1288 T. Furuse et al.

A a

L

%

B

350 450 o
- = | Dorsal striuatum - Prelimbic cortex
o 300 I 400 - -
5.e0l “E350 |
Lo50 &
2ol 2300
OL; 200 :— @250 -
B Fkk
—(IJ- 150~ sk gZOO — !
2100 8150 i
°© _r Y100
50 50 -
 — B
’ Saline MPH Saline MPH 0 Saline H Saline MPH
(30mg/kg) (30mg/kg) (30mg/kg) . (j‘cmglkg)
o Grin1R9e1744 W Grin1R9%774y,

F1G. 10. Effect of MPH on c-Fos expression in Grin/®&/7*/+ and +/+ mice. (A) Diagram of the distribution of c-Fos-IR cells and regions selected for analysis.
Dots indicate c-Fos-IR cells 2 h after saline or MPH 30 mg/kg administration. Brain regions are abbreviated as follows: Acb, accumbens nucleus; Cg, cingulate
cortex; CPu, caudate-putamen (striatum); M, motor cortex; PrL, prelimbic cortex; S, somatosensory cortex. The diagram was modified from the brain atlas of
Paxinos & Franklin (1997). (a) Saline-treated wild type, (b) MPH-treated wild type, (c) saline-treated heterozygote, and (d) MPH-treated heterozygote. (B and C)
Quantification of c-Fos-IR cells in the dorsal striatum and prelimbic cortex (E). Error bars represent the SEM. ***P < 0,0001, Fisher’s PLSD test. Male mice, n = 7
in each group at 11 weeks age. (B) ANOVA, effect of genotype F) 4 = 206.7, P < 0.0001; effect of MPH treatment, F 54 = 735.543, P < 0.0001; interaction
between genotype and MPH treatment, Fy 54 = 180.89, P < 0.0001. (C) ANOVA, effect of genotype, Fy 4 = 76.32, P < 0.0001, effect of MPH treatment, ANOVA,
F) 54 =222.584, P < 0.0001, interaction between genotype and MPH treatment, F) 54 = 761.468, P < 0.0001. Scale bar in A, 500 um.
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F1G. 11. Phospho-ERK levels after intraperitoneal administration of MPH
30 mg/kg to wild-type and heterozygous mice. (A) Immunoblotting of pERK 1
and 2 in nucleus accumbens extracts following MPH administration. (B)
Quantitative analysis of the relative band density of pERK2. The baseline level
of pERK2 was calculated as the average ratio pERK2/ERK2 prepared from
saline-treated wild-type mice, and the data were normalized by using the
following formula: pERK level = (band density of pERK2)/(band density of
ERK?2)/(baseline level). Male mice, n = 5 in each group at 12 weeks age. Error
bars represent the SEM. ANOVA, effect of genotype, F) 3, = 0.271, P> 0.6;
effect of MPH administration, Fy 3, = 9.8, P < 0.004; interaction between the
MPH effect and genotype, Fi3 =169, P <0.0004. *P<0.05 and
**pP < (.01, Fisher’s PLSD test.

was not upregulated in comparison with the saline-treated heterozy-
gote (Fig. 11).

Discussion

Phenotype comparison between Grin179%°7* and other Grin1
mutants

The following Grinl mutant mice have been reported previously:
Grinl null mutants (Forrest et al., 1994; Li et al., 1994), Grinl™?5"
with reduced glycine affinity (Kew et al., 2000; Ballard et al., 2002),
Grinl™* 7% with reduced single-channel conductance (Single ef al.,
2000), and Grinl knockdown mutants (Mohn et al., 1999; Duncan
et al., 2006). We observed common phenotypes, including fearfulness,
embryonic lethality of homozygote, and social avoidance, in
Grinl®®<'*/+ and known Grin/ mutants (Forrest et al., 1994; Li
et al., 1994; Mohn et al., 1999; Kew et al., 2000; Single et al., 2000;
Ballard et al, 2002; Duncan et al, 2006). Increased anxiety is a
common finding in known Grinl mutant mice (Kew et al., 2000;
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Labrie et al., 2009), but measurements of time spent in the center area
of the open field and the results of the light-dark transition test
revealed no increase in anxiety in Grin®¢**/7*/+ mice. The increased
novelty-seeking behavior and the absence of increased anxiety are
phenotypes unique to the GrinI*®¢/7# mutant.

Functional change in GRIN1 protein

The missense mutation R844C is located in the intracellular
C-terminal domain of NMDARI, which is referred to the CO domain.
The CO domain spans amino acid residues 834-863 (Akyol ef al.,
2004). Previous reports have indicated that the CO domain is an
important regulatory domain of GRINI protein (Holmes et al., 2002;
Leonard et al., 2002). The cystein in the wild-type allele that is
replaced by arginine in the mutant is very hydrophobic, whereas
arginine is a positively charged hydrophilic amino acid and binds to
negatively charged amino acid groups. This change in the CO domain
should produce an alteration in the conformation and function of the
CO domain in GRINI protein and, in fact, we observed that after
NMDA stimulation calcium influx was increased and prolonged in
cortical neurons from the Grin/®&¢/”# mutant.

Altered interaction between NMDARs and dopamine receptors
may be responsible for the phenotypes of the Grin179°774
mutant

NMDAR and dopamine (DA) receptor functions are co-regulated by
direct (Lee et al, 2002) and indirect (Cepeda & Levine, 2006)
interactions. Morphological evidence suggests that glutamate receptors
and DA receptors interact in synaptic complexes or triads in cortical
pyramidal neurons (Goldman- Rakic et al, 1989). This type of
arrangement is found in striatal neurons (Smith & Bolam, 1990) and
provides a morphological basis for close DA receptor-glutamate
receptor interaction. As MPH has been reported to be involved in
activation of DA signaling, we used MPH to compare the altered DA
signaling in the wild-type and Grin/%®</7?/+ mice. The basal level of
c-Fos expression in the prelimbic cortex and striatum was very low in
the wild type, and MPH administration significantly increased c-Fos
expression in both areas. Increased c-Fos expression was observed in
the prelimbic cortex of GrinI®&<!7#/+ mice at the basal level, and
MPH paradoxically reduced c-Fos expression in the prelimbic cortex.
Phosphorylation of ERK2, a DA signaling-related protein, was
increased in the nucleus accumbens of GrinI®&¢/7*/+ mice at the
basal level, and little change was observed even after the high dose of
MPH (30 mg/kg). Thus, NMDAR dysfunction in these regions should
underlie the aberrant DA signaling and result in the behavioral
phenotypes of Grin1*€<’7* /+ mice. In the present study, the difference
in MPH-induced behavioral difference between the wild type and
Grinl mutant was detected only at the high dose of MPH
(108 pmol/kg). Taking into consideration that K; of MPH for the
mouse dopamine transporter is < 0.3 uM (Chen et al., 2005), the effect
of the high dose of MPH in the present study is considered to be due not
to the specific action on the DA transporter but to the effect on any
other receptors or transporters that crosstalk with DA signaling system.

Grin1R95°174 mutant as an animal model of psychiatric disorders

The implication of mutations in NMDAR has been suggested in
schizophrenia by human association study (Georgi et al, 2007;
Galehdari, 2009). The increased locomotor activity observed in the
Grin 1?7 /+ mice may represent fearfulness, and the mutant also
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exhibited social isolation in the social interaction test. Thus, the
phenotype’s fearfulness and social isolation observed in a schizophre-
nia model (Mohn et al., 1999) were also exhibited by this mutant.
MPH is one of the main therapeutic agents used to treat attention
deficit hyperactivity disorder (AD/HD) and narcolepsy patients.
However, the mechanism of action of MPH is still unclear. According
to previous reports, spontaneously hypertensive rat (SHR), a well
validated animal model of AD/HD, was found to exhibit the three
major characteristics of AD/HD (hyperactivity, impulsivity and poor
sustained attention) in a comparison with their progenitor Wistar—
Kyoto rat strain, and SHR has been shown to lack responsiveness to
MPH in several behavioral tests (Van den Bergh ef al, 2006). The
Grinl mutant mouse described here also exhibited altered pharmaco-
logical reactions to MPH. In view of the fact that SHR also exhibits
altered glutamatergic functions (Jensen et al., 2009), GrinlR&<!7
mice may be a useful model for gaining insight into the mechanism of
action of MPH on behavioral disorders in regard to DA receptor-
glutamate receptor interactions.

These phenotypes of Grin®&**/7 indicate that this mutant displays
some of the signs and symptoms of psychiatric disorders and may be a
useful tool for elucidating the molecular mechanisms of abnormal
behaviors and the actions of therapeutic agents.
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Ca?*-dependent activator protein for secretion 2 (CADPS2), a secretory granule associate protein, medi-
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Autistic disorder any scores/sub-scores of these scales. However, CADPS2 AExon3 expression was significantly associated
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results suggest that CADPS2 AExon3 affects intelligence and memory in the non-clinical population.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ca?*-dependent activator protein for secretion 2 (CADPS2) is
a secretory granule-associated protein involved in the release of
neurotrophins such as brain-derived neurotrophic factor (BDNF)
and neurotrophin-3 (NT-3). Mouse CADPS2 protein is associated
with BDNF-containing secretory vesicles and promotes activity-
dependent release of BDNF (Sadakata et al., 2004). Accordingly,
BDNF release is significantly reduced in the cultured neurons pre-
pared from the cerebellum, neocortex and hippocampus of CADPS2
deficient mice (Sadakata et al., 2007a, 2007b).

BDNF plays a crucial role in the development and mainte-
nance of brain function, including formation of synapses and
neural circuits. Reduced long-term potentiation and impaired spa-
tial memory have been reported in conditional BDNF deficient mice
or mice after infusion of antisense BDNF (Mizuno et al., 2000
Monteggia et al., 2004). A polymorphism in BDNF, Val66Met was
reported to affect human memory and hippocampal activity (Egan
et al., 2003). That polymorphism may also affect intelligence (Tsai
et al., 2004), and susceptibility to psychiatric disorders includ-
ing depression, schizophrenia (Rybakowski, 2008) and Alzheimer's

* Corresponding author. Tel.: +81 42 341 2712x5831; fax: +81 42 346 1744.
E-mail address: hattori@ncnp.go.jp (K. Hattori).
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disease (Fukumoto et al., 2010), although there are also negative
reports; i.e. cognition (Houlihan etal., 2009), memory (Strauss et al.,
2004), psychiatric disorders (Naoe et al., 2007; Zhang et al., 2006).

CADPS2 also mediates monoamine transmission. CADPS2,
together with its family protein, CADPS1, mediates the refilling
of catecholamine to the releasable vesicles, and catecholamine
secretion is significantly suppressed in the CADPS1/2 double
deficient cells (Liu et al, 2008). Another study supports that
CADPS2 is involved in monoamine storage as antibodies against
CADPS2 inhibit monoamine sequestration by synaptic vesicles
(Brunk et al., 2009). Monoamine-containing neurons project to
diverse brain regions including the hippocampus, neocortex, amyg-
dala and neocortex, and regulate the mode of their function
(Robbins and Arnsten, 2009). Dopamine neurotransmission is
critical for basic reinforcement learning, noradrenalin modulate
attention/concentration, while serotonin mediates cognitive flexi-
bility (Kehagia et al., 2010). CADPS2’s roles in synaptic functions
suggest that CADPS2 may also mediate human brain functions,
especially in learning, memory and cognition.

The regulation of learning/memory by CADPS2 could also
be developmental. A comprehensive voxelwise genome-wide
association study (GWAS) study found thata single nucleotide poly-
morphism (SNP) in CADPS2 was associated with brain structure
(Stein et al., 2010). In that study, the association between whole
voxels from brain images of the 740 elderly subjects and SNPs were
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analyzed, and the CADPS2 SNP was found to be associated with
temporal lobe volume, the region especially crucial for memory.

There is also a link between CADPS2 expression and human
brain disorders. Aberrant splicing of CADPS2 mRNA was reported in
autism; an exon-3 skipped isoform, CADPS2 AExon3 was detected
in the peripheral blood samples of several autistic patients but
not in those of healthy controls (Sadakata et al., 2007b). The
authors showed that CADPS2AExon3 protein was deficient in
proper axonal transport, which results in the loss of local synaptic
BDNF release. While the relationship of CADPS2 AExon3 expression
in the brains and autism is unclear, the aberrant splicing of CADPS2
could contribute to autism susceptibility by affecting neurotrophin
and/or monoamine release.

Previously, we found that both CADPS2 and CADPS2 AExon3
expression were increased in the post-mortem brains of
schizophrenic patients (Hattori et al., 2011). We also detected
CADPS2 AExon3 in the blood of both schizophrenic patients and
control subjects. There were more CADPS2 AExon3 positive sub-
jects in the schizophrenic patients than in the controls, although
the difference was not statistically significant.

To get more insight into CADPS2’s role in human brain func-
tion, the present study examined the possible association between
the blood expression levels of CADPS2/CADPS2 AExon3 and intel-
ligence/memory in healthy subjects. Considering the continuity
between developmental disorders and healthy state (Bishop, 1989;
Volkmar etal.,2004), intermediate phenotypes related to the devel-
opmental disorders should also be expressed in “healthy” subjects
and might be associated with CADPS2/CADPS2 AExon3 expression
levels. We applied quantitative PCR, a more reliable method,
to detect each transcript rather than evaluating electrophoresis
bands, applied in the past studies (Eran et al., 2009; Sadakata et al.,
2007b). As a result, we found that CADPS2 AExon3 expression was
associated with lower intelligence and memory. To our knowledge,
this is a novel finding, which is likely to have relevance to the
susceptibility to autism and learning disorders.

2. Subjects and methods
2.1. Participants

Subjects were 271 healthy volunteers [67 males and 204 females; age range
20-74 years; mean age 43.3 + 15.3 (standard deviation: SD)years] recruited through
advertisements in free local magazines and our website announcement. All sub-
jects were biologically unrelated healthy Japanese from the same geographical area
(Western part of Tokyo Metropolitan). They were interviewed by the Japanese ver-
sion of the Mini-International Neuropsychiatric Interview (M.LN.L) (Otsubo et al.,
2005; Sheehan et al., 1998) by a research psychiatrist, and those who had a current
history of psychiatric disorder were not enrolled in the study. In addition, those
individuals who demonstrated one or more of the following conditions in a non-
structured interview performed by an experienced psychiatrist were excluded from
this study: past or current regular contact to psychiatric services, having a history of
regular use of psychotropics or substance abuse/dependence, presenting other obvi-
ous self-reported signs of past primary psychotic and mood disorders, and having a
prior medical history of central nervous system disease or severe head injury. After
the nature of the study procedures had been fully explained, written informed con-
sent was obtained from every subject. The study was conducted in accordance with
the Declaration of Helsinki and approved by the ethics committee of the National
Center of Neurology and Psychiatry, Japan.

2.2. Sample preparation

Blood collection and RNA isolation was performed using the PAXgene blood RNA
system (Qiagen, Valencia, CA) as described previously (Hattori et al.,, 2011). Blood
samples were collected around 11 A.M. Extracted RNA was quantified by optical
density reading at 260 nm using NanoDrop ND-1000 (Thermo Scientific, Rockford,
IL). Samples that contained more than 40 ng/.l of total RNA were used for analy-
sis; 8 wl from each sample was reverse transcribed using SuperScript VILO cDNA
Synthesis Kit (Invitrogen, Carlsbad, CA).

2.3. Quantitative real-time polymerase chain reaction

Polymerase chain reaction (PCR) amplifications were performed in triplicate
(5wl volume) on 384-well plates using ABI prism 7900HT (Applied Biosystems,

Table 1
Demographic information and CADPS2 AExon3 expression levels of participants.

N Age (SD) Number of tubes with
CADPS2 AExon3 detection
0 1 2-3
WAIS-R
Male 54 43.5(15.6) 36 12 6
Female 185 45.8 (14.6) 114 52 19
Total 239 45.2(14.8) 150 64 25
WMS-R
Male 67 40.6 (15.5) 46 13 8
Female 199 439(15.2) 122 56 21
Total 266 43.1(15.3) 168 69 29

Foster City, CA) as described previously (Hattorietal.,2011). Each reaction contained
0.28 .l of cDNA sample, qPCR QuickGoldStar Mastermix Plus (Eurogentec, Seraing,
Belgium) and a primer of the target, i.e. CADPS2 (Hs01095968_.m1 at Exons 4-5,
on NM_017954.9), CADPS2 AExon3 (forward primer: GTAGCTGACGAAGCATTTTGCA,
reverse Primer: TGATCTGGGCTGCTTGTTCAT, reporter: CTGCGTTATCCAGCTCAT)
and a primer of the housekeeping gene, Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (4326317E), all purchased from Applied Biosystems. Negative control
reactions were carried out with “no RNA" samples. The real time PCR reactions ran
at 50°C for 2min, 95°C for 10 min and in 40 (for CADPS2 and GAPDH) or 45 (for
CADPS2 AExon3) cycles changing between 95 °C for 15s and 60°C for 1 min. Data
were analyzed using the Sequence Detection System (SDS) 2.0 software (Applied
Biosystems) as follows. A standard amplification curve was made by serial dilution
of a “standard” pooled cDNA sample in each plate. The mean value of triplicate of
each sample was normalized to the standard curve. Then the values of CADPS2 from
each sample were normalized to those of GAPDH. With respect to CADPS2 AExon3,
we counted the number of tubes in which signals were detected, among triplicates,
as reported previously (Hattori et al., 2011). In brief, for each tube, we defined
‘detected’ if the signal reached a threshold automatically set by the SDS 2.0 soft-
ware within 45 cycles, and a threshold cycle (Ct) value was obtained. Second, we
counted the number of ‘detected’ tubes of each triplicate (Supplemental Fig. S1).
Third, we defined ‘positive’ when 2 or 3 tubes in triplicate analysis of each sam-
ple were detected as we assumed that the ‘detection’ should be repeated at least
once. We defined ‘negative’ when no tube was detected. The samples with only one-
tube detection were excluded from the statistical comparison between individuals
with CADPS2 AExon3 positive and those with CADPS2 AExon3 negative. To avoid an
arbitrary interpretation, we also performed statistical analyses including one-tube
detection and dividing subjects into 3 groups (negative, one-tube detection, and
positive).

2.4. Neuropsychological test measures

To assess memory and intelligence, the Japanese full versions of the Wech-
sler Memory Scale-Revised (WMS-R) (Sugishita, 2001) and the Wechsler Adult
Intelligence Scale-Revised (WAIS-R) (Shinagawa et al., 1990) respectively, were
administered.

2.5. Statistical analyses

CADPS2 expression levels were converted to a -10 logarithmic scale before
statistical analysis in order to obtain a normal distribution (Castensson et al.,
2005) as reported previously (Hattori et al., 2011). One extremely high value of
CADPS2 expression was excluded. The relationship between CADPS2 expression and
each score was analyzed by Spearman correlation test. The effect of CADPS2 or
CADPS2 AExon3 expression on intelligence or memory was assessed by multiple
analysis of covariance (MANCOVA), controlling for age, sex, and education years.
These analyses were performed by SPSS software version 11 (SPSS Japan, Tokyo,
Japan).

3. Results

First, we analyzed the association between blood CADPS2
expression and IQ and memory indices. Spearman correlation anal-
yses did not detect any significant correlation between blood
CADPS2 expression levels and IQ scores (Supplemental Table S1).
Among WMS-R scores, verbal memory and general memory tended
to correlate with CADPS2 expression levels (Supplemental Table
S1). However, no significant effect of CADPS2 expression was
detected on those scores when age, sex and education years were
controlled for (p=0.15 for verbal memory and p=0.21 for general
memory).
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Fig. 1. Association between IQ/memory and CADPS2 A Exon3 expression. WAIS-R
scores and WMS-R scores were compared between those who did not (open-bar)
and did (filled-bar) express CADPS2 AExon3 in the blood. (A) IQ and CADPS2 AExon3
expression. FIQ, full-scale IQ; VIQ, verbal 1Q; PIQ, performance IQ. (B) Memory and
CADPS2 AExon3 expression. VeM, verbal memory; ViM, visual memory; GM, general
memory; AC, attention and concentration; DR, delayed recall. Data are mean +SD;
*p <0.05, MANCOVA controlled for sex, age, and education years.

Then, we analyzed the possible association of CADPS2 AExon3
expression with IQ and memory. As reported previously (Hattori
et al,, 2011), the expression level was very low and no expression
was detected for the majority of samples. Thus, we counted the
number of signal-detected tubes among triplicate analyses of each
sample (Supplemental Fig. S1, Table 1).

With respect to WAIS-R, full-scale IQ (FIQ) was significantly
lower in the CADPS2 AExon3 positive group, compared with that
of the negative group (F=5.3, df=1, p=0.022, np%=0.031, Fig. 1A).
When verbal 1Q (VIQ) and performance IQ (PIQ) were examined
separately, VIQ (F=5.6, df=1, p=0.019, 1,2=0.032) was signifi-
cantly lower in the positive group.

With respect to WMS-R, verbal memory (F=5.0,df=1, p=0.026,
np?=0.026) and delayed recall (F=4.2, df=1, p=0.042, np%=0.021)
were significantly lower in the positive group compared with the
negative group (Fig. 1B).

Even if one-tube detection was included in the analysis, the
results were essentially the same. With respect to WAIS-R, there
were marginal effects of CADPS2AExon3 expression levels on
FIQ (F=2.33, df=2, p=0.099, 1p?=0.020) and VIQ (F=2.57, df=2,
p=0.079, 7,2=0.022) and the post hoc tests detected significant
reduction of FIQ (p=0.036) and VIQ (p =0.026) in the positive group
compared to negative group (Supplemental Fig. S2A). With respect
to WMS-R, significant effects of expression level were detected on
verbal memory (F=4.5, df=2, p=0.012, 1p?=0.034) and delayed
recall (F=5.8,df=2,p=0.003, 1,? =0.043). Amarginal effect on gen-
eral memory (F=3.0,df=2,p=0.051, 7,2 =0.023) was also detected.
The post hoc tests detected significant reduction of verbal mem-
ory (p=0.028) and delayed recall (p=0.001) in the positive group
compared to the negative group (Supplemental Fig. S2B).

When males and females were analyzed separately, statistically
significant differences were detected only in females with respect
to FIQ, VIQ, visual memory, general memory and delayed recall
(Supplemental Fig. S3). Nonetheless, average scores of these tests
were lower in the CADPS2 AExon3 positive group of the male sub-
Jjects than in the negative group. The failure to reach statistical
significance is likely to be ascribed to the lack of statistical power
due to the small number of male subjects.

It is possible that we might have removed cognitive ability vari-
ance when education years were controlled for. To examine this
possibility, we performed an additional analysis in which educa-
tion was not controlled for. However, the results were essentially
unchanged; CADPS2AExon3 expression levels were significantly
associated with FIQ (F=6.3, df=1, p=0.013, 1,%=0.036), VIQ
(F=6.7,df=1,p=0.011, n,2=0.038), verbal memory (F=5.1, df=1,

p=0.025, 1,2 =0.026) and delayed recall (F=4.5, df=1, p=0.035,
np2=0.023).

4. Discussion

In the present study, we examined the possible associa-
tion between the expression of CADPS2 transcripts (CADPS2 and
CADPS2 AExon3) in the peripheral blood and higher brain functions
such asintelligence and memory in healthy subjects. While CADPS2
expression levels were not associated with the scores of these mea-
surements, CADPS2 AExon3 expression was significantly associated
with lower 1Q, lower verbal memory and delayed recall of WMS-R.

4.1. Evaluation of CADPS AExon3 expression levels

Because there were relatively large number of 1-tube detection
samples, we suppose that there are continuity between negative
and positive samples, and 1-tube detection might stochastically
reflects the expression levels between negative (0) and positive
(>1). Since inclusion or exclusion of 1-tube detection samples in
the criteria did not affect the results essentially, our conclusion; the
expression of CADPS2 A3 was associated with cognition and mem-
ory, was supported. However, because the expression levels might
continuous rather than qualitative values, future studies should
improve the sensitivity of analyses, i.e. by using larger sample vol-
ume.

4.2. Did the participants include autism?

It has been reported that CADPS2 AExon3 was present in indi-
viduals with autism but not in controls (Sadakata et al., 2007b).
In the present study, all participants were screened for current
and past psychiatric histories by experienced psychiatrists using
structured (M.LN.I.) and unstructured interviews. As the M.LN.L
is not designed to diagnose autism, there remains the possibility
that some patients with mild, high functioning autism could have
been included. However, interviews by experienced psychiatrists
did not detect any subject who could be diagnosed as autism or
other pervasive developmental disorders. Thus, our results suggest
that CADPS2 AExon3 may be positive even in non-autistic individu-
als.Rather, CADPS2 AExon3 is likely to be presentinindividuals with
lower VIQ and lower memory function which may be intermediate
phenotypes of autism (see below).

4.3. Autism and intelligence

Approximately three-quarters of individuals with autism have
low (<70) full-IQ scores (Yeargin-Allsopp et al., 2003 ). With respect
to profiles of IQ, Lincoln et al. reported depressed verbal IQ rela-
tive to performance IQ (VIQ<PIQ) in autism (Lincoln et al., 1988),
although inconsistent findings (no difference or VIQ < PIQ) have also
beenreported (Ehlers et al., 1997; Siegel et al., 1996; Williams et al.,
2008). Thus, CADPS2 AExon3 positive subjects partly share similar
cognitive deficits with autism.

4.4. Autism and memory

Similar to CADPS2AExon3 positive subjects, adults with high
functioning autism were reported to have impaired memory func-
tions (Bennetto et al., 1996; Minshew and Goldstein, 2001; Steele
et al., 2007; Williams et al., 2005b). Not all but several stud-
ies have shown that the impairments were prominent in visual
memories especially for human faces rather than verbal mem-
ories (Hillier et al., 2007; Williams et al., 2005a, 2006). In the
case of CADPS2AExon3 positive subjects in the present study,
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although visual memory also tended to be lower, the significant
reduction was rather detected in verbal memory. The different
memory profiles between previous findings in autistic adults and
our CADPS2 AExon3-positive subjects might be partly due to the
reduced IQ in our CADPS2AExon3 positive subjects, while the
previous studies compared memory between patients with high
functioning autism and 1Q-matched controls.

4.5. Implications on schizophrenia susceptibility

Previously, we analyzed CADPS2/CADPS2AExon3 expression
both in the post-mortem brains of psychiatric patients from the
Stanley neuropathology consortium, consisting of 15 patients with
schizophrenia, 15 with depression, 15 with bipolar disorder and
15 control subjects and bloods of 121 schizophrenic patients and
318 controls (Hattori et al., 2011). In the brain samples, we found
that not only CADPS2 but also CADPS2 AExon3 was significantly
increased in the schizophrenic group. These changes were not
observed in other psychiatric disorders. We also found that the
ratio of blood CADPS2 AExon3 positive subjects was higher in the
schizophrenic group (21 out of 121 patients, ratio=0.17) compared
to the control group (36 out of 318, ratio= 0.11), although the dif-
ference in the ratio was not statistically significant.

Of all cognitive domains, verbal memory is one of the most
frequently and severely affected in schizophrenia (Aleman et al.,
1999; Heinrichs and Zakzanis, 1998; Leeson et al., 2009). Thus,
CADPS2 AExon3 positive subjects and schizophrenic patients share
a similar phenotype. On the other hand, with respect to IQ, many
studies showed PIQ is lower than VIQ in schizophrenic patients
(Amminger et al., 2000; Aylward et al., 1984), suggesting that
CADPS2 AExon3 positive subjects also have a different feature to
schizophrenia.

Because autism and schizophrenia are supposed to be heteroge-
neous disorders, CADPS2 AExon3 could be a susceptibility marker
for a sub-type, especially the patients with affected verbal func-
tions. Alternatively, CADPS2 AExon3 expression might be merely
related to verbal functions or associated with verbal learning dis-
order.

4.6. How does blood CADPS2 AExon3 affect brain function?

The mechanism of how peripheral CADPS2 AExon3 expression
affects brain functions is unclear. Although CADPS2 AExon3 was
shown to express in the human brain (Eran et al., 2009; Hattori
et al, 2011), there is no evidence that blood CADPS2AExon3
expression reflects its high expression in the brain. In case of
autism, high CADPS2 AExon3 expression might have genetic basis
as CADPS2 has been suggested to be a susceptibility gene for autism
(Cisternas et al., 2003). Sadakata et al. (2007b) found several non-
synonymous SNPs in CADPS2 from autistic patients but such SNPs
were not detected in healthy subjects. Although CADPS2 AExon3
retains BDNF releasing activity, it lacks ability to be transported
to axons, which would result in the loss of local synaptic BDNF
release (Sadakata et al., 2007b). Therefore, higher CADPS2 AExon3
expression in the brain, may affect BDNF release through the
dominant-negative effect.

CADPS2 mediates the release of monoamine neurotransmis-
sion as well. CADPS2 promotes monoamine uptakes and storage
(Brunk et al., 2009; Liu et al., 2008) and mediates priming process
of monoamine-containing dense core vesicles, so that it facilitates
CaZ*-triggered release of neurotransmitters (Jockusch et al., 2007).
Therefore, it is also plausible that CADPS2 AExon3 expression affects
brain function through altered monoamine transmission.

Among monoamines, dopamine’s roles on cognition and learn-
ing have been established by both animal and human studies
(Kehagia et al., 2010). The dopamine neurotransmission in the

hippocampus and the prefrontal cortex plays an essential role in
working memory (Goldman-Rakic, 1998) and that in striatum also
mediates reinforcement and reversal learning (Kehagia et al., 2010).
Several studies suggest a link between human verbal function and
dopamine D2 receptor. Striatal dopamine D2/D3 receptor avail-
ability was reported to correlate with VIQ assessed by WAIS-R
(Guo et al., 2006). Hippocampal D2/D3 receptor availability was
also related to verbal memory (Takahashi et al., 2007). In addition,
dopamine release was enhanced in the frontal cortex, the amyg-
dala and the hippocampus during verbal working memory task
(Aalto et al.,, 2005). Thus, the features of CADPS2 AExon3 positive
subjects have some similarity with deficits in the D2 receptor func-
tion. Because CADPS2 is highly expressed in the dopamine-rich
brain areas such as ventral tegmental area and substantia nigra
of mice brain (Sadakata et al., 2006), and it is reported to inter-
act with dopamine D2 receptor (Binda et al., 2005), the features of
CADPS2 AExon3 positive subjects could be ascribed, at least in part,
to impaired dopamine transmission.

Although no significant association was detected between
wild-type CADPS2 expression levels and WMS-R scores, CADPS2
expression level tended to correlate with verbal/general mem-
ory. Thus, CADPS2 and CADPS2AExon3 might have opposite
effects on memory, which is consistent with the above discussion
about CADPS2/CADPS2 AExon3 functions. On the other hand, with
respect to intelligence, the mechanism of CADPS2/CADPS2 AExon3
effects might be more complicated or CADPS2 AExon3 might have
functions independent from wild-type CADPS2.

4.7. Limitation

Alimitation is that the mean IQ of our sample was relatively high
(mean full-scale IQ: 111.7 £ 12.1). This may have arisen by the geo-
graphicarea of the sample (i.e. Western part of Tokyo Metropolitan)
because average income in Tokyo is approximately 20% higher than
national average (Ministry of Health Labour and Welfare, 2009)
and income correlates with education level. Therefore, our sample
was overrepresented by individuals with higher IQ relative to the
Japanese population as a whole. This may have missed the possible
effects of CADPS2 and CADPS2 AExon3 on brain functions in people
with relatively low IQ.

5. Conclusion

We found that expression of the splice variant of CADPS2,
CADPS2 AExon3, in the peripheral blood is associated with human
brain functions such as intelligence and memory. Those individuals
who expressed CADPS2 AExon3 had lower IQ and memory. Because
CADPS2 mediates the release of BDNF and monoamines, impaired
function of CADPS2 due to CADPS2 AExon3 might exert detrimen-
tal effects on BDNF and monoamine functions which are crucial in
the brain development and higher brain functions. Further studies
to elucidate the mechanisms of production of CADPS2 AExon3 and
its effects at the molecular level are warranted.
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