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22g11 deletion syndrome (22q11DS) frequently accompanies psy-
chiatric conditions, some of which are classified as schizophrenia
and bipolar disorder in the current diagnostic categorization.
However, it remains elusive how the chromosomal microdeletion
leads to the mental manifestation at the mechanistic level. Here
we show that a 22q11DS mouse model with a deletion of 18
orthologous genes of human 22q11 (Df1/+ mice) has deficits in
migration of cortical interneurons and hippocampal dentate pre-
cursor cells. Furthermore, Df1/+ mice show functional defects in
Chemokine receptor 4/Chemokine ligand 12 (Cxcr4/Cxcl12; Sdf1)
signaling, which reportedly underlie interneuron migration. Nota-
bly, the defects in interneuron progenitors are rescued by ectopic
expression of Dgcr8, one of the genes in 22q11 microdeletion.
Furthermore, heterozygous knockout mice for Dgcr8 show similar
neurodevelopmental abnormalities as Df1/+ mice. Thus, Dgcr8-
mediated regulation of microRNA is likely to underlie Cxcr4/Cxcl12
signaling and associated neurodevelopmental defects. Finally, we
observe that expression of CXCL12 is decreased in olfactory neu-
rons from sporadic cases with schizophrenia compared with nor-
mal controls. Given the increased risk of 22q11DS in schizophrenia
that frequently shows interneuron abnormalities, the overall
study suggests that CXCR4/CXCL12 signaling may represent a com-
mon downstream mediator in the pathophysiology of schizophre-
nia and related mental conditions.

hippocampus | dentate gyrus

he 22q11.2 deletion syndrome (22q11DS) is frequently as-

sociated with major mental conditions, such as schizophrenia
(SZ) (1). Some reports have indicated that 22q11DS might ac-
count for up to 1-2% of subjects diagnosed with SZ (2, 3). All of
the genes, except one, in the human 22q11.2 locus exist on mouse
chromosome 16, although the organization is different (4). This
has facilitated the generation of mouse models of 22q11DS,
which carry different-size hemizygous deletions of the 22ql1-
related region (5-8). These mouse models include DfI/+ and
LgDel/+ mice: The former has a deletion from Es2 to Ufdlil,
whereas the latter has a deletion from Idd to Hira. A recent study
using the LgDel/+ mouse model showed that the hemizygous
deletion of the 22ql1-related region led to delayed migration of
interneurons, altered distribution of parvalbumin (PV)-positive
interneurons (9), and reduced Chemokine (C-X-C motif) re-
ceptor 4 (Cxcr4) expression known to play a role in interneuron
migration (10), although it remains to be determined whether
Cxcr4 signaling is impaired or not in this model mouse. Given
that changes in PV-positive interneurons occur in the pathology
of SZ (11, 12), these reports are intriguing. Nonetheless, the
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mechanism and clinical evidence that link these phenotypic
changes are unclear.

DiGeorge syndrome critical region gene 8 (Dgcr8) is one of the
genes in the 22ql1-related region, and has been proposed to be
responsible, at least in part, for psychiatric manifestations (13).
Dgcr8 heterozygous knockout mice show working memory deficits
and sensory information-processing deficits (6, 14), which are also
seen in SZ patients. However, it remains elusive how the deficit
of this specific molecule can underlie these behavior changes.

Here we show that another mouse model of 22q11DS, Df1/+
mice, which have a shorter deletion of the 22q11-related region,
also have abnormal interneuron migration. Using DfI/+ and Dgcr8
heterozygous knockout mice, we directly demonstrate that in-
terneuron progenitors show deficits in Cxcr4/Chemokine (C-X-C
motif) ligand 12(Cxcl12) signaling, and that Cxcr4-dependent hip-
pocampal dentate gyrus development is also affected. Furthermore,
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the decreased preference of DfI/+ interneuron progenitors for
Cxcl12 could be rescued by overexpression of Dgcr8, suggesting
the involvement of Dgcr8-regulated microRNA (miRNA) in this
deficit. Finally, we provide evidence that Cxcl12 is down-regulated
in the olfactory epithelium from SZ patients.

Results

Df1/+ Mice Show Interneuron Migration Deficits. To determine
which genes are responsible for interneuron migration deficits,
we examined DfI/+ mice, which have a shorter deletion com-
pared with LgDel/+ mice (Fig. S14). Immunohistochemical
studies of Lhx6 and Gad67 showed that the distribution of inter-
neurons was altered at embryonic day E18.5 (E18.5), with a re-
duced number in the marginal zone and an increased number in
the deep cortical plate [Lhx6, genotype X layer interaction, Fy 16 =
8.81, P = 0.0006 (n = 3 embryos); Gad67, genotype X layer in-
teraction, Fy 16 = 5.50, P = 0.0056 (n = 3 embryos) (ANOVA)]
(Fig. 1 4 and B and Fig. S1 B and C). Furthermore, the number of
PV-positive interneurons was decreased in the medial prefrontal
cortex of 1-mo-old DfI/+ mice [control mice, 1.05 + 0.24 x 10*
cells per mm?>; Df/+ mice, 7.74 + 0.61 x 10° cells per mm>; P =
0.040 (n = 4-6 mice) (Student ¢ test)]. Taken together, these data
suggest that at least one of the 18 genes deleted in DfI/+ mice
directly underlie interneuron abnormalities.

Medial Ganglionic Eminence-Derived Interneuron Progenitors in Df1/+
Mice Aberrantly Respond to Cxcl12. Previous studies have demon-
strated that Cxcr4/Cxcl12 and Neuregulin/ErbB4 signaling are
crucial for cortical interneuron distribution (15-18). Immuno-
histochemical studies showed that Cxcr4 expression is decreased
in the cortex of E18.5 DfI/+ embryos [genotype, F; 4 = 19.50, P =
0.012 (n = 3 embryos) (ANOVA)] (Fig. 1 C and D), which was
also reported in LgDel/+ mice (10). Furthermore, quantification
of the relative fluorescence intensity of Cxcr4 per cell suggests that
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each cell expresses less Cxcr4 (Fig. 1E). The reduction of Cxcrd
expression was also confirmed by real-time RT-PCR [P = 0.025
(Student ¢ test) (n = 3 E15.5 embryos)] (Fig. 1F). In contrast,
Neuregulin/ErbB4 signaling-related genes were not affected in
Df1/+ medial ganglionic eminence (MGE) and cortex (Fig. S2).
Most interneurons are generated from the subpallium in-
cluding the lateral, medial, and caudal ganglionic eminence (19,
20). To directly examine the responsiveness of Dfl/+ MGE-derived
cells to Cxcl12, we cocultured E13.5 MGE explants obtained from
Df1/+ and control embryos with aggregates of 293T cells express-
ing Cxcl12. This experiment showed the perturbed chemotactic
response of Dfl/+ MGE-derived cells to Cxcl12 [genotype, Fy 15 =
9.37, P = 0.0079 (n = 8-9 embryos) (ANOVA)] (Fig. 1 F-H).

Hippocampal Dentate Precursor Cells in Dff/+ Mice also Show Migration
Deficits. Previous studies indicate that the formation of the hip-
pocampal dentate gyrus (DG) requires Cxcr4/Cxcll2 signaling
(21-23). Immunohistochemical and in situ hybridization analysis
showed decreased expression of Cxcr4 but not Cxcl12 in the Dfl/+
embryonic hippocampus (HP) [genotype, Fy 4 = 7.84, P = 0.049
(n =3 embryos) (ANOVA)] (Fig. 24 and Fig. S3). Furthermore,
stereological analysis showed a statistically significant volume re-
duction in the DG, but not the HP, of perinatal DfI/+ mice [DG,
P =0.0069; HP, P = 0.36 (n = 4 mice) (Student ¢ test)] (Fig. S44).

During development, neuronal precursors of dentate granule
cells migrate to the subpial zone of the DG from the dentate
ventricular zone (dVZ) through the fimbrio-dentate junction
(FDJ) (Fig. 2B). The precursors in the subpial zone then pro-
liferate and generate a large number of DG granule cells during
the first month of postnatal life (21, 22). We first analyzed cell
proliferation following a single injection of BrdU at E18.5 2 h
before sacrifice. The number of BrdU-positive cells was 50%
lower in Df1/+ mice compared with control mice specifically in
the DG but not in the dVZ or the FDJ [genotype, F; g = 9.82,
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P = 0.014 (n = 4-6 embryos) (ANOVA)] (Fig. 2C). The de-
creased proliferation in the E18.5 DG could be caused by the
decreased generation of dentate precursors in the dVZ or by
a migration defect from the dVZ to the DG. To distinguish
between these two possibilities, we examined the generation of
dentate precursors in earlier developmental stages using BrdU.
No difference was observed in the number of BrdU-positive cells
in the dVZ at E15.5 and E16.5 (Fig. S5 4 and B). Additionally,
neither Wnt3a nor Lefl was affected in Df1/+ mice, although
Whnt signaling is known to be essential for the proliferation of
dentate precursors (Fig. S5 C and D) (24). These results support
the hypothesis that the generation of dentate precursors is intact
in Df1/+ mice.

We next examined the effects of 22qll-related region de-
ficiency on the migration of dentate precursors. To trace the
migrating dentate precursors, we performed a BrdU pulse ex-
periment. We injected BrdU at E15.5 and performed analysis at
E18.5. A drastic decrease in the number of BrdU-positive cells
was observed in the DG of DfI/+ mice compared with control
mice, but not in the dVZ and the FDJ [genotype X region
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interaction, I, g = 40.26, P = 0.0001 (n = 3 embryos) (ANOVA)]
(Fig. 2D). The altered distribution of BrdU-positive cells was
also observed at a more caudal level [genotype X region inter-
action, Fog = 8.21, P = 0.012 (n = 3 embryos) (ANOVA)] (Fig.
2E). These results suggest that the migration of dentate pre-
cursors to the DG may be delayed. Furthermore, immunohis-
tochemical analysis of Nestin and Prox1 in the DG of DfI/+ mice
showed widely dispersed Nestin-positive precursors in the DG
(Fig. S6). In contrast, Nestin-positive dentate precursor cells and
Prox1-positive granule cells formed different layered organizations
(Fig. S6). Taken together, these data show that haplodeficiency of
the 22q11-related region caused the migration deficits of dentate
precursors to the DG subpial zone.

Hippocampal Dentate Precursor Cells in Df1/+ Mice also Aberrantly
Respond to Cxcl12. To directly examine whether Cxcr4/Cxcl12 sig-
naling deficits cause DG developmental abnormalities, we per-
formed a transwell migration assay using postnatal day 0 (P0)
Df1/+ DG-derived cells and Cxcl12. Dose-response studies showed
a typical biphasic response in control DG-derived cells, with
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a peak at 0.1 pg/mL of Cxcl12. In contrast, Df1/+ DG-derived cells
showed a lower chemotactic response to Cxcll2, with a peak at
1 pg/mL [dose x genotype interaction, F3 39 = 4.03, P = 0.014
(n = 7-8) (ANOVA)] (Fig. S7A4). Finally, to test whether the
migration of DfI/+ dentate precursors is reduced in a more phys-
iological condition, we cocultured E17.5 dVZ explants with aggre-
gates of Cxcl12-expressing 293T cells in Matrigel matrices. Df1/+
dVZ-derived cells exhibited a decreased response to Cxcl12
compared with control dVZ-derived cells [genotype, F; 19 = 5.51,
P =0.041 (n = 5-7 embryos) (ANOVA)] (Fig. S7B). The migra-
tion of control dVZ-derived cells is Cxcr4-dependent, because a
Cxcr4 inhibitor, AMD3100, inhibited migration [treatment, [, ¢ =
20.18, P = 0.0022 (n = 3 embryos) (ANOVA)] (Fig. S8 A and B).
Thus, microdeletion of the 22qll-related region caused Cxcr4/
Cxcl12 signaling deficits in dentate precursor cells.

Dgcr8 Rescued the Reduced Responsiveness of Df1/+ MGE-Derived
Cells to Cxcl12. To identify the gene, or genes, in the 22q11-
related region that is responsible for the migration deficits ob-
served in DfI/4+ mice, we performed a stripe choice assay. Dis-
sociated E13.5 MGE cells obtained from DfI/+ and control mice
were infected by EGFP-expressing lentivirus and then given
a chance to migrate on top of alternating stripes of 293T cells
nontransfected or transfected with DsRed and Cxcl12 (Fig. 34).
Their final position was identified by fluorescence of EGFP 48 h
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later. Dfl1/+ MGE-derived cells showed a decreased preference
for Cxcll12-expressing cells compared with nontransfected cell
stripes [genotype, Fy13 = 5.55, P = 0.03 (n = 4-7 embryos)
(ANOVA)] (Fig. 3 B and C). For rescue experiments, we used
lentiviral vectors to express a 22qll-related gene—Gnbll,
Zdhhc8, or Dger8—with EGFP. Only Dgcr8 significantly restored
the decreased preference of DfI/+ MGE-derived cells for Cxcl12
[treatment, F;;5 = 10.158, P = 0.0051 (n = 4-7 embryos)
(ANOVA)] (Fig. 3B). To test whether Cxcr4-mediated signaling
is normalized by Dgcr8 or Cxcr4 overexpression, we measured the
Cxcl12-induced increase in intracellular calcium ([Ca*']i) by
Rhod3 Ca”* imaging experiments (Fig. 3 D and E). We applied
various concentrations of Cxcl12 to E13.5 Dfl/+ MGE-derived
neural progenitor cells. The [Ca®*]i response to Cxcl12 was sig-
nificantly decreased in DfI/+ neural progenitors compared with
control neural progenitors [genotype, F; g = 12.82, P = 0.0072
(n =5 embryos) (ANOVA)]. Both Dgcr8 and Cxcr4 rescued this
deficit in [Ca®*]i response to Cxcl12 of DfI/+ MGE-derived
neural progenitor cells [genotype, F ;5 = 6.27, P = 0.011 (n = 5-7
embryos) (ANOVA); Dger8, P = 0.0032; Cxcr4, P = 0.0283
(Fisher’s Least Significant Difference test)].

Finally, to examine whether Dgcr8 or Cxcr4 overexpression is
sufficient to rescue the migration deficits of Dfl/+ MGE-derived
interneurons, we used a slice tissue culture assay. Brain slices
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Fig. 3. Chemotactic deficits of Df17/+ MGE-derived cells are restored by lentivirus-mediated reintroduction of Dgcr8. (A) Schematic of the experimental
design. MGE-derived cells from Df1/+ and control embryos were infected by GFP-expressing lentivirus and plated on top of alternating stripes of 293T cells
nontransfected and transfected with DsRed and Cxcl12. The distribution of MGE-derived cells was assessed 48 h later. (B) Distribution of EGFP-positive MGE-
derived cells from E13.5 Df1/+ and control embryos. For rescue experiments, Gnb1l, Zdhhc8, or Dgcr8 with EGFP was introduced by lentivirus. The dotted lines
indicate the boundary between nontransfected and transfected 293T cells. (Scale bar, 200 um.) (C) Quantification of the percentage of MGE-derived cells on
Cxcl12-expressing 293T cells. Values are mean + SD. *P = 0.03. (D and E) Representative example of [Ca*]i response after Cxcl12 addition in Df1/+ and control
MGE-derived neuronal progenitors. For rescue experiments, Dgcr8 or Cxcrd with EGFP was introduced by lentivirus. Averaged data for the concentration-
dependent effect of Cxcl12 on [Ca®*]i responses (E). Error bars represent the SEM. (F and G) Schematic of the experimental paradigm used to analyze the
effects of Dgcr8 or Cxcrd overexpression on the migration deficits of MGE-derived interneurons from Df1/+ mice (F). Brain slice cultures were prepared from
Df1/+ and control E13.5 embryos. Dgcr8 or Cxcrd with EGFP was introduced by lentivirus (G). Dotted lines represent the pallial/subpallial boundary. Note the
decreased migration from the MGE to the neocortex (Ncx) in Df1/+ mice and the partial rescue of this migration deficit by Dgcr8 and Cxcr4 72 h after infection
[3 days in vitro (DIV3)]. (Scale bar, 300 pm.)
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Fig. 4. CXCL12 is decreased in the olfactory neuronal layer in patients with
SZ. (A) Demographics of human subjects in this study. a, ANOVA; b, Fisher’s
exact test; SANS and SAPS, Scales for the Assessment of Positive and Nega-
tive Symptoms, respectively. (B) Microarray analysis of DGCR8, CXCR4, and
CXCL12 expression in the laser-capture microdissected neuronal layer of the
olfactory epithelium from control and SZ subjects. (C) The expression level of
CXCL12 for each control (circles) and SZ (squares) subject. The results of each
probe are shown separately and correspond to the Affymetrix probeset ID
shown in B. *P = 0.001, **P = 0.036.

were prepared from E13.5 embryos of Df1/+ and wild-type mice.
Lentiviruses, which express GFP with or without Dgcr8 or Cxcr4,
were injected into the MGE (Fig. 3F). Three days after control
GFP-expressing lentiviral infection, a decreased number of GFP+
cells were observed in the cortex of DfI/+ brain slices. In con-
trast, either Dgcr8 or Cxcr4 overexpression at least partially re-
scued the number of GFP-positive cells in the cortex of Dfl/+
brain slices (Fig. 3 F and G). Taken together, our data suggest
that interneuron migration deficits in DfI/+ mice are caused by
Cxcr4/Cxcl12 signaling deficits, and we show that their decreased
responsiveness to Cxcl12 can be rescued by the overexpression
of Dgcr8.

Changes in Downstream Targets of Dgcr8 in the Dff/+ MGE. miR-
200a and miR-224 have been reported to increase Cxcrd ex-
pression (25, 26). Thus, we examined the expression of these
miRNAs in the MGE of E13.5 DfI/+ mice by quantitative real-
time RT-PCR. miR-200a was decreased in the Dfl/+ MGE,
whereas miR-224 was not affected [miR-200a, P = 0.026; miR-
224, P = 0.93 (n = 3 embryos) (Student ¢ test)] (Fig. S94). To
determine whether loss of miR-200a causes Cxcr4 down-regula-
tion in MGE-derived neural progenitors, we used LNA miRNA
inhibitors. MGE-derived neural progenitors were transfected
with anti-miR-200a or anti-miR-224. Anti-miR-200a but not anti—
miR-224 down-regulated Cxcr4 expression 3 d after transfection
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compared with a negative control inhibitor (Fig. S9B). The
decreased level of miR-200a may be partially responsible for the
Cxcr4/Cxcl12 signaling deficits in Df1/4+ mice.

Defects in Migration of MGE-Derived Cells and Dentate Precursor
Cells in Mice of Dgcr8 Haploinsufficiency. To examine whether
Dgcr8 haploinsufficiency affects the development of cortical
interneurons and the DG, we analyzed the neurodevelopment of
Dgcr8 heterozygous mice. Immunohistochemical analysis of Lhx6
and Gad67 revealed that the distribution of interneurons was
also altered in the E18.5 Dgcr8*'~ cortex [Lhx6, layer x genotype
interaction, Fy 24 = 4.21, P = 0.01 (n = 4 embryos); Gad67, layer X
genotype interaction, Fy16 = 5.74, P = 0.0046 (n = 3 embryos)
(ANOVA)] (Fig. 1 A and B and Fig. S1 B and C). Cxcr4 ex-
pression is also decreased in the E18.5 Dgcr8*™ cortex [geno-
type, F14 =19.50, P = 0.012 (n = 3) (ANOVA)] (Fig. 1 C and D).
E13.5 Dgcr8™'~ MGE-derived cells also showed decreased re-
sponsiveness to Cxcl12 when cocultured with Cxcl12-expressing
293T cells [genotype, F17 = 11.34, P = 0.011 (n = 3-6 embryos)
(ANOVA)] (Fig. 1 I and J).

Like the DfI/+ mice, the volume of the DG of PO Dgcr8™'~
mice is decreased [P = 0.036 (n = 6 mice) (Student ¢ test)] (Fig.
S4B). A BrdU pulse experiment showed migration deficits of
dentate precursor cells in the Dger8™'~ HP [genotype X region
interaction; rostral, F,g = 9.77, P = 0.0071 (n = 3 embryos);
caudal, F, 5 = 9.42, P = 0.0079 (n = 3 embryos) (ANOVA)] (Fig.
2 D and E), which was also confirmed by ectopic Nestin-positive
precursors (Fig. S6). E17.5 Dger8*'~ dVZ-derived cells exhibited
a decreased response to Cxcl12 [genotype, F 4 = 9.19, P = 0.039
(n = 3 embryos) (ANOVA)] (Fig. S7C), although the reduced
Cxcr4 expression in the E18.0 Dgcr8*'~ HP was not statistically
significant [genotype, Iy 4 = 3.57, P = 0.13 (n = 3 mice) (ANOVA)]
(Fig. 24). Taken together, these data suggest that Dgcr8 is es-
sential for the normal migration of cortical MGE-derived cells
and hippocampal dentate precursor cells.

CXCL12 Is Reduced in the Neuronal Layers of the Olfactory Epithelium
in Patients with SZ. The above data suggest the significance of
Dgcer8 and its downstream Cxcr4/Cxcl12 signaling in the de-
velopmental abnormalities in a 22q11DS mouse model. Next, we
examined whether this molecular pathway might be altered in
neuronal cells in patients with SZ. It is very difficult to obtain
neurons or neuronal cells from living subjects. However, via
nasal biopsy combined with laser-capture microdissection, we
can obtain neuronal layers of the olfactory epithelium (27). By
using this methodology, we compared the expression of CXCR4,
CXCL12, and DGCRS in the neuronal layers of the olfactory
epithelium between normal controls and sporadic cases of SZ.
The demographic summary is presented in Fig. 44. We observed
a significant reduction in the expression of CXCLI12 in patients
with SZ compared with normal controls, whereas no difference
was observed in the expression of CXCR4 or DGCRS8 between
these two groups (Fig. 4 B and C). A significant difference in the
expression of CXCL12 in sporadic cases of SZ compared with
matched normal controls suggests that the CXCR4/CXCL12
pathway may contribute to the pathophysiology of SZ and be
disturbed in a substantial subgroup diagnosed with SZ.

Discussion

The main findings of the present study are as follows: We dem-
onstrated that the haplodeletion of 18 orthologs of the human
genes in the 22q11.2 region (DfI/+ mice) causes defects in cortical
interneuron migration and hippocampal dentate precursor
migration and shows functional abnormalities in Cxcr4/Cxcl12
signaling. This study shows a direct link between the 22q11
microdeletion and these developmental abnormalities via a Cxcrd/
Cxcl12 signaling deficiency. With multiple lines of evidence, we
proved that Dgcr8 in the 22q11 region might play, at least in part,
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a role as an upstream master regulator. In parallel, in microdis-
section of human neuronal tissues via nasal biopsy, we showed that
CXCL12 expression was significantly decreased in sporadic SZ
patients compared with normal controls. Although it is unlikely,
we acknowledge that the CXCL12 signal may also come from
nonneuronal cells, such as macrophages and sustentacular cells.

Our findings are consistent with a recent study by Meechan
et al. (10), in which the disturbances in the placement of PV
interneurons and the reduced expression of Cxcr4 were reported
in another mouse model of 22q11DS (LgDel/+ mice). In the
present study, by using rescue experiments of Df1/+ interneuron
migration, we could pin down the pivotal role of Dgcr8-mediated
miRNA regulation in the downstream phenotypes of 22q11 de-
letion, including Cxcr4/Cxcll2 functional deficits. miRNA-
mediated regulation can buffer increases or reductions in gene
dosage (28, 29). Haploinsufficiency of Dger8 might disrupt miRNA-
mediated buffering effects, and uncovers the effects of 22q11
microdeletion as well as biological or environmental perturba-
tions. This study will open a window to study Cxcr4/Cxcl12 func-
tional deficits more mechanistically in the context of 22q11DS, in
particular in the link with Dgcr8.

Although 22q11DS accounts for only a very small subset of
SZ, we found significant reduction of CXCL12 levels, but failed
to observe changes in DGCRS levels, in sporadic SZ patients. Of
note, in 22q11DS mouse models, Cxcr4 is affected. We believe
that these two positive (changes in either Cxcr4 or CXCR12) and
negative (no change in DGCRS) results are equally important to
explore a possible link between 22q11DS and SZ. The positive
results of CXCL12 suggest that Cxcr4/Cxcl12 signaling deficits
observed in 22q11DS mouse models may have some relevance in
SZ pathophysiology. DGCRS8 may underlie an upstream etiology
for aberrant CXCR4/CXCL12 signaling deficits in 22q11DS-
associated mental manifestation (including SZ-like disturbances).
However, this specific etiology may not account for most cases of
sporadic SZ. This working hypothesis fits with a well-appreciated
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notion that SZ is caused by multiple etiologies but has some levels
of commonality in the pathophysiology. The proposal from the
present study that CXCR4/CXCL12 may underlie a common
pathophysiology of SZ may have translational potential—for ex-
ample, aiding biomarker cultivation in SZ and related conditions.

Materials and Methods

The generation of Df1/+ 22q11DS model mice was previously described (30).
XGO058 ES cells (BayGenomics; http:/baygenomics.ucsf.edu) were used to
generate Dgcr8*~ mice. Mice were maintained on a C57BI6 genetic back-
ground for at least 11 generations. Mouse colonies were maintained in ac-
cordance with the protocols approved by the Committee on Animal Research
at the Research Institute, Shiga Medical Center.

Olfactory epithelium tissues were obtained by nasal biopsy as previously
described (27). Full details of subjects and clinical assessment and the analysis
of the microarray are presented in S/ Materials and Methods.

Full descriptions of the volumetric measurement of the hippocampus, as
well as descriptions of BrdU labeling analysis, immunohistochemical analysis,
in situ hybridization, chemotaxis assay, explant coculture, stripe choice assay,
slice culture, neural progenitor cell culture, Ca imaging, miRNA real-time
RT-PCR, miRNA knockdown studies, and real-time RT-PCR are detailed in S/
Materials and Methods.

Statistical significance was assessed by unpaired Student t test. All data,
unless stated otherwise, are expressed as mean + SD. For comparisons of more
than two groups, one- or two-way repeated-measures analysis of variance
(ANOVA) followed by Fisher’s LSD test was used. A probability of less than 5%
(P < 0.05) was considered statistically significant.
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