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Figure 7. The 3rd B-propeller domain of LRP4 and scheme of agrin/LRP4/MuSK complex. (A—C) Simulated three-dimensional structure of the 3rd B-propeller
domain of LRP4. Positions of the analyzed mutations are indicated. The RH and EK mutations (red) are identified in our CMS patient. The RW and WS mutations
(yellow) are reported in sclerosteosis-2 (12). Amino acids that are artificially mutated to alanine are shown in purple or green. Mutations at the edge of the B-propeller
domain and in the central cavity are grouped together by boxes. The edge (B) and central cavity (C) of the 3rd B-propeller domain are enlarged to show locations of the
naturally occurring and artificially introduced mutations. The viewing positions of (B) and (C) are not identical to (A). (D) Scheme of agrin/LRP4/MuSK. Arrows
represent direct interactions: Agrin binds to the 1st EGF-like domain and the 1st B-propeller domain of LRP4 (23); MuSK binds to the 4th/5th LDLa repeats and
the 3rd B-propeller domain of LRP4 (4). An artificial missense mutation in the 1st IgG-like domain of MuSK impairs binding to LRP4 (4) and deletion of this
domain abolishes agrin-mediated AChR clustering (24), but the exact LRP4-binding domain(s) of MuSK remain elusive. We propose that the edge of the 3rd
B-propeller domain of LRP4 is essential for binding to MuSK and for signal transduction at NMJ.

fragment in a single direction using ABI SOLiD4 system (Life
Technologies). The sequencing fragments were mapped to the
human genome hgl19/GRCh37 using BioScope 1.4 (Life Tech-
nologies). SNVs/indels were called by Avadis NGS 1.3.1
(Agilent) using default parameters. We restricted our analysis
to 34 candidate genes that were known to be essential for neuro-
muscular signal transmission: ABL2, ACHE, AGRN, APP,
CHAT, CHRNA1, CHRNBI1, CHRND, CHRNE, CHRNG, COLQ,
CSNK2B, DAGI1, DOK7, DTNA, DVLI, ETV5, GFPTI, LAMB2,
LRP4, MUSK, NRG1, NTF4, PAKI1, PGGTIB, PHLDB2, PLEC,
RAPSN, SCN4A, SLCI8A43, SNTB2, STNAI and SYNC.

Primer pairs for each exon and the flanking intron regions of
LRP4 were designed with Primer 3. PCR products were directly
sequenced with ABI PRISM 3730 DNA Analyzer and BigDye
Terminator Cycle Sequencing Kit version 1.1 according to the
manufacturer’s protocols (Applied Biosystems).

Plasmids

Full-length human LRP4 cDNA (Open Biosystems) was cloned
into the EcoRI site of the pcDNA3.1 mammalian expression
vector. The extracellular domain (amino acid 1-1722) of
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Figure8. Artificially engineered p.Val1252Ala (VA)and p.Ile1287Ala (IA) compromise agrin-mediated upregulation of MuSK signaling, whereas p.Asn1214Ala (NA)
and p.Tyr1256Ala (Y A) compromise Wnt-suppressive activity. (A) ATF2-luciferase reporter assay of HEK 293 cells as in Figs 3A and 6B. The IA and VA mutations are at
the edge, whereas the Y A and NA mutations are in the central cavity (see Fig. 7A and Supplementary Material, Movie S1). The RH mutation in our CMS patient is included
asacontrol. (B) TOPFLASH reporter assay of HEK293 cells as in Figs 3C and 6C. (C and D) Cell surface-binding assays as in Figs 5A, B, and 6D. The ALP activities of
bound agrin-mycAP and MuSKect-mycAP in three independent wells are shown in (C). Mean and SD are indicated in (A)—(C).

_.55_

+107 ‘C7 UDIRIAT 110 AUSIOATIN RAOSRAT 1 Fio siwumoihiorke Funy - dni oI naneommorn



1866 Human Molecular Genetics, 2014, Vol. 23, No. 7

human LRP4 cDNA was cloned into the HindIIl and Xbal sites up-
stream of a 3xFlag epitope of a mammalian expression vector
p3xFlag-CMV-14 to generate hLRP4ecd-Flag for the plate-
binding assay. The mouse Musk cDNA in pExpress-1 was pur-
chased from Open Biosystems and was used for the luciferase
assay in HEK293 cells. Human MUSK cDNA with a Flag-tag at
the N-terminal end was cloned into the EcoRI and Xbal sites
of the p3xFlag-CMV-14 to generate Flag-MuSK, and was used
for the co-immunoprecipitation assay. For vector expressing
shRNA against Lrp4, double-stranded oligonucleotides (sense,
5-GATCCCGGAAGTTTCCTGACATAAATTCAAGAGAT
TTATGTCAGGAAACTTCCTTTTGGAAA-3' and 5-AGCT
TTTCCAAAAAGGAAGTTTCCTGACATAAATCTCTTGAA
TTTATGTCAGGAAACTTCCGG-3') were cloned into a lenti-
viral vector pLenti-CMV-GFPx2-DEST, which was kindly pro-
vided by Dr Eric Campeau at the University of Massachusetts
Medical School. The extracellular domain of mouse Musk
cDNA fused to a myc-tag and alkaline phosphatase (MuSKect-
mycAP) was kindly provided by Dr Lin Mei. To generate rat agrin-
mycAP that retains potency to facilitate AChR clustering as a
neural agrin, we cloned amino acid 1141-1937 of rat Agrn
cDNA (M64780.1) into pAPtag-5 (GenHunter) at the HindII
and SnaBl sites, so that the Igk-originated signal peptide is attached
upstream of the insert and the myc-tag/alkaline phosphatase
downstream. Mutant LRP4 plasmids carrying p.Argl170Trp,
p.Trp1186Ser, p.Asnl214Ala, p.Glul233Lys, p.Vall252Ala,
p.Tyr1256Ala, p.Argl277His and p.Ile1287Ala were gener-
ated by the QuikChange Site-Directed Mutagenesis kit (Strata-
gene). Lack of PCR artifacts was verified by sequencing the
entire inserts. Super 8x TOPFLASH plasmid (Addgene),
ATF2-Luc (21) and phRL-TK Renilla luciferase vector
(Promega) were used for the luciferase reporter assay.

Cell cultures

HEK293, L, COS and C2C12 cells were cultured in the Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum and transfected with FuGENE 6 transfec-
tion reagent (Roche). L cells stably expressing Wnt3a were pur-
chased from ATCC. Conditioned media were prepared by
culturing Wnt3a-producing and control L cells for 4 days. The
LRP4ecd-Flag, agrin-mycAP and MuSKect-mycAP proteins
were produced by transfecting each plasmid into HEK293
cells in serum-free DMEM. Recombinant rat C-terminal agrin
(10 ng/ml, R&D systems) was used for agrin treatment except
for the binding assays. For AChR clustering assay, C2C12 myo-
blast were seeded on a plate coated with collagen I (BD Bios-
ciences) and differentiated in DMEM supplemented with 2%
horse serum for 5 days. The differentiated myotubes were elec-
troporated with shLrp4 and each LRP4 ¢cDNA construct using
the NEPA21 electroporator and the CUY900-13-3-5 electrode
for attached cells (NepaGene), and then treated with 2 pg/ml
doxycycline for 2 days to induce shRNA expression. Cells
were treated with 10 ng/ml agrin to induce AChR clusters for
12 h. Cells were stained with 10 mg/ml Axexa594-conjugated
a-bungarotoxin (1:100, Invitrogen) to label AChR and fixed in
2% paraformaldehyde. Fluorescence images were observed
under an Olympus XL 71 fluorescence microscope and analyzed
with MetaMorph software (Molecular Devices). The lengths of

ACHhR clusters and myotubes were defined as the longest axes of
Alexa594 signals and GFP signals, respectively, in the trans-
fected cells. AChR clusters with the axis length <4 um were
excluded from the analysis.

Luciferase assays

HEK?293 cells were transfected with ATF2-Luc and phRL-TK
along with the MUSK and LRP4 cDNAs. Cells were cultured
for 24 h in the presence or absence of agrin in the medium in a
96-well plate. Cells were lysed with the passive lysis buffer
(Promega) and assayed for the luciferase activity using the
Dual luciferase system (Promega). Each experiment was done
in triplicate.

Biotinylation of LRP4 on plasma membrane
and western blotting

HEK293 cells transfected with MuSK and LRP4 plasmids in the
presence of agrin were cultured for 24 h. C2C12 myoblasts trans-
fected with shLrp4 and human LRP4 cDNA using NEPA21 elec-
troporator and electroporation cuvettes (NepaGene) were
cultured in a differentiation medium for 2 days in the presence
of 2 pg/ml doxycycline and 10 ng/ml agrin. Efficient downregu-
lation of Lrp4 was confirmed by quantitative RT—PCR. Cells
were lysed with a buffer containing 50 mm HEPES pH 7.0,
150 mm NaCl, 10% glycerol, 1% Triton X-100, 1.5 mm MgCl,,
1mMm EGTA, 100 mm NaF, 10 mm sodium pyrophosphate,
1 pg/pl aprotinin, 1 pg/pl leupeptin, 1 wg/pl pepstatin A, 1 mm
PMSF, 1 mm sodium orthovanadate. Cell lysates were subjected
to coimmunoprecipitation using 1 pug of anti-phosphotyrosine
antibody (4G10, Upstate) attached to protein G Sepharose beads
(GE Healthcare). For biotinylation of LRP4 on plasma membrane,
LRP4-transfected HEK293 cells were washed twice with PBS
containing 1 mm MgCl, and 0.1 mm CaCl, (PBS/CM), followed
by incubation with 0.5 mg/ml sulfo-NHS-SS-biotin (Pierce) in
PBS/CM at room temperature for 30 min. The cells were then
washed once with PBS/CM and incubated with 10 mm monoetha-
nolamine for quenching free biotin. The cells were harvested with
RIPA buffer (Pierce) after several washing with ice-cold PBS and
the cell lysates were incubated with streptavidin sepharose beads
(GE healthcare) to purify cell membrane protein. Total or precipi-
tated proteins were dissolvedin 1 x laemmii buffer, separated ona
10 or 7.5% SDS —polyacrylamide gel and transferred to a polyvi-
nylidene fluoride membrane (Immobilon-P, Millipore). Mem-
branes were washed in Tris-buffered saline containing 0.05%
Tween 20 (TBS-T) and blocked for 1 h at room temperature in
TBS-T with 3% bovine serum albumin. The membranes were
incubated overnight at 4°C either with the mouse monoclonal
anti-Myc 9E10 (dilution 1:500, sc-40, Santa Cruz Biotechnol-
ogy), anti-Flag M2 (dilution 1:4000, F1804, Sigma-Aldrich),
anti-LRP4 (dilution 1:1000, ab85697, Abcam), anti-MuSK
(1:500, sc-6009, Santa Cruz Biotechnology) or anti-B-actin (dilu-
tion 1:200, sc-47778, Santa Cruz Biotechnology) antibody. The
membranes were washed three times for 10 min with TBS-T and
incubated with secondary goat anti-mouse IgG antibody conju-
gated to horseradish peroxidase (HRP) (1:6000, LNA931 V/AG,
GE Healthcare) for 1h at room temperature. The blots were
detected with Amersham ECL western blotting detection reagents
(GE Healthcare) and quantified with the ImageJ program.
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Preparation of agrin-MycAP, MuSKect-MycAP
and LRP4ecd-flag proteins

Agrin-mycAP and MuSKect-mycAP in the conditioned media
of transfected HEK293 cells were concentrated ~ 100-fold
using Amicon Ultra-4 filters (Millipore). For the cell surface-
binding assay, we used the concentrated conditioned media.
For the plate-binding assay, we further purified agrin-mycAP
and MuSKect-mycAP using the c-myc-Tagged Protein Mild
Purification Kit ver. 2 (MBL). Wild-type and mutant hLRP4ecd-
Flag proteins were purified with the Anti-DYKDDDDK-tag
Antibody Beads (Wako) from the conditioned medium of the
transfected HEK293. Purified MuSKect-mycAP and
hLRP4ecd-Flag were detected by anti-myc antibody (9E10,
Abcam) or anti-Flag antibody (M2, Sigma-Aldrich), respective-
ly. We also measured concentrations of each protein by SDS—
PAGE followed by protein staining with SYBRO Ruby
Protein Gel Stain (Molecular Probes) using BSA as a standard.

Cell surface- and plate-binding assays

For the cell surface-binding assay, COS cells were transfected
with LRP4 using FuGENE 6 (Roche). Cells were incubated
24 h with concentrated conditioned medium containing either
agrin-mycAP or MuSKect-mycAP for 1.5 h at RT. Cells were
washed with HABH buffer (0.5 mg/ml bovine serum albumin,
0.1% NaN; and 20 mm HEPES, pH 7.0, in Hank’s balanced
salt solution), fixed in 60% acetone for 10 min on ice followed
by 4% paraformaldehyde in 20 mM HEPES (pH 7.0) in Hank’s
balanced salt solution for 10 min on ice. Fixed cells were
washed once with 20 mm HEPES (pH 7.0) and 150 mwm NaCl,
incubated at 65°C for 30 min, washed with 0.1 M Tris—HCI
(pH 8.0), washed with water and stained with NBP/BCIP solu-
tion (Roche). For plate-biding assay, the Immuno plate (Nunc)
was coated with™0.15 ng of purified wild-type or mutant
LRP4ecd-Flag at4°C overnight and then incubated with a block-
ing buffer (1%BSA in PBS) at RT for 1 h. For the binding assays,
80 plofserially diluted agrin-mycAP or MuSKect-mycAP were
added to wells that were coated with wild-type or mutant
LRP4ecd-Flaginablocking buffer. The reagents were incubated
for 2 hat RT, and then washed twice with PBS. Bound AP activ-
ity was measured using LabAssay ALP (Wako).

Homology modeling

The primary sequence of the 3rd 3-propeller domain of hLRP4
(accession number: AAI36669, amino acid 1048—1350) and
the coordinates of crystal structure of the 1st B-propeller
domain (amino acid 20-326) of human LRP6 (PDB ID:
3S0V) were loaded into the Molecular Operating Environment
software (MOE, Chemical Computing Group). The primary
structures of each B-propeller domain of hLRP4 and hLRP6
were sequence-aligned and manually corrected by the struc-
ture—alignment method. Molecular mechanics were calculated
by an MMFF94x force field.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Summary: A loss of function of SIP1 (Smad interacting
protein 1) in the mouse as well as in human of Mowat-
Wilson syndrome results in severe and multiple defects
in neural tissue development, especially in the brain.
However, no detailed expression analysis of SIP1 during
brain development has been previously reported. In this
study, we describe the generation of an EGFP knock-in
reporter mouse for the Sip7 locus and our subsequent
analysis of SIP1-EGFP fusion protein expression
during brain development. SIP1-EGFP expression was
observed in the pyramidal neurons of the hippocampus,
the dentate gyrus, and the postmitotic neurons in the cer-
ebral cortex. In‘layer 5 of the cerebral cortex, SIP1-EGFP
expression was complementary to the Ctip2-expressing
neurons, most ‘of which are thought to be the cortico-
spinal neurons. This suggested that SIP1-EGFP express-
ing cells might have the specific trajectory targets other
than the spinal region. We further observed SIP1-EGFP
expression in oligodendrocytes of the corpus callosum
and fimbria, Bergmann glial cells of the cerebellum, the
olfactory bulb, and in the serotonergic and dopaminergic
neurons of the raphe nuclei in the brainstem. These find-
ings may help to clarify the unknown roles of SIP1 in these
cells and the pathoetiology of Mowat-Wilson syndrome.
genesis 52:56-67, 2014. © 2013 Wiley Periodicals, Inc.
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RESULTS AND DISCUSSION

Smad-interacting-protein 1 (Sipl, also called Zeb2/
Zfhx1b) is the causative gene for Mowat-Wilson syn-
drome (Wakamatsu et al., 2001) and encodes a tran-
scription factor containing two-zinc finger clusters and a
homeodomain-like sequence (Verschueren et al., 1999).
SIP1 interacts with the TGF-3 superfamily signaling
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regulator, Smads (Verschueren et al., 1999) and thereby
regulates the expression of the downstream genes (van
Grunsven et al., 2003). Sip1 is expressed in the develop-
ing neural tube, the neural crest cells, the hippocampus,
and the cerebral cortex (Miyoshi ef al., 2006; Van de
Putte et al., 2003). Sip1-deficient mice show defects of
the open neural tube, delamination arrest of the neural
crest cells (Van de Putte et al., 2003), hypo-cellularity of
the enteric neurons, which may be a possible cause of
Hirschsprung disease found in some Mowat-Wilson syn-
drome patients (Van de Putte et al., 2007), a lack of
hippocampus and corpus callosum structures (Miquela-
jauregui et al., 2007), and abnormalities in cerebrocorti-
cal lamination (Seuntjens et al., 2009). Recently, it has
also been reported that Sipl plays important roles in
myelination of the central nervous system (Weng et al.,
2012), and in migration of the cortical interneurons
(McKinsey et al., 2013; van den Berghe et al., 2013).
However, no detailed analysis of SIP1 expression has
been previously carried out and the data that does exist
is insufficient to determine the functional role of SIP1 in
the brain. Although the expression analysis using poly-
clonal antibody for SIP1 is a straightforward method, the
results depend on source of the antibody and the poly-
peptide sequence against which was raised and the
experimental protocols and techniques. Experimental
tools to detect the SIP1 protein expression sensitively
and reproducibly in vivo are therefore needed.
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In this study, we report the generation of an
enhanced green fluorescent protein (EGFP) knock-in
reporter mouse in which the Sip7 locus was subjected
to gene targeted recombination. We then describe the
detailed analysis of the SIP1 expression profile in the
brain during development. The expression of the SIP1-
EGFP fusion protein could be evaluated in this system
by direct detection of green fluorescence in living mice
or by staining of fixed tissues with GFP antibodies.
Through this analysis, SIP1 expression was very clearly
observed not only in the hippocampus and cerebral
cortex (Cx), but also in the oligodendrocytes of the cor-
pus callosum and fimbria, the olfactory bulb (Ob), the
Bergmann glial cells (BG) of the cerebellum, and the
raphe nucleus of the brainstem. These findings have
not been previously reported.

By use of a gene targeting strategy (Fig. 1a), we gener-
ated a SIP1-EGFP knock-in reporter mouse (we desig-
nate the knock-in allele as Sip]S’P TEGEP hereafter)
harboring an in-frame SIP1-EGFP fusion protein in place
of the authentic SIP1 protein at the endogenous Sip/
locus. This animal enabled us to not only use EGFP as a
reporter, but also to trace the subcellular localization of
SIP1 protein to further understand its functional role.
Two out of 192 ES clones were confirmed as the correct
homologs recombinants (Fig. 1b). The germ-line chime-
ras produced from these two independent clones were
then mated to the Cre recombinase expressing mouse
line (Zp3-cre) to delete the neo cassette element,
thereby finally obtaining Sip / SIPIEGEPIT mice.

EGFP fluorescence of unfixed SIP1-EGFP embryos or
brains was detectable (Fig. 1c and data not shown). To
undertake more detailed analysis, we performed immu-
nohistochemistry of Sip 5™/ mice with anti-GFP
antibodies. Gross observations of whole brain tissues
revealed that SIP1-EGFP was expressed in the periven-
tricular zones, cortical plate, and subpallium at embry-
onic day 13.5 (E13.5; Fig. le.f, E13); Ob, hippocampus
and periventricular area at E16.5 (Fig. 1h,i, E16); and
ganglionic eminence (GE), thalamic region, colliculus,
and cerebellum at postnatal day 0 (PO; Fig. 1k,1). Those
expressions were in good accordance with the Sip/
mRNA expressing pattern (Fig. 1d,e,g,h,j,k, Miquelajaur-
egui ef al., 2007; Seuntjens et al., 2009).

A marked expression of SIP1-EGFP was detected in
the cortical plate (CP) at E13.5 (Fig. 2a). Ctip2 is
expressed strongly in layer 5 and weakly in layer 6
(McKenna et al., 2011). By double staining for GFP and
Ctip2, it was further observed that the most pial popu-
lation of SIP1-EGFP expressing cells also expressed
Ctip2 (Fig. 2a-c). At E16.5, SIP1-EGFP was found to be
widely expressed in the entire CP (Fig. 2d). A cell popu-
lation that expressed only SIP1-EGFP (i.e., not Ctip2)
appeared in the upper layer (Fig. 2f). In the middle area
of the CP, the cells expressing only Ctip2 (i.e., not SIP1-
EGFP) were observed (Fig. 2e,f). At around PO, SIP1-
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EGFP- and Ctip2-double-positive cells were observed in
the cells of prospective layer 6 with smaller nuclei [Fig.
2g-i, m-o, (McKenna et al., 2011)]. At layer 5, we
observed that the number of SIP1-EGFP- and Ctip2-
double-positive cells became lower and that of single-
positive cells increased as development progressed
(Fig. 2i,1,0). Ctip2 is expressed in cortico-spinal neurons
(CSNs) but not in callosal neurons in layer 5 (Arlotta
et al., 2005), suggesting that SIP1-expressing cells are
not CSNs, but could form part of the callosal neurons.

In the hippocampus of the Sipr*F"FF/* mice,
strong expression of SIP1-EGFP was observed through-
out the developmental and adult stages (Fig. 3a,e,h).
SIP1-EGFP was detected in the cornu ammonis (CA)1,
CA2, CA3 of the hippocampus and dentate gyrus (DG)
(Fig. 3). At P10, whilst Sox2 expression was detected in
the cells around the DG, SIP1-EGFP positive cells in DG
did not express Sox2 (Fig. 3d), indicating that SIP1-
expressing cells in DG are postmitotic granule cells. At
the adult stages, SIP1-EGFP expressing cells also
expressed the neuronal marker NeulN (Fig. 3h-j). These
results reveal that SIPl-expressing cells in the hippo-
campus are pyramidal neurons.

Around the hippocampus of adult Sip1¥F/ECF/*
mice, we observed tandemly lined SIP1-EGFP positive
cells with small nuclei in the fimbria (Fig. 3h and arrow-
heads in Fig. 3k). The expression of APC, a marker for
oligodendrocytes (Bhat et al., 1996), was observed in
SIP1-EGFP positive cells in the fimbria of 16-week-old
(16 week) adult mice (Fig. 3k-m), suggesting that these
cells are oligodendrocytes. Similar cells (closely apposed
and double-positive for APC and SIP1-EGFP) were also
found in the corpus callosum (data not shown). It has
been reported that SIP1 is expressed in the oligodendro-
cytes of the mouse spinal cord, and is required for myeli-
nation in the central nervous system (Weng et al., 2012).

In the ODb, SIP1-EGFP expressing cells were detecta-
ble throughout the lifetime (Figs. 1h,k and 4a-c). SIP1-
EGFP was expressed in the periglomerular layer (PGL),
granule cell layer (GCL) and mitral cell layer (MCL) (Fig.
4a-f). SIP1-EGFP expression was observed also in the
ventricular and subventricular zone of the lateral ventri-
cle (LV) (Fig. 4a,i) and the rostral migratory stream
(RMS) toward the Ob (Fig. 4a). RMS is composed of the
Tbr1/2-positive neuroblasts (Brill et al., 2009) and sur-
rounding GFAP-positive glial tube cells (Doetsch et al.,
1997). Both of those cell types expressed SIP1-EGFP
(Fig. 4g,h). This is compatible with the phenotype of
the RMS of Sipl-conditional-knockout mice in the neo-
cortex (Nityanandam et al., 2012).

In the cerebellum of the 8 week adult Sip 15777 FFF/*
mice, SIP1-EGFP expressing cells were evident at the
border between the molecular and granular layers (Fig.
5a) and expressed BG marker Sox2 (Sottile et al., 2006)
(Fig. 5a-c) extending their processes to the molecular
layer (Fig. 5d,d’,e,e’). SIP1-EGFP expressing cells were
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FIG. 1. Generation of Sip7SP7-54FP/*+ knock-in reporter mice and overview of the SIP1-EGFP reporter expression profile in the mouse brain.
(a) The strategy used to generate the Sip75F""E5FF knock-in allele by gene targeting. The targeting vector encodes EGFP (green box) fused to
the SIP1 protein carboxy terminus. The loxP-flanked neomycin (neo) selection cassette introduced into intron 8 was eventually removed by
Cre recombinase. The Xbal (X) sites and the expected length of the extra bands on a Southern blot that correspond to the desired homologs
recombination are denoted by the red letters and lines. The 5" and 3’ external probes are indicated by transparent gray bars. The light blue
and open boxes denote the Sip7 coding and noncoding exons, respectively. The dark blue triangles indicate loxP sequences. The triangles
(designated P1, P2, and P3) indicate the primers used for genotyping of the Sip75F " ajlele. (b) Southern blot hybridization analysis of the
ES clones. Using the 5 probe (left) clones #111, #141, and #144 showed an expected additional band of 9.6 kb (red arrowhead). When using
the 3’ probe (right panel), clones #111 and #144 showed a band of the expected length of 12.8 kb (red arrowheads) but the clone #141 did not
(white arrowhead). C1 and C2 are non-targeted control clones. (c) Unfixed brain from a Sip75F7""57* mouse at PO exposed to excitation
light. Anterior is to the left. The anterior areas including the cerebral cortex fluoresced strongly when illuminated with blue light. (d-l) Images
showing the in situ hybridization results with Sip7 antisense mRNA probe on sagittal sections of the wild-type embryo or neonatal mice at
E13.5 (d), E16.5 ég) PO (j), and the immunohistochemical staining results with an anti-GFP antibody on sagittal (e, h, k) or coronal {f, i, ) sec-
tions of the Sip 75" "E5F” mjce at E13.5 (e, f), E16.5 (h, i), PO (k, I). Anterior is to the left. At E13.5, Sip7 mRNA and SIP1-EGFP expression was
observed in the cortical plate, and subpallium (d, ). Aimost all the expression sites of SIP1-EGFP corresponded to the Sip7 mRNA expression
sites. By immunostaining detection, the SIP1-EGFP expression in periventricular areas was remarkable (g}, while the signals detected by in
situ hybridization seem to be weaker (d) than protein detection. At E16.5, Sip7 mRNA and SIP1-EGFP expression was observed in the cortical
plate (Cp), hippocampus (Hipp), periventricular areas, olfactory bulb (Ob), and lobe tip of the cortex (tCx) (g, h, i). At PO, the expression of
Sip7 mRNA and SIP1-EGFP was detected in the cerebral cortex (Cx), hippocampus (Hipp), periventricular area, and olfactory bulb (Ob) (j, k, I).
The expressions were also observed in the thalamic region (Th), cerebellum (Ce), and ganglionic eminence (GE) at PO (j, k). Scale bars, 500 um
ind, e g, h,j k 200 um in f, i, I. Ce, cerebellum; Co, colliculus; Cp, cortical plate; CPu, caudate-putamen; Cx, cerebral cortex; Hipp,
hippocampus; ItCx, lobe tip of the cortex; Lv, lateral ventricle; GE, ganglionic eminence; Ob, olfactory bulb; Th, thalamus; Sp, subpallium.
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found to express neither the Purkinje cell (PC) marker SIP1-positive cells in the Cx, oligodendrocytes, DG,
calbindin (Hatten et al., 1997), nor the golgi cell marker serotonergic, and dopaminergic neurons, suggesting
MGLUR2 (Ohishi et al., 1993) (Fig. 5g,h). At the earlier that SIP1 may have much wider roles in the differentia-
stage, the SIP1-EGFP expressing cells also expressed  tion and/or function of these cells. Our Sip 1577/ /+
Sox2 (Fig. 5f) and they were found to be a distinct pop-  mouse will also provide a useful research tool to further
ulation from the calbindin positive PC progenitors (Fig. analyze and elucidate the role of Sip1 in the future.

5i). It has been reported that the BG is associated with

granule cells in the developing cerebellum and with PC ~ MATERIALS AND METHODS

in the adult cerebellum (Yamada and Watanabe, 2002).

Clarifying the role of SIP1 in the differentiation and  Establishment of a SIP1-EGFP Knock-in Mouse
function of BG would contribute significantly to our Strain

understanding of the pathology of Mowat-Wilson The Sip 159 jllele was generated by homologs

syndrome. recombination in mouse embryonic stem (ES) cells
In the brainstems of the PO Sip! SIPLECTE/Y mice, using a standard gene-targeting protocol as described in
SIP1-EGFP expressions were found in the cellular nuclei our previous report (Higashi et al., 2002). The mouse
among the serotonin-positive cells such as the dorsal 129Sv/J genomic DNA BAC clone BAC 31209 (Nelles
raphe nucleus (DRN) (Fig. 6a-f), and both the Median ¢ 47, 2003) containing the whole Sip! gene region was
and Para-Median Raphe nucleus (MnR and PMnR) (Fig.  ysed to construct the targeting vector. A Sipl genomic
6g-i). SIP1-EGFP expressing cells were also evident  fragment of about 10 kb and covering the region from
among some of the cells in the tyrosine hydroxylase  intron 8-6 kb downstream of the stop codon in exon 9
(TH)-positive Caudal Linear nucleus of the raphe (CLi) was subcloned into an MC1-DTApA cassette (Yanagawa
(Fig.6 g-i). The expression and function of SIP1 in sero- et al, 1999) using the recombineering method
tonergic or dopaminergic neurons in mammals has not (Liu et al., 2003). This generated the MCI-DTApA-
been reported to date. Recently, it has been demon- gSIP1-10kb plasmid.
strated that the SIP1 homolog in the sea urchin is To generate the SIP1-EGFP fusion protein, we intro-
required for the differentiation of serotonergic neurons duced the EGFP coding sequence into the carboxy ter-
in the embryo (Yaguchi et al., 2012), suggesting that  minus of the protein coding sequence in a SIP1
SIP1 may also play this important roles in mammals. expression vector (mSIP1/pcDNA3.1). The termination
In this study, we characterize the SIP1 expression pat- codon (TAG) was changed to Ser (TAA) followed by an
tern in the mouse brain, using a Sip """ knockdn  ,dditional 8 extra amino acids derived from the linker
reporter mouse developed in our laboratory. A common  sequence of pEGFP-N1 (BD Bioscience Clontech, Moun-
feature of the SIPl-expressing regions that were  (ain View, CA). After verifying the fluorescence activity
revealed in our.analysis such as the periventricular area  Jevels of this construct in cultured cells, the 3’ untrans-
(Figs. le,fhk and 4a,g,), GE (Fig. 1k) and BG (Fig. 5) s Jated region (UTR) of SIP1 of ~1 kb was introduced just
that they are all potential neurogenic sites, where the downstream of the stop codon of the EGFP protein,
Sox2 expressions frequently overlapped. The SIP1  (hereby forming the chimeric SIP1-EGFP coding-SIP1
expression was also observed in more differentiated 3'UTR plasmid. A BamH1-Pmll fragment, a unique frag-
and non Sox2-expressing cells such as the cases of the  ment within this chimeric plasmid that incorporates a

FIG. 2. Expression of SIP1-EGFP in the cerebral cortex. Immunostained sections of the Sip7577-E8FP/* mouse brain with anti-GFP anti-
body (a, d, g, j, m), anti-Ctip2 antibody (b, €, h, k, n), and merged images of these immunostaining results (c, f, i, I, 0) at E13.5 (a-c), E16.5
(d-f), PO (g-i, m-0), and P10 (j-}). Before image merging, the window/level values of the image sources were adjusted to provide a clear dis-
crimination between the double (SIP1-EGFP and Ctip2)-positive and single-positive cells. a-| are sagittal sections; m-o are coronal sec-
tions; a~f are sectioned areas of the brain with skin; g-o are isolated brain. (a~c) At E13.5, strong expression of SIP1-EGFP can be
observed in the cortical plate (CP). In the ventricular/subventricular zone (VZ/SVZ), broad and weak expression of SIP1-EGFP is also
observed (a). A few cells strongly expressing SIP1-EGFP were also found in the intermediate zone (IMZ) (a). The most pial population of
SIP1-EGFP expressing cells was also found to express Ctip2, a marker for layer 5 and 6 (c). (d-f) At E16.5 when cortical plate development
is in progress, SIP1-EGFP expression was observed widely in the entire CP (d). Ctip2 expression was observed in the cells with larger nuclei
of prospective layer 5 and in the cells with smaller nuclei of prospective layer 6 (e). A SIP1-EGFP single positive population of cells was
observed in the upper layer at this stage (green signals in f). In the deep layer of the CP, SIP1-EGFP- and Ctip2-double-positive cells were
also observed also at this stage (yellow signals in f). In the middle area of the CP, cells expressing only Ctip2 (negative for SIP1-EGFP) can
be observed (red signals in f). (g-I) After birth, the SIP1-EGFP expression level in the cerebral cortex appears to be gradually decreased (g,
i). Ctip2 expression was observed in the cells with larger nuclei of prospective layer 5 strongly and in the cells with smaller nuclei of pro-
spective layer 6 weakly (h, k). In layer 5, the number of Ctip2-positive cells seems to be increased (red signals in i, |) and that of SIP1-EGFP-
and Ctip2-double-positive cells seems to be lowered (yellow signals in i, |) as development progresses. (m-o) Immunostained coronal sec-
tion of the Sip75"PT"EGFP/* prain with anti-GFP (m) and anti-Ctip2 (n) antibodies at PO, photographed at a higher magnification. SIP1-EGFP
expression could be observed in the entire layer of the cerebral cortex (m). Ctip2 expressing cells in layer 5 with large nuclei and in layer 6
with small nuclei were observed (n); the image in (o) is a merged image of (m) and (n). MZ, marginal zone; CP, cortical plate; IMZ, intermedi-
ate zone; VZ, ventricular zone; SVZ, subventricular zone. Scale bars, 100 um (a—i, m-a); 500 um (j-I).
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FIG. 3. Expression of SIP1-EGFP in the hippocampus, dentate gyrus, and oligodendrocytes. (a~c) Immunostained coronal section of the
PO Sip15/PT-EGFF/* mouse brain with anti-GFP (green signal in a) and anti-Ctip2 (red signal in b) antibodies. (c) is a merged image of (a) and
(b). SIP1-EGFP expression was observed in CA1, CA2, CA3, and the dentate gyrus (a). Ctip2 expression was observed in CA1, CA2, and
dentate glanule cells (b). Aimost all of the SIP1-EGFP positive cells in CA1 expressed Ctip2. In the dentate gyrus, SIP1-EGFP expression
was more widely observed than Ctip2 (c). (d) Double immunostained sagittal section of the P10 Sip 15747+ mouse brain with an anti-
GFP antibody (green) and anti-Sox2 antibody (red). Sox2-expressing cells were detected around the dentate gyrus and were found to be
distinctly different from the cells that express SIP1-EGFP, indicating that SIP1-EGFP expressing cells in the dentate gyrus are postmitotic
granule cells. (e-g) Sagittal section of the P10 Sip75F"-E6F”/* mouse brain immunostained with anti-GFP (g) and anti-Ctip2 (f) antibody. (g)
is a merged image of (e) and (f). Before image merging, the window/level values of the image sources were adjusted to enable a clear dis-
crimination between the double- and single-positive cells. Continuous expression of SIP1-EGFP was observed in the hippocampus and
dentate gyrus after birth. (h-j) Coronal section of the hippocampus from a 16-week-old (16w) Sip75FEGFF/* mouse brain immunostained
with anti-GFP (h) and anti-NeuN (i) antibodies. (j) is a merged image of (h) and (). The window/level values of the image sources were opti-
mized for image merging. SIP1-EGFP positive cells in CA1 were also found to express NeuN, indicating that SIP1-expressing cells in the
hippocampus are pyramidal neurons. CA, cornu ammonis; DG, dentate gyrus. Bars, 100 um (a-d), 500 um (e~g), and 50 um (h~j). (k-m)
Expression of SIP1-EGFP in oligodendrocytes. Coronal sections of the hippocampus of a 16w Sip15F7E£6FF/* mouse brain were immuno-
stained with anti-GFP (green in k) and anti-adenomatous polyposis coli (APC) {red in I) antibodies. (m) is a merged image of (k) and (I).
SIP1-EGFP expression could be observed in tandemly lined interfascicular oligodendrocytes of the fimbriae with small nuclei along the
nerve fascicles in the area surrounding the hippocampus (arrowheads in k). The SIP1-EGFP positive cells also expressed APC, a marker for
oligodendrocytes (m, m’). SIP1-EGFP and APC expression was observed in the nucleus and cytoplasm, respectively, of the oligodendro-
cytes [m’, a higher magnification image of the rectangular region in (m)]. Scale bars: 50 pm (k-m); 10 pm (mY).
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FIG. 4. Expression of SIP1-EGFP in the olfactory bulb. (a—-f) Immunostained sagittal sections of the Sip757""E4™* mouse brain around
the olfactory bulb..(a) and (d) are sections at PO. (a) is a low-magnification image of anti-GFP antibody staining. (d) is a high-magnification
image of a rectangular region of (a) and double-stained with anti-GFP antibody (green) and DAPI (blue). SIP1-EGFP expressing cells could
be observed in the periglomerular layer (PGL) and granule cell layer (GCL) of the olfactory bulb. (b) and (e) are immunostained sections with
anti-GFP antibody at P10. (e} is a double-stained image of (b) with anti-GFP antibody (green) and DAP! (blue). SIP1-EGFP expression was
observed in the developed structures of the olfactory bulb. Also at this stage, many cells in the periglomerular layer (PGL), granule cell layer
(GCL), and mitral cell layer (MCL) of the olfactory bulb expressed SIP1-EGFP. (c) and (f) are immunostained sections with anti-GFP antibody
at 8 week. (f) is a double-stained image of (c) with anti-GFP antibody (green) and DAPI (blue). The continued expression of SIP1-EGFP was
observed in periglomerular layer (PGL), granule cell layer (GCL), and mitral cell layer (MCL) of the olfactory bulb also at adult stage. (g~i)
Immunostained sagittal sections of the Sip7577E&FF/* mouse brain around the olfactory bulb at PO. (g) is a double-stained image with anti-
GFP (green} and Tbr1 (red) antibodies. (h) is a higher-magnification image around the rostral migratory stream stained with anti-GFP (green)
and GFAP (red) antibodies. (i) is a higher-magnification around lateral ventricle (LV) of the same section of (a), double-stained image with
anti-GFP (green) and Sox2 (red) antibodies. A dorsal population of the SIP1-EGFP expressing cells expressed Tbr1, a marker for neuroblast
cells of the rostral migratory stream from dorsal subventricular zone (SVZ) of the lateral ventricle (LV) toward the olfactory bulb (arrowheads
in g). A portion of SiP1-expressing cells in the rostral migratory stream also expressed GFAP, a marker for glial tube cells, which guide the
neuroblasts migration (h). The ventricular zone of the lateral ventricle (LV) expressed both SIP1-EGFP and Sox2. On the other hand, the cells
detached from the ventricular zone alternately expressed SIP1-EGFP or Sox2. SIP1-EGFP and Sox2 double-positive cells were hardly
found in the rostral migratory stream (j). MCL, mitral cell layer; GCL, granule cell layer; PGL, periglomerular layer; GL, glomerular layer; LV,
lateral ventricle; Cx, cerebral cortex. Scale bars, 500 um (a, b, c, e, f, g), 200 pm (d, h, i).

part of SIP1 exon 9, the EGFP coding region and a part ing method thus generating the final targeting vector
of the 3’ UTR, was used to replace the endogenous plasmid (Fig. 1a).

BamH1-Pmll fragment of the MC1-DTApA-gSIP1-10kb R1 ES cells (Nagy et al., 1993) were transformed by
plasmid yielding the MC1-DTApA-gSIP1-EGFP-10kb plas- electroporation with the linearized targeting vector
mid. Finally, the neomycin cassette flanked by the loxP plasmid, followed by G418 selection. The ES cell colo-
sequence from the pGPS211oxFRTNeo vector (Aoyama  nies were then screened for homologs recombination
et al., 2005) was amplified by PCR and introduced into by Southern blotting hybridization against 5’ and 3’
intron 8 at ~1 kb upstream of exon 9 in the MC1- external probes (the positions of these probes are indi-
DTApA-gSIP1-EGFP-10kb plasmid via the recombineer-  cated in Fig. 1a). Among the 192 clones examined, 2
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FIG.5. Expression of SIP1-EGFP in Bergmann glial cells in the cerebelium. (a—-c) Sagittal section of the 8w Sip75'7-ESFF/* mouse cerebel-
lum immunostained with anti-GFP (green signal in a) and anti-Sox2 (red signal in b) antibodies. (c) is a merged image of (a) and (b) with
DAPI counterstaining (blue). SIP1-EGFP expressing cells (green signals in a and c) located around the border between the molecular fayer
and granular layer (blue signal in c) were found to express a Bergmann glial marker, Sox2 (red signals in b and c). (d, d’, e, €’) Immuno-
stained sagittal sections of the 8 week Sip715F"£6F”/* mouse cerebellum with anti-glial fibrillary acidic protein (GFAP) antibodies (red signal
in d and d'), anti-neurofilament 200 (NF 200) antibodies (red signal in e and ¢€'), anti-GFP antibodies (green signal in d, d’, e, €') and DAPI
(blue signal in d, d’ and e, €). (d') and (¢) are higher magnification of the rectangular region of (d) and (e), respectively. It was observed also
that most of the processes (red signals in d, d', e, ') of the SIP1-EGFP expressing cells (green signals in d, d’, e, &) extended to the molec-
ular layer, suggesting that they are unipolar neuroglial cells. (g) Immunostained sagittal section of the 8 week Sip75F7-E87* mouse cere-
bellum with anti-metabotropic glutamate receptor 2 (MGLUR2) antibody (red), anti-GFP antibody (green), and DAPI (blue). The MGLUR2
expressing golgi cells (red) and SIP1 expressing cells (green) are different populations. (h) Immunostained coronal section of the 16w Sip7-
SIFT-EGFPI* mouse cerebellum with anti-Calbindin (red), anti-GFP (green) antibodies, and DAPI (blue). Calbindin-expressing Purkinje cells
(red) were observed to be adjacent to the SIP1-EGFP expressing cells (green). (f) Sagittal section of the PO Sip75¥"-£577* mouse cerebel-
lum immunostained with anti-Sox2 antibody (red), anti-GFP antibody (green) and DAPI (blue). SIP1-EGFP positive cells expressed Sox2 at
the cerebellar developing neonatal stage also. (i) Coronal section of the PO Sip75"F7"EGFF/* mouse cerebellum immunostained with anti-cal-
bindin (red), anti-GFP (green) antibodies, and DAPI (blue). The SIP1-EGFP expressing cells were observed as a distinct population from the
calbindin-positive Purkinje cell progenitors near the granular layer. Bars: 50 pm (a=h), 10 pm (d’ and €’) and 100 pm (j).

clones (#111 and #144) showed hybridization bands of matings with Zp3-cre mice, which express the Cre
the expected length. These clones were further ana-  recombinase exclusively in the growing oocyte during
lyzed and verified by Southern hybridization as correct formation of the zona pellucida extra cellular glycopro-
homologs recombinants. Chimeric mice were gener- tein (Lewandoski et al., 1997). The SIP1-EGFP knock-in
ated by injecting these targeted ES cells into blastocysts mouse strain described here will be available to the
as described previously (Higashi et al., 2002). The male research community upon acceptance of this report for
germ-line chimeric founders from the two independent publication.

ES cell lines (#111 and #144) were identified by the
coat colors of the pups from crosses with C57BL/6N
female mice. The loxP-flanked neomycin (neo) selec-
tion cassette introduced into intron 8 was finally Mice were housed in environmentally controlied
removed by Cre recombinase-mediated excision via ~ rooms of the animal facility of Institute for

Mouse Husbandry and Genotyping
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SiPi-EGFP

FIG. 6. Expression of SIP1-EGFP in the Raphe nucleus. (a-¢c) Coronal section of the PO Sip15FEGF”/* mouse brainstem immunostained

with anti-GFP (a), anti-serotonin (5-HT) (b) antibody and DAPI (c). (a and b) are high-magnification images of the larger rectangular region in
(c). Bars: 500 umf’Diffuse and dispersed SIP1-EGFP expression is evident in the brainstem region and a small cluster of SIP1-EGFP
expressing cells could be observed at the ventral side of the aqueduct (Aq) [rectangular region in (a)]. Serotonergic neurons are detectable
as immunoreactive neurons against a 5-HT antibody on the ventral side of the aqueduct along the midline. The most dorsal area of the 5-HT
positive region is the dorsal raphe nucleus (DRN) [rectangular area in (b)]. (d-f) Higher magnification of the small rectangular region in (a)
and (b). Bars: 50 um. (f) is a merged image of (d) and (e). The expression of SIP1-EGFP (green signal) could be observed in many of the anti-
5-HT immunoreactive cells in the DRN (red signals). Intense 5-HT signal was observed in the cytoplasm and weak signal was found in the
nuclei, whereas SIP1-EGFP expression was evident in the nuclei of the cells in the DRN. (g-i) Coronal section of the PO Sip7S/F7-EGFF/+

mouse brainstem immunostained with anti-GFP (g) and anti-tyrosine hydroxylase (TH) (h) antibodies. (i) is a merged image of (g) and (h).
Some TH-positive dopaminergic neurons in the caudal linear nucleus of the raphe (CLi) were found to express SIP1-EGFP. The SIP1-EGFP
expressing cells were observed also in the median raphe nucleus (MnR), and para-median raphe nucleus (PMnR) near the CLIi. In the CLi
cells, SIP1-EGFP expression was predominantly observed in the cellular nuclei but sometimes in the elongated cytoplasm. TH expression
was observed in the cytoplasm of CLi cells. Bars: 100 um.

Developmental Research (IDR), Aichi Human Service and ICR strains), but they did not seem to survive after
Center, Kasugai, Japan. All experiments were carried backcrossing into the inbred C57BL/ON strain, suggest-
out in accordance with the protocols approved by the ing that the SIP1-EGFP fusion protein dose not work as
Animal Use Committee of IDR, and conformed also to  perfectly as wild-type protein. Genotyping of wild-type
the guidelines of the Japanese government for recombi- and knock-in alleles was performed using genomic DNA
nant DNA experiments. Wild-type ICR mice for in situ extracts of ear punch tissue by PCR with the primers
hybridization were purchased from Japan SLC (Hama- P1; 5-GATGGGAAAATGGAAACCAAATCAGACCAG3
matsu, Japan). Sz’p]SIP TEGFP/Y  mice were crossed (Sip1 allele forward primer), P2; 5-TCGTGCTGCTTCA
between littermates or with ICR mice after backcross- TGTGGTCGGGGTAGC-3' (EGFP knock-in allele reverse
ing for 2-5 generations onto the C57BL/6N strain. We primer), and P3; 5-TTCTGTCCCTCTCTACAGCTTCC
noticed that the homozygous mice of the kock-in allele TGGAAGC-3' (Sipl1 allele reverse primer). The amplifi-
were viable under the mixed genetic background (e.g., cation conditions were 94°C for 5 min, followed by 35
hybrid between 129/sv and C57BL/GN, or C57BL/GON, cycles of 94°C for 30 s, 64°C for 30 s 72°C for 1 min
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and a final 72°C extension step for 7 min. The sizes of
PCR amplicons from the wild-type and mutant alleles
are 188 and 334 bp, respectively.

In Situ Hybridization

As the template for in situ probes, mouse Sip1 full-
length c¢DNA plasmid in pBluescriptll-lKS was used
(Miyoshi et al., 2006; Van de Putte et al., 2003). For
digoxigenin (DIG) (Roche, Mannheim, Germany)-labeled
riboprobes synthesization, SipI cDNA containing plas-
mid were linearized with Notl for antisense and Sall for
sense and transcribed using T3 or T7 polymerase for anti-
sense or sense, respectively. Embryos were fixed with
4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) for an overnight. Postnatal mice were prepared by
perfusion-fixation with 4% PFA in PBS and then postfixed
in 4% PFA in PBS for an overnight. Brains or whole
embryos were embedded in paraffin and sectioned at 8
pm thickness. The sliced specimens were collected on
the MAS coated glass slides (Matsunami, Osaka, Japan)
and deparaffinizated with xylene. After rehydration
and rinsing with PBS, the sections were treated with pro-
teinase K (10 pg/ml) in PBS at room temperature for
5-10 min. After postfixation, the specimens were treated
with 0.2M HCI for 10 min and then acetylated with 0.1M
triethanolamine-HCI (pH 8.0)/0.25% acetic anhydrate for
10 min. The specimens were incubated with DIG-labeled
riboprobe in hybridization solution (50% formamide
(Promega, madison, WI), 10 mM Tris-HCl, pH 7.6, 200
pg/ul tRNA (Life Technologies, Carlsbad, CA), 1X Den-
hardt’s solution, 10% dextran sulfate, 600 mAM NaCl,
0.25% sodium dodecyl sulfate, 1 mAM EDTA, pH 8.0) at
50°C for an overnight. After hybridization, sections were
washed with 50% formamide/2X saline-sodium citrate
(SSC) solution at 55°C for 30 min. To degrade un-
hybridized riboprobe, the sections were treated with
RNaseA (10 pg/ml) (Wako, Osaka, Japan) in TNE (10 mM
Tris-HCI, pH 7.5, 0.5M NaCl and 1 mM EDTA) at 37°C for
30 min. After washing with 2X SSC once and 0.2X SSC
twice at 50°C for 20 min each, sections were washed
and blocked with DIG wash and block buffer (Roche,
Mannheim, Germany) and then immunoreacted to the
alkaline phosphatase (AP)-conjugated anti-DIG antibody
(1:1000; Roche, Mannheim, Germany) at room tempera-
ture for 1 h. Hybridization signals were visualized by BM
purple AP substrate (Roche, Mannheim, Germany). After
color detection, the sections were mounted with CC
mount (DBS, Pleasanton, CA) mounting medium.

Immunohistochemistry

Adult mouse brains were prepared by perfusion-
fixation with 4% PFA in PBS and then postfixed in 4%
PFA in PBS for 4 h. Tissue from embryos was fixed with
4% PFA in PBS for 2-3 h. The embryos or brains were
embedded in OCT compound (Sakura Finetek Japan,
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Tokyo, Japan) or Surgipath compound (Leica Biosystems,
Nussloch, Germany) and frozen in liquid nitrogen. Frozen
embedded compounds were sectioned at a thickness of 8
um and collected onto glass slides. These cryosections
were then washed three times with TBST (Tris buffered
saline with 0.1% Tween 20) and treated with 10% normal
goat serum or 2% bovine serum albumin (Sigma, St. Louis,
MO) to block nonspecific binding. After 20 min incuba-
tion in this blocking solution at room temperature, the
sections were incubated at 4°C overnight with antibodies
against GFP (A11122, 1:250; Invitrogen, Carlsbad, CA; or
GFO90R, 1:500; Nacalai Tesque, Kyoto, Japan), Ctip2
(ab18465, 1:500; Abcam, Cambridge, England), Tbrl
(ab31940, 1:500; Abcam, Cambridge, England), Sox2
(@b97959, 1:1000; Abcam, Cambridge, England), NeuN
(@b77315, 1:500; Abcam, Cambridge, England), APC
(ab16794, 1:20; Abcam, Cambridge, England), calbindin
D-28K (AB1778, 1:500; Millipore, Billerica, MA), neurofi-
lament 200 (N4142, 1:500; Sigma, St. Louis, MO),
MGLUR2 (SAB4501318, 1:100; Sigma, St. Louis, MO),
GFAP (20334, 1:200; Daco), serotonin (55545,1:1000;
Sigma, St. Louis, MO), and tyrosine hydroxylase
(MAB318, 1:200; Millipore, Billerica, MA). After washing,
the specimens were incubated with fluorescent dye-
conjugated secondary antibodies (Invitrogen, Carlsbad,
CA) and 2 pg/ul 4',6-Diamidino-2-phenylindole dihydro-
chloride (DAPI) (Sigma, St. Louis, MO) for 1 h. After wash-
ing, the specimens were mounted using Prolong Gold
mounting medium (Invitrogen, Carlsbad, CA). In the case
of staining for NeuN and APC, a mouse on mouse block-
ing kit and avidin biotin blocking kit (Vector, Burlingame,
CA) were used to block the nonspecific binding of endog-
enous mouse IgG and biotin, respectively.

Fluorescence Image Acquisition and Processing

Images were acquired using an Olympus CCD camera
DP70 mounted on a Nicon E800 microscope with DP
controller (Olympus, Tokyo, Japan) software. The
objective lenses used for image capture were Plan Apo
2X/NAO.1, Plan Fluor 4X/NA0.13, Plan Fluor 10X/
NAO.30, Plan Fluor 20X/NA0.50, and Plan Fluor 40X/
NAO.75. The filter sets used for excitation and emission
wavelength of fluorescent dyes were as follows: 465-
495 nm (excitation for green fluorescent) and 515-555
nm (emission for green fluorescent); 540-580 nm (exci-
tation for red fluorescent), and 600-660 nm (emission
for red fluorescent); 360-370 nm (excitation for DAPI)
and 400 nm (emission for DAPI). Figures were proc-
essed and assembled using Photoshop, Pixelmator,
ImageJ64, and PowerPoint software.
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