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TABILE 3. Decreases in the FA Values of Patients With Delirium

MNI Coordinates

Anatomical Regions x y z Model 1° (df = 114) Model 2" (df = 113)
Thalamus
Left ventral anterior nucleus -8 -6 6 4.96 337
Left ventral lateral nucleus -10 =12 8 4.42
Left pulvinar -20 —28 12 4.31
Left ventral posterior lateral nucleus -16 —16 8 3.62
Left lateral posterior nucleus -20 -20 12 3.76
Right anterior nucleus 6 —4 8 4.04
Right ventral anterior nucleus 12 -6 8 3.39
Right pulvinar 16 —32 12 4.08
Right ventral lateral nucleus 16 -16 12 3.28
Temporal lobe
Left superior temporal gyrus WM -36 —40 8 4.44
Left middle temporal gyrus WM =56 —36 10 3.21
Left subgyral WM —44 -36 —4 385
Right superior temporal gyrus WM 38 =38 8 3.50
Right subgyral WM 42 =36 —4 3.51
Frontal lobe
Left inferior frontal gyrus WM —36 32 8 3.46
Left precentral gyrus WM -36 —4 36 3.41
Left subgyral WM -22 -32 34 4.86 3.46
Right subgyral WM 40 0 22 3.53
Parictal lobe
Left supramarginal gyrus WM —48 —42 34 3.42
Left precuneus WM =20 =56 36 3.61
Left subgyral WM -22 =52 38 3.53
Right subgyral WM 34 =52 32 3.23
Limbic lobe
Left cingulate gyrus WM -20 -10 42 3.86
Right cingulate gyrus WM 20 —24 36 4.75 3.47
Left anterior cingulate WM -12 24 22 3.60
Corpus callosum (splenium) -6 —34 20 4.58 3.18

Notes:  The FA values were compared between the two groups (patients with or without postoperative delirium) by a voxel-by-voxel analysis

using the SPM2. MNI: Montreal Neurological Institute.

“In Model 1, to estimate population effects (diagnostic cffects), we used a single subject condition (nondelirium [n = 97] or delirium [n = 19])

and covariate (no covariate of interest) model for the SPM analysis.

PIn Model 2, we applied the single subject condition (nondelirium [n = 97] or delirium [n = 19]) and covariate (covariate of interest; age).
For the analyses, we set the masking threshold for the FA values of 0.2 for excluding voxels containing partial volume of WM and other tissues.
We used the one-tailed p <0.001 (uncorrected) as a statistical threshold to search for significant differences between the groups.

brainstem and projects through synaptic relays in the
thalamus to the cerebral cortex,*”*® and neural net-
works composed of a number of brain areas includ-
ing the cerebral cortices (e.g., posterior parietal cor-
tex, frontal eye fields, and cingulate cortex) and
subcortical areas (e.g., thalamus, striatum, and the
reticular activating system) play an important role in
visuospatial attention.*’' It is also suggested that
there is widespread disruption of higher cortical
function involving the several brain areas in deliri-
um.* Consequently, it is likely that the alterations in
the microstructure of the WM underlay a vulnerabil-
ity of the patients to develop postoperative delirium
in this study.

Am J Geriatr Psychiatry @:@, e®® 2010

All the subjects of this study had a minimal impair-
ment of cognitive function. A sensitive decline in the
delirium group was observed in the executive func-
tions such as the Trail Making tests and the word
fluency tests, in accordance with a recent study report-
ing that the mildly impaired cognitive performance can
be an independent risk factor for postoperative de-
lirium." The decrease in the functions with normal
aging is supposed to be paralleled with the anatom-
ical changes of the frontal lobe and its connection with
other brain areas.**>* Moreover, the multivariate stepwise
logistic analysis indicated that the lower WFTA score was
animportant predisposed risk factor for the postoperative
delirium. It has been reported that the semantic fluency

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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FIGURE 3. Comparisons of FA Values Between the Delirium and Nondelirium Group by a Single Subject Condition With the

Covariate (Age) Model for the SPM2

The SPM{t} values (one-tailed p <0.001, uncorrected) are displayed on the axial FA template images. A significant decrease in the FA values was
observed in four clusters of the brain area. The area of maximum change in each cluster was 1 the left thalamus (nucleus ventralis anterior)(the Montreal
Neurological Institute (MND) coordinates; x = —8, y = —6, z = 6), 2 the left frontal lobe (subgyral white matter) (MNI coordinates; x = 22. y=-32,
z = 34), 3 the right limbic lobe (cingulate gyrus white matter) (MNI coordinates; x = 20, y = —24,z = 306) and 4 the corpus callosum (splenium) (MNI
coordinates; x = —6, = —34, z = 20) (Table 3). The brain area is marked by an arrow with the number.

task such as WFTA was more useful than the letter flu-
ency task for discriminating between healthy aging and
mild dementia of the Alzheimer type.*>* Thus, this study
suggests a similar usefulness of the word fluency tests for
predicting a risk for postoperative delirium.

A number of limitations of our study ought to be
mentioned. Because this study was carried out in a
limited number of patients who underwent the
planned cardiac operation, further examinations car-
ried out in a larger group of subjects or with any
modification to the design of the study, such as a
noncardiac operation, are required to confirm and
generalize the observation of this study. Secondary,
although the assessment by the T1 and T2-weighed
images could not find any quantitative difference
between the two groups in this study (data not
shown), it is likely that small and silent insults of
cerebrovascular arteriosclerosis observed in the older

persons interfere the FA values of the WM. Thus, the
relationship between the fiber integrity and the
pathological changes needs to be explored further.
Another limitation is the spatial normalization of
WM regions in the voxel-based analysis of FA data,'**'
whereas many studies using the analysis have al-
ready provided an important insight into microstruc-
tural WM abnormalities in neuropsychiatric disor-
ders.***1°5%¢ Large variations of brain shape in
older subjects might limit an ability to achieve the
normalization across the subjects. The FA values in
some regions surrounding the ventricles (Figs. 2 and
3) could be distorted by the misregistrations of image
and underlying variation of brain shapes.

In conclusion, this study revealed that the advanced
age and the cognitive decline were important predic-
tive indicators of the postoperative delirium and sug-
gests that the abnormalities of the microstructure in the
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FIGURE 4. Scatter Plots of the FA Values With Age in Four Brain Areas
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[A] The left thalamus (nucleus ventralis Anterior), [B] the left frontal lobe (subgyral white matter), [C] the right limbic lobe (cingulated gyrus
white matter), and [D] the corpus callosum (splenium). The FA values of the delirium group were significantly decreased in the four brain areas
(left thalamus [nucleus ventralis anterior]: F = 11.13, df = 1,113, p <0.01, left frontal lobe [subgyral]: F = 11.87, df = 1,113, p <0.001, right
cingulate gyrus: F = 11.94, df = 1,113, p <0.001, corpus callosum: F = 10.00, df = 1,113, p <0.01) compared with thosc of thc nondclirium
group. The analysis was performed by ANCOVA with the age of the patients treated with as a nuisance covariate. The linear regression lines
between the age (x) and the FA values () of each brain area for the nondelirium group (the thalamus [y = —0.001 X x + 0.383,» = 0.488, df =
95, p <0.0001], the frontal lobe [y = —0.001 X x + 0.352, r = 0.394, df = 95, p <0.0001], the cingulate gyrus [y = —0.001 X x + 0.465, r =
0.376, df = 95, p <0.0001] and the corpus callosum [y = —0.002 X x + 0.465, r = 0.398, df = 95, p <0.0001]) and the delirium group (the
thalamus [y = —0.001 X x + 0.352, r = 0.346, df = 17. p = 0.147], the frontal lobe [y = —0.002 X x + 0.51, 7 = 0.396, df = 17,p = 0.0936],
the cingulate gyrus [y = —0.001 X x + 0.394, r = 0.089, df = 17, p = 0.716], and the corpus callosum [y = —0.004 X x + 0.685, r = 0.431,
df = 17, p = 0.0656]) are indicated by the dotted lines and solid lines, respectively.

deep WMs and thalamus are predisposed in the pa- delirium. On the other hand, the FA values in the four
tients with delirium and putatively account for the brain areas such as left ventral anterior nucleus of the
underlying mechanism of age-related vulnerability to thalamus may be affected by factors other than aging,
Am J Geriatr Psychiatry @:@, e®® 2010 9
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supported by the additional analysis in the subgroup of
the subjects older than 60 years indicating that the
decreased FA values of the brain areas in the deli-
rious patients were also statistically significant.
Thus, further DTI studies to clarify factors other
than aging affecting the microstructure of the WM,
e.g., arteriosclerosis, can provide a new insight
into the brain condition vulnerable to delirium.
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ABSTRACT

Semaphorins are ligands of plexins, and the plexin—semaphorin signaling system is widely involved in
many neuronal events including axon guidance, cell migration, axon pruning, and synaptic plasticity. The
plexin A2 gene (PLXNA2) has been reported to be associated with schizophrenia. This finding prompted
us to examine the possible association between the semaphorin 3D gene (SEMA3D) and schizophrenia in
a Japanese population. We genotyped 9 tagging single nucleotide polymorphisms (SNPs) of SEMA3D
including a non-synonymous variation, Lys701GIn (rs7800072), in a sample of 506 patients with
schizophrenia and 941 healthy control subjects. The GIn701 allele showed a significant protective effect
against the development of schizophrenia (p = 0.0069, odds ratio = 0.76, 95% confidence interval 0.63 to
0.93). Furthermore, the haplotype-based analyses revealed a significant association. The four-marker
analysis (rs2190208—rs1029564—rs17159614—1512176601), in particular, not including the Lys701GIn,
revealed a highly significant association (p = 0.00001, global permutation), suggesting that there may be
other functional polymorphisms within SEMA3D. Our findings provide strong evidence that SEMA3D
confers susceptibility to schizophrenia, which could contribute to the neurodevelopmental impairments

in the disorder.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The first discovered semaphorin, collapsing-1 (now Sema3A),
was originally reported as a repulsive cue in axon guidance (Luo
et al.,, 1993). To date, more than 20 semaphorins of secreted or
membrane forms have been identified in various species ranging
from nematodes to humans (Luo et al.,, 1993; Fujii et al, 2002;
Yazdani and Terman, 2006). Semaphorins act as ligands for plex-
ins, and the plexin—semaphorin signaling system has been widely
investigated in nervous systems (Mann et al., 2007). Class 3 sem-
aphorins (SEMA3A-G) have been well-studied and generally act as
secreted ligands for the heterodimerized complex of the plexin A
family members and neuropilins (Fujisawa, 2004). For example,
Sema3A binds to neuropilin-1 and activates plexin A1 or plexin A2
to transduce a repulsive axon guidance signal (Takahashi and
Strittmatter, 2001). Many studies of the plexin—semaphorin

* Corresponding author. Department of Mental Disorder Research, National
Institute of Neuroscience, National Center of Neurology and Psychiatry, 4-1-1
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signaling system have concentrated on their roles in neuronal
development and plasticity (reviewed in (Kruger et al., 2005;
Halloran and Wolman, 2006; Waimey and Cheng, 2006; Mann
et al,, 2007)).

Recently, the relationship between schizophrenia and molecules
in the plexin—semaphorin signaling system has begun to receive
much attention, for several reasons (Mann et al., 2007). An increase
in levels of SEMA3A was noted in the cerebellum in postmortem
brains of schizophrenia patients, as measured by immunoreactivity
in the inner molecular layer and by the enzyme-linked immuno-
sorbent assay (ELISA) in cerebellar protein extract (Eastwood et al.,
2003). A genome-wide association study using 25494 single
nucleotide polymorphisms (SNPs) revealed that an intronic SNP of
PLXNA2 was most consistently associated with schizophrenia in
European—American populations (Mah et al., 2006). Our replica-
tion study in a Japanese sample failed to confirm such an associa-
tion (Fujii et al., 2007); however, a meta-analysis combining data
from previous studies of PLXNA2 yielded a positive association with
schizophrenia (Allen et al., 2008), in which it was reported that the
C allele of the SNP rs752016 of PLXNA2 showed a nominally
significant protective effect (odds ratios (OR) = 0.82, 95%
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confidence interval (CI) = 0.69—0.99), and association of the SNP
rs841865 approached statistical significance (OR = 0.84, 95%
Cl = 0.69-1.01) when samples of Mah et al. and Fujii et al. were
combined (Mah et al., 2006; Fujii et al.,, 2007). Furthermore, in the
updated online database, “SchizophreniaGene (http://www.
schizophreniaforum.org/),” association of the SNP rs1327175
approached statistical significance (OR = 0.76, 95% CI = 0.57—1.00)
(Mah et al., 2006; Fujii et al., 2007; Takeshita et al., 2008; Budel
et al, 2008). Therefore, genes of the plexin family, the sem-
aphorin family, and neuropilins, are intriguing candidates for
schizophrenia susceptibility genes. We then focused on SEMA3D as
a candidate gene for schizophrenia. SEMA3D was mapped to
chromosome 7q21 (Clark et al., 2003); interestingly, a previous
genome-wide scan suggested that this chromosomal region
contains a susceptibility locus for schizophrenia (Ekelund et al.,
2000) and recent studies have provided additional support for
this possibility (Tastemir et al., 2006; Wedenoja et al., 2008, 2009;
Idol et al., 2008).

The aim of the present study was to examine the possible
association between SEMA3D and schizophrenia. SEMA3D has
a common variant in the coding region due to an A to C base
substitution (rs7800072), which results in an amino acid change
(701 Lys to GIn). This SNP has previously been examined with
regard to brain morphology (assessed with magnetic resonance
imaging) in patients with schizophrenia (Gregorio et al., 2009).
Although this study failed to find significant alterations in brain
morphology, it is still unclear whether this SNP confers suscepti-
bility to schizophrenia. We examined the possible association of
schizophrenia with this non-synonymous SNP, plus 8 tagging SNPs
encompassing the entire SEMA3D gene.

2. Subjects and methods
2.1. Subjects

Subjects were 506 patients with schizophrenia (278 males
[54.9%], mean age 44.3 years [SD 14.1]) and 941 healthy controls
(334 males [35.5%], mean age 44.8 years [SD 16.3]). All subjects
were Japanese, biologically unrelated, and recruited from the same
geographical area (Western part of Tokyo Metropolitan). Consensus
diagnosis by at least two psychiatrists was made for each patient
according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV) criteria (American Psychiatric
Association, 1994) on the basis of unstructured interviews and
information from medical records. The controls were healthy
volunteers recruited from the same geographical area. Control
individuals were interviewed and those who had a current or past
history of psychiatric treatment were not enrolled in the study. The
study protocol was approved by the ethics committee of the
National Center of Neurology and Psychiatry, Japan. After descrip-
tion of the study, written informed consent was obtained from
every subject.

2.2. SNP selection

The tagging SNPs were selected using the phase Il version of
HapMap (http://www.hapmap.org/cgi-perl/gbrowse/). SNP geno-
type data for the JPT (Japanese in Tokyo, Japan) were downloaded
for the genomic region of SEMA3D plus 2 kb 5’ and 2 kb 3’ of this
region (chr7q21.11). The most centromeric and telomeric HapMap
markers downloaded were rs6944966 and rs11762367, respec-
tively. HapMap markers were analyzed using the Haploview 4.1
system (http://www.broad.mit.edu/mpg/haploview) with the
following criteria of marker selection: Hardy—Weinberg (HW) p
value cutoff: 0.05; minimum genotypes: 90%; maximum number of

Mendelian errors: 1; minimum minor allele frequency: 0.1;
minimum distance between tags: 10 kb. Tagging SNPs were
selected using the Tagger function implemented in Haploview with
the following criteria: pairwise tagging only and 12 threshold 0.8.
We preselected rs7800072 and rs6966472 as markers and used the
Tagger function implemented in Haploview to select other markers.
As a result, 9 markers were selected as suitable for analysis for
SEMA3D. SNP rs7800072 is non-synonymous (2141A > C,
Lys701GIn). The numbers of base and amino acid positions were
according to NM_152754.2 and NP_689967.2, respectively.

2.3. Genotyping

Venous blood was drawn from the subjects and genomic DNA
was extracted from whole blood according to standard procedures.
The SNPs were genotyped using the TagMan 5’-exonuclease allelic
discrimination assay; the assay ID (Applied Biosystems, Foster City,
CA) of each SNP was C__15937080_10 for rs2190208,
C__7585979_10 for rs1029564, C__33462384_10 for rs17159614,
C__31373903_10 for rs12176601, C__2635874_10 for rs6966472,
C___2635864_10 for rs17559978, C__33462432_10 for rs17159577,
C__33462438_10 for rs17159556, and C__25994972_10 for
rs7800072. Thermal cycling conditions for polymerase chain
reaction (PCR) were 1 cycle at 95 °C for 10 min followed by 50 cycles
0f 92 °C for 15 s and 60 °C for 1 min. Genotype data were read blind
to the case-control status. Ambiguous genotype data were not
included in the analysis.

2.4. Haplotype and statistical analysis

Deviations of genotype distributions from the HW equilibrium
(HWE) were assessed with the x? test for goodness of fit. Genotype
and allele distributions were compared between patients and
controls by using the x? test for independence, These tests were
performed with SPSS software ver.11 (SPSS Japan, Tokyo, Japan).
Haplotype-based association analyses were performed with
SNPAlyze software ver.6.5 (http://www.dynacom.co.jp/e/products/
package/snpalyze/about.html). The measures of linkage disequi-
librium (LD), denoted as D’ and r%, were calculated from the
haplotype frequency using-the- expectation-maximization (EM)
algorithm. Haplotypes with frequernicies of less than 1% were
considered to be rare and were excluded from the analyses. All p
values reported are two-tailed. We performed 100,000 permuta-
tions only for some significant haplotypes (e.g.
rs2190208—rs1029564—rs17159614—rs121176601) and 10,000
permutations for the other haplotypes. OR and 95% CI were also
calculated. To correct the critical p value for multiple testing, we
used the spectral decomposition method of SNPSpD software
(http://gump.gimr.edu.au/general/daleN/SNPSpD/) (Nyholt, 2004;
Li and Ji, 2005), which considers marker linkage disequilibrium
information and generates an experiment-wide significance
threshold required to keep the type I error rate at 5%.

3. Results

Genotype and allele distributions of the examined SNPs of
SEMA3D in patients and controls are shown in Table 1. LD estimates
of pairwise SNPs, expressed in D’ and r2, are presented in Fig. 1. The
genotype distributions did not significantly deviate from the HWE
in patients and controls for any of the examined SNPs. For the non-
synonymous polymorphism of SEMA3D (rs7800072), there were
significant differences in both genotype (x* = 8.7, df = 2, p = 0.013)
and allele (? = 7.3, df = 1, p = 0.0069, OR = 0.76, 95% CI 0.63—0.93)
distributions between patients and controls (Table 1). Furthermore,
with respect to the other 8 SNPs (rs2190208, rs1029564,
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Fig. 1. The genetic structure of SEMA3D and location of the examined SNPs, The D’ and 2 values between paired SNPs are shown in the diagram. The exonic regions are shown as

white squares. The intensity of the box color corresponds to the strength of LD or 2.

rs17159614, rs12176601, rs6966472, rs17559978, rs17159577, and
rs17159556), several significant differences in genotype and allele
distributions were observed (Table 1). To correct for multiple
testing, we calculated the experiment-wide significance threshold
required to keep the type [ error rate at 5%. As a result, the corrected
p value was calculated as 0.0085. The allelic associations with the
SNPs rs7800072 (Lys701GIn) and rs6966472 remained significant
after the correction (Table 1). Distinguishing between the carriers
and the non-carriers with respect to the GIn701 allele for patients
and controls, the protective effect became clearer (p = 0.0033).
The results of haplotype-based analyses are shown in Table 2.
There were significant haplotypic associations of the SNPs in
SEMA3D when comparing the schizophrenic patients and
control subjects. In particular, the four-marker haplotype
(rs2190208-rs1029564—rs17159614—rs121176601) showed
a statistically significant association with schizophrenia (global
permutation p = 0.00001). Concerning this haplotype analysis,

global p values of 100,000 permutations, which corrected for
multiple testing, were also significant. Furthermore, the haplotype
frequency of GAGA was significantly higher in schizophrenia
patients than in control subjects (0.376 and 0.291, permutation
p = 0.00005), whereas those of GAGT, AAAA, and GCGA were
significantly lower in schizophrenic patients than in controls (0.050
and 0.084, permutation p = 0.0029; 0.007 and 0.025, permutation
p = 0.0062; 0.007 and 0.021, permutation p = 0.020, respectively)
(Table 3).

When we performed stratified analysis of the data for
rs7800072 by sex, a significant association was observed in women
(p=0.0089), but notin men (p = 0.41) (supplementary Tables 1 and
2). In the haplotype analysis, on the other hand, the four-marker
haplotype (rs2190208-r51029564—-1517159614—r5121176601)
showed a statistically significant association in men (global
permutation p = 0.00001), but was at a trend level in women
(global permutation p = 0.0699). The haplotype frequency of GAGA

Table 2
Associations with schizophrenia of the 9 SNPs and haplotypes in SEMA3D.
SNP No. " dbSNP ID Allele model Haplotype p*
p value 2 Locus 3 Locus 4 Locus 5 Locus 6 Locus 7 Locus 8 Locus 9 Locus
SNP1 152190208 0.59
0.019
SNP2 rs1029564 0.011 0.10
0.029 0.00001
SNP3 rs17159614 0.96 0.00002 0.00005
0.0004 0.0003 0.00007
SNP4 rs12176601 0.021 0.0010 0.0001 0.0003
0.035 0.0006 0.0016 0.0007
SNP5 rs6966472 0.0075 0.053 0.0004 0.0001 0.0007
0.023 0.098 0.0001 0.0001
SNP6 517559978 0.025 0.022 0.061 0.0004
0.030 0.025 0.076
SNP7 1517159577 0.60 0.064 0.024
0.042 0.051
SNP8 rs17159556 0.012 0.028
0.020
SNP9 157800072 0.0069

@ global p value,
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Table 3
Estimated haplotype frequencies and association significance for SEMA3D.
Haplotype rs2190208 rs1029564 rs17159614 1512176601 % of individuals
Overall Control Schizophrenia %2 p value Permutation p value
1 G A G A 0.321 0.291 0.376 20.40 0.0000063 0.000050
2 A A A T 0.207 0.201 0219 1.21 0.27 0.28
3 G C G T 0.190 0.199 0.172 2.98 0.085 0.089
4 A A G T 0.142 0.143 0.139 0.10 0.75 0.76
5 G A G T 0.072 0.084 0.050 11.23 0.00080 0.0029
6 A A G A 0.034 0.036 0.031 037 0.54 0.59
7 A A A A 0.019 0.025 0.007 10.75 0.0010 0.0062
8 G C G A 0.016 0.021 0.007 7.55 0.0060 0.020
52 p value Permutation p value Replications
Global 46,07 0.000000085 0.00001 100000

was significantly higher in schizophrenia patients than in control
subjects in both men (0.368 and 0.272, permutation p = 0.00053)
and women (0.384 and 0.302, permutation p = 0.003).

4. Discussion

Our results provide the first evidence for the possible involvement
of SEMA3D in the pathogenesis of schizophrenia. With respect to the
non-synonymous (Lys701GIn) polymorphism, we found a significant
preponderance of the Lys/Lys genotype and the Lys701 allele in
schizophrenia patients compared with control subjects. In the
haplotype-based analyses, we also obtained evidence for an associ-
ation between SEMA3D and schizophrenia. Interestingly, the most
significant haplotype, 1s2190208—r51029564—rs17159614
—rs121176601, does not include rs7800072 (Lys701GIn) (see Fig. 1).
Therefore, it is likely that at least one functional polymorphism other
than rs7800072, which is in linkage disequilibrium to the haplotype,
could be responsible for susceptibility to schizophrenia. In stratified
analysis for rs7800072 by sex, the frequency of the GIn701 allele was
significantly lower in schizophrenia patients than in control subjects
in women (0.17 and 0.23, p = 0.0088) (supplementary Table 2).
Likewise, this was also lower in men, but was not statistically
significant (0.18 and 0.20, p = 0.41) (supplementary Table 1).
Regarding analysis of the four-marker haplotype (rs2190208—
rs1029564—rs17159614—rs121176601), there remained a statistical
significance in men (global permutation p = 0.00001) and a tendency
inwomen (global permutation p = 0.0699). In addition, the frequency
of the most major haplotype (GAGA) was significantly higher in
schizophrenia patients than in control subjects in both sexes. These
inconsistent results between males and females are likely to have
arisen from the lack of statistical power after dividing the sexes.

The neurodevelopmental hypothesis of schizophrenia proposes
that abnormalities of brain development are involved in the path-
ogenesis of schizophrenia (Conrad and Scheibel, 1987; Weinberger,
1987; Murray, 1994; Waddington et al., 1998). In early brain
developmental stages, a number of semaphorins play important
roles in axonal repulsion, axonal attraction, neuronal cell migration,
and axon pruning (reviewed in Kruger et al., 2005; Waimey and
Cheng, 2006; Halloran and Wolman, 2006; Mann et al., 2007).
Indeed, SEMA3D has been shown to act in axon guidance and cell
migration during neuronal development (Wolman et al., 2004,
2007; Liu et al., 2004, Liu and Halloran, 2005; Sakai and Halloran,
2006; Takahashi et al, 2009). With respect to neuronal cell
migration, neuronal disarray and abnormal migration in the
neocortical white matter were reported in postmortem studies of
patients with schizophrenia (Jakob and Beckmann, 1986; Akbarian
et al,, 1993). Regarding pruning, Feinberg proposed that schizo-
phrenia may arise from excessive synaptic pruning during adoles-
cence (Feinberg, 1982; Keshavan et al., 1994). Indeed, decreased

density of dendritic spines was observed in the prefrontal cortex of
patients with schizophrenia (Garey et al., 1998; Glantz and Lewis,
2000). These findings suggest that variants of SEMA3D may
contribute to the pathogenesis of schizophrenia through affecting
development of neural networks. The genotypic difference based
on the Lys701GIn polymorphism of SEMA3D might lead to devel-
opmental differences in the brain; the GIn701 carriers would
exhibit intrinsically greater protective effects against the develop-
ment of schizophrenia than the GIn701 non-carriers. Although
SEMA3D has not yet been well-studied, SEMA3A has been investi-
gated in detail. In particular, an increase in the expression of
SEMA3A has previously been associated with schizophrenia
(Eastwood et al., 2003). Moreover, PLXNA2, which encodes one of
the receptors for class 3 semaphorins, was identified as a candidate
gene for schizophrenia in a genome-wide association study (Mah
et al., 2006). Currently, this association is also supported by the
meta-analysis of Allen et al. (2008). SEMA3A and SEMA3D belong
to the same class and share the most similarity with each other of
the class 3 semaphorin genes (Luo et al., 1995). These findings
further strengthen the evidence for a possible role of SEMA3D in the
development of schizophrenia.

It is possible that the amino acid change (Lys701GIn) may affect
the function of SEMA3D protein and that this results in susceptibility
to schizophrenia. Indeed, this is a substitution from a large and basic
amino acid (Lys) to amedium-sized and polar one (Gln). This is likely
to lead to functional differences between the two types of SEMA3D.
One possibility is that this substitution might result in conforma-
tional change of SEMA3D and influence its affinity for its receptors.
Another possibility is that the Lys701 and GIn701 variants of
SEMA3D have different cellular localization. The basic domain of
class 3 semaphorins electrostatically interacts with the proteoglycan
components of the extracellular matrix (De Wit et al., 2005) and the
granule matrix (de Wit et al,, 2009). The substitution from the basic
Lys701 to the non-basic GIn701 may affect such interactions
between SEMA3D and these matrices. Alteration of the extracellular
matrix may modify distribution of SEMA3D in neurons, and that of
the granule matrix may affect secretion from secretory vesicles. The
class 3 semaphorins not only act as axon guidance cues but also have
key roles in synaptic formation and function. Therefore, these
modified interactions could impact on the establishment of synaptic
contacts and the formation of new synapses. Although the amino
acid substitution (Lys701GIn) was predicted to be benign by Poly-
phen (http://genetics.bwh.harvard.edu/pph/) and SIFT (http://sift.
jeviorg/) programs, its actual effects should be elucidated by cell
biological or biochemical approaches.

Accumulating evidence suggests that the semaphorins are
regulatory factors of tumor progression and modulators of angio-
genesis (reviewed in (Neufeld and Kessler, 2008) and (Capparuccia
and Tamagnone, 2009)). Recently, SEMA3D was also reported to
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possess anti-tumorigenic and anti-angiogenic properties (Kigel
et al., 2008). The hypoactivity of SEMA3D could be linked to
increased incidence of cancer. Previous studies and reviews have
partially supported the idea that the incidence of cancer in patients
with schizophrenia is reduced compared with the general pop-
ulation (Grinshpoon et al., 2005; Dalton et al., 2005; Catts et al.,
2008). It is possible that semaphorins are related to the develop-
ment of schizophrenia and also contribute to the associated lower
incidence of cancer, and this topic warrants further investigation.

In conclusion, we found a significant association between the
Lys701GIn polymorphism of SEMA3D and schizophrenia. In addi-
tion, the haplotype rs2190208—rs1029564—rs17159614—
rs121176601, not including the Lys701GIn variant, was shown to be
associated with schizophrenia, which suggests that some other
polymorphisms of SEMA3D play a role in the pathogenesis of
schizophrenia. Taking the previous molecular and developmental
findings together with the present genetic findings, SEMA3D
appears to be a promising candidate gene related to susceptibility
to schizophrenia.
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