-type (WT) and mutant (Mut) proteins and Western blot of Celsr3 and NRSF in brain
tissues of the P21 Celsr3�/� mice, with spleen as a control. EC, cadherin ectodomain; LG, Laminin-A globular domain; 7-TM, seven transmembrane segments.
(B) Quantitative real-time PCR of Celsr3 and NRSF in P21 mouse tissues. (C) Two noncanonical NRSF motifs located in tandem in the CELSR3 promoter region.
(D) Western blot of the in vitro-translated NRSF proteins. (E) Gel shift and supershift of NRSF with wild-type and mutated NRSF motifs. (F) Relative expression
of CELSR3 genes upon the NRSF knockdown in three different nonneuronal cell lines. Data are means � SD (n � 3). Significance was determined with Student’s
t test. *, P 	 0.05; **, P 	 0.01.

Jia et al.

3898 mcb.asm.org Molecular and Cellular Biology

http://www.ncbi.nlm.nih.gov/nuccore?term=KJ954288
http://mcb.asm.org


contain exactly the same binding motifs (Fig. 1C). Gel shift and
supershift experiments with recombinant NRSF showed that it
binds to both motifs (Fig. 1D and E). Knockdown of NRSF in
several nonneuronal cell lines results in significant increases of
CELSR3 expression (Fig. 1F). Thus, NRSF binds directly to the
CELSR3 promoter region and inhibits its expression.

Role of CTCF and cohesin in CELSR3 gene regulation. To
further investigate the mechanisms of Celsr3 gene regulation, we
performed 4C-seq experiments by using the Celsr3 promoter re-
gion as an anchor in the mouse brain as well as in the human
neural cell line SK-N-SH. We found that the Celsr3 promoter is
looped with the promoter regions of several neighboring genes as
well as several nonpromoter regions in the mouse brain (Fig. 2A).
Similarly, the human CELSR3 promoter also interacts with pro-
moters of several neighboring genes (Fig. 2B). ChIP-seq experi-
ments revealed that all of these looped promoters are occupied by
the active histone mark H3K4me3 (Fig. 2B). In particular, the
CELSR3 promoter is marked by H3K4me3 as well as the chromo-
somal architectural proteins CTCF and cohesin subunit RAD21
(Fig. 2C). Manual inspections identified a putative CTCF-binding
motif in the CELSR3 promoter region. Gel shift experiments
showed that CTCF and the motif form a retarded band which is
supershifted with a CTCF-specific antibody and is abolished by
mutation of the core sequences (Fig. 2D and E). We noted that the
vast majority of the looped promoters are enriched with CTCF
and RAD21 (Fig. 2B and F). Finally, knockdown of CTCF or

RAD21 results in significant increases of CELSR3 expression (Fig.
2G). Importantly, genome-wide analysis revealed that CTCF/co-
hesin complexes, as well as the H3K4me3 mark, are specifically
enriched immediately upstream of transcription start sites (TSS)
in SK-N-SH cells (Fig. 2H), suggesting an architectural role of
CTCF/cohesin in mediating genome-wide promoter-promoter in-
teractions. Taken together, we conclude that CTCF-mediated chro-
matin looping interactions between neighboring promoters are im-
portant in the regulation of Celsr3 gene expression.

Celsr3 expression patterns in GP. To investigate whether
Celsr3 expression is regulated during neural differentiation, we
used retinoic acid (RA) to induce differentiation of the human
neuroblastoma cell line IMR-32. We found significant increases of
human CELSR3 expression upon RA-induced differentiation of
IMR-32 cells (Fig. 3A), consistent with a previous report that
Celsr3 is expressed in differentiated brain nuclei (37). Interest-
ingly, we found that Celsr3 is especially enriched in the differenti-
ated ventral forebrain nuclei of the GP in the developing mouse
embryos (Fig. 3B). Costaining with the GP marker Nkx2-1 (21,
23) demonstrated that the vast majority of GP cells express Celsr3
(Fig. 3C to E). Quantification revealed that 77.2% � 2.8% (n � 3
mice) of Nkx2-1� (GP) cells express Celsr3 at E15.5 (out of 506
Nkx2-1� cells quantified, 391 cells are Celsr3�), 85.7% � 4.6%
(n � 8 sections from 3 mice) at E18.5 (out of 675 Nkx2-1� cells
quantified, 578 cells are Celsr3�), and 97.0% � 1.0% (n � 8 sec-
tions from 3 mice) in the adult (out of 327 Nkx2-1� cells quanti-

FIG 2 Spatial interactome of the Celsr3 promoter region. (A and B) Chromosomal maps of 4C signals, in reads per million (RPM), anchored with the Celsr3
promoter in E18.5 mouse brain tissues (A) and human SK-N-SH cells (B). (C) ChIP-seq signals of H3K4me3, H3K27me3, CTCF, and RAD21 in the CELSR3
promoter. (D and E) Gel shift and supershift of CTCF with wild-type (WT) or mutated (Mut) probes of CELSR3. (F) Read density of H3K4me3, H3K27me3,
CTCF, and RAD21, as well as 4C signals, in three interacting promoters. (G) Relative expression of CELSR3 upon CTCF and RAD21 knockdown. (H)
Genome-wide localization of CTCF, RAD21, and H3K4me3 immediately upstream of TSS. Data are means � SD (n � 3). Significance was determined with
Student’s t test. **, P 	 0.01; ***, P 	 0.001.
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fied, 318 cells are Celsr3�) (Fig. 3F). This prominent expression of
Celsr3 in the GP suggests that Celsr3 may play an important role in
GP development and function.

Abnormal GP in Celsr3 mutant mice. To investigate whether
there are developmental defects of the GP in Celsr3-targeted mice,
we performed DAPI and Nissl staining and found that an aberrant
region where cells are sparse appears at E14.5 in the developing
ventral GP of the Celsr3 mutant mice (Fig. 4A). In addition, this
defect is progressively more pronounced from E14.5 to E18.5 (Fig.
4A). Finally, we found many more GFAP� astrocytes in the mu-
tant GP than in the control, suggesting reactive gliosis resulting
from potential increases of apoptosis (Fig. 4B). Indeed, activated
caspase 3 immunostaining showed an increase of apoptosis in the
mutant GP (Fig. 4C).

We analyzed the GP defect with its marker Nkx2-1 by serial
coronal sectioning from rostral to caudal levels and found that the
distribution of Nkx2-1� cells is disrupted by the same region with
sparse cells (Fig. 4A and D). In particular, this region appears at
the middle and caudal levels (Fig. 4D). Quantification revealed
that the densities of Nkx2-1� cells increase in the mutant dorsal
GP but decrease in the mutant ventral GP (Fig. 4E). In addition,
the difference in cell densities is progressively more pronounced
from the middle to caudal levels (Fig. 4D and E).

Aberrant CB� cells in the mutant GP. To investigate the eti-
ology of the abnormal GP morphology, we performed in situ hy-
bridization with a set of GP-specific transcription factor genes,
such as Er81, Lhx6, and Lmo3 (23). We found that mutant GP cells
maintain the same levels of their expression, suggesting no fate
determination defects in GP (Fig. 5A). In addition, we performed
immunostaining with Olig2 and NG2, which are oligodendrocyte
markers in GP (23), and found no change of oligodendrocytes in
the mutant GP (Fig. 5B and C). Third, we performed birth-dating
experiments with BrdU injection at E10.5, E11.5, E12.5, and
E13.5, which are the main stages of GP neurogenesis (21), and
found no difference in birth timing of GP cells (Fig. 5D). Finally,
we performed CB staining and found aberrant CB� cells in the

mutant ventral GP (Fig. 5E). These CB� cells in the mutant ventral
GP have relatively big soma with leading processes pointing in
different directions (Fig. 5E). Surprisingly, these CB� cells do not
express the GP marker Nkx2-1 (Fig. 5F). This suggests that the
CB� cells in the mutant GP are of ectopic origin.

CB� cells are cholinergic neurons. GP contains cholinergic
neurons that represent an extension from the basal magnocellular
complex (Ch4) (21). This Ch4 complex comprises cholinergic
neurons scattered throughout the ventral pallidum, ansa lenticu-
laris, substantia innominata, magnocellular preoptic nucleus
(MCPO), and NB (40, 41). To determine the origin of the CB�

cells in the mutant ventral GP, we performed costaining with CB
and ChAT, a marker of cholinergic neurons, and found that most
of the CB� cells in the mutant ventral GP are ChAT� (Fig. 6A).
Quantification showed that the vast majority of CB� cells
(88.9% � 7.6%; n � 3 mice) coexpress ChAT (out of 118 CB�

cells quantified, 103 cells are ChAT�) (Fig. 6B). Consistently,
AChE histochemistry showed that the mutant ventral GP has
more AChE signals than controls at the middle to caudal levels
(Fig. 6C). Quantification revealed that cholinergic cells in the mu-
tant GP are significantly increased, especially at the middle to cau-
dal levels (Fig. 6D). Together, these data demonstrated that CB�

cells in the mutant ventral GP are cholinergic neurons.
Aberrant CB� ChAT� cells are of ectopic origin. The expres-

sion of the LIM-homeobox transcription factor Islet1 is specifi-
cally excluded from GP (42). However, there are aberrant Islet1
expression patterns in the mutant ventral GP (Fig. 7A). Costaining
of CB and Islet1 revealed that the vast majority of CB� cells
(91.6% � 3.7%; n � 3 mice) in the mutant ventral GP also express
Islet1 (out of 69 CB� cells quantified, 63 cells are Islet1�) (Fig. 7B
and C). We costained ChAT and Islet1 and found that they are
coexpressed in the mutant ventral GP (Fig. 7D). Quantification
revealed that 81.2% � 4.1% (n � 3 mice) of cholinergic neurons
in the mutant ventral GP coexpress Islet1 (out of 137 ChAT� cells
quantified, 111 cells are Islet1�) (Fig. 7E). The property of coex-
pression of ChAT and Islet1 of these aberrant cells in the mutant is

FIG 3 Prominent expression of Celsr3 in GP. (A) Expression level of Celsr3 in RA-treated IMR-32 cells. (B) Celsr3 expression pattern in the mouse forebrain.
(C to E) Expression of Celsr3 (green) and Nkx2-1 (red) in GP. Examples of coexpressed cells are indicated by arrows. (F) Quantification of the expression of
Celsr3 in Nkx2-1� GP cells. Data are means � SD (n � 3 mice). Significance was determined with Student’s t test. ***, P 	 0.001. Scale bars, 300 �m (B) and 50
�m (C to E).
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similar to that of ChAT� Islet1� NB cells in the control (Fig. 7D
and E). Collectively, the data lead us to conclude that these aber-
rant CB� ChAT� Islet1� cells are of ectopic origin.

Ectopic CB� ChAT� Islet1� neurons are from NB. We found
that the vast majority of cholinergic neurons in NB and MCPO
express Celsr3 (Fig. 8A and B). However, CB is expressed in cho-
linergic neurons from NB (43) but not MCPO, consistent with the
fact that there is no difference between the MCPO regions of mu-
tant and control mice (Fig. 8C). The strong expression of CB by
the cholinergic neurons in the mutant ventral GP (Fig. 6A) sug-
gests that these neurons may be ectopic from NB. Indeed, the
region ventral to GP contains numerous cholinergic NB neurons
in control mice (Fig. 8D). In mutant mice, however, the cholin-
ergic neurons of NB appear to be located within the ventral GP,
and there are no cholinergic neurons ventral to GP (Fig. 8D). As
Islet1 is expressed in about 80% of cholinergic neurons in NB in
the ventral telencephalon (41) (Fig. 7D and E), and taking this in
conjunction with the fact that NB is absent in the corresponding

region of the mutant mice (Fig. 8D), we concluded that the
ChAT� CB� Islet1� neurons in the mutant ventral GP are ectopic
from NB, as shown in the schema in Fig. 8E. To see whether Celsr3
plays cell-autonomous or non-cell-autonomous roles in GP, we
transiently expressed Celsr3 in GP by in utero electroporation and
found that the ventral GP still has similar defects (Fig. 8F), sug-
gesting a non-cell-autonomous role of Celsr3 that is consistent
with its known cell adhesion activities (2).

Missing guidepost cells in the caudal GP. Expression of Celsr3
in the basal forebrain is required for the thalamocortical axon
(TCA) pathfinding (8, 10). However, the underlying mechanisms
are unknown. It has been proposed that cells associated with de-
veloping internal capsule (IC cells) act as transient guideposts for
TCA pathfinding (25–28, 44). We first confirmed the role of Celsr3
in the development of thalamocortical connections by transiently
knocking down Celsr3 in the ventral forebrain through in utero
electroporation using CR as a marker for TCA (Fig. 9A and B) (8,
10, 42). Second, we found that Nkx2-1� cells in the mutant GP

FIG 4 Abnormal GP morphology in Celsr3 mutant mice. (A) DAPI and Nissl staining of the E14.5 and E18.5 GP, respectively. The GP region is indicated. (B)
GFAP staining of the E18.5 GP. (C) Activated caspase 3 staining of the E18.5 GP. (D) Nkx2-1 and DAPI staining of the E18.5 GP at different rostrocaudal levels.
The asterisk indicates the abnormal region with sparse cells in the mutant ventral GP. (E) Quantification of the Nkx2-1� cell densities in the dorsal and ventral
GP at different rostrocaudal levels. dGP, dorsal GP; vGP, ventral GP. Data are means � SD (n � 3 mice). Significance was determined with Student’s t test. *, P 	
0.05; **, P 	 0.01. Scale bars, 200 �m.
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cannot extend caudally at E13.5 and E14.5 (Fig. 9C), stages coin-
ciding with those when TCA makes a sharp turn to the basal fore-
brain from the thalamus (42). The Nkx2-1� cells in the caudal
extension of GP send axons to the dorsal thalamus to guide the

TCA development and are the so-called IC cells (26–29, 45, 46).
Finally, by inserting DiI in the E13.5 and E14.5 dorsal thalamus,
we found no retrogradely labeled cells in the mutant basal fore-
brain, suggesting the absence of guidepost IC cells (Fig. 9D). To-

FIG 5 Aberrant CB� cells in the mutant ventral GP. (A) In situ hybridization of Er81, Lhx6, and Lmo3 with a sense probe as the control. (B and C) Olig2 and NG2
staining (B) and quantification (C) of the oligodendrocytes in the GP. (D) Birth dating of the GP cells with BrdU injected at E10.5, E11.5, E12.5, and E13.5. (E)
CB staining and the schema of the E18.5 control and mutant GP. Abnormal CB� cells are indicated by arrows. (F) CB and Nkx2-1 staining of GP. Note that CB
and Nkx2-1 are not colocalized (arrows). Data are means � SD (n � 3 mice). Scale bars, 200 �m (A to E) and 100 �m (F).
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gether, these data lead us to propose that the absence of caudal GP
IC cells underlies the TCA pathfinding defects in the Celsr3 mu-
tant mice.

Absence of GP axonal connections. In addition to the absence
of IC cells causing TCA pathfinding defects, we found novel GP
axonal connection defects with several brain nuclei. Specifically,
staining with antibodies against CR, VGLUT2, TH, and SERT
revealed no signals in the E18.5 mutant GP, suggesting dramatic
defects of multitude afferent axonal projections to the GP from
other brain nuclei such as the forebrain STN, midbrain SNc, and
hindbrain dorsal raphe (Fig. 10A). To see whether it was caused by
axonal pathfinding defects or axon degeneration after the connec-
tions had been established, we analyzed CR�, VGLUT2�, TH�,
and SERT� axonal fibers in the E15.5 and E13.5 GP. We found
that the mutant GP is free of these axons at both stages (Fig. 10B
and C), suggesting that Celsr3 affects the early axonal pathfinding.

To confirm the axonal connectivity defects, we performed Dil
tracing experiments by inserting DiI in GP or striatum. We found
that DiI inserted in GP resulted in no signals in EP, STN, and SN in
mutants compared with strong signals in controls (Fig. 10D). In

addition, DiI inserted in striatum resulted in no signals in the
mutant GP (Fig. 10E). Taken together, these data indicate that
there is no axonal connectivity between GP and other brain nuclei.

To investigate the underlying mechanism of GP axonal path-
finding defects, we stained sagittal sections with the TH antibody
and found that TH axons from SNc cannot pass through the tel-
encephalon-diencephalon boundary (TDB) and instead turn ven-
trally toward the hypothalamus (Fig. 10F). Western blot con-
firmed the absence of TH proteins in the telencephalon (Fig. 10G).
In fact, CR�, VGLUT2�, and SERT� axons all have similar defects
(Fig. 10H). Thus, we propose that these axons projecting to GP
from discrete brain nuclei are stalled at the TDB (Fig. 10I).

DISCUSSION

GP plays a central role in the neural circuits of BG, and its dys-
functions cause a repertoire of devastating heterogeneous neuro-
logical disorders (19, 47, 48). Here, we report that the protocad-
herin gene Celsr3, a member of core mammalian PCP genes, is
regulated by transcription factors CTCF and NRSF and is required
for GP development. We found that the ventral GP is occupied by

FIG 6 CB� cells in the mutant GP are cholinergic neurons. (A) CB and ChAT staining of the E18.5 GP. Costained CB� ChAT� neurons are indicated by arrows.
(B) Quantification of ChAT� CB� neurons in the mutant GP. (C) AChE labeling of the ventral telencephalon. Note the aberrant AChE signals in the mutant
middle and caudal GP (arrows). (D) Quantification of the density of ChAT� neurons in the rostral, middle, and caudal GP. NB, nucleus basalis. Data are means �
SD (n � 3 mice). Significance was determined with Student’s t test. **, P 	 0.01; ***, P 	 0.001. Scale bars, 100 �m (A) and 400 �m (C).
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aberrant cholinergic cells ectopic from NB. Furthermore, we pro-
vide evidence that Celsr3 is required for the development of axonal
projections between GP and the brain nuclei of the striatum, EP,
STN, SN, and raphe. Taken together, our data reveal a new role of
the protocadherin gene Celsr3 in the morphogenesis of GP and
provide mechanistic insights into the axonal guidance in the
brain.

The Pcdh genes constitute a large subfamily of the cadherin
superfamily that are expressed mainly in the central nervous sys-
tem in a cell- or tissue-specific or developmental-stage-specific
manner (49, 50). In particular, the clustered Pcdh genes are orga-
nized into variable and constant regions and generate enormous
neural diversity by stochastic promoter choice combined with al-
ternative pre-mRNA splicing (51–53). Recently, the neural ex-
pression of the clustered Pcdh genes was found to be controlled by
both CTCF and NRSF (30, 38, 54, 55). In particular, the CTCF/
cohesin complex plays a pivotal role in the promoter choice of the
clustered Pcdh genes by mediating specific DNA looping interac-
tions between enhancers and selective variable promoters (30).
However, virtually nothing is known about the developmental
regulation of members of the Celsr subfamily of nonclustered Pcdh
genes. Here, we found that the Pcdh Celsr3 gene is regulated by
both the insulator CTCF and the repressor NRSF. Specifically, by
a combination of bioinformatics analyses and biochemical exper-

iments, in conjunction with genome-wide ChIP-seq and 4C-seq,
we found that NRSF binds to two sites and CTCF binds to one site
in the Celsr3 promoter region and that the Celsr3 promoter inter-
acts with several neighboring promoters through long-distance
DNA looping. This suggests that CTCF/cohesin-mediated chro-
matin looping is involved in the regulation of the Celsr3 gene.
Interestingly, recent chromatin interaction analysis with paired-
end tag sequencing (ChIA-PET) experiments revealed widespread
CTCF-mediated promoter-promoter or promoter-enhancer in-
teractions (56), and Hi-C experiments revealed largely invariant
topologically associating domains (TADs) in different human and
mouse cell types or tissues (57). Given the enrichment of CTCF
and localization of the active histone mark H3K4me3 in the pro-
moter regions of Celsr3 and several neighboring genes (Fig. 2C
and F), these genes may be coregulated in a TAD by CTCF. Finally,
our data suggested that, in nonneural cells, NRSF represses the
expression of Celsr3 by binding directly to its promoter (Fig. 1).
However, there is no NRSF binding site in the promoter regions of
the Celsr1 and Celsr2 genes, and knockdown of CTCF in SK-N-SH
results in no alteration of Celsr2 gene expression (data not shown),
suggesting that CTCF and NRSF specifically regulate Celsr3 but
not Celsr2.

In the basal forebrain, CB� cells are heterogenous, and one
subtype is cholinergic neurons (43). We found that CB�/ChAT�

FIG 7 CB� ChAT� cells in the mutant are not endogenous GP cells. (A) Islet1 expression pattern in striatum and GP. Note the exclusion of Islet1� cells in the
control but not the mutant GP. (B) Costaining of CB and Islet1 (coexpressing cells are indicated by arrows). (C) Quantification of CB and Islet1 coexpression.
(D) Coexpression of Islet1 and ChAT in the control NB and mutant ventral GP. (E) Quantification of the percentages of Islet� cells in different cholinergic
neuron groups. MCPO, magnocellular preoptic nucleus; NB, nucleus basalis. Data are means � SD (n � 3 mice). Scale bars, 100 �m.
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FIG 8 Aberrant CB� ChAT� cells are ectopic from NB. (A and B) Coexpression of Celsr3 and ChAT (A) and its quantification (B) in NB and MCPO cholinergic
neurons. (C) Costaining of CB and ChAT. Note that most cholinergic neurons in MCPO are CB negative. (D) ChAT and DAPI staining showing relative positions
of GP and NB. (E) Schema of the Celsr3 mutant model. (F) Western blot confirmation of the recombinant Celsr3 expression and in utero electroporation of Celsr3
into the mutant GP. Data are means � SD (n � 3 mice). Scale bars, 200 �m.
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cells are mislocalized in the ventral GP of the Celsr3 mutant fore-
brain. There are four groups of cholinergic neurons in the ventral
telencephalon that originate from both subpallium and pallium
(22, 58, 59). Ch1 neurons in the medial septum and Ch2 neurons
in the vertical limb of the diagonal band project to the hippocam-
pus. Ch3 neurons in the horizontal limb of the diagonal band
project to the olfactory bulb. Ch4 neurons from the basal magno-
cellular complex project to the neocortex (40, 60). The basal mag-
nocellular complex includes NB and MCPO. Abnormality of Ch4
neurons causes impairment in attention and memory, which are
implicated in cognitive defects in Parkinson’s and Alzheimer’s
diseases (61).

Without Celsr3, ectopic cholinergic cells are aberrantly local-
ized in the ventral GP. These ectopic Ch4 neurons appear to be
specifically from NB but not from MCPO. First, although Ch4
neurons in both NB and MCPO express Celsr3 (Fig. 8A and B), the
Ch4 neurons in MCPO are not altered by the loss of Celsr3 (Fig.
8C). Second, in contrast to NB cells, MCPO cells do not coexpress
CB and ChAT (Fig. 8C) (43). Finally, while about 80% of cholin-
ergic neurons in NB express Islet1 (Fig. 7D and E) (41), only about
30% of ChAT� cells express Islet1 in the MCPO (Fig. 7E) (41).
Thus, these CB� ChAT� Islet1� neurons in the mutant ventral GP
are ectopic from NB but not MCPO.

The ventral telencephalon is central for axonal projections
of TCA and corticothalamic axon (CTA) (62). For example, the
GP in the mantle zone of the MGE constitutes a critical deci-
sion region for the early projection of TCA (25, 29, 62). The

Nkx2-1 gene is a specific marker for GP, and the Nkx2-1� cell
domain in the mantle region of the MGE is equivalent to that of
the GP (22, 27, 28).

The Nkx2-1� GP region transiently extends a caudal cell do-
main associated with the internal capsule (IC) at the early embry-
onic stage of E13.5 to E14.5 (Fig. 9C) (27). This Nkx2-1� cell
domain, referred to as VTel1 (27), is required for TCA to cross the
TDB and reach the internal capsule of the ventral telencephalon
(27–29, 46, 63). The TCA then traverses the internal capsule cor-
ridor in close proximity to GP en route to the cortex (42, 64).
Their projections are thought to be guided by the so-called guide-
post cells, aka Nkx2-1� IC cells, to pass through TDB and the
Islet1� corridor (27–29, 42, 46). The phenotype of absence of
caudal extension of Nkx2-1� IC cell domain in the Pcdh Celsr3
mutant is very similar to that of the Pcdh10 mutant (28). Due to
this defect, TCA cannot cross the crucial TDB (28; also this study).
Thus, our data demonstrate a critical role of Celsr3 in patterning
axonal guidance cues and provide a mechanistic insight into the
function of Celsr3 in TCA pathfinding.

Both clustered Pcdh genes and nonclustered Pcdh genes play
roles in diverse cellular functions in neurodevelopment, such as
cell adhesion (65), neuronal migration (11, 13), dendrite develop-
ment (9, 66, 67), spine morphogenesis (66), axon outgrowth (8,
10, 68, 69), and synaptogenesis (70). The molecular mechanisms
underlying these diverse cellular processes are not known; how-
ever, they may regulate actin cytoskeletal dynamics through mo-
lecular switches of small GTPase proteins (66). In particular,

FIG 9 Absence of IC guidepost cells in the mutant ventral forebrain. (A) Celsr3 knockdown in the basal forebrain by in utero electroporation. CR staining showed
the decrease of CR� TCA projections in the striatum and cortex. (B) Knockdown efficiency of shCelsr3. (C) Nkx2-1 and DAPI staining of the E13.5 and E14.5
basal forebrain. (D) Retrograde tracing of IC cells (arrows) by inserting DiI in the E13.5 and E14.5 dorsal thalamus and sectioning rostrally, with a schema. TDB,
telencephalon-diencephalon boundary; ic, internal capsule. Scale bars, 200 �m (A and C) and 400 �m (D). Data are means � SD (n � 3).
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FIG 10 Absence of GP axonal connections in the Celsr3 mutant. (A and B) CR, VGLUT2, TH, and SERT staining of the mutant and control E18.5 (A) and E15.5
(B) GP. (C) CR and TH staining of the E13.5 GP. (D) Axonal tracing with DiI inserted in the E18.5 GP and observed at caudal levels (n � 3 mice). (E) Axonal
tracing at E18.5 by inserting DiI in the rostral striatum and sectioning to GP levels (n � 3 mice). (F) TH staining of forebrain sagittal sections. (G) Western blot
of TH and Tau in the telencephalon and diencephalon with �-actin as a control. (H) CR, VGLUT2, and SERT staining of sagittal sections. (I) Schema depicting
the GP axonal connectivity defects. EP, entopeduncular nucleus; STN, subthalamic nucleus; SN, substantia nigra; Dien, diencephalon; Tel, telencephalon; TDB,
telencephalon-diencephalon boundary. Scale bars, 100 �m (A to C), 400 �m (D to F), and 200 �m (H).
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recent studies identified 
120 diverse membrane-associated pro-
teins, including numerous protocadherins with a conserved
WAVE regulatory complex (WRC)-interacting receptor sequence
(WIRS) motif that may regulate the actin dynamics during cell
migration through the pentamer WRC (69, 71). Interestingly, we
found that the Celsr3 cytoplasmic domain contains a perfect
WIRS motif (LASFNS) that may stimulate actin dynamics during
cell migration. This is consistent with our previous finding of in-
terneuron migration defects in the Celsr3 deletion mice (11). Sim-
ilar defects may occur for the migration of NB cells; in view of the
increased apoptosis in GP, we favor the idea that GP structure is
altered due to cell loss and the NB simply fills the space left by the
dead cells. Strikingly, Pcdh10 also contains WIRS motifs that stim-
ulate activity of the WRC complex (71). Given the high similarity
of the IC cell domain defects in the caudal GP, it is tempting to
speculate that both Celsr3 and Pcdh10 regulate actin dynamics in
the caudal GP at the ventral forebrain through the common
downstream WRC complex.

In summary, we found that Celsr3 is essential for axonal con-
nections between GP and other brain nuclei. Dopaminergic, sero-
tonergic, CR�, and glutamatergic axons all have pathfinding de-
fects through the TDB to the GP in the Celsr3 mutant mice. The
defects of GP connectivity cause diverse human diseases (19).
Celsr3 mutant mice may be a useful model for investigating nor-
mal GP development and its malfunctions in human neurological
diseases.
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