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Disrupted-in-Schizophrenia-1 (DISCI), identified by positional cloning of a balanced translocation (1;11) with the breakpoint in intron 8
of alarge Scottish pedigree, is associated with a range of neuropsychiatric disorders including schizophrenia. To model this mutation in
mice, we have generated Discl,, transgenic mice expressing 2 copies of truncated Discl encoding the first 8 exons using a bacterial
artificial chromosome (BAC). With this partial simulation of the human situation, we have discovered a range of phenotypes including a
series of novel features not previously reported. Discl,, transgenic mice display enlarged lateral ventricles, reduced cerebral cortex,
partial agenesis of the corpus callosum, and thinning of layers II/IIl with reduced neural proliferation at midneurogenesis. Parvalbumin
GABAergic neurons are reduced in the hippocampus and medial prefrontal cortex, and displaced in the dorsolateral frontal cortex. In
culture, transgenic neurons grow fewer and shorter neurites. Behaviorally, transgenic mice exhibit increased immobility and reduced
vocalization in depression-related tests, and impairment in conditioning of latent inhibition. These abnormalities in Disc1,, transgenic

mice are consistent with findings in severe schizophrenia.
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Introduction

Disrupted-in-Schizophrenia-1 (DISCI) is truncated from intron
8 by a balanced translocation (1;11) in a large Scottish family
(Millar et al., 2000), which cosegregates with major mental illness
including schizophrenia, depression and bipolar disorders (St
Clair et al., 1990; Blackwood et al., 2001). Independent linkage/
association studies now implicate DISCI in schizophrenia, severe
affective disorders and autistic spectrum disorders of diverse
populations (Devon et al., 2001; Ekelund et al., 2001; Cannon et
al., 2005; Hennah et al., 2005, 2008; Sachs et al., 2005; Thomson et
al., 2005; Zhang et al., 2005; Chen et al., 2007; Kilpinen et al.,
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2008). However, robust evidence for functional variants is still
lacking, and genetic heterogeneity is likely.

DISCI is a coiled-coil protein forming complexes with pro-
teins including PDE4, NDEL1, LIS1, and 14-3-3¢, and is involved
in nucleus-centrosome association, neuronal proliferation, dif-
ferentiation, and migration (Ozeki et al., 2003; Brandon et al.,
2004; Millar et al., 2005). The C terminus of DISC1 binds NDELI.
DISC1 mutant truncated after exon 8 fails to bind NDEL1, inhib-
its neurite outgrowth in vitro (Ozeki et al., 2003), and impairs
cortical development in vivo (Kamiya et al., 2005). The N termi-
nus of DISC1 binds all PDE4 isoforms (Murdoch et al., 2007),
and PDE4B is independently implicated in schizophrenia and
mood disorders (Millar et al., 2005). Mice mutated in the Pde4
binding region of Discl are defective in prepulse inhibition and
latent inhibition (Clapcote et al., 2007).

How DISCI truncation results in psychiatric illness is unclear.
No truncated DISC1 protein is detected in lymphoblasts from the
Scottish family (Millar et al., 2005), and no brains from the trans-
location carriers have become available for examination. It seems
likely that a single copy of the normal DISCI is insufficient for
proper brain development and function. However, if the trun-
cated DISC1 protein is produced from cDNA deletion constructs
(Ozeki et al., 2003; Hikida et al., 2007; Pletnikov et al., 2008), it
may act in a dominant-negative manner (Kamiya et al., 2005). It
is also clear that disruption of DISC1 binding partners alters
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brain development. For instance, deletion Tsnax Disc1 Breakpoint
or mutation of PAFAHIBI encoding LIST A El 1b23 4&? i N3 D it Genotyping
results in lissencephaly in humans (Reiner 50 kb =0 o
etal., 1993; Vallee and Tsai, 2006). In mice, M‘:'fe ?;scngFP "a":gsege 78 )
Pafah1bl ="~ embryosdieshortlyafterim- B = cmlm—|eld I B Eve 23 NCorpcr
plantation, and Pafah1b1 "'~ mice display RP23-236F19 ! wees . . Disc1-EGFP

. . . o , 696bp
cortical and hippocampal disorganization
due to delayed neuronal migration (Assadi F 1 2 3 NCprocr
et al., 2003). Ywhae encodes 14-3-3¢ that Tg i ._ e g?;‘:genous
binds/stabilizes phosphorylated Ndell, C 7 21 25 30 17 21 25 30 -— 363bp

o ; , : x PCR
and Ywhae mutants die at birth with 3 G 1 2 3 NC
.. +/— . T e— — — Tg 705bp —-_ RT-PCR

defects similar to Pafahlbl mice = —_—— — e WTH17bp o e e eme  HPRT
(Toyo-oka et al., 2003). Deletion of Lisl - s 352bp
binding partners (Ndel and Ndell) either
dramatically reduces cerebral cortex (Feng ~ H NC 12 15 18 21 24 27 30 xRT-PCR

and Walsh, 2004) or is embryonic lethal
with neuronal migration defects (Sasaki et
al., 2005).

To explore the role of Discl in brain
development, we have generated Discl,,
transgenic mice with a ~148 kb artificial
chromosome (BAC) comprising Discl ex-
ons 1-8. This mimics to a high degree the
genetics in the Scottish family. The trans-
genic mice display a wide variety of
schizophrenia-related phenotypes.

Materials and Methods

BAC clone and validation. The RPCI-23 BAC
library was constructed by cloning EcoRI
genomic fragments of C57BL/6] mice into the
pBACe3.6 vector (http://bacpac.chori.org). The RP23-236F19 clone was
kindly supplied by Dr. de Jong (Children’s Hospital Oakland Research
Institute, Oakland, CA), with end sequences available (AZ705991 and
AZ705988). The clone was verified by pulsed-field gel electrophoresis
(PFGE) and PCR with primers from MWG-Biotech. The T7 end was
defined by a 950 bp product with primers BACT7For (5'-
CGCAAGATGTGGCGTGTTACGG-3') and TsnaxRev (5'-GGCTG-
CTCACAACCTACACACG-3"), and the Sp6 end by a 1099 bp band
with DisclIn9For (5'-AAGGTAGAACCAGGTGGCTTCC-3') and
BACSp6Rev (5'-CGTGATAGCCGTTGTATTCAGC-3'). The BAC in-
sert was further validated by PCR with primers for the DiscI promoter
(245 bp with PromFor 5'-TATCAACTTCAGChCGCATCCGC-3" and
PromRev 5'-TCATAACCTCGCCTCTGG-3"), exon 2 (626 bp with
E2For 5'-GACAATCTGAGAGGCTGACTGG-3" and E2Rev 5'-
GTTGCTCAGTAGGTAGTCCTGC-3'), and intron 5 (545 bp with
In5For 5'-AGAGTCTTGTGGTTGGATGGCG-3" and In5Rev 5'-TGA-
ATACAGCACCAGGCTCTGC-3").

Modification of RP23-236F19. We performed homologous recombi-
nation as described (Yang et al., 1997), for in-frame fusion of EGFP
cDNA to the end of DiscI exon 8. A homologous recombination cassette
was constructed in the pSV1 vector to comprise (1) 1026 bp Discl
intron7-exon8 region with primers In7BamFor (5'-aaaaggatcc-
TTGACTAACTACTGTTGCCAGG-3') and E8NcolRev (5’-bcagtc-
catggATAGGGCCAGCATCTTGG-3"), (2) 745 bp Ncol-EcoRI fragment
of EGFP ¢DNA (gift from Dr. Ian Chambers, University of Edinburgh,
Edinburgh, UK), (3) 148 bp Bgl/lI-Sall PolyA from pSG5, (4) 1785 bp
Discl intron 8 (XhoI-EcoRV) with primers In8EcoFor (5'-atgtgaattcTA-
GTGGTGTCAGGCAGGTGTGG-3") and In8RVRev (5'-taatgatatc-
GATGAGGAATACCACAGACGCC-3'), and (5) blunted BamHI frag-
ment of the RecA. The cassette was transformed into the BAC clone. The
first round homologous recombination was screened for a 1076 bp PCR
product with primers In7HRFor (5'-ACAGGTGATGTGTGTGGA-
GTCC-3'), and EGFPRev (5'-ATGCCGTTCTTCTGCTTGTCGG-3").
The second round homologous recombination was confirmed by the
appearance of the same 1076 bp PCR product, together with a 2443 bp

T

Figure 1.

Negative control.

* — 706bp Disc1-EGFP
- 398bp Endogenous Disc1

The truncated mouse Disc7 transgene and expression. A, Genomic organization of the mouse Disc7 locus, with an
arrow corresponding to the breakpoint in the Scottish family. B, A BAC clone RP23-236F19 containing ~ 148 kb mouse Disc7
genomic DNA, starting from the 3’ UTR of Tsnax, and ending with 16.7 kb of Disc7 intron 9. The BACwas fused to an FGFP at the end
of exon 8 followed by a PolyA. The Nrul fragment (148,730 bp) was purified for microinjection. €, M19 heterozygous transgenics
contained 2 copies of the transgene, as similar intensity of PCR products were obtained from the truncated and endogenous Disc7
genes at 17-30 cycles. D, Two E17.5 embryos (lanes 1-2) and a transgenic mother (lane 3) were genotyped by PCR with EGFP
primers. E—G, RT-PCR with primers for the transgene (E), the endogenous Disc7 (F), and a housekeeping HPRT (G), showing
comparable levels of the truncated (E) and full-length (F) Disc7 mRNA. H, Relative expression of endogenous DiscT and DiscTtr-
EGFP demonstrated by RT-PCR at 12, 15, 18, 21, 24, 27, and 30 cycles. The average ratio of the RT-PCR products 706 bp:398 bp at
18-30 cycles was 1.09 = 0.19, showing comparable abundance of endogenous and truncated Disc7 mRNA (Fig. 1H). NC,

PCR fragment with primers EGFPFor (5'-TCCTGCTGGAGTTCGTG-
ACC-3') and In8HRRev (5'-GTCACACAGGAATAAGCCACGG-3").

PFGE. Both the original and EGFP-modified BAC DNA were digested
with Clal, Mlul, Notl, Nrul, Pvul, Sall, and Xhol, and run on 1% agarose
in 0.5X TBE at 14°C, 150 V, 10-10s for 18 h and 5-5s for 6 h, with
Midrange I PFG marker (N3551S, Biolabs) and Kb ladder (N3232L,
Biolabs), to verify the predicted restriction patterns. The modified DNA
was diagnosed definitively by the appearance of a 4.5 kb Xhol band in-
stead of 4.9 kb in the un-modified BAC DNA. The 148,730 bp Nrul
fragment, with 1335 bp vector sequence at the T7 site and 219 bp vector
sequence at the Sp6 site, was purified from PFGE for pronuclear
injection.

Generation of Discl,, transgenic mice. All experimental procedures
were conducted in accordance with the United Kingdom Animals (Sci-
entific Procedures) Act of 1986 and were approved by the Ethical Review
Committee, University of Aberdeen, and the UK Home Office (London).
The purified Nrul fragment at ~5 ng/ul was injected into fertilized eggs
superovulated from F1 mice of CBA/CaCrl and C57BL/6]JCrl (Charles
River UK) mice. Transgenic founders were identified by a 319 bp EGFP
product with EGFPFor (5'-ACCATCTTCTTCAAGGACGACG-3") and
EGFPRev (5'-TGCTCAGGTAGTGGTTGTCG-3'), and by a 591 bp
fragment with primers 5'-ATAATAAGCGGATGAATGGC-3" and 5'-
CTGCTCACAACCTACACACG-3'. The copy number was determined
by semiquantitative PCR for 17, 21, 25 and 30 cycles, on the ratio ofa 517
bp band from the endogenous Discl (Inl3For, 5'-CTACAACACA-
GAGCCTTGCTGC-3" and El4Rev, 5-AGCAGTAGCAGCGGCAT-
TGG-3'), with a 706 bp fragment from the transgene (E8For,
5"-TTGCTGGAAGCCAAGATGCTGG-3"' and EGFPRTR2, 5'-TCA-
CGAACTCCAGCAGGACC-3"). Experiments were performed on M19
transgenic mice and wild-type (WT) littermates from heterozygote X
WT littermate breeding, on the genetic background of 50% CBA/CaCrl
and 50% C57BL/6]Crl, unless specified otherwise.

RT-PCR. The mRNA was extracted from E17.5 embryonic and adult
brains using RNAzol B (Biogenesis). Reverse transcription (RT) was per-
formed with 1 ug of total RNA using Omniscript kits (QIAGEN) at 37°C
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Figure 2.

Comparable temporal and spatial patterns of expression of truncated and full-length Disc7. In situ hybridization was performed using DIG-labeled sense (S) and antisense (AS) RNA

probes on E17.5 (A—F) and 2-month-old brain sections (G-P). Whereas the Disc7 AS probe hybridized to the endogenous full-length Disc7 transcripts, EGFP AS probe detected the DiscT,-£GFP
messages only. Both the endogenous and transgenic transcripts (purple) were detected at the regions of cerebral cortex (ctx), including cingulate (cg) and piriform (pir) cortex, CA1, CA2, CA3, and

dentate gyrus of the hippocampus (hip). Scale bars, 500 pm.

for 1 h. RT-PCR was performed for 30 cycles with primers for the trans-
gene (696 bp, 5-TGTGACCTGATGGCACTGGTGG-3' and 5'-
GTTGCCGTCCTCCTTGAAGTCG-3"), and for endogenous DiscI (363
bp, 5'-TTGCTGGAAGCCAAGATGCTGG-3" and 5'-CTTCACGCCT-
ATGGCTTCGC-3'), and for the housekeeping gene Hprt (352 bp, 5'-
CCTGCTGGATTACATTAAAGCACTG-3' and 5'-GTCAAGGGCA-
TATCCAACAACAAAC-3"). To further define relative expression levels,
RT-PCR was performed in triple duplicates at 12, 15, 18, 21, 24, 27, and
30 cycles, in the presence of a common forward primer (E8For: 5'-
TTGCTGGAAGCCAAGATGCTGG-3") derived from exon 8 of Discl, a
reverse primer (E11Rev: 5'-TCCTCGTCCTCTGCGTGTG-3') from
exon 11 for the endogenous DiscI mRNA, and a reverse primer (EGF-
PRTR2, 5'-TCACGAACTCCAGCAGGACC-3") for Discltr-EGFP only.
The intensity of the PCR products was quantified by Image].

In situ hybridization was performed to compare the spatial and tem-
poral expression of endogenous Discl and the transgene. To detect en-
dogenous gene expression, a 394 bp RT-PCR product comprising exons
1214 of the mouse Discl was amplified and cloned into Xbal-Xhol sites
of pBluescript SK~ vector with primers DisclE12XbaFor (5'-
ctagtctagaTGCGAAGCCATAGGCGTGAAG-3') and Disc1E14XhoRev
(5'-tatccgetcgagCATCCTGTAGACATCTCCTGAG-3'). The plasmid
DNA was linearized with Xbal or Xhol, and DIG-labeled antisense or
sense probe was transcribed with T3 or T7 RNA polymerase respectively
(Roche). The probe for the transgene expression was reversely tran-
scribed from the entire EGFP coding sequence. The hybridization was
performed as described (Nishida et al., 2002).

Morphometric and histological analyses. Adult mice were humanely
killed with a lethal dose of sodium pentobarbitone, and brains were
dissected, postfixed in cold paraformaldehyde (4%) for 24 h and imaged
under a Zeiss stereomicroscope with AxioVision Rel. 4.5. After cryopro-
tection with 30% sucrose in PBS overnight, brains were sectioned coro-
nally on a microtone at 40 wm and kept in 30% glycerol at 4°C before use.
Newborn brains were freshly dissected, snap-frozen in OCT, processed in

12 pm serial coronal sections on a cryostat (CM1850; Leica Microsys-
tems) and mounted on Polysine slides (VWR). One set of sections from
each brain was stained with cresyl violet and imaged using an Axiovert
40CFL microscope for anatomical examination. Images were morpho-
metrically quantified with AxioVision Rel. 4.5 software (Zeiss). Data
were analyzed by one-way ANOVA and presented as mean *= SEM. p <
0.05 was considered to be statistically significant.

Neuronal culture and neurite outgrowth. Primary neuronal culture was
conducted as described previously (Lang et al., 2006). Briefly, 24-well
plates were precoated with poly-L-ornithine (Sigma) for 1 h followed
with fibronectin (Invitrogen) for 2 h. The newborns were genotyped by
PCR. Their cortices were individually dissected, trypsinized, and me-
chanically dissociated into single cell suspension. Cells were seeded in the
precoated 24-well plates (2 X 10°/well), and cultured in Neurobasal
medium (Invitrogen) supplemented with 2% B27 (Invitrogen) plus 2
mu glutamine (Sigma) at 37°C with 5% CO,. Twelve hours after plating,
tissue debris was removed and the medium was renewed.

Cell images were taken randomly around the center of each well 26 h
after culture, using an Axiovert 40CFL microscope with a 20X objective
lens. Cells were quantified with AxioVision Rel. 4.5 software for the
number of neurites on individual cells and grouped into one, two, three,
or more neurites. For the length of neurites, rings with radius at 20, 40,
60, and 80 wm, respectively, were applied to each cell, and cells were
categorized accordingly. Data were analyzed by one-way ANOVA and
presented as mean = SEM. *p < 0.05, **p < 0.01.

Birthdating of BrdU labeling. Time-mated pregnant females were in-
jected with a pulse of BrdU (i.p., 50 mg/kg body weight) at E15.5. New-
born brains were processed as described above. Sections were treated
with 0.4% pepsin (Sigma-Aldrich) in PBS for 30 min at 37°C, denatured
with 2N HCI for 30 min at 37°C, and neutralized with 0.1 M sodium
borate, pH 8.5, for 10 min at room temperature. BrdU incorporation
assay (BD Biosciences) was executed according to the manufacturer’s
instructions.
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Immunohistochemistry. Sections were pro-
cessed immunohistochemically as described
previously (Lang et al., 2006). The primary an-
tibodies included mouse anti-BrdU (1:200; BD
Biosciences) and rabbit anti-parvalbumin
(1:1500; Swant). For immunofluorescent stain-
ing, the secondary antibodies were Texas red-
conjugated donkey anti-mouse IgG (1:1000; In-
vitrogen). For the bright-field staining, the
secondary antibody was biotinylated goat
anti-rabbit antibody (1:400; Sigma-Aldrich),
and sections were developed with Extra-kit
(Sigma). Images were taken under an Axio-
vert 40CFL microscope with a 5X objective
lens. BrdU- or parvalbumin-positive cells
were quantified with AxioVision Rel. 4.5 soft-
ware and analyzed by one-way ANOVA.

Latent inhibition. The latent inhibition pro-
cedures were conducted in accordance with the
local Animal Care Committee and the EC reg-
ulations for animal use in research (86/609/
EEC). Eleven WT littermate males and 14
Discl,, transgenic males at 9-10 months old
were housed individually under standard con-
ditions (20—21°C, 60—65% relative humidity),
with ad libitum access to water and food. They
were divided into 4 experimental groups of pre-
exposed WT (pe-WT, n = 5), non-preexposed
WT (npe-WT, n = 6), preexposed transgenic
(pe-Tg, n = 7), and non-preexposed transgenic
(npe-Tg, n = 7). The tests took place during the
light phase of a 12 h light:12 h dark cycle in two
square boxes A and B. Both boxes were
equipped for tone delivery (10 s at 70 dB, 1500
Hz) and were enclosed in a sound-attenuating
cubicle, whereas only Box A was designed to
deliver 2 s of 0.2 mA electric shocks through the
metallic grid floor. Both were equipped with infrared beams (at 1 cm
above floor) to detect horizontal movements.

Before electric shocks, the preexposed mice were acclimatized for 2
min to Box A and received 20 X 10 s tone with 20 s intervals on day 1, and
15 X 10 s tone with 20 s intervals on day 2, whereas non-preexposed ones
were placed in Box A for the same durations each day with no tone. Then,
all mice were given 5 sets of repeated conditioning (10 s tone + 2 s electric
shock + 20 s interval). The session was terminated after a further 40 s
interval. On day 3, animals were tested for retention in Box B, with 2 min
habituation, followed by 2 min continuous tone and 2 min posttone
habituation. The horizontal locomotor activity was monitored by the
numbers of infrared beam breaks. Data were analyzed statistically using
one-way or two-way ANOVA for either repeated or not repeated mea-
sures followed by a post hoc test when required. Differences with a p <
0.05 value were considered as significant.

Modified Porsolt swim test and tail suspension test. Porsolt swim test
(PST) was conducted by placing individual mice (~3 month) ina 5L
glass beaker with 3 L fresh tap water (22°C) for 6 min. A mouse is re-
garded as immobile when floating motionless or making only adjust-
ments necessary to keep its head above the water. The modified tail
suspension test (TST) was performed for 6 min, by securing the mouse
tail to the edge of a shelf ~20 cm above a large cage with deep bedding.
Mice were considered immobile when they hung passively and com-
pletely motionless. Both tests were videotaped and examined by two
independent observers. The immobility in the first 2 min, the last 4 min,
or the whole 6 min trial was assessed. During the TST, mouse vocaliza-
tions also were recorded with a bat detector, and analyzed by BatSound
Standard-Sound Analysis version 3.31, for the amplitude, frequency and
nature of calls. The number of squeaks was counted in each period. Data
were analyzed by one-way ANOVA and presented as mean = SEM. p <
0.05 was considered to be statistically significant.

Figure 3.
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Enlarged lateral ventricles (LV) and reduced cerebral cortex (Ctx) in Disc7,, transgenic (Tg) mice. WT (A) and Tq (B)
brain sections were Nissl stained, imaged at the level where the anterior commissure (AC) crossed the midline, and quantified with
AxioVision Rel. 4.5. The LV was significantly ( p << 0.05) enlarged in Tg brains (0.819 + 0.079 mm?2, n = 11) compared with WT
littermates (0.568 = 0.043 mm?, n = 15).C, D, Magnified view of the cerebral cortex from WT and Tq representatives showing
changes in layers II-lll. Statistical analyses detected moderate but significant ( p << 0.05) reduction in Tg cerebral cortex
(1353.6 = 19.9 um, n = 11) compared with WT littermates (1409.2 = 10.0 wm, n = 15). Cortical layers Il/Ill was thinned ( p <
0.01) from 347.2 = 4.5 um in WT t0 302.7 == 3.4 um in Tg mice. Scale bars: 4, B, 1 mm; C, D, 200 um.

Results

Truncated Discl,,-EGFP transgene and expression

Itis known that genomic DNA constructs reproduce gene expres-
sion more faithfully than ¢cDNA-based constructs, and that
mouse transgenes express more efficiently than human ones in
mice. To genetically model the DISCI truncation (Fig. 1A), we
characterized a mouse BAC RP23-236F19 containing Discl ex-
ons 1-9 with its entire upstream sequences (Fig. 1 B). To facilitate
the identification of the transgene, we fused an EGFP cDNA to
the end of exon 8 followed by a SV40 polyA signal. The modified
BAC DNA was microinjected into fertilized mouse eggs, and 3
Discl,, transgenic founders (M19, M20, and M22) were generated
that contained the EGFP fragment. Most studies were performed
on the M19 heterozygotes and WT littermate controls unless
specified otherwise, as the M22 offspring did not express the
transgene mRNA, and the M20 female founder failed to transmit
the transgene with reduced litter sizes (6.3 = 0.7 mice/litter, n =
6) compared with other breeding pairs (8.7 = 0.5 mice/litter, n =
29 litters, p < 0.01). The M19 transgenic heterozygotes contained
two copies of the truncated DiscI on the background of two cop-
ies of full-length Discl (Fig. 1C), closely mimicked the genetic
ratio (1:1) in the Scottish family.

The transgene expression was assessed by RT-PCR and in situ
hybridization. RT-PCR suggested that M19 transgenic mice pro-
duced comparable levels of endogenous Discl and Discl,-EGFP
transcripts in E17.5 (Fig. 1 E-G, lane 2) or adult (Fig. 1 E-G, lane 3)
brains. To further determine relative expression levels, RT-PCR was
performed in triple duplicates at 12, 15, 18, 21, 24, 27, and 30 cycles,
in the presence of three primers: a common forward primer (E8For)
with an endogenous Discl-specific reverse primer (E11Rev), and an
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To characterize spatial and temporal ex-
pression patterns of the transgene, we per-
formed in situ hybridization on E17.5 and
2-month-old brain sections with antisense
Discl and EGFP probes. The DIG-labeled
Discl probe was reversely transcribed from
exons 12-14 of the Discl which was not
present in the transgene, whereas the EGFP
probe was derived from the entire EGFP
coding sequence. In E17.5 developing brain,
both the DiscI and EGFP hybridization sig-
nals were localized predominantly in the ce-
rebral cortex and hippocampus (Fig. 2A—F).
In 2-month-old brain, the full-length and
truncated Disc] mRNA were found in the
cerebellum (data not shown), hippocampus,
and cerebral cortex, including cingulate and
piriform cortex (Fig. 2G-L). In the hip-
pocampus, both the Discl and EGFP probes
detected expression in the pyramidal layer of
CA1-CA3, and granule layer of the dentate
gyrus (Fig. 2 M—P). These data suggest that
the 148 kb BAC expressed Discl,-EGFP
largely in the same anatomical sites as endog-
enous Discl.

E % 200-
£E % O WT,n=8
£ 8.2 150 ® Tg, n=13
n =
3 2 100
O = -
0gs
+ 32
20T 501
2o r.
agd , _ s Hs HE B
1 2 3 4 5 Layer WT Tg
Figure4. Reduced neurogenesisin Disc1,, transgenic (Tg) embryos. A-D, A pulse of BrdU was injected into four E15.5 pregnant

females and newborn brains were processed with an anti-BrdU antibody. For each brain, fourimages were taken from the cerebral
cortex at the left and right sides of two consecutive sections with the largest lateral ventricles. Images were arbitrarily divided into
5layers as shown, and BrdU-positive cells were quantified from each area (400 um wide X 150 um high). Aand B were from two
WT littermates, Cand D from two Tg newborns. E, Statistical analyses revealed significant reduction of BrdU-positive cells in the
arbitrarily assigned layer 1 of Tg mice (140.4 == 4.9, n = 13), compared with their WT littermates (158.6 == 5.3,n = 8). F, The
total number of BrdU-incorporated cells was also significantly reduced in Tg mice compared with that in WT littermates. Scale

bars, 200 pm. *p << 0.05.

Figure 5.  Partial agenesis of the corpus callosum (CC) in 2-month-old transgenic brains.
Coronal sections of WT (4, €) and Tg (B, D) brains were Niss|-stained. A, B, Images represented
average thickness of rostral CCin WT (A) and Tg (B) brains where the AC crossed the midline,
showing significant reduction of the CCiin 11 Tg brains compared with 15 WT. At the SCO level
(arrowedin Cand D), a thick layer of the CC crossed the midline inall 15 WT mice (C), whereas Tg
((Cfailed to cross the midline in 9 of 11 cases (D). Scale bars: 4, B, 200 wm; ¢, D, T mm.

EGEFP-specific reverse primer (EGFPRTR2), which amplified a 706
bp band from Disc1,,-EGFP transcripts and a 398 bp fragment from
endogenous Discl. The molecular ratio of the RT-PCR products 706
bp:398 bp at 1830 cycles was 1.09 = 0.19, showing a similar abun-
dance of Discl,,-EGFP and endogenous Disc] mRNA (Fig. 1 H).

Dilated lateral ventricles and reduced
cerebral cortex in Discl,, transgenic
mice

Schizophrenic symptoms usually begin in
late adolescence or early adulthood, and
neuroanatomic changes in lateral ventri-
cles and cerebral cortex are seen in schizo-
phrenic patients. We analyzed neuroanat-
omy in sexually mature, 2-month-old transgenic mice. Mouse
brains were processed histologically from 11 Discl,, transgenics
(6 male and 5 female) and 15 WT littermates (8 male and 7
female). Sections were imaged at the plane where the anterior
commiissure crossed the midline (Fig. 3 A, B). Sizes of the cerebral
cortex and corpus callosum were quantified. The transgenic lat-
eral ventricles were found to be dilated by ~44% ( p < 0.05). In
addition, we have detected a subtle (~4%) but significant (p <
0.05) reduction in the thickness of the dorsolateral frontal cortex
(Fig. 3C,D) of transgenic mice. Remarkably, this reduction
largely resulted from the thinning of cortical layers II/III, which
was reduced by ~17% (Fig. 3C,D). Severe but consistent neuro-
pathologies were observed in the untransmittable transgenic
founder M20 (see supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Compared with a litter-
mate control, the lateral ventricles were enlarged 2.3- to 3.0-fold
(see supplemental Fig. 1 A, B, D, E, available at www.jneurosci.org
as supplemental material). The frontal cortex was reduced by
16% in thickness. The layers II/IIT and V, where pyramidal neu-
rons resided, were particularly affected (see supplemental Fig.
1G,H, available at www.jneurosci.org as supplemental material).
These phenotypes are consistent with mild cytoarchitectural ab-
normalities reported in schizophrenia (Harrison, 1999; Lewis
and Levitt, 2002).

Reduced neuronal proliferation in the developing

transgenic brain

In the mouse, cortical neurogenesis starts from E10.5 and is
largely completed by E17.5. Cells in the ventricular zone of the
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dorsolateral telencephalon undergo a
maximum of 11 cell divisions, and neu-
rons at different layers are generated in a
cell cycle number-dependent manner
(Estivill-Torrus et al., 2002). To explore
the cellular mechanisms causing thinned
layers II/III in Discl,, transgenic mice, we
performed birth-dating experiments dur-
ing midneurogenesis.

A pulse of BrdU was injected into preg-
nant females at E15.5, when layer II/III
neurons were formed. Four independent
litters of newborn brains were processed
with anti-BrdU antibody. BrdU-positive
cells were quantified from equally divided
areas (400 um wide X150 pum high) of
newborn cortex of 13 transgenic heterozy-
gotes and 8 WT littermates at the lateral
ventricle level (Fig. 4A-D). Transgenic
newborns showed a modest but significant
reduction of BrdU-labeled cells in the out-
ermost layer (arbitrary layer 1) of the cor-
tex, corresponding to layers II-III in adult
brain, whereas BrdU-positive cells in other
layers (2-5) were not significantly differ-
ent. The total number of BrdU-positive
cells was also significantly reduced in
transgenic newborns (Fig. 4E) (239.2 *
6.8, n = 13, p < 0.05) compared with WT littermates (261.5 =
7.50, n = 8). These data indicate that truncated Discl causes
reduced neuronal proliferation at midneurogenesis, which con-
tributes to subtle alterations in the cytoarchitecture of the cere-
bral cortex in the Discl,, transgenic mice.

Figure 6.

Partial agenesis of corpus callosum in Discl,,

transgenic adults

The corpus callosum consists of nerve fibers projecting from cor-
tical neurons to communicate between the two hemispheres. To
evaluate the consequence of lamination changes in Discl,, trans-
genic cortex, we have compared the thickness of the corpus cal-
losum between 11 transgenic (6 male and 5 female) and 15 WT
littermates (8 male and 7 female). At the rostral brain where the
anterior commissure crosses the midline (Fig. 5A, B), transgenic
corpus callosum (184.2 = 6.1 um, n = 11) was significantly
thinner (~20%) than that in WT littermates (228.3 = 5.3 wm,
n =15, p <0.01). In the caudal brain at the level of the subcom-
missural organ (SCO), all 15 WT littermates displayed a thick
layer of the corpus callosum crossing the midline (Fig. 5C). How-
ever, in the majority (9/11) of transgenic brains, the corpus cal-
losum failed to cross the midline above the SCO (Fig. 5D). These
data demonstrate clearly a partial agenesis of the corpus callosum
both rostrally and caudally in Discl,, transgenic brains.

Effect of truncated Discl on neurite outgrowth in vitro

Discl and its complex members modulate neurite outgrowth
(Ozeki et al., 2003; Pletnikov et al., 2008). To further examine the
origin of cortical and callosal abnormalities of Discl,, transgenic
mice, we cultured primary cortical neurons from two litters of
newborn mice. We examined 845 neurons from 4 transgenic and
1817 neurons from 8 WT littermates after 26 h of culture (Fig. 6).
In WT littermate cultures, 44.1% of neurons were found to have
3 or more neurites, and this was reduced to 22.3% in transgenic
cultures (Fig. 6C). Meanwhile, the proportion of cells with a sin-
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gle neurite increased from 22.2% to 45.8%. We also measured the
length of neurites in 845 transgenic and 1817 WT littermate neu-
rons, and categorized them into 4 groups according to their
length (Fig. 6 D). Neurons with >40 wm neurites were reduced
from 20.5% in WT littermates to 6.9% in transgenic cultures. On
the other hand, cells with <20 pum of neurites have risen by
23.6% in transgenic mice. These data suggest that reduced neu-
rite outgrowth may contribute to the neuropathology observed in
the Discl,, transgenic mice.

Parvalbumin cells in Discl,, transgenic prefrontal cortex
Appropriate neuronal synchronization is crucial for brain func-
tion, and a subgroup of GABA inhibitory interneurons,
parvalbumin-expressing cells, is reduced in schizophrenic cortex
(Lewis etal., 2005). Reduced parvalbumin immunoreactivity also
was reported in transgenic mice expressing a dominant-negative
DISC1 cDNA under the control of a CaMKII promoter (Hikida et
al., 2007). We investigated parvalbumin expression in 2-month-
old mice (Fig. 7). Consistent with the DN-DISCI mice, we found
a significant reduction (13%, p < 0.01) in the number of parval-
bumin cells in the medial prefrontal cortex (MPFC) (Fig. 7B, E,F)
of Discl,, transgenic mice (236.4 = 2.9, n = 11) compared with
WT littermates (272.2 * 4.7, n = 14).

Additionally, we noticed that there were differences in the
patterns of parvalbumin staining at the dorsolateral frontal cor-
tex (DLFC) (Fig. 7G,H). Parvalbumin-positive cells were then
quantified in arbitrarily divided 6 layers (~267 wm height each).
In WT littermates, most parvalbumin cells were clustered in the
inner layers. However, transgenic mice had significantly reduced
parvalbumin cells in inner layers (4—5), with a significant in-
crease of parvalbumin cells in outer layers (Fig. 7C). The trun-
cated DiscI did not seem to affect specification, but lamination, of
parvalbumin cells, as the total number of parvalbumin cells in the
DLFC was not significantly altered between transgenic (288.3 =
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9.9, n = 11, 6 male and 5 female) and WT (281.5 = 9.6,n = 14, 8
male and 6 female) mice (Fig. 7D).

Reduced parvalbumin neurons in Discl,, hippocampus

Neuropathological studies have demonstrated deficits of
GABAergic interneurons in the hippocampus of postmortem
schizophrenic patients. Glutamate decarboxylase 67 (GAD67)
encoding an enzyme synthesizing GABA is strikingly downregu-
lated in the hippocampus of schizophrenia and bipolar patients
(Benes et al., 2007). Independently, a profound deficit in the
relative density of parvalbumin-immunoreactive neurons was
found in all subfields of schizophrenic hippocampus (Zhang and
Reynolds, 2002). To examine the GABAergic signaling in Discl,,
transgenic mice, we have compared parvalbumin neurons in the
hippocampus of 14 WT littermates and 6 heterozygous and 10
homozygous transgenic mice. A significant reduction was ob-
served in the CALl region of the heterozygous mice ( p < 0.05),
with trends of reductions also in the CA3 and total numbers of
parvalbumin neurons (Fig. 8G). The reduction of parvalbumin

cells was significant statistically in all subfields of the homozygous
hippocampus with the exception of the dentate gyrus (Fig. 8).
Similarly, the untransmittable transgenic founder M20 displayed
dramatic reductions of parvalbumin neurons in the CAl, CA2,
and CA3 regions compared with a control mouse (see supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material).

Defects in conditioning of latent inhibition
Schizophrenic patients often have defects in prepulse inhibition
(Braff et al., 2001) and latent inhibition (Rascle et al., 2001).
Although ENU Discl mutants have profound deficits in latent
inhibition and prepulse inhibition (Clapcote et al., 2007), trans-
genic mice with ectopic promoters do not show robust changes in
prepulse inhibition (Hikida et al., 2007; Pletnikov et al., 2008).
We evaluated Discl,, transgenic mice using a latent inhibition
test of fear learning (Fig. 9). When animals were habituated to the
test boxes with or without tone delivery before the test, there was
no difference on horizontal locomotor activity (data not shown).
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groups during the tone periods, suggesting
that only the WT littermates acquired pre-
dictability of the tone (Fig. 9B). Similarly,
the non-preexposed WT littermates had
significantly reduced activity during the
shock (p < 0.05), whereas the non-
preexposed transgenic mice remained
highly active (Fig. 9C).

On the following day, animals were
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9D). Again, only the non-preexposed WT
littermates significantly reduced their ac-
tivity during the 2 min tone, whereas inde-
pendent of the preexposure, transgenic
mice were not significantly different from
each other. These data demonstrate that
latent inhibition is established in WT lit-
termates, but no conditioning is attained
by the Discl,, transgenic mice.

Figure9.

Increased immobility in depression tests
Schizophrenia is often associated with depressive disorders. In
the Scottish schizophrenic family, ~35% of the carriers develop
schizoaffective, bipolar or major depressive disorders (Black-
wood et al., 2001). TST and PST are common behavioral tests for
depression-related behavior in animals, and a longer immobility
in either of the tests is viewed as increased depressiveness. We first
videotaped 26 Discl,, transgenic mice (13 male and 13 female)
and 22 WT littermates (12 male and 10 female) in a 6 min PST.
Significantly increased immobility was seen in the last 4 min and
the total 6 min of the PST in the transgenic group (Fig. 10A).
This was further verified by the TST on an independent cohort
of 24 transgenic (13 male and 11 female) and 22 WT littermates
(12 male and 10 female) (Fig. 10 B). Transgenic mice again were
significantly less active throughout the 6 min TST. In addition, a
reduced number of switches from immobile to mobile phases
were observed in the transgenic group in the last 4 min of the TST
(Fig. 10C). Discl,, transgenic mice did not exhibit reduced loco-
motor activity in the latent inhibition test (Fig. 9) or open field
test (data not shown). The increased immobility in PST and TST
is unlikely due to a general hypoactivity of the Discl,, transgenic
mice.

Reduced stress calls

Schizophrenia is associated with social and communication def-
icits. Mice can produce a variety of social vocalizations, such as
mating calls at ultrasonic frequencies beyond human hearing
(30-110 kHz) (Holy and Guo, 2005), and postpartum/distress
calls (0-30 kHz) audible to humans (Whitney, 1970; Whitney
and Nyby, 1983). Under stressful conditions such as TST, mice
squeak.

During the TST, variation in individual mouse vocalizations
was evident, and the number of squeaks was counted (Fig. 10 D).
WT littermates squeaked frequently (28.5 = 6.2, n = 22) during
the 6 min TST, and WT males (39.7 = 9.6, n = 12) called more
than twice as often as WT females (15.0 = 5.1, n = 10, p < 0.05).

pe-Tg  pe-WT npe-Tg npe-WT

=

pe-Tg  pe-WT npe-Tg npe-WT

Disc1,, transgenic mice are defective in conditioning of latent inhibition. 4, The horizontal activity (mean = SEM) in
numbers of beam breaks per second (bb/s) during the different phases of conditioning. B, Pooled activity (bb/s) during the 5 X
10 tone period. €, Pooled activity (bb/s) during the 5 X 2 s shock period. D, Total number of beam breaks (mean == SEM) during
the 120 s retention test on the following day. Note that only the npe-WT group showed considerable “freezing” during the tone
(B), shock (C), or retention (D) period. *p << 0.05. npe, Non-preexposed; pe, preexposed to tone.

Discl,, transgenic females tended to make fewer calls (10.2 = 4.0,
n = 11) compared with WT females. However, transgenic males
squeaked 3 times less frequently (12.8 * 4.7, n = 13, p < 0.05)
than WT littermate males. The reduced calls were particularly
prominent in the last 4 min of the test; WT males made on aver-
age 22.3 * 4.4 calls and transgenic males only 5.2 = 2.1 calls ( p <
0.01).

To examine frequency of the calls during the TST, we re-
corded vocalizations with a bat detector (Fig. 10E). No ultra-
sound vocalizations were detected during the tail suspension, and
all calls were within the audible range (0—20 kHz) (Fig. 10E,F),
similar to postpartum/distress calls (Whitney, 1970; Whitney and
Nyby, 1983). These data indicate strongly that Discl,, transgenic
mice have substantially reduced vocal communication under
stress conditions.

Discussion

We have generated Discl,, transgenic mice expressing 2 copies of
a Discl,,-EGFP fusion gene in an ~148 kb native mouse Discl
genomic environment, which drive transgene expression at the
endogenous Discl expression sites in the cerebellum, cerebral
cortex and hippocampus. Discl,, transgenic mice display an array
of schizophrenia-related abnormalities (Table 1). Similar to phe-
notypes described in most other mouse models, we observe en-
larged lateral ventricles and reduced cerebral cortex. Consistent
with the findings in ENU mutants (Clapcote et al., 2007), Discl,,
transgenic mice show deficits in conditioning of latent inhibition,
and longer immobility in depression-related tests. They also re-
semble aspects of DN-DISCI mice, and have reduced parvalbu-
min neurons in the medial prefrontal cortex (Hikida et al., 2007)
and reduced neurite outgrowth in culture (Pletnikov et al., 2008).
What is more, Discl,, transgenic mice exhibit a remarkable series
of novel phenotypes not previously reported. The novel features
include the thinning of the cortical layers II/IIL, selective decrease
of neural proliferation in the developing cortex, partial agenesis
of the corpus callosum, reduced parvalbumin neurons in the
hippocampus and displaced parvalbumin cells at the frontal cor-
tex, as well as reduced vocalizations under stress conditions.
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6 min PST (A) or TST (B-F). Transgenic mice showed increased immobility in PST (4) and TST (B), with a reduced number of switches from immobile to mobile status in the last 4 min of the TST (C).
D, DiscT,, transgenic mice made significantly fewer stress calls. E, An example of vocalizations (squeaks) recorded by a bat detector showing amplitude and frequency (kHz) of calls during the 6 min

TST. F, Magnified view of the calls. *p << 0.05, **p << 0.01.

Some of the symptoms of schizophrenia such as hallucina-
tions and delusions cannot be assessed easily in animals. For
other abnormalities such as cognitive dysfunction and affective
symptoms, some proxy measures have been developed to test
animals. For example, prepulse inhibition and latent inhibition
are commonly used to detect attention-related deficits, whereas
PST and TST can indicate a depression-related phenotype. Re-
cently reported DISCI transgenics or mutants exhibit some ab-
normalities consistent with a schizophrenia phenotype (Table 1).
For example, strain 31L has a predominant mood disorder-like
phenotype with reduced Pde4b activity, whereas the 100P strain
shows profound deficits in prepulse inhibition and latent inhibi-
tion (Clapcote et al., 2007). However, neither 129 mice with
spontaneous DiscI truncation (Koike et al., 2006, Ishizuka et al.,
2007) nor DN-DISCI mice using an ectopic (Hikida et al., 2007)
or inducible promoter (Pletnikov et al., 2008) display significant
changes in prepulse inhibition. We have demonstrated that
Discl,, transgenic mice are defective in both of these symptom-
related tests. In latent inhibition, the non-preexposed Discl,,
transgenic mice fail to “freeze” during the tone, shock, or post-
shock tone periods. In PST and TST, they have longer immobil-
ity, with reduced switches from immobile to mobile status. Re-
markably, they make fewer stress calls during the TST. The
significance of this last observation is unknown. It is interesting
to speculate that it may be a novel indicator of the presence of
communication deficits and/or other negative symptoms that
resemble those found in schizophrenia.

The changes we have seen in Disc1,, transgenic brains are con-
sistent with neuropathology in schizophrenia. Examinations on
first-episode and unmedicated schizophrenic patients consis-
tently show selective regional deficits in brain volume and ven-
tricular enlargement (Harrison, 1999; Honea et al., 2005; Ross et

al., 2006); the latter also appears to be a common feature of Discl
mutants and transgenic mice reported so far. Morphometric
analyses of Discl,, transgenic brains reveal a significant dilation of
the lateral ventricles. Although the scale of reduction is not as
dramatic as in ENU mutants (Clapcote et al., 2007), quantitative
analyses of brain surface areas show a significant reduction in
Discl,, transgenic mice (see Fig. 3 and supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). In contrast
to DN-DISCI mice, we do not observe compensational changes
(Hikida et al., 2007). Instead, the neuropathology appears to be
dosage-related, and most dramatic phenotypes are observed in
the M20 female founder (supplemental Figs. 2, 3, available at
www.jneurosci.org as supplemental material) and in some of the
M19 homozygotes (Fig. 8 and supplemental Fig. 3, available at
www.jneurosci.org as supplemental material).

One of the most prominent cellular features of schizophrenia
that has emerged from postmortem studies is a consistent reduc-
tion of parvalbumin neurons (Lewis et al., 2005). Parvalbumin
cells belong to a subgroup of GABAergic inhibitory interneurons,
which are vital for neuronal synchronization. Along with the
GABA-synthesizing enzyme GAD67, parvalbumin expression is
consistently reduced in schizophrenic brains. We detected signif-
icant reduction of parvalbumin neurons in the medial prefrontal
cortex, similar to the findings reported in DN-DISCI transgenic
mice (Hikida et al., 2007). Additionally, parvalbumin neurons
also were reduced in the hippocampus of Disc1,, transgenic mice.
These appear to be anatomically specific, as the total number of
parvalbumin cells at the reticular nucleus of the thalamus or the
dorsolateral frontal cortex remained unchanged. However, in the
frontal cortex, the distribution of parvalbumin-positive cells is
altered. In contrast to a more concentrated localization in the
inner half of WT littermates, they are more evenly spread
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Table 1. Phenotypes of DISC1/Disc1 mouse models
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Koike et

al. Hikida et Pletnikov et

(2006) (lapcote et al. (2007) al. (2007) al. (2008) This study

Inducible

Phenotype 129 mice 3L 100P DN-DISCT isci DiscT,,
Brain volume NS 1 6% 1 13% NS NS | inmale
Lateral ventricles ? ? ? ) 1 1
Cerebral cortex NS l l NS NS !
Neural proliferation ? ? ? ? ? !
Neurite outgrowth ? ? ? ? ! !
Corpus callosum ? ? ? ? ? !
Parvalbumin in MPF cortex ? ? ? ! ? !
Parvalbumin in hippocampus ? ? ? ? ? |
Open field: horizontal activity NS NS ) 1 1 inmale NS
Open field: vertical activity NS NS ) 1 ? ?
Anxiety NS NS NS NS NS ?
Aggression ? ? ? ? 1 inmale ?
Sociability ? l NS NS | inmale ?
Spatial learning and memory ? NS NS NS | infemale ?
Working memory ! l Ll ? ? ?
Prepulse inhibition (PPI) NS ! Ul ! NS ?
Latent inhibition (LI) ? ! Ul ? ? !
Immobility in forced swim test ? ) NS 1 ? 1
Immobility in tail suspension test ? ? ? ? ? 1
Stress calls ? ? ? ? ? | inmale
Rolipram in PPI ? NS +++ ? ? ?
Bupropion in PPI ? +++ NS ? ? ?
Clozapinein LI ? NS + ? ? ?
Clozapine on horizontal activity ? +++ ++ ? ? ?
Bupropion in FST ? ++ ? ? ! ?

2, Not known; NS, no statistical difference; | , reduced; 1, increased. +, ++, + -+, positive effect with p < 0.05,0.01, and 0.001, respectively.

throughout the layers in the transgenic brains. The causes and
functional consequences of these abnormalities are yet to be de-
termined. However, dorsolateral frontal cortex-dependent cog-
nitive functions are compromised in schizophrenia (Miller and
Cohen, 2001).

Discl is critical for cortical neurogenesis, and the reduction of
Discl,, brain volume is attributed mainly to the differences in the
cerebral cortex. This is paralleled by a reduction in the thickness
of cortex in both transgenic males and females. Surprisingly, no
significant changes have been detected in the cortex of DN-
DISCI mice (Hikida et al., 2007; Pletnikov et al., 2008), and it is
not clear whether this is related to the ectopic promoters used.
The reduced cerebral cortex we observe largely results from the
thinning of layers II/III. The differences are statistically signifi-
cant on morphometric analyses of WT and Discl,, transgenic
brains. These are precisely the layers altered in schizophrenia
(Harrison, 1999).

These cortical layers contain pyramidal neurons, which are
involved in interhemispheric communication. Indeed a partial
agenesis of the corpus callosum is seen in Discl,, transgenic mice.
In the rostral brain, the corpus callosum is thinned, and in the
caudal brain, it stops crossing the midline before the appearance
of the SCO. It is worth noting that some mouse strains (I/Ln],
129/], and BALB/c) have agenesis of the corpus callosum (Livy
and Wabhlsten, 1991). However, the background strains
(C57BL/6]J and CBA/Ca) of the Discl,, transgenic mice reported
in this study are known to have an intact corpus callosum. Con-
sistent with our findings, a complete agenesis of the corpus cal-
losum is rare in schizophrenia (Motomura et al., 2002; Chinna-
samy et al., 2006; Paul et al., 2007). However, mild alterations in
interhemispheric callosal connections may be relatively common
in schizophrenia and in autism (Innocenti et al., 2003; Miyata et

al., 2007). Partial agenesis of the corpus callosum may result from
decreased numbers of cortical neurons and/or reduced neurite
outgrowth. This is supported by our observation that Discl,,
transgenic neurons have fewer and shorter neurites in primary
culture, which also echoes earlier studies that truncated DISC1
inhibits neurite outgrowth (Ozeki et al., 2003; Pletnikov et al.,
2008).

We have presented evidence that truncated Discl selec-
tively reduces proliferation at the outermost cortex during
midneurogenesis. This corresponds to the peak of Discl ex-
pression in embryos (Schurov et al., 2004) and the reduced
layers II/III we observe in transgenic adults. A more dramatic
reduction of cortical neurogenesis is reported in Ndel null
mutants, with reduced proliferation and retarded migration
(Feng and Walsh, 2004). Interestingly, the newly identified
Discl binding partner DBZ (or Su48 or Zfp365) is also a
coiled-coil protein (Hattori et al., 2007). It associates with
centrosomes and is involved in proliferation (Wang et al,,
2006). Ectopic expression of Su48 causes abnormal mitosis,
whereas injection of an anti-Su48 antibody leads to mitotic
failure. Su48 associates with Ndel (Hirohashi et al., 2006), and
the latter is shown to be vital for cortical development (Feng
and Walsh, 2004). Furthermore, Ndel interacts with Lis1, and
Lis1 regulates mitosis in cultured mammalian cells (Faulkner
etal.,2000). Our data add to accumulating evidence that Discl
complexes play critical roles in the cortical genesis. Alterations
in the Discl gene lead to failure of normal neuronal prolifer-
ation, reduced neurite outgrowth, and decreased/displaced
parvalbumin neurons. Consequently, these lead to thinned
layers II/111, reduced cortical size, enlarged ventricles and be-
havioral changes, all of which are consistent with
schizophrenia-like phenotypes.
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