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Background: Dysbindin-1 isoforms are selectively reduced in schizophrenic brains.
Results: Dysbindin-1C is required for the survival of hilar mossy cells and the maturation of adult newborn neurons in the
dentate gyrus.
Conclusion: Dysbindin-1C, but not -1A, regulates adult hippocampal neurogenesis in a non-cell autonomous manner.
Significance: Reduced dysbindin-1C in the schizophrenic hippocampal formation likely contributes to the development of
cognitive deficits.

DTNBP1 (dystrobrevin-binding protein 1), which encodes
dysbindin-1, is one of the leading susceptibility genes for schiz-
ophrenia. Both dysbindin-1B and -1C isoforms are decreased,
but the dysbindin-1A isoform is unchanged in schizophrenic
hippocampal formation, suggesting dysbindin-1 isoforms may
have distinct roles in schizophrenia. We found that mouse dys-
bindin-1C, but not dysbindin-1A, is localized in the hilar gluta-
matergic mossy cells of the dentate gyrus. The maturation rate
of newborn neurons in sandy (sdy) mice, in which both dysbin-
din-1A and -1C are deleted, is significantly delayed when com-
pared with that in wild-type mice or with that in muted (mu)
mice in which dysbindin-1A is destabilized but dysbindin-1C is
unaltered. Dysbindin-1C deficiency leads to a decrease in mossy
cells, which causes the delayed maturation of newborn neurons.
This suggests that dysbindin-1C, rather than dysbindin-1A, reg-
ulates adult hippocampal neurogenesis in a non-cell autono-
mous manner.

Adult hippocampal neurogenesis, a unique form of neural
network plasticity, including genesis of newborn neurons and
establishment of new synapse contacts, is required for learning
and memory (1, 2). Compelling evidence has shown that failing
adult hippocampal neurogenesis is associated with the patho-
genesis of schizophrenia, dementia, age-related cognitive
decline, epilepsy, and major depression (3). However, how
impaired adult hippocampal neurogenesis contributes to the
pathogenesis of schizophrenia has not been extensively inves-

tigated. Remarkably, in addition to affecting prenatal and neonatal
neurodevelopment, schizophrenia risk gene mutations impair
adult-born neuronal development. The DISC1 (disrupted-in-
schizophrenia 1) gene is a key regulator that orchestrates the
tempo of functional neuronal integration in the adult mouse
brain (4). Other risk genes have also been found to be involved
in the regulation of adult hippocampal neurogenesis, such as
NPAS3 (neuronal PAS domain protein 3) (5) and SREB2/
GPR85 (G protein-coupled receptor 85) (6).

DTNBP1 (dystrobrevin-binding protein 1), which encodes
dysbindin-1, is a major susceptibility gene for schizophrenia
(7–9). It has shown that the sandy (sdy) mouse, which arose on
the DBA/2J inbred strain and carries a spontaneously occurring
large deletion (�38 kb), which spans intron 5 to intron 7 in the
Dtnbp1 gene (10), is a mouse model of schizophrenia (11–14).
Neuronal differentiation of adult-born neurons in the dentate
gyrus (DG)2 is impaired in sdy mice, although the underlying
mechanism is unclear (15). Interestingly, synaptic dysbindin-1
protein levels in different brain regions of schizophrenia
patients are reduced in an isoform-specific manner. Notably,
dysbindin-1B and -1C isoforms are reduced but the dysbin-
din-1A isoform is unchanged in schizophrenic hippocampal
formation (HF) (16). However, the contribution of the reduc-
tion of dysbindin-1 isoforms in HF to schizophrenia is
unknown.

There are at least three isoforms of dysbindin-1 in primates.
Dysbindin-1A is the longest isoform (351 amino acids in human
and 352 amino acids in mouse). Human dysbindin-1B contains
303 amino acids with a shorter C terminus compared with dys-
bindin-1A, but there is no known mouse or rat ortholog of
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human dysbindin-1B (7). Dysbindin-1C isoform (270 amino
acids in human and 271 amino acids protein in mouse) lacks the
N-terminal 81 amino acids compared with the dysbindin-1A
isoform (7). Our previous 5�-rapid amplification of cDNA ends
assay revealed that mouse dysbindin-1C mRNA lacks exons
1– 4 and contains a stretch of 5�-untranslated sequence located
on intron 4 of dysbindin-1A, suggesting the usage of an alter-
native promoter in intron 4 (GenBank accession number
AY265461) (10). This study focused on the dysbindin-1A iso-
form, which is a subunit of the biogenesis of lysosome-related
organelles complex 1 (BLOC-1 complex) (10). BLOC-1 com-
plex is involved in lysosomal trafficking and biogenesis of lyso-
some-related organelles (17). By sorting and trafficking cargo
proteins, dysbindin-1 is critical for synaptic vesicle biogenesis
(18 –20) and postsynaptic receptor trafficking (21–25) in neu-
rons. Dysbindin-1 likewise forms a complex with WAVE-2
(Wiskott-Aldrich syndrome protein family verprolin-homolo-
gous protein 2) and Abi-1 (Abelson interacting protein-1) to
regulate dendritic spine formation (26). In addition, dysbin-
din-1 interacts with dystrobrevins (components of the dystro-
phin-associated protein complex (DPC)) in skeletal muscle and
the brain, although its physiological relevance to neurodevelop-
ment remains uncertain (27, 28). Lack of dysbindin-1 results in
dysregulation of hippocampal synaptic transmission (29 –31),
which could contribute to the pathogenesis of schizophrenia.
Thus, different dysbindin-1 isoforms may function in different
pathways. However, how the dysbindin-1 isoforms are involved
in adult hippocampal neurogenesis is unknown.

In this study, by using the sdy mice, in which both dysbin-
din-1A and -1C are deleted (1A�/1C�) (10), we explore the
putative functions of dysbindin-1A and -1C in adult hippocam-
pal neurogenesis by choosing wild-type controls (1A�/1C�)
and muted (mu) mice (32), in which only dysbindin-1A is desta-
bilized, whereas dysbindin-1C is unaltered (1A�/1C�). We
found that dysbindin-1C, but not dysbindin-1A, promotes the
maturation of adult newborn neurons in the DG in an isoform-
specific and BLOC-1-independent manner.

EXPERIMENTAL PROCEDURES

Mice—The sdy mutant (sdy/sdy, dysbindin deficiency) and its
wild-type control DBA/2J (DBA) mice, the mu mutant (mu/mu,
muted deficiency) and its wild-type control CHMU/Le, and the
pa mutant (pa/pa, pallidin deficiency) and its wild-type control
C57BL/6J (B6) were originally obtained from The Jackson Lab-
oratory, transferred from the Dr. Richard T. Swank laboratory,
and bred in the animal facility of the Institute of Genetics and
Developmental Biology, Chinese Academy of Sciences. These
three mutant colonies were frequently backcrossed to their par-
ent wild-type strains during their maintenance. All procedures
were approved by the Institutional Animal Care and Use Com-
mittee of Institute of Genetics and Developmental Biology
(mouse protocol KYD2005-006). To ensure accurate identifica-
tion of sdy, mu, and pa mutant mice, we developed PCR meth-
ods of genotyping based on the nature of the mutations in the
Dtnbp1, Muted, and Pldn genes, respectively (33). Two-month-
old male mice were used in all assays except where specified
otherwise.

Antibodies—Polyclonal dysbindin (1:10,000 in Western blot-
ting (WB); 1:5000 in immunofluorescence (IF) staining) and
BLOS1 (WB, 1:10,000) antibodies were generated in New Zea-
land White rabbits against His-tagged full-length mouse pro-
teins, respectively. Other antibodies used in this study were as
follows: goat anti-WAVE2 polyclonal antibody (WB, 1:1000,
sc-10394, Santa Cruz Biotechnology, Dallas, TX); goat anti-�-
dystrobrevin polyclonal antibody (WB, 1:200, sc-13815, Santa
Cruz Biotechnology); mouse anti-�-actin monoclonal antibody
(WB, 1:10,000, A5441, Sigma); goat anti-Sox2 polyclonal anti-
body (IF, 1:1000, sc-17320, Santa Cruz Biotechnology); mouse
anti-nestin monoclonal antibody (IF, 1:100, MAB353, Milli-
pore, Billerica, MA); mouse anti-GFAP monoclonal antibody
(IF, 1:1000, IF03L, Millipore); mouse anti-GAD67 monoclonal
antibody (IF, 1:100, MAB5406, Millipore); mouse anti-calre-
tinin monoclonal antibody (IF, 1:1000, MAB1568, Millipore);
rat anti-BrdU monoclonal antibody (IF, 1:100, ab6326, Abcam,
Cambridge, UK); goat anti-DCX polyclonal antibody (IF, 1:150,
sc-8066, Santa Cruz Biotechnology); mouse anti-NeuN mono-
clonal antibody (IF, 1:800, MAB377, Millipore); rabbit anti-
S100� polyclonal antibody (IF, 1:1000, ab868, Abcam); rabbit
anti-phospho-CREB (Ser133) polyclonal antibody (IF, 1:200,
9198, Cell Signaling Technology, Danvers, MA), monoclonal
mouse anti-Flag antibody (WB, 1:5000, Sigma); and secondary
antibody Alexa Fluor 408, 488, or 594 IgG (1:2000, Molecular
Probes, Eugene, OR).

Preparation of Brain Sub-synaptic Fractions—As described
previously (16), a fresh whole mouse brain was homogenized in
buffer A (0.1 mM CaCl2, 1 mM MgCl2, and 0.32 M sucrose) con-
taining a protease inhibitor mixture (P8340, Sigma). The homo-
genate was brought to a final sucrose concentration of 1.25 M by
adding 2 M sucrose and 0.1 mmol/liter CaCl2. After being over-
laid with 1.0 M sucrose and 0.1 mmol/liter CaCl2, the homoge-
nate was centrifuged at 100,000 � g for 3 h at 4 °C. The synap-
tosomal fraction, which forms a band at the 1.25/1.0 M sucrose
interface, was collected. Next, the synaptosomal fraction was
brought to a final concentration of 20 mM Tris-HCl, pH 6, 1%
Triton X-100, and 0.1 mM CaCl2 by adding 40 mM Tris-HCl, pH
6, 2% Triton X-100, and 0.1 mM CaCl2. The homogenate was
rotated for 30 min at 4 °C, followed by centrifugation at
40,000 � g for 30 min at 4 °C. The supernatant is the synaptic
vesicle fraction. The remaining pellet was solubilized in 20
mmol/liter Tris-HCl, pH 8.0, 1% Triton X-100, and 0.1 mmol/
liter CaCl2. The homogenate was rotated for 30 min at 4 °C,
followed by centrifugation at 40,000 � g for 30 min at 4 °C. The
resulting supernatant contains the pre-synaptic membrane
fraction, and the pellet contains the postsynaptic density frac-
tion. Supernatant fractions were precipitated by the TCA/ace-
tone method. All fractions were dissolved in 20 mM Tris-HCl,
pH 7.4, 5% SDS.

Immunoblotting—Whole mouse brain and brain sub-regions
were dissected from mice and then were homogenized in RIPA
lysis buffer containing 50 mM Tris-HCl, pH 7.5, 1% (v/v) Triton
X-100, 0.25% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 0.15
M NaCl, 1 mM EDTA, and protein inhibitor mixture (Sigma).
The extracts were centrifuged for 15 min at 15,000 � g. The
total protein concentration in the resulting supernatant was
determined by the Bradford method (Bio-Rad) using fatty acid-
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free bovine serum albumin as a standard. Equal total protein
amounts of lysates were subjected to blotting by a standard
procedure, probed with the indicated antibodies, and visualized
by ECL (Pierce) or ECL Plus detection reagents (Amersham
Biosciences). Loading controls were probed with anti-�-actin
antibody. For quantitative analysis, protein bands were
scanned, and images were analyzed using ImageJ (National
Institutes of Health).

Sucrose Sedimentation Velocity Analysis—Adult mouse
whole brains were homogenized in a sample buffer containing
0.3 M Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM dithiothreitol, 0.5
mM MgCl2, and protease inhibitor mixture (Sigma) followed by
centrifugation at 5000 � g for 5 min and at 120,000 � g for 90
min at 4 °C to obtain a cytosolic extract (34). The supernatant
(0.6 mg of total protein) was fractioned by ultracentrifugation
on an MLA-55 rotor (Beckman, Brea, CA) at 100,000 � g for
13 h on a 5–20% (w/v) sucrose gradient (12 ml) prepared by SG
15 gradient maker (Amersham Biosciences). The total 20 frac-
tions (�0.5 ml each) were analyzed by immunoblotting with the
indicated antibodies.

Immunohistochemistry—As described previously (35), anti-
gen retrieval is required before using doublecortin (DCX) or
nestin primary antibodies. Briefly, sections were kept in 10 mM

sodium citrate buffer, pH 6.0, at 80 °C for 30 min, and then
allowed to cool to room temperature. Prior to using the BrdU
primary antibody, denaturation of DNA is required. Sections
were incubated in 2 N HCl for 15 min at 37 °C, followed by 0.1 M

borate buffer, pH 8.5, for 10 min at room temperature to neu-
tralize the acid. Then sections were incubated with blocking
solution (0.01 M PBS, pH 7.2, 0.3% Triton X-100, 5% normal
goat or horse serum) for 60 min at room temperature, followed
by incubation with the respective primary antibody diluted in
blocking solution for 24 – 48 h at 4 °C. Finally, sections were
incubated with fluorochrome-conjugated secondary antibody
in the dark, diluted in 0.01 M PBS with 0.3% Triton X-100 solu-
tion. For double- or triple-color immunostaining, primary and
secondary antibody administration was repeated sequentially.
Sections were mounted with ProLong Gold antifade reagent
(Molecular Probes, Eugene, OR) and kept at 4 °C for imaging.

Pattern Separation Test—To prepare the mice for behavioral
studies, three generations of both the mutants and controls
were bred apart before behavioral analyses. Similar to the pro-
tocol used previously (6, 36), the apparatus for this behavioral
task contained an open field (84 cm long � 42 cm wide � 15 cm
high) and two distinct objects measuring between 2.5 and 5 cm
at the base and between 5 and 15 cm tall, which were used as
stimuli in these tasks. Mice between 8 and 10 weeks of age were
used for the behavioral task. In the habituation session, mice
were placed in the center of an open field that contained two
objects placed 20 cm apart and allowed 20 min of free explora-
tion of the objects. The time spent exploring each object was
recorded individually in 5-min intervals during the 20-min
habituation stage. Then there was a 5-min inter-session interval
during which the mouse was returned to its home cage, and the
two objects were repositioned at 35 cm (low separation), 45 cm
(medium separation), or 55 cm (high separation) apart. Next,
the mouse was returned to the open field for a 5-min test ses-
sion, during which it was allowed to re-explore the objects in

their new locations. Also, there was a 5-min control session,
during which the mice were tested when there was no change in
the object location (20 cm apart). Each mouse was tested on
each of the object separations, in a counter-balanced design,
during different sessions. This exploratory activity was defined
as the time spent exploring each object, which was recorded in
0.5-s increments. An exploration ratio was calculated as fol-
lows: (exploration time during the 5-min test session)/(explo-
ration time during the 5-min test session � exploration time
during the last 5 min of the habituation session).

BrdU Injection and Tissue Preparation—sdy, mu, and corre-
sponding control male mice at 2 months old were used in this
study. Cohort 1 mice received an intraperitoneal injection once
with 200 mg/kg body weight of 5�-bromo-2�-deoxyuridine
(BrdU; Sigma) dissolved in 0.9% NaCl. Two hours after the
injection, the mice were anesthetized intraperitoneally with 4%
pentobarbital sodium (2.5 �l/g body weight) and perfused tran-
scardially with 0.9% NaCl, followed by 4% paraformaldehyde.
Similarly, cohort 2 mice received injections daily for 5 consec-
utive days with 100 mg/kg BrdU; animals were perfused 30 days
after the final injection. Cohort 3 mice received a single injec-
tion with 300 mg/kg BrdU; animals were perfused 14 days after
the injection. Brains were postfixed overnight in 4% parafor-
maldehyde at 4 °C and cryoprotected with 30% sucrose. Coro-
nal sections (40 �m thick) were cut throughout the rostrocau-
dal extent of the hippocampal formation using cryostat
microtome (CM1900, Leica Biosystems, Germany). Sections
were stored in cryoprotectant at �20 °C until use.

Imaging and Cell Counting—Images were obtained under a
Nikon C2 confocal laser-scanning microscope equipped with
NIS-Elements argon software (Tokyo, Japan). For cell counting,
a �10 objective (NA 0.45) was used, and a z-stack was compiled
by acquiring images every 2.8 �m through the section. For co-
localization analysis, a �100 objective (NA 1.40) was used at
0.5-�m step intervals over the entire z axis. The pinhole was set
as 1 airy unit. As described previously (37), the number of
BrdU-labeled cells was determined from one-in-six series of
sections spaced at 240 �m throughout the entire rostrocaudal
extent of the hippocampal formation. Sections were coded so
that observers were blind to the genotypes until all samples had
been counted. All BrdU-positive cells in the granule cell layer
(GCL) and subgranule zone (SGZ) (defined as a two-cell body-
wide zone along the border of the granule cell layer) were
counted in each section. The surface area of GCL sampled for
counting was measured using the Image-Pro� 6.0 (Media
Cybernetics). The GCL sectional volume was determined as the
sum of the traced areas multiplied by the thickness of sampled
sections (40 �m). The number of BrdU-positive cells was then
normalized by dividing the count of BrdU-positive cells by GCL
sectional volume (per mm3).

To determine the phenotypic quantification of 30-day-old
BrdU-positive cells, a one-in-six series of sections (240 �m
spacing) through the rostrocaudal extent of the hippocampal
formation was triple labeled for BrdU, NeuN, and S100� as
described above. Fifty BrdU-positive cells in GCL and SGZ
from each mouse were randomly selected for phenotypic anal-
ysis. BrdU-positive cells were analyzed for co-localization with
either NeuN or S100� by a confocal microscope as mentioned
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above. The relative distribution of BrdU-positive cells co-la-
beled with NeuN or S100� was calculated for each genotype.
The average number of cells adopting each phenotype was
determined by multiplying the mean percentage for each phe-
notype by the total number of 30-day-old BrdU-positive cells
for each mouse. Similar procedures were taken in other pheno-
typic analyses by in vivo immunostaining.

Statistical Analyses—Results were expressed as mean � S.E.
All comparisons were statistically tested using unpaired
Student’s t test or analysis of variance, two-tailed using SPSS
11.5 (IBM, Armonk, NY). In the behavioral test, for the 20-min
habituation session, the time spent exploring the object was
analyzed with two-way repeated measures analysis of variance
with genotype as the between-group factor and exploration
during the four 5-min time blocks as the repeated within-group
factor. To compare ratios between both genotypes of mice, a
two-way (genotype � separation) repeated measures analysis of
variance with a Bonferroni’s multiple comparison test was per-
formed. All graphs were drawn in GraphPad Prism 5 (La Jolla,
CA).

RESULTS

Dysbindin-1A and -1C Display Distinct Temporal and Spa-
tial Expression Patterns in the Mouse Brain—To explore
whether different dysbindin-1 isoforms have distinctive spatial
and temporal expression patterns in the mouse brain, we
detected both dysbindin-1A (�50 kDa) and -1C (�35 kDa) in
wild-type DBA/2J mice, but both isoforms were undetectable in
sdy mice (Fig. 1A). We found that dysbindin-1A was widely
expressed in multiple mouse tissues, which agrees with previ-
ous reports (10, 26), but dysbindin-1C was only detected in the
brain and spinal cord (Fig. 1A). In addition to the noncentral
nervous system (CNS) tissues shown in Fig. 1A, we also tested
other tissues such as kidney, adrenal gland, small intestine,
uterus, ovary, skeletal muscle, testis, and epididymis, in which
dysbindin-1A was detectable but dysbindin-1C was not present
(data not shown). In brain sub-regions, the dysbindin-1A levels
were higher than dysbindin-1C in the olfactory bulb, substantia
nigra, cerebellar cortex, and brain stem, but dysbindin-1C had
higher expression levels than dysbindin-1A in the striatum, cer-
ebral cortex, and HF (Fig. 1B). The expression pattern of dys-
bindin-1 in the HF is consistent with a previous report (7).
Moreover, we found that in the synaptosome, dysbindin-1C
was mainly enriched in synaptic vesicles, and dysbindin-1A was
mainly localized in presynaptic membrane, although both dys-
bindin-1A and -1C were found in the postsynaptic density frac-
tion (Fig. 1C). This subcellular distribution pattern is slightly
different from that in human counterparts where dysbindin-1B
is mainly localized in synaptic vesicles (16), suggesting that
mouse dysbindin-1C may take the place of human dysbin-
din-1B in synaptic vesicles.

We next determined the expression profile of dysbindin-1 in
the mouse HF during postnatal development. From neonatal to
adult stages, the protein levels of dysbindin-1A gradually
decreased which was more apparent at P21. In contrast, the
dysbindin-1C expression levels increased starting at P13 (Fig. 1,
D and E). Taken together, mouse dysbindin-1A and -1C have
distinct temporal and spatial expression patterns in the

brain. Notably, dysbindin-1C is increasingly expressed in the
adult HF. This implies that dysbindin-1C may play a role in
the adult HF.

Dysbindin-1C Does Not Reside in the BLOC-1 Complex—To
investigate whether the two isoforms dysbindin-1A and -1C
reside in different complexes to function in different processes,
we evaluated the co-sedimentation of dysbindin-1A/1C with
different subunits of the BLOC-1 complex, DPC complex, and
the WAVE-2-Abi-1 complex in mouse brain extracts. It is
known that subunits of the same complex have similar sedi-
mentation properties in sucrose gradients (34). We found that
dysbindin-1A co-sedimented with a known subunit of BLOC-1,
BLOS1, in fractions 3– 8 as has been previously reported (38),
but dysbindin-1C had a different sedimentation pattern from
dysbindin-1A, which was mainly enriched in fractions 1– 6 (Fig.
1F), suggesting that dysbindin-1C does not reside in the
BLOC-1 complex.

Next, we explored whether dysbindin-1C resides in any of
the non-BLOC-1 complexes. �-Dystrobrevin is a subunit of the
DPC complex, which is the first known interactor of dysbin-
din-1 (27). Although �-dystrobrevin co-sedimented with the
main mass of dysbindin-1A (Fig. 1F), size-exclusion chroma-
tography revealed that dysbindin-1A and �-dystrobrevin do
not co-segregate (10). We found that dysbindin-1C did not co-
sediment with �-dystrobrevin (Fig. 1F). Thus, neither dysbin-
din-1A nor -1C is a stable subunit of the DPC complex. It has
been reported that dysbindin-1A, WAVE2, and Abi-1 form a
ternary complex that functions in regulating dendritic spine
morphogenesis (26). Here, we showed that both dysbindin-1A
and -1C sedimented differentially from WAVE2, which was
enriched in fractions 3– 6 and 12–15 (Fig. 1F), suggesting that
dysbindin-1 may not form a stable complex with WAVE2.

In general, loss of one subunit in a heterogeneous protein
complex would undermine the stability of the complex, thus
leading to the degradation of other subunits. Consistently, we
found that the steady-state levels of dysbindin-1A were absent
in the brain lysates of mu and pa mice, in which muted and
pallidin (both BLOC-1 subunits) are deficient (10). However,
dysbindin-1C was not altered in the brain extracts of these
mutants (Fig. 1G), consistent with the finding that dysbindin-
1A, but not -1C, was reduced in mu mice (7, 39). This result
further supports the notion that dysbindin-1C does not reside
in the BLOC-1 complex. Thus, we concluded that dysbin-
din-1C functions in a BLOC-1 independent manner.

Notably, the differential destabilization of dysbindin-1A and
-1C in mu or pa mice provides a unique tool for the study of
functions of dysbindin-1 isoforms. In this regard, both dysbin-
din-1A and -1C are deleted in sdy (denoted as 1A�/1C�) when
compared with the wild-type (1A�/1C�) controls (DBA/2J,
CHMU/Le, or C57BL/6J). However, dysbindin-1A is absent,
but dysbindin-1C is normal in mu or pa mice, which therefore
can be considered as the dysbindin-1C wild-type as well as dys-
bindin-1A-deficient mice (1A�/1C�) (Fig. 1G).

Dysbindin-1C Is Expressed in the Glutamatergic Mossy Cells
of the Hilus of the DG—To investigate the potential role of dys-
bindin-1 isoforms in adult hippocampal neurogenesis, we
determined the localization of dysbindin-1 isoforms in DG of
HF by in vivo immunostaining. Dysbindin-1 was localized in
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hilar neurons and the inner molecular layer of the wild-type DG
when compared with null signals in sdy mice (Fig. 2A), indicat-
ing high specificity of dysbindin-1 antibody. In addition, the
immunostaining pattern of dysbindin-1 in wild-type (1A�/
1C�) and mu mice (1A�/1C�) was very similar (Fig. 2A), sug-
gesting that dysbindin-1C, but not -1A, is expressed in the DG
hilus.

To further clarify which type of hilar neurons in which dys-
bindin-1 is expressed, we performed immunostaining with the
antibodies against Sox2, GFAP, and nestin to label the adult
neural progenitor cells that localized in the SGZ. We found that
dysbindin-1 was not expressed in adult neuronal progenitor
cells of SGZ (Fig. 2B). Hilar neurons are mainly divided into two

types as follows: one is a GABAergic interneuron marked with
GAD67 (glutamate decarboxylase 67-kDa isoform), and the
other is a glutamatergic mossy cell marked with calretinin (1).
We found that dysbindin-1 did not co-reside with GAD67,
which labeled the GABAergic interneurons (Fig. 2C), but co-la-
beled mainly with calretinin-positive mossy cell bodies and the
inner molecular layer where mossy cell axons are localized (Fig.
2D). These results suggest that dysbindin-1C is expressed in the
glutamatergic mossy cells of the DG hilus.

Dysbindin-1C Promotes the Maturation of Adult-born Neu-
rons Non-cell Autonomously—Proliferation and survival of pro-
genitor cells were normal, but the percentage of BrdU-positive
cells that co-labeled with NeuN was significantly lower in sdy

FIGURE 1. Dysbindin-1A and -1C have distinct spatial and temporal expression patterns and dysbindin-1C is not a subunit of the BLOC-1 complex.
Tissue extracts from DBA/2J mice were subjected to SDS-PAGE followed by Western blotting using anti-dysbindin-1 antibody. The brain extract from sdy was
used as a negative control, and �-actin was used as a loading control. These experiments were repeated three times independently. A, dysbindin-1A is widely
expressed in multiple mouse tissues, whereas dysbindin-1C is only expressed in the brain and spinal cord. B, in brain sub-regions, the dysbindin-1A levels are
higher than dysbindin-1C in the olfactory bulb, substantia nigra, cerebellar cortex, and brain stem, but dysbindin-1C has higher expression levels than
dysbindin-1A in the striatum, cerebral cortex, and hippocampal formation. C, dysbindin-1C is mainly enriched in the synaptic vesicles, whereas dysbindin-1A
is mainly localized in the presynaptic membrane. In addition, both dysbindin-1A and -1C are found in the proportion of postsynaptic density. Successful
synaptic fractionation is confirmed with VAMP2 as a marker for synaptic vesicles and GluR1 as a marker for the postsynaptic density. D and E, protein levels of
dysbindin-1A in the hippocampal formation are gradually decreased. In contrast, the dysbindin-1C expression levels increase at postnatal stages. The chart in
E is plotted by the relative intensities (IOD) of the bands in D. F, sedimentation velocity analyses. Mouse brain cytosol was fractioned by ultracentrifugation on
a 5–20% (w/v) sucrose gradient and probed with antibodies against dysbindin-1, BLOS1, �-dystrobrevin, and WAVE2 by immunoblotting. Fractions 1 and 20
correspond to the top and bottom ends of the gradient, respectively. Dysbindin-1C does not co-sediment with subunits of the BLOC-1 complex, including
dysbindin-1A and BLOS1. Moreover, dysbindin-1C does not form a stable DPC complex with �-dystrobrevin nor a stable ternary complex with WAVE2 and
Abi-1. Arrowheads, nonspecific bands. G, destabilization of the dysbindin-1 in extracts of three BLOC-1 mutants (sdy, pa, and mu). Sdy is the mutant of
dysbindin-1; mu is the mutant of muted; and pa is the mutant of pallidin. Inbred strain DBA/2J served as the control for sdy, CHMU/Le for mu, and
C57BL/6J for pa.
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mice than in wild-type controls, suggesting that the maturation
of newborn neurons was impaired (15). However, the underly-
ing mechanism and the contribution of different dysbindin-1
isoforms are unclear. To investigate the role of different dysbin-
din-1 isoforms in adult hippocampal neurogenesis, we adopted
a slightly different method using the progenitor cell tracer BrdU
together with different cell lineage-specific markers (40, 41).
Adult neural progenitor cells (BrdU�) in the SGZ undergo
asymmetric division and give rise to astrocytes expressing
S100� and immature neurons expressing DCX. Only a small
proportion of newborn neurons survive beyond 4 weeks and go
through morphological and physiological maturation, migrat-
ing into the granule cell layer of the DG. Eventually, these
30-day-old new granule neurons integrate into local circuits
and express NeuN as mature neurons.

By using the cohort 1 method shown in Fig. 3A, we found that
the number and the percentile distribution of BrdU-positive
cells within each sub-region of DG were similar between wild-

type and sdy mice (Fig. 3, B–D), indicating that proliferation
and localization of neuronal progenitor cells were not affected
in sdy mice. Likewise, when choosing the cohort 2 method (Fig.
3A), there was no significant difference in the number and the
percentile distribution of BrdU-positive cells within each sub-
region of the DG between wild-type and sdy mice, suggesting
that the survival and migration of adult-born cells in the DG
were not altered in sdy mice (Fig. 3, E and F).

We further assessed neuronal differentiation fates by count-
ing different cell types with the triple labeling method, 30 days
after the final injection of BrdU (cohort 2, Fig. 3A). We found
that sdy mice had about a 24% reduction in the number of
mature neurons (BrdU�/NeuN�/S100��) compared with
wild-type DBA/2J controls (Fig. 4A). However, we found no
significant difference in the number of surviving newborn
astrocytes (BrdU�/NeuN�/S100��) in sdy mice compared
with wild-type mice. In contrast, in sdy mice, there was a signif-
icantly higher number of immature neurons expressing only

FIGURE 2. Dysbindin-1C is expressed in glutamatergic mossy cells of the DG hilus. A, dysbindin-1 is mainly localized in the hilar neurons and the inner
molecular layer of hippocampal DG in wild-type DBA/2J (DBA) mice (upper panel). Immunostaining of dysbindin-1 in the sdy mice served as a negative
control (middle panel). The localization of dysbindin-1C in mu mice is similar to dysbindin-1 in DBA mice (lower panel). Scale bars, 100 �m. B, dysbindin-
1-positive neurons (arrow, red) are not co-localized with GFAP (blue) and Sox2 (green) double-positive adult neuronal progenitor cells (arrowhead) in SGZ
(left panel). Likewise, dysbindin-1-positive neurons (arrow, red) are not co-localized with nestin (blue) and Sox2 (green) double-positive neuronal
progenitor cells (arrowhead) in SGZ (right panel). ML, molecular layer; GCL, granule cell layer; H, hilus. Scale bars, 10 �m. C, double staining of dysbindin-1
(green) and GAD67 (red) reveals that dysbindin-1 is not present in GAD67 � GABAergic hilar interneurons. Upper left panel, 10� objective, scale bars, 100
�m. Other panels show different channels of the area from upper left panel under 100� objective magnification, scale bars, 10 �m. D, dysbindin-1 (green)
and calretinin (red) are co-localized in glutamatergic mossy cell body of hilus and mossy cell axon of inner molecular layer. Upper left panel, 10�
objective, scale bars, 100 �m. Other panels show different channels of the area from upper left panel under 100� objective magnification, scale bars,
10 �m.
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BrdU (BrdU�/NeuN�/S100��) than in DBA/2J controls (Fig.
4A), suggesting that the maturation of adult-born neurons is
impaired in sdy mice. To further confirm the neuronal matura-
tion defect in sdy mice, we performed double BrdU/DCX
immunostaining to measure the fraction of immature neurons
at 30 days post-injection (cohort 2, Fig. 3A) (42). We found that
sdy mice had a significantly increased percentage of BrdU�
cells co-labeled with DCX compared with wild-type controls
(Fig. 4B). Collectively, in agreement with a previous finding
(15), the increased number of immature neurons and decreased
number of mature neurons in sdy mice (1A�/1C�) suggest

that dysbindin-1 is required for adult-born neuronal matura-
tion in the DG.

Similarly, we examined the proliferation, survival, and matura-
tion of adult newborn neurons in mu mice (1A�/1C�) in which
dysbindin-1C functions normally, compared with the wild-type
controls (1A�/1C�). We found that proliferation and localiza-
tion, survival and migration, and neuronal maturation and differ-
entiation of the neuronal progenitors were not altered in the DG of
mu mice (Fig. 4, C–E). Taken together, these results suggest that
dysbindin-1C, but not dysbindin-1A, plays an important role in
the maturation of adult-born neurons.

FIGURE 3. Proliferation of neuronal progenitor cells and survival of adult-born cells in the DG are not affected in sdy mice. A, experimental schemes of
BrdU injection for assessing cell proliferation (cohort 1) and survival (cohort 2) in the adult hippocampal formation. Cohort 3 represents the experimental
scheme of BrdU injection for assessing phosphorylation of CREB of newborn neurons. B, representative DBA/2J (DBA, WT) and sdy brain sections stained with
an antibody against BrdU (green) and DAPI (blue) for in vivo neurogenesis analyses. Scale bars, 100 �m. C, 2 h after BrdU injection, the number of BrdU� cells
per mm3 volume in the granule cell layer (GCL) and subgranule zone (SGZ) of DG was counted for each genotype (mean � S.E.; n � 4 for each group). The
number of BrdU� cells is similar between wild-type and sdy mice (DBA, 1173 � 80 versus sdy, 1275 � 108, p 	 0.05). D, positioning or percentile distribution
of BrdU� cells in the DG of the adult hippocampal formation of sdy mice is similar to WT (p 	 0.05). The localization of BrdU� cells is defined as six sub-regions
in the DG: hilus (H), SGZ, inner of GCL, middle of GCL, outer-third of GCL, molecular layer (ML). E, 30 days after a 5-day consecutive BrdU injection, the number
of BrdU� cells per mm3 volume in the GCL and SGZ of DG was counted for each genotype (mean � S.E.; n � 4 for each group). The number of 30-day-old BrdU�
cells is similar between wild-type and sdy mice (DBA, 858 � 27 versus sdy, 942 � 22, p 	 0.05). F, similar to D, positioning of surviving BrdU� cells in the DG of
sdy mice has no significant difference from that in WT (p 	 0.05).
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FIGURE 4. Dysbindin-1C is required for the maturation of newborn neurons. A, co-expression of NeuN (green) and S100� (blue) in BrdU� cells (red) from
DBA/2J (DBA, WT) and sdy mice. Arrows in the merged images and enlarged boxes indicate BrdU�/NeuN� neuron (upper left, yellow), BrdU�/S100�� astrocyte
(upper right, purple), and BrdU�/NeuN-/S100�-immature neurons (lower left, red), respectively. H, hilus, GCL, granule cell layer, M, molecular layer. Scale bars, 10
�m. The lower right panel shows the distribution of BrdU� cells in the GCL and SGZ 30 days after BrdU injection (mean � S.E.; n � 4 for each group). Compared
with WT, there is a significantly lower number of BrdU�/NeuN� newborn neurons (green boxes) in the DG of sdy mice (DBA, 541 � 18 versus sdy, 411 � 49 *,
p 
 0.05). In contrast, the number of BrdU� immature neurons (red boxes) is significantly increased compared with WT (DBA, 124 � 13 versus sdy, 344 � 48 **,
p 
 0.01), although the number of BrdU�/S100�� newborn astrocytes (blue boxes) is unaltered in sdy mice (DBA, 194 � 21 versus sdy, 187 � 17 p 	 0.05). B,
co-expression of BrdU (red) and DCX (green) in newborn cells from DBA and sdy mice (upper panel). The arrow in the image indicates a BrdU and DCX
double-positive immature neuron. Scale bar, 10 �m. The distribution of BrdU�/DCX� immature neurons in all BrdU� cells 30 days after BrdU injection
(mean � S.E.; n � 3 for each group in total of �400 neurons) (lower panel). Compared with wild type, a significantly increased fraction of BrdU�/DCX�
immature neurons in GCL and SGZ of sdy mice (DBA, 3.92 � 0.26% versus sdy, 8.87 � 0.89% **, p 
 0.01). C, 30 days after the 5-day consecutive BrdU injection,
the number of BrdU� cells per mm3 volume in the DG was counted for each genotype (mean � S.E.; n � 4 for each group). The number of 30-day-old BrdU�
cells is similar between wild-type (CHMU/Le) and mu mice (CHMU/Le, 936 � 46 versus mu, 883 � 33, p 	 0.05). D, as described in A, the distribution of BrdU�
cells in the GCL and SGZ 30 days after BrdU injection (mean � S.E.; n � 4 for each group) was determined in wild-type and mu mice. There are no significant
differences between wild-type and mu mice in the number of BrdU� immature neurons (red boxes) (CHMU/Le, 254 � 21 versus mu 257 � 14, p 	 0.05),
BrdU�/NeuN� neurons (green boxes) (CHMU/Le, 579 � 53 versus mu, 488 � 17, p 	 0.05), and BrdU�/S100�� astrocytes (blue boxes) (CHMU/Le, 103 � 24
versus mu, 138 � 32, p 	 0.05), respectively. E, as described in B, the distribution of BrdU�/DCX� immature neurons in all BrdU� cells 30 days after BrdU
injection (mean � S.E.; n � 3 for each group in total of �400 neurons) was determined. The percentile of BrdU�/DCX� immature neurons in GCL and SGZ of
mu mice is similar to wild type (CHMU/Le, 4.76% � 0.93 versus sdy 4.85% � 0.53, p 	 0.05).
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As dysbindin-1C is not localized in adult neuronal progeni-
tor cells, but in hilar mossy cells where dysbindin-1A is not
expressed, we speculated that dysbindin-1C regulates adult-
born neuronal maturation non-cell autonomously, requiring
extrinsic signals from the neuronal stem cell niche. Based on
the timing of depolarizing GABA (indirect pathway) and gluta-
mate-induced excitation (direct pathway) of newborn neurons
(Fig. 5A), defects in GABA-induced depolarization or glutama-
tergic inputs would contribute to the delayed maturation of
newborn neurons in sdy mice, leading to the increase of imma-
ture neurons.

To ascertain whether the indirect pathway is defective in sdy
mice, we administered BrdU to wild-type and sdy mice, and we
performed triple BrdU/DCX/p-CREB immunostaining (Fig.
5B) at 14 days post-injection (cohort 3, Fig. 3A). Notably, the
inputs to adult newborn neurons are from the hilar GABA
interneurons rather than GABA interneurons from the outer
molecular layer (43). We therefore only counted the GABAer-
gic cells in the hilar region rather than those in the outer molec-
ular layer. We found that the fraction of immature neurons
co-labeled with p-CREB (BrdU�/DCX�/p-CREB�) from the
total population of immature neurons (BrdU�/DCX�) was
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significantly decreased (31.44% reduction) in sdy mice com-
pared with wild-type controls (Fig. 5C). This suggests that
depolarizing GABA-CREB signaling is impaired in the DG of
sdy mice due to loss of dysbindin-1C, via the indirect pathway in
the early stage. As shown in Fig. 4A, the number of newborn
mature neurons is lower in sdy mice when counted at 30 days
post-injection (late stage). It is difficult to completely rule out
the possibility of the dysfunction of the direct pathway due to
the existing early stage effect on newborn neurons. Taken
together, this suggests that dysbindin-1C in mossy cells plays a
role in the early maturation of newborn neurons, likely through
the indirect pathway to depolarize GABA signaling.

Loss of Dysbindin-1C Causes Mossy Cell Loss—To investigate
how dysbindin-1C deficiency could down-regulate the GABA-
CREB pathway in immature neurons, we performed immuno-
staining using an antibody against the mossy cell marker
calretinin and quantified the number of hilar mossy cells of
wild-type and sdy mice. We found that the number of mossy
cells in sdy mice is modestly (17.41% reduction) but signifi-
cantly decreased compared with wild-type controls (Fig. 5, D
and E). In contrast, using the interneuron marker GAD67, no
significant differences in the number of hilar GABA interneu-
rons between sdy mice and controls were shown (Fig. 5, F and
G). This result indicates that loss of dysbindin-1C compromises
the survival of mossy cells. However, the underlying mecha-
nism of mossy cell loss awaits further investigation.

Dysbindin-1C Deficiency Alters the Behaviors of Lower Pat-
tern Separation—It is well known that impaired adult hip-
pocampal neurogenesis leads to the impairment of pattern sep-
aration (2, 6). To investigate whether the impaired adult
neurogenesis in sdy mice is associated with abnormal behaviors
in pattern separation, we adopted methods dedicated to the
pattern recognition test (6, 36). We found that the interaction
between the genotype and exploration time was not significant
in the habituation session (Fig. 6A). However, sdy mice had
retarded pattern recognition with increased difficulties in dis-
crimination especially in the low separation design compared
with wild-type controls in the test session (p 
 0.05, Fig. 6B).
Using similar settings, we found that there was no significant
difference in either the habituation session or the test session in
mu mice (with normal dysbindin-1C) compared with the wild-
type controls (p 	 0.05, Fig. 6, C and D). This suggests that the

impaired adult neurogenesis in sdy mice, due to the lack of
dysbindin-1C, likely contributes to the impaired cognitive def-
icits that mimic the symptoms in schizophrenic patients.

DISCUSSION

In this study, we adopted adult hippocampal neurogenesis in
mice as a cellular model to investigate whether dysbindin-1
regulates neurodevelopment in an isoform-specific manner.
First, in the adult mouse brain, dysbindin-1C has a distinctive
spatial and temporal expression pattern in contrast to dysbin-
din-1A. Second, dysbindin-1C does not reside in the BLOC-1
complex. Third, dysbindin-1C is localized in glutamatergic
mossy cells of the hilus in the DG for the maintenance of their
survival. Finally, dysbindin-1C promotes the early maturation
of adult-born neurons most likely via the excitatory actions of
GABA-CREB signaling. Taken together, our study provides
new insights into the isoform-specific and BLOC-1-indepen-
dent function of dysbindin-1, highlighting the relationship
between defects in adult hippocampal neurogenesis and the
pathogenesis of schizophrenia. Our results support the impor-
tance of decreased dysbindin-1C found in the schizophrenic
hippocampal formation for the development of cognitive defi-
cits (16).

Previous studies have focused on the neuronal functions of
dysbindin-1A residing in the BLOC-1 complex in cargo sorting
into synaptic vesicles and postsynaptic receptor trafficking (17,
44). Little attention was paid to the function of other dysbin-
din-1 isoforms, except for their expression and distribution (7).
Intriguingly, if the development of schizophrenic symptoms is
attributable to dysbindin-1 in the BLOC-1 complex, one would
expect similar effects of other BLOC-1 subunits (44). Linkage
and association studies have shown strong evidence for the
involvement of the DTNBP1 gene in schizophrenia (45). How-
ever, except for BLOC1S3, genes encoding other BLOC-1 sub-
units have no significant association with schizophrenia risk
although an epistatic interaction between DTNBP1 and
MUTED may exist (46). Currently, there is no support for
MUTED as a susceptibility gene for schizophrenia (47). A
recent study has shown the distinct effects on the expression of
postsynaptic receptors in the HF between sdy and mu mice (39),
supporting the notion that lack of different BLOC-1 subunits
may lead to variable phenotypes, due to their different interac-

FIGURE 5. Loss of dysbindin-1 diminishes the phosphorylation of CREB in 14-day-old newborn DCX-positive immature neurons and decreases the
number of mossy cells in the DG hilus. A, schematic of direct and indirect pathway during the maturation of adult newborn neurons (1). Hilar mossy cell and
GABA interneuron, immature, and mature newborn granule neuron are marked with calretinin and GAD67, DCX, and NeuN, respectively. In the early stage and
the indirect pathway, hilar glutamatergic mossy cells input excitatory action on GABA interneurons (53). The latter exerts initially excitatory actions on
immature neurons, which are depolarized by GABA due to high expression levels of the chloride importer NKCC1 (Na�/K�/2Cl� co-transporter), to activate
phosphorylated CREB (p-CREB) signaling pathway (54) and thus to promote early maturation of newborn neurons. In the late stage, GABA becomes inhibitory
as a result of the down-regulation of NKCC1 and the up-regulation of the chloride exporter KCC2 (K�-coupled Cl� transporter 2) (55–57). Meanwhile,
glutamatergic mossy cell inputs begin to promote further maturation of newborn granule neurons through the direct pathway after 14 days (58, 59). B,
co-expression of BrdU (red), DCX (green), and p-CREB (blue) in newborn cells from DBA/2J (DBA, WT) and sdy mice. Arrow in the images indicates a 14-day-old
newborn BrdU�/DCX�/p-CREB� immature neuron; arrowhead indicates an adjacent BrdU-/DCX�/p-CREB� immature neuron. GCL, granule cell layer; ML,
molecular layer; H, hilus. Scale bars, 10 �m. C, phenotypic percentile of BrdU�/DCX�/p-CREB� immature neurons in all BrdU�/DCX� immature neurons 14
days after BrdU injection (mean � S.E.; n � 3 for each group in total of �300 neurons). Compared with wild type, the fraction of BrdU�/DCX�/p-CREB�
newborn neurons was significantly decreased in the GCL and SGZ of sdy mice (DBA, 82.07% �1.35 versus sdy, 56.27% � 5.20 *, p 
 0.05). D, representative
DBA/2J and sdy brain sections stained with the anti-calretinin antibody, which is the marker of mossy cells. Insets show the enlarged view of calretinin� mossy
cells in the DG hilus. Scale bars, 100 �m; scale bars in insets, 10 �m. E, number of mossy cells per mm3 volume in the DG hilus was calculated for each genotype
(mean � S.E.; n � 3 for each group). The number of mossy cells is modestly but significantly decreased in sdy mice compared with wild type (DBA, 22,510 � 303
versus sdy, 18,590 � 741, *, p 
 0.05). F, representative DBA and sdy brain sections stained with the anti-GAD67 antibody, which is the marker of GABAergic
interneurons. Insets show the enlarged view of GAD67� interneurons in the DG hilus. Scale bars, 100 �m; scale bars in insets, 10 �m. G, number of interneurons
per mm3 volume in the GCL and hilus of DG was counted for each genotype (mean � S.E.; n � 3 for each group). The number of GABAergic interneurons is not
altered in sdy mice compared with controls (DBA, 2003 � 11 versus sdy, 2056 � 70, p 	 0.05).
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tors or isoforms. Furthermore, our pattern separation tests did
not support the involvement of the MUTED gene in the devel-
opment of cognitive deficits. This highlights a unique role of
dysbindin-1 in the pathogenesis of schizophrenia with the spec-
ulation that dysbindin-1 may have additional roles, mediated
through its isoforms, in the brain via the BLOC-1-independent
pathway.

The distinct spatial and temporal expressions of mouse dys-
bindin-1A and -1C are likely due to the alternative usage of
different promoters. Dysbindin-1C results from a downstream
start codon on exon 5 of dysbindin-1A thus lacking the N-ter-
minal 81 residues. The 72–140-amino acid region of dysbin-
din-1 contains the binding domain for BLOC-1 subunits such
as pallidin and snapin (28). It is unknown whether the differ-
ence in the N termini of dysbindin-1A and -1C contributes to
the residency in the BLOC-1 complex. Interestingly, a default
nucleus localization signal may lie on the N terminus of dysbin-
din-1A and -1B, and lack of this sequence in dysbindin-1C may
lead to its cytosolic retention (48). This agrees with the obser-
vation that the DNA-dependent protein kinase complex inter-

acts only with dysbindin-1A and -1B in the nucleus but not with
dysbindin-1C in cytosol (49). Although the physiological rele-
vance of DNA-PK phosphorylation of dysbindin-1A/-1B, but
not -1C, is unknown, it is unlikely that this process is involved in
regulating the maturation of DG adult-born neurons in which
dysbindin-1C is required.

Our findings that dysbindin-1C regulates the GABA-CREB
signaling through inputs from mossy cells suggest an interplay
between the GABA signaling and DISC1, another leading sus-
ceptibility gene of schizophrenia, in regulating adult hippocam-
pal neurogenesis. During early postnatal hippocampal neuro-
genesis, DISC1 restricts GABA-mediated Akt-mTOR signaling
and exerts an inhibitory role on the maturation of adult-born
neurons (50). Importantly, several schizophrenia susceptibility
genes such as DTNBP1, DISC1, GAD67, NKCC1, and AKT1
converge in this pathway (45, 50, 51).

The delayed maturation of adult-born neurons is expected to
affect the hippocampal CA3-CA1 functionality and synaptic
plasticity. Indeed, an enhancement in long term potentiation
and reduced NMDA receptor-dependent synaptic potentiation

FIGURE 6. sdy mice displayed impaired spatial pattern separation capacity. A, for the habituation period, both wild-type (WT, DBA/2J) and sdy mice display
adaptability to the stimulus objects as demonstrated by a decrease in the time spent exploring the objects during the 20-min interval. The interaction between
the genotype and exploration time is not statistically significant (F1, 54 � 3.20, p � 0.09, n � 12). B, under higher difficulty discrimination conditions, the sdy mice
showed impaired spatial pattern separation capacity. An exploration ratio of 	0.5 indicates the ability of a mouse to discriminate a change in spatial
orientation. As a control, when there was no change in the object location between habituation and test sessions (20 cm apart), all of the mice showed shorter
investigation durations. During the test session, the genotypes (WT and sdy) affects pattern separation performance significantly during various separation
conditions (F1, 22 � 7.58, p � 0.01, n � 12). Both sdy and control mice discriminate a high spatial separation (55 cm apart) between the stimulus objects (WT,
0.66 � 0.02 versus sdy, 0.55 � 0.04, post hoc t � 1.76, p � 0.33, n � 12). At the medium (45 cm apart) and the low (35 cm apart) spatial separation, only the
wild-type mice are able to discriminate the difference in spatial orientation of the objects, but sdy mice show a lack of spatial pattern separation ability. Notably,
the performance of sdy at low separation is significantly impaired compared with the wild-type mice (medium, WT 0.56 � 0.03 versus sdy 0.41 � 0.06; post hoc
t � 2.48, p � 0.06, n � 12; low, WT 0.53 � 0.04 versus sdy 0.37 � 0.05, post hoc t � 2.66, *, p � 0.037, n � 12). Data are expressed as mean � S.E. C, using the same
method described in A, during the habituation period both wild-type (WT, CHMU/Le) and mu mice display adaptability to the stimulus objects as demonstrated
by a decrease in time spent exploring the objects during the 20-min interval. The interaction between the genotypes and exploration time is not statistically
significant (F3, 42 � 0.60, p � 0.62, n � 12). D, using the same method described in B, when there was no change in the object location between habituation and
test sessions (20 cm apart), all of the mice showed shorter investigation durations. During the test session, both WT and mu mice show similar pattern
separation capacity during various separation conditions (F1, 14 � 1.72, p � 0.21, n � 12).

Dysbindin-1C in Adult Neurogenesis

29070 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 42 • OCTOBER 17, 2014



was found in sdy hippocampal neurons (30, 31). Moreover,
altered hippocampal activity was revealed by magnetic reso-
nance imaging of the sdy mice (52). These structural and func-
tional endophenotypes in dysbindin-1-deficient mice sug-
gest an association with impaired cognition, learning, and
memory. In humans, DTNBP1 SNPs and haplotypes have
been associated with the cognitive deficits or negative symp-
toms (45), although its relationship with dysbindin-1 iso-
forms is unknown. Similarly, in sdy mice, social withdrawal,
recognition deficits, altered memory capacities, or contex-
tual fear conditioning have been reported, which may be
related to dysfunction in adult hippocampal neurogenesis
(11, 14, 31). Our additional tests on pattern separation in this
study further suggest that impaired adult hippocampal neu-
rogenesis plays an important role in the development of
these cognitive deficits.
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