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that, while BDNF localization at the axon terminal is not
altered by the exon 3 skipping of CADPS2, the loss or
relative decrease of BDNF release from the axon terminal
is caused by the impaired translocation of CADPS2 to the
axon terminal (Supplemental Figure 10).

600 CADPS2 plays an important role in the BDNF secretion.
CADPS was previously implicated in the regulation of
dense-core vesicle secretion from endocrine and neuro-
endocrine cells through the activation of the phospha-

* tdyl inositol 4,5-bisphosphate-dependent and Ca?*-
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Figure 11

Functional analyses of CADPS2 exon 3. (A} BDNF release induced by 50 mM
KClin PC12 cells transfected with CADPS2(WT) or CADPS2(Aexon3) together
with a BDNF expression plasmid. Average values obtained from 4 independent
experiments are shown. (B) BDNF release activity in Cadps2~- neocortical cul-
tures transfected with control vector, CADPS2(WT), or CADPS2(Aexon3) using
the calcium phosphate method at 4 DIV was evaluated at 21 DIV by measuring
the amounts of BDNF spontaneously secreted into the culture medium over the
course of the previous 17 days. Activily is indicated in BDNF concentration (pg/ul)
normalized to cell density (/mm?2). Average values obtained from 4 independent
experiments are shown. The error bars indicate SD. **P < 0.01, Student's  test.

Finally, we examined nonsynonymous SNPs over the entire
CADPSZ-coding sequence. A previous study showed that no
patient-specific nonsynonymous (missense) SNPs were identi-
fied in the CADPS2 gene from 90 autistic individuals, using the
heteroduplex formartion-detection method (9). However, our
sequence analyses of 252 white autistic patients revealed 7 non-
synonymous SNPs in the CADPS2 gene that we believe to be novel
(Supplemental Table 2 and Supplemental Figure 11). By contrast,
these SNPs were not observed in 218 biologically unrelated white
subjects from cohorts recruited as bipolar disorder pedigrees
(34, 35), as shown in Supplemental Table 2. In addition, they have
not been reported in healthy human subjecrs. These results suggest
the possibility that the 7 SNPs identified within the CADPS2-cod-
ing sequence are associated with some autistic patients, although
whether these SNPs have any relation to the specific phenotypes
of autism remains elusive.

Discussion

Our knockour mouse study shows that the loss of CADPS2 func-
tion in mice causes impairments in behavioral phenotypes (social
interaction, home cage activity, response to novel environment,
circadian rhythm, and maternal behavior) that are reminiscent
of the impairments that characterize autistic patients. Analyses
of the cellular phenotypes of Cadps2-knockout mice revealed that
CADPS2 is crirical for BDNF secretion from neocorrical and cere-
bellar neurons, the differentiation of neocortical and hippocampal
interneurons (deficits in which can be rescued by BDNF injection),
and the survival of cerebellar Purkinje cells. Moreover, we found
that CADPS2 mRINA from the blood of some autistic patients is
aberrantly spliced, resulting in a loss of exon 3, which has been
shown to encode the domain that binds ro p1509%d, We also
showed that exon 3-skipped CADPS2 protein has almost normal
BDNF releasing activity but is not properly transported into the
axons of neocortical and cerebellar neurons. These results suggest
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recent study of CadpsI-knockour mice, which die shortly
after birth, suggested a role for CADPS1 in the loading
of catecholamines into secretory vesicles (40). There-
fore, there is a possibility that CAPS/CADPS family
proteins are involved in multiple steps in the secretory
pathway, although their underlying molecular mecha-
nisms remain elusive. Our previous study suggested the
involvernent of CADPS2 in the release of BDNFand NT-3
from cerebellar granule cells (10). The present study
confirms the indispensable role of CADPS2 in BDNF
secretion by showing that CADPS2 deficiency causes
impairment of BDNF release from neocortical and cer-
ebellar primary cell cultures. It was of interest that the
deficit of BDNF release was observed in both regulated
and constitutive processes in cerebellar cultures. These
data suggest that CADPS2 is a component involved in a few steps
of the secretion pathway, including loading and exocytosis steps,
and that CADPS?2 is likely involved in a common mechanism of
the regulatory and constitutive secretion processes. On the other
hand, an immunolocalizacion study indicated thar the distribu-
tion patterns of CADPS2 and BDNF completely overlap in many
brain areas but overlap incompletely in other areas (11). Thus,
although CADPS2 is required for BDNF release from many brain
areas, BDNF release from other areas, including the hippocampal
CA1 region, might be attributed to the function of another CAPS/
CADPS family protein, CADPS1. The differential immunolocal-
ization of CADPS2 and BDNF in some brain areas (11) suggests
that CADPS2 is involved in the release of secrerory substances
other than BDNF in these areas.

Abnormal bebavioral phenotypes characteristic of Cadps2-knockout mice.
Cadps2-knockout mice not only have a normal locomotion ability
but also show normal basic sensory functions such as vision, olfac-
tion, and audition. In a probe test of Morris water maze learning,
however, Cadps2-knockout mice showed impaired spatial memory.
Ir was shown thar the probe test, for example, a hidden platform
test, reflects spatial learning better than measures of escape laten-
cies during training (41). Taking these results together, some part
of cognitive function (that is required for Morris warter maze learn-
ing) appears to be impaired in Cadps2-knockout mice.

Novel stimuli, such as unfamiliar environments or objects, are
theorized to create conflict in rodents by concurrently evoking
both approach and avoidance behaviors (22). Approach behavior,
or “exploration”, reflects an animal’s tendency to explore novel
stimuli or environments, whereas avoidance behavior, or “anxiety-
related behavior,” is thought to reflect an animal’s fear of novelry.
Cadps2~- mice showed decreased locomotor activity compared with
WT mice (Figure 2D) when placed in an open field containing a
novel object, as shown in dopamine D4 receptor-knockout mice
(42). Moreover, Cadps2~- mice made significantly fewer contacts
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Figure 12

Interacting protein of CADPS2 exon 3. (A) Schematic depiction of
human CADPS2 protein {(GenBank accession number NP_060424).
The C2- and pleckstrin homology (PH)-like domain, Munc13-1-homolo-
gous domain (MHD), and p150%*ed (also known as dynactin 1) -inter-
acting domain (DID) used as bait are shown. Exon 3 skipping leads to a
deletion of 111 aa residues (from 119 to 229). (B) Coimmunoprecipita-
tion experiments using lysates of COS-7 cells coexpressing p1506ted
951-1281 residues and CADPS2 constructs tagged with N-terminal
FLAG and C-terminal HA epitopes, respectively. Coimmunoprecipitates
with anti-HA antibody to CADPS2 constructs were blotted with anti-
FLAG antibody (upper panel). Input lysates were blotted with anti-FLAG
antibody (middle panel) and anti-HA antibody (lower panel). (C) The
endogenous p150€ied was coimmunoprecipitated with the endogenous
CADPS2 in P8 mouse neocortex extracts but not with endogenous syn-
aptophysin (Syph). The blots were immunostained for p1506&ed (upper
panel), CADPS2 (middie panel), and synaptophysin (lower panel).

with the novel object. These results indicate that Cadps2~- mice tend
to show augmented anxiety or reduced environmental exploration
in a novel environment, as was also the case in dopamine D4 recep-
tor-knockout mice (42). Interestingly, in an 8-arm radial maze test,
Cadps2~- mice showed decreased locomoror activity and lower arm
entries relative to WT mice (Supplemental Figure 5). Correspond-
ingly, the selective dopamine D2 receptor agonist, LY-171555, has
been found to cause decreased locomotion in an 8-arm radial maze
test (43) along with hyperacrivity in the home cages (44). As the
CAPS/CADPS family proteins interact with a dopamine D2 receptor
(45), the phenotypes observed in the present study might be associ-
ated with the dopamine pathway. Similar behaviors in unfamiliar
environments are observed in patients with autism (1, 2, 19).
BDNEF release activity of exon 3-skipped CADPS2. We found that
some autistic patients express an aberrantly spliced, exon 3-
skipped variant of CADPS2 mRNA in their blood. It is a notable
fact that this variant form was detected in both aucistic mono-
zygotic twins. Exon 3-skipped CADPS2 proteins exogenously
expressed in PC12 cells and primary cultured cerebellar and neo-
cortical neurons had a BDNF-releasing acrivity similar to that of
WT CADPS2. From these in vitro expression data, we suggest that
the levels of BDNF in the blood of autistic patients expressing
exon 3-skipped CADPS2 might be unchanged in comparison wich
those from healthy conrrol subjects or patients expressing only the
WT CADPS2. On the other hand, there have been several reports
showing different pathological results regarding BDNF levels in
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the sera of autistic patients, including increased levels (46-48),
no difference (49), and decreased levels (50). As for this point, the
origin of blood BDNF is still an open question; that is, it remains
unknown from which cell types and by which releasing mecha-
nisms BDNF is released (constitutive versus regulated, CADPS1
mediated versus CADPS2 mediated, etc.). Therefore, at present, we
cannot state anything conclusive about the association of BDNF
levels in the sera with autism.

Disturbance in subcellular localization of exon 3-skipped CADPS2.
We have shown here that the aberrant exon 3 skipping in CADPS2
deletes the dynactin-binding domain of the protein product. Our
previous study indicated thar in the cerebellum, CADPS2 protein
accumulates primarily in the presynapric terminals of granule cells
connecting Purkinje cell spines (10). CADPS2-mediated BDNF
release seems to trans-synaptically act on Purkinje cells and pro-
mote their survival and differentiation. Exogenously expressed
exon 3-skipped CADPS2, however, was not transported to the
axons of primary cultured neocortical and cerebellar neurons.
This improper subcellular targering of exon 3-skipped CADPS2
seems to cause a disturbance of localized neurotrophin release
in neurons (Supplemental Figure 10). The current dara suggest
that disturbance in the proper levels of localized BDNF release,
which is assumed to be caused by aberrant subcellular targeting
of CADPS2, results in the abnormal development of circuit con-
nectiviry observed in autism (51).

It remains to be resolved whether expression of exon 3-skipped
CADPS2 mRNA is paralleled by production of exon 3-skipped
CADPS?2 protein in autistic patient cells. We rried to analyze
CADPS2 protein by Western blotting in the limited volume of
blood samples from patients, but unforrunately we could not
detect it even in samples from healthy persons. This is probably
due to the very low levels of CADPS2 protein in blood cells being
expressed only in basophilic leukocytes, which represent only
abour 0.5% of total leukocytes. Recombinant exon 3-skipped
CADPS?2 protein, however, could be stably expressed in PC12 cells
and cultured neocortical and cerebellar neurons, as could WT
CADPS?2 protein. To correlate the present findings to the phe-
notypes of autistic patients, it must also be determined wheth-
er either mRNA and/or protein of exon 3-skipped CADPS2 is
expressed in autistic brain tissues.

Plausible mechanisms underlying the aberrant splicing of CADPS2
mRNA in antistic patienss. It is still unclear how the splicing out of
exon 3 is specifically caused in some autistic patients. We could
not find any nucleotide sequence differences in 3 common splic-
ing cis-elements (the 5’ donor and 3’ acceptor sites and the branch
point) of the CADPS2 gene from auistic patients displaying exon
3 skipping. In addition to these authentic cis-elements, some splic-
ing events are regulated by additional cis-elements known as exonic
and intronic splicing enhancers/silencers. To furcher pursue the
possibilities pointing to a “cis-hypothesis,” we examined exon 3
sequences and could find no change in the patients tested. We
also tested whether chere were microdeletion(s) in the intron 2
interval (73,385 bp) by quantitative genomic PCR, targeting 6 dis-
crete portions within intron 2 sequences in DNA from the autistic
subjects represented in Figure 10 (data not shown). As a result, we
could not detect any genomic variants/abnormalities in the autis-
tic DNA. Nonetheless the possibility of a “cis-hypothesis” cannot
be ruled out because 1 or more mutations might still be present
somewhere in the unexplored genomic region within che CADPS2
genes of these autistic patients.
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Figure 13

Aberrant distribution patterns of exon 3-~skipped CADPS2 protein. (A-D)
Subcellular localization of C-terminal HA-tagged CADPS2(WT) (A) and
CADPS2(Aexon3) protein (B) exogenously expressed in neocortical primary
cultures immunostained for HA (green), MAP2ab (red), and calbindin (blue) at
14 DIV. Arrows show the position of MAP2ab-negative and calbindin-positive
axons as shown in the same frame (C and D). (E and F) Subcellular localization
of C-terminal HA-tagged CADPS2(WT) (E) and CADPS2(Aexon3) (F) protein
exogenously expressed in cerebellar primary cultures immunostained for HA

(green) and MAP2ab (red) at 7 DIV. Scale bars: 50 um.

Alternatively, we must also consider the possibility of a “rrans-
hypothesis” as an underlying causality — that is, the possibility chat
thereare 1 or more polymorphisms in unknown genes that alters the
splicing of CADPS2 mRNA. This scenario would also predict abnor-
mal splicing of multiple genes in addition to the exon 3 skipping of
CADPS2. However, as we do not have any evidence for aberranct splic-
ing in other genes, we need to be cautious in any interpretation of
the results of CADPSZ exon 3 skipping based on a trans-hypothesis.
In this regard, it seems to be a suggestive example that a mutation in
methyl CpG binding protein 2 (MECP2) has been shown to be caus-
ative for Rett syndrome, a particular autism spectrum disorder, by
affecting the expression level of the BDNF gene (16, 52, 53); however,
MECP2 likely has multiple target genes other than the BDNF gene.

Other potential mechanisms for pathological alternartive splic-
ing of CADPS2 in autistic patients would include aberrant epigen-
etic regulation and de novo mutation. It should be noted, however,
that none of these inferred mechanisms explain satisfactorily why
the affected individuals in pedigree A show 2 bands, authenric and
exon 3-skipped CADPS2 bands (Figure 10), whereas the affected
individual in pedigree B shows only an exon 3-skipped band.
These results imply that the causal variants in pedigrees A and B
should be different. We can at least exclude a dominant inheri-
tance mechanism of causal variants in both pedigrees, because the
parents are unaffected in both pedigrees. Future extensive studies
are warranted to expose the precise pathological mechanisms.

Qur study also identified 7 nonsynonymous SNPs by analyzing
the CADPS2 coding sequence of 252 white autistic patients and 1
case in which CADPS2 mRNA expression was not detected in the
blood specimen of thar particular auristic patient (see Methods);
however, any correlation of these findings with autistic phenotypes
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remains elusive. We suggest that CADPS2 disturbance due
to genetic and/or allelic heterogeneities (e.g., disturbed
funcrion, subcellular localization, or expression caused by
rare, NONSyNonymous mutations, exon 3 skipping, aber-
rant expressional control, etc.) predisposes individuals ro
a higher risk for autism, at least in some cases. These phe-
nomena may point to the scenario of “common disease
— rare variants” rather than “common disease — common
variants,” both of which are proposed to contribute to
common disease mechanisms. It would be important that
future autism studies include an intensive scrutiny of the
genetic mechanisms thar impact directly and indirectly on
the function and structure of CADPS2, as one of the impli-
cared susceptibility genes for autism.

Methods
Human subjects. The study protocol was approved by the echics
committees of RIKEN Brain Science Institute, Hamamatsu Uni-
versity School of Medicine, and Tokyo Metropolitan Umegaoka
Hospital (Tokyo, Japan). RNA samples were obtained from 16
Japanese autistic patients, who were diagnosed according to the
DSM-IV (2). Their ages ranged from 13 to 27 years. Informed con-
sent was obtained from all the participants. Control samples were
obtained from age-matched healchy Japanese volunteers. DNA
samples from 252 white autistic patients were obtained from
the Aurism Genetic Resource Exchange (AGRE). The diagnostic
assessment in the AGRE sample was based on the Autism Diag-
nostic Interview-Revised {(ADI-R) diagnostic test (54). DNA sam-
ples from 218 biologically unrelated white subjects from cohorts
recruited as bipolar disorder pedigrees (34, 35) were also used.

RT-PCR. RNA was extracted from fresh blood with TRIzoL Reagent
(Invitrogen) according to the manufacturer’s instructions (1 ml TRIzoL
Reagent was added ro 100 pl of blood). RT-PCR reactions were carried our
in a 20-p] volume in the GeneAmp PCR System 9700 (PerkinElmer). The
QIAGEN OneStep RT-PCR kit (QIAGEN) was used according to the man-
ufacturer’s instructions. A 50-ng sample of toral RNA remplate was used
per reaction. The reverse transcription cycling conditions were 30 minutes
ar 50°C followed by 15 minutes at 95° C. PCR cycling conditions consisted
of 48 cycles of 94°C for 30 seconds, 67°C for 30 seconds, and 72°C for
30 seconds, followed by a final hold at 72°C for § minutes. The forward
primer was S-GGCAGCAGAAGCTTAACAAACAACAGTTGCAGT-
TAC-3, and the reverse primer was 5-GGACCACCTTTCGAAACTG-
GAAGACTTTCC-3 (normal, 661-bp product; exon 3 skipped, 328-bp
product). PCR was carried onr at least 4 separate times for each sample.
PCR products were electrophoresed on 2% agarose gels with a 100-bp DNA
Ladder (catalog no. 15628-050; Invitrogen). All 328-bp products were
cloned into the pCR4-TOPO TA cloning vector (Invitrogen), and the exon
3 skipping was confirmed by sequencing. PCR reactions were run at the
same time for parients and controls. The RT-PCR product band of CADPS2
mRNA was not detected from 1 autistic patient, although the GAPDH band
was detected (data not shown).

Production of the mouse line. A 12-kb genomic fragment containing exon
1 of mouse CADPS2 from C57BL/6 mice was used to construct the tar-
geting vectors. For positive selection, the Smazl-Smal fragment contain-
ing the full length of exon 1 was replaced by the Pgk-neo gene cassette
flanked by the loxP sites (Figure 1A). For negative selection, the diph-
theria toxin A fragment gene cassette was added to the 5" end of the
targering vector. After rransfection of MS12 ES cells (C57BL/6 mouse ES
cell line [ref. 55]) by electroporation, targeted clones were screened for
G418 resistance and analyzed by Southern blot analysis. Chimeric mice
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were generated by injection of the rargered MS12 ES cells inte Balb/c
blastocysts and mated with WT C57BL/6] mice to obtain heterozygous
mutant mice. All the engineered animals studied were backerossed onto
C57BL/6] for more than § generations.

BDNEF injection. The icv injection of BDNF in neonatal mouse brains
was carried out essentially as described in previous studies (56, 57). P§
C57BL/6] mice were anesthetized by diethyl ether and then given an icv
injection of a 2-ml solution containing either vehicle (PBS, pH 7.4) or
BDNE (5 mg in vehicle) into the left hemisphere. The location of each
injection was 2.5 mm anterior to A, 0.9 mm lateral to the midline, and
1.9 mm below the skull surface. Injections were performed using a Ham-
ileon syringe with a 30-gauge beveled needle. The needle was withdrawn
2 minutes larer and the scalp sutured. Mice were placed in a warm cage
until they had fully recovered and then were returned ro their home
cages with a foster mother mouse. The brains of 8 mice (4 PBS-injected
mice and 4 BDNF-injected mice) were fixed at P17 as described below,
and 2 sagirtal secrions of left hemisphere from each mouse (a total of
16 secrions) were immunostained.

Immunohistochemistry of brain sections. P8, P17, and P21 C57BL/6] mice
anesthetized with diethyl ecther were transcardially perfused with PBS
and then with 4% paraformaldehyde in PBS. The brains were dissected,
postfixed in 4% paraformaldehyde ar 4°C for § hours, and cryoprotected
by immersion in 15% sucrose in PBS overnight at 4°C. After embedding
in Tissue-Tek OCT compound (Sakura Finetechnical Co.), the brains
were frozen in dry ice powder and cut into 14-pm sagiteal sections with a
cryostat (Leica CM1850; Leica Microsystems) at -18° C. The sections were
then air dried for 1 hour and rinsed in PBS 3 times. After blocking with
5% normal donkey serum (Vector Laboratories) in PBS, the sections were
reacted wich the primary antibody at 4°C overnight, rinsed in PBS, reacted
with che secondary antibody at room temperature for 1 hour, and again
rinsed in PBS. The immunoreacted secrions were mounted with VECTA-
SHIELD Mounting Medium (Vector Laboratories) and examined with an
epifluorescence microscope {(Eclipse E800; Nikon) equipped with a cooled
charge-coupled device camera (SPOT model 1.3.0; Diagnostic Instruments
Inc.) or a confocal laser microscope (LSM 510 META,; Zeiss).

Immunocytochemistry of fractionated lenkocytes. Leukocytes were frac-
tioned as described previously (58). Freshly separated leukocytes that
had been smeared on 3-aminopropyltriechoxysilane (APS)-coated
glass slides and fixed with acetone for 10 minutes at 4°C were used for
immunocytochemistry.

PC12 secretion assay. Mouse BDNF cDNA was subcloned into the pEF4/
Myc-His plasmid vecror containing the EF-1a promoter (Invitrogen). Mouse
CADPS2 cDNA (GenBank accession number AK038568) was subcloned into
the pcDNA3 plasmid vector containing the CMV promoter (Invirrogen) ro
create pcDNA3-CADPS2(WT). pcDNA3-CADPS2(Aexon3) had an internal
deletion of 155-265 aa, which corresponded to exon 3 of human CADPS2.
Twenty-four hours after transfection with the expression plasmids as
described previously (10) using Lipofectamine 2000 Transfection Reagent
(Invicrogen), PC12 cells were incubared in fresh assay medium (DMEM con-
raining 0.2% BSA) for 10 minutes. Two different DMEMSs were used: stan-
dard DMEM (caralog no. 11965; Invitrogen) and high-KCl DMEM (50 mM
KCl/65 mM NaCl based on catalog no. 11965; Invitrogen). Both DMEMs
were fully equilibrated in a 5% CO: armosphere at 37 °C before application.
The control and high-KCl stimulation assay media were collected, and their
neurotrophin contents were measured using the BDNF Ep.. ImmunoAssay
System (Promega) according to the manufacturer’s instructions.

Yeast 2-hybrid analysis. The yeast 2-hybrid system (Matchmaker Two-
Hybrid System 3: Clontech) was used to identify proteins that bind to
the exon 3-containing region of mouse CADPS2 {134-331 aa of mouse
CADPS2 [GenBank accession number BAD0S017]). The aa sequence
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is almost identical to the 98-295 aa sequence (Figure 12A) of human
CADPS2 (GenBank accession number NP_060424). The partial mouse
CADPS2 cDNA (134-331 aa) was cloned in vector pGBKT7 (pGBKT7-
CADPS2 [134-331 aa]) and used as the bait in yeast 2-hybrid screening.
The bair plasmid pGBKT7-CADPS2 (134-331 aa) was transformed into
yeast strain AH109 and plated on an SD-Trp plate. An overnight culture
{concentrated culture) of positive pGBKT7-CADPS2 (134-331 aa) bait
strain in SD/-Trp medium was used to mate with 1 ml of pretransformed
adulr mouse whole-brain ¢cDNA library according to the manufacturer’s
instructions. The maring mixture was plated on 50 Quadruple Dropout
Medium (QDO; SD/-Ade/-His/-Leu/-Trp/X-0-Gal) plates (BD Biosci-
ences) (150 mm?, 200 pl per plate). Plates were incubated at 30°C for up
to 14 days. Approximately 18 x 10 colonies were screened. Ten positive
colonies were picked and processed for plasmid preparation according to
the Clontech yeast plasmid protocol. The resulting yeast plasmids were
transformed into E. coli, purified, and sequenced.

Immunoprecipitation and immunoblotting. Mouse CADPS2 ¢cDNA (Gen-
Bank accession number AK038568) was subcloned into the pEF-BOS
plasmid vector containing the EF-1a promoter (59) with che C-termi-
nal HA primer to create pEF-BOS-CADPS2(WT)-HA. The pEF-BOS-
CADPS2(Aexon3)-HA had an internal deletion of 155-265 aa, which
corresponds to the human CADPS2 exon 3 coding sequence. The cDNA
fragment coding for aas 951-1281 of mouse p15094 (GenBank accession
number NP_031861) was cloned into pEF-BOS with N-terminal FLAG
primer to create pEF-BOS-FLAG-p150%% (9511281 aa). COS-7 cells were
cultured in DMEM supplemented with 10% FBS at 37°C and 5% CO;,
and § x 105 cells in 6-well plares were transiently transfected with 1.25 mg
pEF-BOS-CADPS2-HA and 3.75§ mg pEF-BOS-FLAG-p150%ued
(951-1281 aa) plasmids by using Lipofectamine 2000 Transfection
Reagent (Invitrogen). At 24 hours after transfection, COS-7 cells were har-
vested and lysed in 1.3 ml of Nonidet P40 lysis buffer (10 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Nonidet P40) supplemented
with Complete protease inhibiror cockrail (Roche). After preabsorprion
with protein G-sepharose, the supernarants were incubared with 0.5 mg
anti-HA antibody or anti-FLAG antibody, and the immunocomplexes
were then associated with protein G-sepharose. The resins were washed
5 times with lysis buffer, and the bound proteins were separated on
SDS-PAGE gel and transferred to a nitrocellulose membrane for analysis
by Western blotring with anti-HA or anti-FLAG antibody.

Cerebellar primary culture. Cerebellar primary caltures were prepared
basically as described in a previous study (10). In brief, after rapid decap-
itation, the PO cerebella of C57BL/6 mice were dissected, digested wich
0.1% Trypsin (Sigma-Aldrich) and 0.05% DNase I (Roche) in Ca?*/Mg*-
free HBSS-CaMg(-) (Sigma-Aldrich) for 13 minutes at 37°C, washed
with HBSS-CaMg(-), triturared by repeated passage through a 1-ml
plastic micropipette tip in HBSS-CaMg(-) containing 0.05% DNase [
and 12 mM MgSOs, and washed with the following medium: serum-
free Bagle’s minimal essential medium-based chemical-conditioned
medium supplemented with 0.25% (wt/vol) glucose (Nacalai Tesque),
10 pg/mlinsulin (Sigma-Aldrich), 0.1 nM L-thyroxine (Sigma-Aldrich),
0.1 mg/ml apotransferrin (Sigma-Aldrich), 1 mg/mi BSA (Sigma-Aldrich),
2 mM L-gluramine (Nacalai Tesque), 1 pg/ml aprotinin (Sigma-Aldrich),
30 nM sodium selenite (Merck), 100 U/m1 penicillin (Banyu Pharmaceu-
tical Co.), and 135 pg/ml serepromycin (Meiji Seika KK). The dissociated
cells were plared at 5 x 10% cells per glass coverslip (12 mm in diam-
eter; Matsunami) coated with poly-L-lysine (Sigma-Aldrich). They were
then cultured in the medinm under a humidified 5% CO; atmosphere at
37°C. Either CADPS2(WT)-HA or CADPS2(Aexon3)-HA tagged with a
C-terminal HA epitope was exogenously expressed by the calcium phos-
phare merhod at 2 DIV (10).
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Preparation and infection of recombinant adenoviruses. A replication deficient
adenavirus Ad-BDNF-GFP was generated by the cosmid-terminal protein
complex (COS-TPC) method (60). Briefly, the full-length mouse BDNF
cDNA C-rerminal tagged with GFP was inserted into the CAG promoter
expression unit of pAxCAwt cosmid cassette (Takara Bio Inc.). Recombi-
nant viruses were generated by homologous recombination between Eco-
T221-digested AdS-dlx DNA-rerminal protein complex and recombinant
cosmid vectors in HEK293 cells as described elsewhere (61). The generared
recombinant adenoviruses were propagated in HEK293 cells, then concen-
trated and purified by double CsCl step gradient centrifugation. The virus
riters were measured on HEK293 cells. The resulting Ad-BDNF-GFP was
used for infection of primary cerebellar cultures at an MOl of 30 for 1 hour
at 37°C. As a control, Ad-GFP (26), which expresses GFP, was used.

Secretion assay in cerebellar primary cultures. Cerebellar cultures at 48 hours
after infection were incubated for 30 minutes in the chemical-condirioned
medium described above. After the incubartion, 3 different stimulation
assay media were applied for 15 minutes: the standard chemical-condi-
tioned medium described above, high-KCl chemical-conditioned medium
(350 mM KCl), and chemical-conditioned medium with 1 mM TTX and
10 mM NBQX. All media were fully equilibrated in a 5% COz atmosphere
at 37°C before application. The stimulation assay media were collected,
and their BDNF content was measured using the BDNF Eg,; ImmunoAs-
say System (Promega) according to the manufacturer’s instructions. BDNF
content in cell lysate was also measured using lysis buffer (20 mM Tris,
pH 8.0, 137 mM NaCl, 1% Nonidet P40, and 10% glycerol) supplemented
with Complete protease inhibitor cockeail (Roche).

Neocortical primary culture. Pregnant C57BL/6 mice were anesthetized, and
E16 embryos were collected. After rapid decapitation, the neocortices were
dissected from the E16 brains and digested with 45 U papain (Worthington),
0.01%DNase I, 0.02% DL-cysteine, 0.02% BSA, and 0.5% glucose in PBS(-) for
10 minutes at 37 °C. The culture medium was then supplemented with FBS
to a final concentrarion of 20% and tricurated by repeared passage thougha
1-m1 plastic micropipette tip. The dispersed cells were plated at a density of
3§ % 10¢ cells/cm? onto a poly-L-lysine-coated glass coverslip in a neurobasal
medium (Invitrogen) containing 2% B27 supplement (Invitrogen), 00 mM
L-glutamine, 0.1 mg/ml strepromycin, and 100 U/ml penicillin and cultured
under a humidified atmosphere of 5% CO; in airat 37°C.

Secretion assay in neocortical primary caltures. Transfection of neocorti-
cal neurons was carried out by the calcium phosphare method using a
CellPhect Transfection Kit (Amersham Biosciences) according to the man-
ufacrurer’s instructions with minor modifications. Full-lengch CADPS2
[CADPS(WT)] and the exon 3 deletion variant [CADPS2(Aexon3)] were
HA tagged at the C-terminal end and were used for transfection. The

=4

reaction mixture, containing 1 pg of DNA for each cDNA construct, was
added to neocortical primary dissociation cell cultures (5 x 104 cells in
1.9 cm? culrure dish) ac 4 DIV in a serum-free neurobasal medium. Cells
were then incubated for 30 minutes at 1% CO; and 37°C followed by
rinsing twice with prewarmed neurobasal medium. The transfection effi-
ciency was approximately 30%-50%. The BDNF content of culture media
collected at 21 DIV was measured using the BDNF Ep,., ImmunoAssay
System (Promega) according to the manufacturer’s instrucrions. The
amounts of BDNF, NGF, and NT-3 in the 21 DIV media of untransfecred
cultures were also measured using the BDNF Eq,, ImmunoAssay System
(Promega), NGF Eq ImmunoAssay System (Promega), and a highly sen-
sitive 1-site enzyme immunoassay (10, 62}, respectively.

Statistics. Statistical analysis was performed using Statcel software (OMS).
Data were compared using the 2-tailed Student’s £ rest or the Mann-Whit-
ney U test, according to unequal or equal variance. Fisher's exact test was
used to compare the prevalence of exon skipping in patients and control
subjects. A P value of less than 0.05 was considered statistically significant.
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