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Abstract

Background: It is known that patients with spinocerebellar ataxia (SCA) tend to exhibit
depressive symptoms. But the pathology of depressive symptoms complicated with SCA,
including the reaction to the stress resulting from decreased motor function and central
dysfunction due to neurodegeneration, is controversial and remains to be elucidated. To
our knowledge, there have been hardly any reports on treatment methods of major
depressive disorder (MDD) complicated with SCA.

Case Reports: We report 2 cases in which selective serotonin reuptake inhibitors (SSRIs)
were effective against MDD complicated with SCA. Interestingly, one of the patients
developed the symptoms of spinocerebellar degeneration (SCD) during the course of the
MDD, and the other patient developed the symptoms of MDD during the course of SCA,
but complete remission of the MDD occurred in both cases. In our cases, the depressive
symptoms may have been caused mainly by an abnormality of reversible neural
transmission including serotonin transmission due to central dysfunction, and there is
the unlikely possibility that the depressive symptoms are reactive to the stress due to
decreased motor function, because the depressive symptoms decreased with SSRIs.
Conclusion: Although cerebellar degeneration is irreversible in SCA patients, our cases
suggest that MDD complicated with SCA may be reversible and treatable using
antidepressants such as SSRIs with few adverse events. Therefore, it is important for
neurologists to detect MDD complicated with SCA early and consult a psychiatrist in
order to improve quality of life of SCA patients.
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Introduction

It is known that patients with spinocerebellar ataxia (SCA) tend to exhibit depressive
symptoms. But there have been hardly any reports regarding treatment of major
depressive disorder (MDD) complicated with SCA. The side effects of conventional
antidepressants such as tricyclic antidepressants are attributed to their nonspecific
interaction with cholinergic, histaminergic, serotonergic, and dopaminergic receptors in
the central nervous system, and they often cause various adverse events [1]. Therefore,
antidepressants that do not have this nonspecific interaction, such as the selective
serotonin reuptake inhibitors (SSRIs), have recently been preferred in the treatment of
MDD because of their tolerability. Especially in patients with MDD complicated with
neurodegenerative disease, it seems to be difficult to use antidepressants with a
nonspecific interaction because of the patients’ central vulnerability and their neurologic
or autonomic symptoms. SCA consists of a heterogeneous group of neurodegenerative
disorders. SSRIs seem to be valuable because they cause few adverse events due to their
specific antidepressant action. We report 2 cases of MDD complicated with SCA who
successfully responded to SSRIs.

Case Reports

Case 1

The patient is a 53-year-old woman. Her mother was diagnosed with probable SCA at 52 years of age
and with MDD at 60 years of age. Her mother died at 72 years of age. Her mother’s sister had been
diagnosed with probable SCA.

At 49 years of age, the patient developed depressive symptoms, including a severely depressed mood
in the morning, loss of interest, insomnia, fatigue, and somatic anxiety. She was diagnosed with MDD at
a psychiatric clinic and treated with fluvoxamine (150 mg/day) and milnacipran (125 mg/day). But the
depressive symptoms worsened, and anorexia, weight loss (6 kg in 3 months), and suicidal ideation
ensued. Therefore, at 50 years of age, she was referred to our hospital. No abnormal findings were
observed on serum examinations, including of thyroid function. Her symptoms met all of the diagnostic
criteria of DSM-IV for MDD, and her total score on the 17-item Hamilton Rating Scale for Depression
(HDSR) was 32. Brain magnetic resonance imaging (MRI) showed diffuse atrophy of the cerebellar

(150 mg/day), sulpiride (300 mg/day), and amoxapine (150 mg/day), but treatment was ineffective. At
51 years of age, the depressive symptoms completely ceased within 3 months after starting paroxetine
(40 mg/day). She then was able to perform housework without any problems.

At 52 years of age, she developed lightheadedness on standing, and midodrine (4 mg/day) was
started. However, the lightheadedness became severer, and she gradually began to experience slurred
speech and dysphasia. At 54 years of age, she developed a wide-based gait and often fell while walking.
In addition to predominantly truncal cerebellar ataxia, she was found to have autonomic nervous
system manifestations (urinary frequency, orthostatic hypotension), pyramidal tract signs (hyperactive
lower limb tendon reflexes), impaired ocular pursuit movements, limited sursumversion, dysarthria,
and dysphasia. Head-up tilt test was positive. She was diagnosed with probable SCA. She did not wish to
undergo genetic diagnosis. Her score on the Mini-Mental State Examination (MMSE) was 22, and her
full-scale IQ on the Wechsler Adult Intelligence Scale (WAIS)-III was 63, revealing a mild cognitive
disorder. Though the neurological symptoms gradually progressed, MDD was in remission for 3 years
after the start of paroxetine.

Case 2

The patient is a 37-year-old male. His mother was diagnosed with probable SCA at 40 years of age,
and she died at 58 years of age. Genetic testing revealed that four of his relatives were positive for SCA3.
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At 31 years of age, fine movements became difficult. He gradually began to experience
lightheadedness on standing and diplopia. His gait became wide-based. At 34 years of age, he became
aware of slurred speech and dysphasia, so he visited our hospital. Cerebellar ataxia of his limbs and
trunk, autonomic nervous system signs (orthostatic hypotension), pyramidal tract signs (hyperactive
tendon reflexes in his limbs), impaired ocular pursuit movements, dysarthria, and dysphasia were
noted. Head-up tilt test was positive and he had an erectile disturbance. MMSE score was 27, but full-
scale IQ on the WAIS-Revised was 66, revealing mild cognitive dysfunction. Brain MRI showed diffuse
cerebellar atrophy (fig. 1). Analysis of the CAG repeats in the SCA3 locus revealed an expanded allele
with 69 repeats, and he was diagnosed with SCA3. The symptoms progressed, and at 36 years of age he
needed a wheelchair.

At 37 years of age, he developed a severe depressive mood in the morning associated with suicidal
ideation and lost his appetite and hardly ate anything. His movements became extremely slow, and all
he could do was lie in bed all day. Blood studies, including of thyroid function, showed no
abnormalities. The patient fulfilled all of the diagnostic criteria of the DSM-IV for MDD and his total
score on the HDSR-17 was 30. He was treated with paroxetine (20 mg/day), and moderate improvement
in the depressive symptoms was observed. But acute urinary retention developed, and paroxetine was
switched to sertraline (75 mg/day). Subsequently, the urinary retention resolved and the MDD remitted.
Though the neurological symptoms gradually progressed, MDD was in remission for 1 year after the
start of sertraline.

Discussion

SCA consists of a heterogeneous group of disorders that differ in the extent of the
neuropathologica involvement of the cerebellum, brainstem, and basal ganglia. Patients
with degenerative cerebellar diseases tend to exhibit depressive symptoms. A study [2] of
patients with degenerative cerebellar diseases showed a high prevalence of all mood
disorders (68%) including MDD (35.5%). Another study [3] showed that the depressive
symptoms were most common in SCA3 patients (60%), as opposed to 23-27% of patients
with other types of SCA.

However, the pathology of depressive symptoms associated with SCA is controversial
and remains to be elucidated. A direct correlation between Beck Depression Inventory
scores and motor incapacitation was found in SCA3 patients [4]. Therefore, it was
concluded that depressive symptoms rather seemed to be reactive than primarily related
to the disease process itself.

Yet, an association with central dysfunction due to neurodegeneration and depressive
symptoms has also been highlighted. It was suggested that the greater depressive
complaints in SCA3 may be due to dysfunction of frontal-subcortical circuits in the basal
ganglia, structures that are uniquely involved in SCA3 as opposed to the other subtypes
[3]. Furthermore, in recent years, there has been emerging evidence suggesting that the
cerebellum is involved in various psychiatric disorders [5], and the cerebellar
degeneration may be associated with depressive symptoms. '

In our cases, depressive symptoms may have been caused mainly by an abnormality of
reversible neural transmission including serotonin transmission due to central
dysfunction, and there is the unlikely possibility that the depressive symptoms are reactive
to the stress due to decreased motor function, because the depressive symptoms remitted
with SSRIs. '

There have been hardly any reports on the treatment of MDD complicated with SCA,
and the only reports that exist are of a case in which electroconvulsive therapy was
effective against the catatonic stupor of psychotic depression [6] and a case in which ECT
was effective against organic catatonia [7].
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The symptoms of SCA developed during the course of MDD in case 1, and the
symptoms of MDD developed during the course of SCA in case 2. However, complete
remission of MDD was achieved with SSRIs in both cases.

Conclusion

Although cerebellar degeneration is irreversible in SCA patients, our cases suggest that
MDD complicated with SCA may be reversible and treatable using antidepressants with
small adverse events such as SSRIs. Therefore, it is important for neurologists to detect
MDD complicated with SCA early and consult a psychiatrist in order to improve quality
of life of SCA patients.

Patients’ Consent

Written consent for publication in print and electronically was obtained from the patients.

obtained in case 1 and case 2.

Casel
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Genome-Wide Association Study of Schizophreniain a
Japanese Population

Masashi Ikeda, Branko Aleksic, Yoko Kinoshita, Tomo Okochi, Kunihiro Kawashima, Itaru Kushima,
Yoshihito Ito, Yukako Nakamura, Taro Kishi, Takenori Okumura, Yasuhisa Fukuo, Hywel J. Williams,
Marian L. Hamshere, Dobril Ivanov, Toshiya Inada, Michio Suzuki, Ryota Hashimoto, Hiroshi Ujike,
Masatoshi Takeda, Nick Craddock, Kozo Kaibuchi, Michael J. Owen, Norio Ozaki, Michael C. O'Donovan,
and Nakao Iwata

Background: Genome-wide association studies have detected a small number of weak but strongly supported schizophrenia risk alleles.
Moreover, a substantial polygenic component to the disorder consisting of a large number of such alleles has been reported by the
International Schizophrenia Consortium.

Method: We report a Japanese genome-wide association study of schizophrenia comprising 575 cases and 564 controls. We attempted to
replicate 97 markers, representing a nonredundant panel of markers derived mainly from the top 150 findings, in up to three data sets
totaling 1990 cases and 5389 controls. We then attempted to replicate the observation of a polygenic component to the disorder in the
Japanese and to determine whether this overlaps that seen in UK populations.

Results: Single-locus analysis did not reveal genome-wide support for any locus in the genome-wide association study sample (bestp =
6.2 X 107 or in the complete data set in which the best supported locus was SULT6B1 (rs11895771: p = 3.7 X 10~ % in the meta-analysis).
Of loci previously supported by genome-wide association studies, we obtained in the Japanese support for NOTCH4 (rs2071287: pera =
5.1 X 107°), Using the approach reported by the International Schizophrenia Consortium, we replicated the observation of a polygenic
component to schizophrenia within the Japanese population (p = .005). Our trans Japan-UK analysis of schizophrenia also revealed a
significant correlation (best p = 7.0 X 10™7) in the polygenic component across populations.

Conclusions: These results indicate a shared polygenic risk of schizophrenia between Japanese and Caucasian samples, although we did

not detect unequivocal evidence for a novel susceptibility gene for schizophrenia.

Key Words: Genome-wide association study, NOTCH4, polygenic
component, schizophrenia, SULT6B1

more than 80% of the population variance in susceptibility for

schizophrenia; however, as with virtually all other relatively
common disorders, it has historically proven difficult to identify the
specific genetic variants involved (1).

The application of genome-wide association technology to
large case-control samples of mainly European ancestry has re-
cently implicated a number of risk loci for which the evidence is
strong. These include loci defined by single nucleotide polymor-
phisms (SNPs) in which the effects are weak (odds ratios [ORs]
1.1-1.25) among which the strongest supported loci are zinc finger
protein 804 A (ZNF804A) (2-5), a broad region including the major
histocompatibility complex (MHC) on chromosome 6p21.3-22.1
(6~ 8), neurogranin (NRGN), and transcription factor 4 (TCF4) (8).

E pidemiologic studies show that genetic factors account for
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Although the robust support for a number of recently impli-
cated loci represents something of a break from the past inconsis-
tencies, little of the genetic variance of schizophrenia can be ex-
plained by the loci identified thus far. One explanation for this is
that much of the risk is conferred by common but weak genetic
effects that require larger samples. Another explanation is that
most of the risk cannot be readily detected by genome-wide asso-
ciation studies (GWAS), the missing genetic component being con-
ferred by mutations that exert substantial individual effects that are
rare or even unique to individual pedigrees.

Although the relative contributions of these classes of variant
awaits empiric resolution, the GWAS of the International Schizo-
phrenia Consortium (ISC) provided strong support for a substantial
polygenic contribution (at least 30%) to the population risk of
schizophrenia, much of which is conferred by common alleles with
small effect sizes (6,9,10). The basic principle of their analysis was
that in the presence of a substantial common polygenic compo-
nent, although most of the individual genetic effects will not be
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detectable in current sample sizes, the sum of many such effects
across multiple SNPs might differ between cases and controls. After
discounting the influence of various potential sources of bias, the
authors concluded that the findings were best explained by the
existence of an important polygenic component to the disorder
comprising a large number of common alleles, although some con-
tribution from low-frequency alleles was not excluded or deemed
unlikely (6).

There were two additional striking findings in the ISC article (6).
The first was that those alleles selected as “risk” alleles for schizo-
phrenia were also enriched in people with bipolar disorder, sup-
porting the hypothesis of shared genetic susceptibility between
these disorders (11,12). The second was that sets of “risk” alleles
defined from white individuals of European origin were better at
predicting affected status in other white European subjects than
they were in African Americans, although an attenuated effect was
seen in an African American sample. This may be attributable to
differences in allele frequencies and linkage disequilibrium be-
tween Europeans and African Americans, although genetic hetero-
geneity remains a possibility. In this article describing a study that
sought novel susceptibility variants, we report the first GWAS for
schizophrenia in a Japanese sample. Although the Japanese popu-
lation is considered relatively homogeneous (13), GWAS studies in
other populations strongly suggest that our study of 575 cases and
564 controls is underpowered to detect any findings at genome-
wide levels of significance. Thus, we attempted to enhance power
by following up the top 150 of the most strongly supported SNPs
from the GWAS in an independent sample of 1511 cases and 1517
controls drawn from the Japanese population as well as 479 cases
and 2938 controls from the United Kingdom (2). We also sought to
examine whether the Japanese population shares with Europeansa
polygenic component for schizophrenia and bipolar disorder using
schizophrenia and bipolar case-control samples from the United
Kingdom that have been previously subjected to GWAS (2,14). Be-
cause it is unlikely that stratification effects would bias the allele
distributions en masse in samples ascertained in Japan in the same
direction as in a European sample, confirmation of a shared poly-
genic effect argues strongly against the idea that residual uncon-
trolled stratification is responsible for the effect. Moreover, because
rare alleles of large effect are expected to reflect an ongoing pro-
cess of new mutation (to compensate for their removal by selec-
tion), the existence of transcontinental effects also argue against
the idea that rare alleles alone can drive this effect, it being unlikely
that relatively new variants would be carried on the same ancestral
haplotypes in both populations.

Methods and Materials

Participants

We selected 575 patients with schizophrenia (43.5 £ 14.8 years)
and 564 healthy controls (44.0 = 14.4 years) for genome-wide asso-
ciation analysis (our screening GWAS: [JPN_GWAS]). All subjects
were unrelated, living in the Tokai area of the mainland of Japan,
and self-identified as Japanese. The details of the sample and copy
number variation analysis of this GWAS data set have been reported
previously (15), and see also Supplement 1.

For follow-up studies, we used an independent Japanese sam-
ple comprising 1511 cases (aged 45.9 * 14.0 years) and 1517 con-
trols (aged 46.0 + 14.6 years) diagnosed and ascertained in the
same way as the GWAS data set. These samples were recruited from
three areas on the Japanese mainland, comprising the Kansai and
Chugoku areas in addition to the Tokai area. To enhance the sample
in the replication analysis, data were added from 934 Japanese
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controls genotyped by lllumina550 (lllumina, San Diego, California)
as part of the Japanese Single Nucleotide Polymorphisms (JSNP)
project (http://snp.ims.u-tokyo.ac.jp/index.html). If SNP data were
available in the JSNP sample, we merged the two sample sets to
form a final Japanese replication sample (we refer this as
“Rep_JPN") comprising 1511 cases and 2451 controls (SNPs geno-
typed in both samples can be seen in Table S1 in Supplement 2).

We additionally included data from a UK schizophrenia GWAS
data set of 479 cases and 2938 controls genotyped using the Af-
fymetrix 500K array (Santa Clara, California), details of which have
been reported before (2,14).

For the polygenic component analysis, we also included the
Wellcome Trust Case-Control Consortium (WTCCC) bipolar disorder
data set of 1868 cases and 2938 shared controls, details of which are
reported elsewhere (2,14).

After complete description of the study to the subjects, written
informed consent was obtained. This study was approved by the
ethics committees of each university participating in this project.

GWAS and Quality Control

Genotyping was performed using the Affymetrix Genome-Wide
Human SNP Array 5.0 according to the manufacturer’s protocol.
After applying several quality control (QC) criteria (e.g., call rate =
95%, autosomal chromosomes, Hardy-Weinberg equilibrium
(HWE) = .0001 and minor allele frequency [MAF] = 5%; Supplement
1), the final GWAS consisted of 1108 samples (560 cases and 548
controls) and 297,645 SNPs (MAF = 5%).

Q-Q plots were generated on the basis of allele-wise analysis of
SNPs that passed QC (Supplement 1), and our observed value of A is
consistent with those generally reported in well-matched samples
(A = 1.065 and \ ;00 = 1.117).

Follow-Up Genotyping

Follow-up genotyping in our independent Japanese case—con-
trol sample was performed by Sequenom (San Diego, California)
using the Sequenom iPLEX Gold System. Markers that could not be
assayed on this platform were genotyped using a TagMan assay
(Applied Biosystems, Foster City, California).

Candidate SNPs were selected for replication as follows. First,
the top 200 SNPs were identified (corresponding top ~ < 5 X
107%). Highly correlated markers based on r* > .9 to a more signif-
icant marker within 100 kb (r* was based on HapMap information
[release Number 24, October 2008] and our own GWAS from con-
trols) were then removed. From this list, we included the following:
1) SNPs with p < 5 X 107> (n = 15 after 11 redundant SNPs
removed. Total number = 26. Of these, two SNPs failed for primer
design. 2) Under the premise that in GWAS analysis, power favors
more common alleles and that the enrichment for true associations
is greater in this category of alleles (6), SNPs with MAF = 10%
surpassing a more relaxed threshold (P < ~ 3.5 X 107%) were
selected, corresponding to the top 150 SNPs (n = 76 after 12 low
MAF SNPs and 36 redundant SNPs removed. This resulted in a total
of 124. Of these, 5 SNPs failed primer design. We additionally in-
cluded 13 SNPs that ranked from 151st to 200th on the grounds that
they could be included in the Sequenom panels of markers without
compromising the design of the higher-priority SNPs. Conse-
quently, 97 SNPs were genotyped in the replication sample, of
which 5 did not pass QC on the basis of genotype call rate (> .95)
and HWE (p > .001). All genotype calls were confirmed by visual
inspection of cluster plots.

SNP-Based Association Analysis
Consistent with most other GWAS, our study is based upon
allele-wise association analysis which assumes an additive model.
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Genomic control adjusted p values were also calculated based
upon median chi-square statistics. This was performed using PLINK
v1.07 (16).

Combined analysis across data sets (Meta_JPN: JPN_GWAS +
Rep_JPN, Meta_ALL: JPN_GWAS + Rep_JPN + UK schizophrenia)
were conducted using the Cochran-Mantel Haenszel (CMH) ap-
proach conditioned by sample as implemented in PLINK v. 1.07.

Polygenic Component Analysis

Discovery (for selecting “score alleles” based on association sta-
tistics) and targeting (for calculation of polygenic score) samples
are summarized in Table S2 in Supplement 1. Briefly, we examined
five discovery and target pairs:

1. Japanese: A set of 280 cases and 274 controls were selected
for discovery, and the results were tested in an additional
set of 280 cases and 274 controls. The discovery/target
samples were selected at random (on the basis of random
number generation) from the Japanese GWAS data set.
This procedure was repeated 1000 times to ensure the
results of this analysis were representative of random divi-
sions of the data set.

2, 3. Each of the UK schizophrenia (479 schizophrenia and 2938
controls) (2) and bipolar (1868 cases and 2938 controls)
(14) samples were used separately as a discovery data set
to generate lists of “risk” alleles that were tested in the full
Japanese GWAS sample.

4,5. The full Japanese GWAS sample was used as a discovery
data set to generate lists of “risk” alleles that were tested in
the UK schizophrenia and bipolar data sets.

For the UK data sets, we used the QC criteria applied in the
primary manuscripts (2,14) in which SNPs that deviated from HWE
(p <1 X 107 in cases or .001 in control) and had a low call rate (<
97%) were excluded. Note that the criteria for HWE exclusion in the
UK data set is slightly different from that in the Japanese GWAS. The
precise choice of HWE filter is arbitrary, but we note that both data
sets criteria are on the more stringent side of customary practice.

Following the ISC (6), we reduced the set of SNPs by removing
SNPs that are in linkage disequilibrium (LD) using the same criteria
applied by the ISC (r? threshold at .25, window size 200 SNPs). In the
tests of the split Japanese data set, we used LD-pruned SNPs se-
lected on the basis of the metrics in the full set of Japanese controls.
For all comparisons between Japanese and European data sets, we
pruned SNPs sequentially first on the basis of the LD metrics in the
discovery data set and second on those in the target data set.
Polygenic score was calculated by weighting scores for “risk” alleles
by the logOR observed in the discovery data set according to the
method used by the ISC (6).

Nominally associated alleles were selected on the basis of the
genomic-control adjusted p value in the allele-wise association
analysis from the discovery samples at the following liberal signifi-
cance thresholds (P;) (Pr < .5, Py < 4, Py < 3,P; < .2 and P < .1).
The polygenic score was calculated using PLINK v. 1.07. Nagael-
kerke’s pseudo R? (a measure of variance explained by a particular
factor) was calculated by logistic regression analysis using R (http://
www.r-project.org) with covariation for “nonmissing SNPs” accord-
ing to the ISC study (6).

Results

Single Marker Association Analysis
A summary plot of the GWAS (MAF = 5%) is presented in Figure
S1inSupplement 1. We did not observe any associations at a widely
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used approximate benchmark for genome-wide significance (p =
7.2 X 1078 (17). The strongest associations were observed at
rs12218361, which maps to chromosome 10 at 126.06 Mb and is 3’
of ornithine aminotransferase (OAT, Py = 6.2 X 107°, two-tailed),
and rs11895771, which maps to chromosome 2 at 37.27 Mb within
sulfotransferase family, cytosolic, 6 B, member1 (SULT6B1, p,jc1e =
8.0 X 107°%, two-tailed). The most significant 200 markers are given
in Table S1 in Supplement 2.

We genotyped 97 LD-pruned SNPs mainly from the top 150
GWAS findings in an independent Japanese replication sample
(1511 cases and 1517 controls). For 22 of these, it was possible to
expand the control sample size using data from the Japanese pop-
ulation based on the public database (JSNP). Data for 81 SNPs were
also available in the UK data set (Affymetrix 500 K chip) and were
included in the association analysis. On the basis of the replication
sample from Japanese (Rep_JPN) alone, rs9880957 showed the
most significant association (p = 2.8 X 1073, two-tailed, OR = 1.2),
but the associated allele was not the same as in the GWAS. Addi-
tionally, we undertook set-based analysis (using PLINK) to investi-
gate whether there was an excess of association signals for these
top GWAS findings in the replication data set that surpassed nomi-
nal p thresholds (e.g., p < .1, .05, .01, .001) in the Rep_JPN and UK
data sets (10,000 permutation without lambda correction for all
SNPs that passed the p threshold). However, no significant enrich-
ment was observed (data not shown). That finding is compatible
with the polygenic analysis we describe subsequently and with the
now widely accepted hypothesis that common alleles that might
be detectable in principle by GWAS exert effects that are too weak
to be substantially enriched for associations that surpassed the
threshold we specified for follow-up.

In the CMH analysis of the complete Japanese sample (Meta_JPN:
JPN_GWAS + Rep_JPN), the best p was found at rs1011131 in
LOC392288 (p = 1.2 X 10~ %, two-tailed), which is weaker than in the
initial GWAS (p = 2.5 X 107>, two-tailed). Further expanding the
sample size by including UK samples (Meta-ALL: JPN_GWAS + Rep-
JPN + UK schizophrenia) did not provide convincing support for
any locus (Table S1 in Supplement 2). The strongest association
signal in Meta_ALL was rs11895771 (p = 3.7 X 10>, two-tailed) in
SULT6B1, which had been ranked second in the screening GWAS
(Table 1).

Excluding ZNF804A (the Japanese data for which were included
in the paper by O’'Donovan et al.) (2), we additionally tested regions
containing schizophrenia candidate loci supported by genome-
wide significant associations in previous GWAS data sets (6-8).
Specifically, we focused on three regions: the MHC region (Chré
25 ~ 33 Mb), NRGN, and TCF4. In this analysis, we first imputed
ungenotyped SNPs in these regions (boundaries + 1 Mb) for fine
mapping (the imputation method is presented in Supplement 1).
None of the specific SNPs at these loci that have been reported by
others (6-8) as genome-wide significant were imputable in our
Japanese GWAS sample (Figures S2-54 in Supplement 1). However,
interestingly, we did observe a strong, fairly well circumscribed
association signal on chromosome 6 in the region of NOTCH4 (Fig-
ure S2 in Supplement 1). Furthermore, genetic association within
NOTCH4 has been reported (18) in another Japanese study (non-
overlapping with the present sample) at rs2071287 (Figure S2 in
Supplement 1), which is in complete LD (D' = 1, r* = .56) with
rs2071286, the best SNP tested in our GWAS data. Because that
previously supported SNP (rs2071287) is also associated in our
GWAS (p = 2.1 X 1073), we then followed up this SNP in the
Rep_JPN sample; rs2071287 was again significantly associated
(P.iiete = 018, two-tailed, Figure S5 in Supplement 1; note: we could
not impute this SNP with high confidence in the UK schizophrenia
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0.005
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between the test allele significance threshold (P;) and either the
statistical support or the pseudo-R? (Figure 3 and Table S3 in Sup-
plement 1).

Discussion

In this study, we did not detect unequivocal evidence for a novel
susceptibility gene for schizophrenia, although our results do pro-
vide weak support for association between SULT6B1 and schizo-
phrenia, and our analyses of previously implicated regions and
candidate genes provide support for the hypothesis that previous
findings at the MHC region of chromosome 6 may point to NOTCHA4.
The absence of association at genome-wide levels of significance is
not surprising given the relatively small size of our GWAS. Recent
large-scale GWAS of schizophrenia suggest that the effect sizes of
common risk alleles are small (ORs < 1.25). Power analysis suggests
that our GWAS has only .18% power under an additive model to
detect at a = 7.2 X 1078, a susceptibility variant with an allele
frequency of .3 conferring an OR of 1.25. Clearly, with power like
this, it would be extremely unlikely that any one locus would be
detected at strong levels of support; however, in the presence of a
thousand or more loci as has been suggested (6), the power to
detect at least one of these would be considerably greater, albeit
the subsequent power to replicate that specific locus would once
again be low.

Despite the obvious power limitations, two findings are worthy
of comment. The most strongly associated individual SNP was
rs11895771 at SULT6BT (Meta-ALL p = 3.7 X 107°). SULT6BT is a
member of one of the subfamilies of cytosolic sulfotransferases
(SULT) that catalyze the sulfonation of xenobiotics, hormones, and

0.01

Figure 3. Polygenic component analysis for the pairs of
the screening genome-wide association studies (GWAS)/
Wellcome Trust Case-Control Consortium (WTCCC) data
sets. (A) Screening GWAS/UK schizophrenia discovery/
target pair. (B) Screening GWAS/ WTCCC bipolar discov-
ery/target pair. pr = p threshold. Bold numbers represent
significant p values (< .05).
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Figure 2. Polygenic component analysis for the pairs of
Wellcome Trust Case-Control Consortium (WTCCC)
data sets/screening genome-wide association studies
(GWAS). (A) UK schizophrenia/screening GWAS discov-
ery/target pair. (B) WTCCC bipolar/screening GWAS
discovery/target pair. p; = p threshold. Bold numbers
represent significant p values (< .05).

A

B

neurotransmitters, including 173-estradiol and corticosterone (19),
functions that are at least plausibly related to schizophrenia (20~
22), and brain function (23-25) more widely.

The second locus of interest was NOTCH4. NOTCH4 has been
reported to be associated with schizophrenia in a small UK sample
(26) (not overlapping with the present sample), but replication data
from candidate gene studies have not been strongly supportive.
However, a recent synthesis of GWASs as well as a large number of
additional subjects reported a genome-wide significant association
at rs3131296 (8), which is located within NOTCH4 (Figure S2 in
Supplement 1), although the extensive LD across the MHC region
makes pinpointing the source of that signal to a specific gene
impossible. It is therefore of interest in our evaluation of the MHC
region that the signal clearly maximized to the NOTCH4 region
(Figure S2 in Supplement 1), lending support to the hypothesis that
this may be the relevant susceptibility gene in the region. We are
unable to evaluate the specific SNP (rs3131296) reported in the
SGENE study for the Japanese population because of the failure of
imputation. In the Japanese population, the MAF of rs3131296
differs considerably from that in Europeans (MAF = 10% and 2.3%
for CEU and JPT populations, respectively, in HapMap Phase 3 data,
13% reported in SGENE), which means the ability of this marker to
tag a common functional variant is likely to differ significantly be-
tween populations. Given the evidence for association observed in
our study and the prior genetic evidence for NOTCH4, this locus
warrants further detailed analysis in larger and more ethnically
diverse samples.

This study provides the first independent (of the samples used
by the 1SC) replication of the polygenic score analysis reported by
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the ISC (6). Although our sample is low powered (power is .6 for our
full sample and .56 for half of the sample to detect at an alpha level
of .5, a weak genetic effect [OR 1.1] conferred by an allele with a
frequency of .3), the set of “risk” alleles (in quotation marks to
emphasize that most are not likely to be true risk alleles) derived
from half of the Japanese sample was significantly correlated with
affection status in the other half of the samples. One possible im-
portant confounding factor to consider is an effect of population
stratification. To check for this as a possible effect, we used 1)
principal components analysis—adjusted (the first 10 principal com-
ponents) discovery statistics for the selection of SNPs and 2) the first
10 principal component vectors as covariates in calculating the
polygenic score in the target sample. However, the application of
either or both of these did not lead to a material difference in the
results (Table S4 in Supplement 1), indicating that stratification is
not likely to explain our replication of the ISC findings.

Our Japan-UK analyses also suggests this effect is unlikely to be
due to stratification (this was also convincingly argued in the ISC
study) because the Japanese and UK schizophrenia samples are
ascertained directionally for the same stratification biases and be-
cause the UK schizophrenia sample, but not the UK bipolar sample,
would be unlikely to be stratified in that manner. Instead, those
data point to a shared genetic component to schizophrenia suscep-
tibility across major ethnic groups, as predicted by an effect driven
by common “risk” alleles rather than rare alleles, although not ex-
cluding an effect of rare alleles, which are much more likely to reside
on different haplotype backgrounds in different populations. How-
ever, there is also evidence for population differences in risk. Thus,
the analyses restricted to the Japanese population showed much
higher maximal estimates for R? (.021) compared with the analyses
of schizophrenia between populations (R? = .005 ~ .008) and was
more similar to the estimates of R* when the analyses were per-
formed within European populations (6). The ISC also undertook
one cross-population analysis, between Caucasian and African
Americans. As in our study, R” was much lower between the ethnic
groups (.004) than within the European populations. These results
suggest that although at least some “risk” alleles are shared across
populations, there are also differences in those “risk” alleles or at
least in the extent to which they are tagged by markers at the
density currently provided by the arrays we have studied. At a
practical level, this means that failures to replicate findings across
ethnic groups, even with respect to common alleles, should be
treated with considerable caution.

One intriguing finding was our failure to find evidence that “risk”
alleles for bipolar disorder in the European sample predict risk of
schizophrenia in the Japanese sample (or vice versa). One likely
explanation is that there is only a partial overlap between “risk”
alleles for schizophrenia and bipolar disorder and that this, to-
gether with the additionally reduced R? because of ethnic differ-
ences, has affected our ability to demonstrate an effect. This inter-
pretation is at least partially consistent with the ISC study in which
the measures of R? that were observed in bipolar data sets were less
than those observed in the schizophrenia data sets. A more inter-
esting but speculative interpretation is that the Japanese sample
represents a phenotypically purer form of schizophrenia than the
European samples. These hypotheses require further evaluation in
larger Japanese samples, exploration of aspects of the schizophre-
nia phenotype in the European samples, and transdiagnostic poly-
genic score analyses within Japanese samples.
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Abstract

_Genetic variations. in the gene encoding dysbindin has consistently been associated with schizophrenia and bipolar
disorder, although little is known about the neural functions carried out by dysbindin. To gain some insight into this area,
we took advantage of the readily available dysbindin-null mouse sandy (sdy—/—) and studied hippocampal neurogenesis
using thymidine analogue bromodeoxuridine (BrdU): No significant differences were found in the proliferation (4 hours) or
survival (1, 4 and 8 weeks after the last BrdU injection) of progenitors in the subgranular regions of the dentate gyrus
between sdy—/— and sdy+/+ (control) mice. However, 4 weeks after the last BrdU injection, a significant reduction was
observed in the ratio of neuronal differentiation in sdy—/— when compared to that of sdy+/+ (sdy+/+ =87.0%5.3% vs.
sdy—/— =71.3%8.3%, p=0.01). These findings:suggest that dysbindin plays a role during differentiation process in the
adult hippocampal neurogenesis and that its deficit may negatively affect neurogenesis-related functions such as cognition
and mood.
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Introduction

The dysbindin-1 gene (dystrobrevin-binding protein 1) was
originally identified as a gene associated with schizophrenia through
its linkage to chromosome 6p [1]. Several subsequent studies have
replicated the association between this locus and schizophrenia. In
addition, two recent and independent reports have linked certain
dyshindin-1 risk haplotypes with bipolar disorder [2,3]. Dysbindin-1
is widely distributed in the brain, and has been detected both pre-
and post-synaptically [4]. A recent immunoelectron microscopy
study further revealed that, in the hippocampus, dysbindin-1 is
located in synaptic vesicles of axospinous terminals in the dentate
gyrus inner molecular layer (DGiml) and CA1 stratum radiatum
and in postsynaptic densities and microtubules of dentate hilus
neurons and CAl pyramidal cells [5].

To date, no amino acid sequence mutation in the dysbindin-1
protein that might contribute to the risk of major psychosis has been
identified. Furthermore, several studies have implicated the involve-
ment of many different alleles and haplotypes as susceptibility variants.

*@&). PLoS ONE | www.plosone.org

These polymorphisms, however, may modulate dysbindin-1 expression
levels since reduced dysbindin message and/or protein levels have been
found in schizophrenic brains such as prefrontal cortex and
hippocampal formation, brain areas commonly affected by the
disorder [6,7,8]. In the hippocampus of schizophrenic patients,
dysbindin-1 reductions occur in the synaptic terminal fields of
glutamatergic neurons, especially those located in the DGiml [7].

Although its function in the brain is still not well understood, it
may play a role in both glutamatergic and dopaminergic
neurotransmission [9,10,11]. For example, knockdown of endoge-
nous dysbindin with siRNA has been shown to reduce glutamate
levels in cultured neurons, suggesting that a decrease in dysbindin
levels has synaptic consequences [7,10]. Furthermore, altered
dysbindin-1 expression may contribute to cognitive impairments
prominent in schizophrenia, including deficits in attention, memory
and executive function [12-14]. More recently, “sandy” (sdy—/—)
mice, spontaneously occurring dysbindin null mice, have been
shown to exhibit a number of behavioral abnormalities associated
with reductions in forebrain dopamine transmission [15,16].
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In the present study, we investigated the adult neurogenesis in the
dentate gyrus (DG) of the hippocampus in syd—/— mice, in order
to further understand the roles of dysbindin-1 in the pathogenesis of
major psychosis. We found that sdy—/— mice exhibit significantly
reduced rate of neuronal differentiation in the DG at 4 weeks after
the progenitor proliferation, although all the other parameters of the
neurogenesis examined remained unaltered in sdy—/— mice when
compared to those in control mice (sdy+/+). This finding indicates
that dysbindin plays a role during the differentiation process of the
adult hippocampal neurogenesis.

Results

Dysbindin expression

A deletion within the homologous gene in mice accounts for the
phenotype known as “sandy” (sdy—/—), which is characterized by
albinism and bleeding disorders [17]. This deletion is from
nucleotide 3701 of intron 5 to nucleotide 12377 of intron 7, and
essentially results in the total loss of dysbindin. We confirmed this
lack of dysbindin protein in the sdy—/— mouse hippocampus by
Western blot analysis (Figure 1).

Progenitor proliferation V

To evaluate progenitor cell proliferation in the DG as well as in
the entire hippocampus, bromodeoxyuridine (BrdU) was injected
intraperitoneally both in sdy—/— and control (sdy+/+) mice (4
months old female mice, n=4) and the BrdU-labeled cells were
counted in mouse hippocampus killed 4 h after the injection. No
significant difference was observed between the two groups in terms
of the number of BrdU-labeled cells in the DG (sdy+/+ mice,
573£26; sdy—/— mice, 663%87; p>0.05) (Figure 2, 4 h),
suggesting that BrdU bioavailability was similar in both. The
distribution of the dividing cells in the hippocampus of the sdy—/—
mice was not obviously different from that seen in sdy+/+ mice. The
cells were predominantly found in clusters at the border between the
granular layer (GL) and the hilus (HL) (i.e., subgranular layer: SGL)
of the DG (Figure S1).

Progenitor survival

The survival of BrdU-incorporated progenitor cells at 4 months old
female mice was also examined in the DG 1 (n=4),4 (n=8)and 8 w
(n = 3) after the last BrdU injection. In the SGL, estimates of the total
BrdU-positive populations were 1,153%144 (1 w), 625417 (4 w),
and 647%300 (8 w) in sdy—/— mice and 1,282%x175 (1 w), 448+69
(4 w), and 65295 (8 w) in sdy+/+ mice (Figure 2, 1 w, 4 w, 8 w),
with no statistically significant differences between groups.

Progenitor differentiation

To further examine the effects of dysbindin depletion,
differentiation was examined at 4 w after BrdU injection by

Dys KO

Ctri

MW (kDa)
50 —

Figure 1. Lack of dysbindin-1 expression in the hippocampus
of sdy—/— mice. Homogenates from the hippocampus region of
control mice (Ctrl) and sdy—/— mice (Dys KO) were subjected to
Western blotting. Primary antibody: a monocional mouse dysbindin
antibody (1:1000); secondary antibody: an anti-mouse HRP-linked
antibody (1:2000).

doi:10.1371/journal.pone.0015886.g001
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Figure 2. The survival of newborn cells in the SGL of sdy—/—
mice. The number of thymidine analogue bromodeoxuridine (BrdU) -
incorporated cells was not significantly different in the granular cell
layer (GL) between sdy+/+ (Ctrl) and sdy—/~ (Dys KO) mice at any time
point (4 h, 1 w, 4 w, and 8 w). The data are shown as the mean * s.d.
doi:10.1371/journal.pone.0015886.g002

concurrent immunolabelling for BrdU with neuronal (NeuN) or
glial (NG2) markers. NG2 was preferred not only because it serves
as a marker for oligodendrocyte progenitor cells (OPCs), but also
because OPCs constitute the major dividing glial cell population of
the adult CNS [18]. NG2-positive OPCs are distinct from
neurons, mature oligodendrocytes, astrocytes, and microglia, and
are distributed throughout the gray and white matter [19]. No
significant difference was found between groups in either the
number or the percentage of BrdU-positive cells that co-labeled
for NG2 (Figure S2) in the DG (data not shown); this was also true
for other areas of the hippocampus as well (CAl - 3) (Figure 3).

We found that an equal number of BrdU-positive cells co-
labeled with NeuN in the SGL in both the sdy—/— (329%27) and
sdy+/+ (326 =40) mice 4 w after the last BrdU injection. However,
the percentage of BrdU-positive cells that co-labeled with NeuN
was significantly less (—15%, p<0.01) in sdy—/— mice
(71.3£8.3%) than in sdy+/+ mice (87.0%5.3%) (Figure 3), mostly
due to the increased, albeit insignificant, number of BrdU-positive
cells in the SGL of sdy—/— mice (Figure 2).
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Figure 3. Reduced rate of neuronal differentiation of newborn
cells in sdy—/— mice. The rate of NeuN-positive newborn cells in the
granular cell layer (GL) of sdy—/— (Dys KO) mice was significantly lower
compared to that of sdy+/+ mice (Ctrl) (*p=0.01), as opposed to that of
NG2-positive cells in other areas of the hippocampus (CA1 - 3) at 4
weeks after thymidine analogue bromodeoxuridine (BrdU) injection.
The data are shown as the mean = s.d.
doi:10.1371/journal.pone.0015886.9003
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Figure 4. Effect of lack of dysbindin-1 expression on the aduit
hippocampal neurogenesis. Newborn cells (blue) in the dentate
gyrus of sdy—/— (Dys KO) may receive abnormal glutamate inputs
within the inner molecular layer (DGiml, orange) due to the lack of
dysbindin-1 expression during the critical periods for neuronal
differentiation (during the first 3~4 w from the birth), resulting in the
reduced rate of neuronal differentiation. GL and HL are granule cell
layer and hilus, respectively.

doi:10.1371/journal.pone.0015886.9g004

Discussion

Neurogenesis in adult mammalian brains actively occurs at the
subventricular zone of the lateral ventricles and at the SGL of DG
in the hippocampus. In the present study, we investigated the
nature of hippocampal neurogenesis in spontancously occurring
dysbindin null (sdy—/—) mice. We found that, although the
numbers of new neurons generated in the SGL of sdy—/— mice
are almost equal to those of sdy+/+ mice, the rates of neuronal
differentiation stemming from newly generated cells are signifi-
cantly lower in sdy—/— mice.

Newborn cells in the SGL initially receive GABAergic signalling
from interneurons within the DG [20]. GABA initially induced the
depolarization of immature newborn cells within the first 2-3 w
after birth, depending on the gradient of ClI levels (ie.,
intracellular Cl™ levels are higher than extracellular ones) [21-
24]. These cells then gradually migrate into the granular layer and
mature as a result of the shift from depolarization to hyperpolar-
ization. Signaling through the NMDA receptor plays a cell
autonomous role in the survival of neuronally differentiating
newborn cells during the first 3~4 w after the birth, which
coincides with the formation of dendritic spines and functional
glutamatergic inputs (Figure 4) [20,25-28].

Although glutamate levels in the entire hippocampal formation
of sdy—/— mice remain unaltered compared with those of sdy+/+
mice [15], the expression levels of dysbindin-1 reduced in the
DGiml of schizophrenia cases while those of the vesicular
glutamate transporter (VGIuT-1), a glutamate terminal marker,
increased [7], indicating the abnormal glutamate transmission in
the DGiml in schizophrenia patients (Figure 4). Moreover,
sdy—/— mice exhibited impaired learning in the Morris water
maze and T-maze, as well as Jong-term memory retention deficits
in the Barnes circular maze test [15,16,29], which is dependent
upon a correctly hippocampal functioning and, in part, on the
neurogenesis occurring therein [28]. Collectively, our finding that
the rate of neuronal differentiation of 4 w-old newborn cells was
lower in the DG of sdy—/— mice may explain not only the
behavioral abnormalities observed in the sdy—/— mice [15,16,29]
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but also, at least in part, the cognitive, memory or IQ
abnormalities associated with genetic variations in human [12-
14,30-33] and with histopathological abnormalities found in the
postmortem brains of schizophrenia patients [5,7,8]. Thus, further
study of dyshindin-1 genotypes in relation both to specific
schizophrenia subtypes and to cognitive endophenotypes are
warranted, as does an in-depth investigation of the role of
dysbindin in glutamate neurotransmission and in other neuronal
functions in the brain.

Materials and Methods

Animals

The experiments were largely done on material from a
previously published study [15]. “Sandy” (sdy—/—) mice were
raised at The Jackson Laboratory, Bar Harbor, ME. Sandy mice
have an autosomal recessive coat color mutation that arose
spontaneously in the inbred DBA/2J strain. Both sdy—/- mice
and wild-type mice derived from heterozygote crossings were used
in all experiments. All animals were housed in humidity- and
temperature-controlled rooms with a 12-hour (hr) light cycle with
free access to food and water. All protocols were approved by the
Animal Care and Use Committee of the Tokyo Institute of
Psychiatry.

Western blotting

Following deep anesthetization with sodium pentobarbital, the
hippocampus was dissected from each mouse. Hippocampal
tissues were homogenated in TNE buffer (20 mM tris-HCI,
pH 7.5, 150 mM NaCl, and 1 mM EDTA) containing 1% NP-40
and RIPA buffer and protease inhibitor cocktail (Roche, Sydney,
Australia) and centrifuged at 15,000% g for 10 min. Lysates were
boiled with SDS sample buffer (0.125 M Tris-HCI, pH 6.8, 10%
2-mercaptoethanol, 4% SDS, 10% sucrose, and 0.004% bromo-
pheonl blue) for 5 min and subjected to SDS-PAGE. Proteins
were separated on SDS-PAGE and eclectrotransferred onto
Immobilon-P Transfer Membranes (MILLIPORE, Billerica,
USA). Membranes were incubated in PBS containing 5% skim
milk and 0.05% Tween 20 for 1 h and blotted with primary
antibodies at 4°C overnight. An anti-dysbindin monoclonal
antibody (1:1000) was used as a primary antibody. Mouse
monoclonal anti-dyshindin antibody was produced using GST-
fused human dysbindin as antigen, as previously described [34,35].
The membranes were incubated with an anti-mouse HRP-linked
secondary antibody (1:2000, Cell Signalling Technology) for 1 h.
Proteins were detected with an ECL kit (Amersham Biosciences,
Buckinghamshire, UK) and were then exposed to X-ray films,
according to the manufacturer’s protocol.

Bromodeoxyuridine administration

Bromodeoxyuridine (BrdU; Sigma, St. Louis, MO) was
dissolved in phosphate buffer saline (PBS), pH 7.4, at a
concentration of 10 mg/ml and filter sterilized. Mice were divided
into four treatment groups (Group-I ~ Group-1V). In Group-I,
mice received one injection of BrdU (50 pg/g of body weight, i.p.)
and were killed 4 h later. In Group-II to -IV, mice received daily
injections of BrdU (50 pg/gm of body weight, ip.) for 3
consecutive days. The mice were then killed 1 (Group-II), 4
(Group-III), or 8 (Group-IV) weeks (w) after the final injection.

Tissue processing

The animals were anesthetized and transcardially perfused with
PBS followed by 4% paraformaldehyde in PBS. Brains were
removed, post-fixed for 1 day at 4°C, and then cryoprotected
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overnight in 20% sucrose in PBS. Coronal sections were cut with a
freezing microtome through the hippocampus at 40 pm. Four 1-
in-5 series were collected, plated onto glass slides, and stored at
—30°C until histochemical analysis.

BrdU detection

To allow for the detection of BrdU-labeled cells (see below),
sections were pretreated for 30 min in 2N HCI at 37°C to
denature DNA. The sections were then incubated for 10 min in
100 mM sodium borate, pH 8.5, to neutralize the residual acid.

Immunofluorescence

Sections were incubated for 30 min in PBS containing 5% goat
serum and 0.4% Triton X-100. Using the same buffer solution, the
sections were incubated overnight at 4°C in primary antibodies
(monoclonal rat anti-BrdU (Harlan Sera-Lab); polyclonal rabbit
anti-NG2 (Chemicon, Temecula, CA); monoclonal mouse anti-
neuron-specific nuclear protein (NeuN; Chemicon)), followed by
2 h at room temperature in corresponding fluorochrome-conju-
gated goat secondary antibodies (anti-mouse FITC, anti-mouse
rhodamine Red-X (RRX), anti-rabbit Cy5, anti-rabbit FITC, anti-
rabbit RRX, and/or anti-rat FITC; all from Jackson ImmunoR-
esearch). Each of the above steps was followed by four 5-min rinses
in PBS. The sections were mounted onto gelatin-coated slides,
dried, and coverslipped with ProLong antifade medium (Molec-
ular Probes, Eugene, OR).

Cell counting

Cell counts were performed by an observer who was unaware of
the treatment status of the animals. For each animal, a complete
series of 1-in-5 sections was analyzed with a light microscope at
600 x magnification. The number of immunoreactive cells was
counted in the granular layer (GL) (4 h, 1 w, 4 w, and 8 w) and in
the entire hippocampus (4 w). We defined the GL as the granular
cell layer plus the areas ~10 pm deep in the subgranular zone and
5 um deep in the molecular layer of the DG. The total number of
BrdU-positive cells was estimated by multiplying the number of
profiles by 5. For cell phenotyping, BrdU-positive cells were
analyzed for colocalization with NeulN (in the GL) or NG2 (in the
hippocampus). Data were analyzed by ANOVA followed by
Schefté’s test for post hoc multiple comparisons (Figure 2 and 3).
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This was done for the two groups, normal controls (sdy+/+) and
“Sandy” (sdy—/—) mice.

Supporting Information

Figure S1 BrdU-positive cells in dentate gyrus (DG) of sdy—/—
mice. Sections were the DG of sdy—/— mice after 4 weeks from
the last thymidine analogue bromodeoxuridine (BrdU) injections.
BrdU-incorporating cells (green) were located mostly between the
granular layer (GL) and the hilus (HL). Nuclei were visualized by
using Topro-3 (Invitrogen, blue). Images were collected on high-
resolution confocal microscopy (LSM510 excitator, Zeiss). Confo-
cal z stacks were captured for each section (0.76-0.78 pm
increments) using a 20x objective (C-Apochromat, Zeiss).
Composite images were reconstructed using Imaris 5.0.3 software
(Zeiss). Scale bars represent 100 pm.

(TTF)

Figure $2 NG2-positive oligodendrocyte progenitor cells
(OPCs) in the hippocampus of sdy—/— mice. Sections were the
hippocampus of sdy—/— mice after 4 weeks from the last
thymidine analogue bromodeoxuridine (BrdU) injections. NG2
labeling is shown in red (arrow heads). Arrows indicate BrdU-
positive (green), NG2-positive OPCs. Nuclei were visualized by
using Topro-3 (Invitrogen, blue). Images were collected on high-
resolution confocal microscopy (LSM510 excitator, Zeiss). Confo-
cal z stacks were captured for each section (0.36 pm increments)
using a 40x water immersion objective (C-Apochromat, Zeiss).
Composite images were reconstructed using Imaris 5.0.3 software
(Zeiss). Scale bars represent 50 pm.

(TTE)
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Apolipoprotein E and central nervous system disorders:

Reviews of clinical findings
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Dementia is a major health problem in developed
countries with over 25 million people affected world-

wide and probably over 75 million people at risk .

during the next 20 years. Alzheimer’s disease (AD) is
the most frequent cause of dementia (50-70%), fol-
lowed by vascular dementia (30-40%), and mixed
dementia (15-20%). AD pathogenesis is still to be
elucidated but it is believed to be the complex inter-
action between genetic and environmental factors
in later life. Three causative genes for familial AD
have been identified: amyloid precursor protein,
presenilin-1, and presenilin-2. There are 150 genes
involved with increased neuronal vulnerability to pre-
mature death in the AD brain. Among these suscepti-
bility genes, the apolipoprotein E (ApoE) gene is the
most prevalent as a risk for AD pathogenic process
in which complex interactions between genetic
and environmental factors are involved, leading

to a cascade of pathogenic events converging in final

pathways to premature neuronal death. Some of these
mechanisms are common to several neurodegenera-
tive disorders that differ depending upon the genes
affected and the involvement of environmental
conditions.

ApoE is a key lipoprotein in lipid and cholesterol
metabolism and it is also the major risk gene for AD
and many other central nervous system disorders.
The pathogenic role of ApoE-4 is still to be clarified;
however, diverse evidence suggests that ApoE may
play pleiotropic functions in dementia and central
nervous system disorders.

Key words: Alzheimer's disease, apolipoprotein E,
dementia, genetic risk, neurodegeneration.

HE NUMBER OF dementia patients has increased
Tsigniﬁcantly due to extended life spans. Dementia
occurs in 6-15% of the elderly, causing a social
problem in Japan and in other countries.' At present,
clinicians are expected to attend 2 million dementia
patients with behavioral and psychological problems
of dementia, which causes a serious burden to the
patients as well as to the caregivers.”? Pharmacological
treatment, mainly by anti-psychotics, works with
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some patients,”” but is not always useful. Some
opinions recommend refraining from prescribing
anti-psychotics for dementia with behavioral and
psychological problems of dementia,® and Chinese
herbal medicine is recommended by some opinion
leaders.”” Behavioral therapy,'® aromatherapy'' and
animal-assisted therapy'? are sometimes useful. Dif-
ferent strategies are recommended by the clinical set-
tings either at home'® or in institutions,'*'® targeting
each type of dementia, including Alzheimer's disease
(AD),? frontotemporal dementia,'® diffuse Lewy body
disease,'” and vascular dementia.'®

Considering the limited effectiveness of these inter-
ventions, researchers are now more interested in
implementing early diagnosis,” disease-modifying
therapeutics,*>?! and even prevention of dementia.”
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The concept of mild cognitive impairment (MCI) and
subjective cognitive impairment (SCI) have been pro-
posed to stimulate the understanding of the earlier
stage, or prodromal stage of dementia,' in which the
interaction in the aging brain of genetic factors and
lifestyle, influencing environmental factors, is the
major issue to be elucidated.®® Apolipoprotein E
(ApoE) is recognized as the most powerful genetic
risk factor for dementia, and it is also a key player in
lipid metabolism. We believe that the clinical find-
ings related to ApoE should be taken into consider-
ation, in order to reconcile gene and environmental
interactions in the pathogenesis of dementia, includ-
ing AD. The pathogenic role of ApoE-4 is still to be
clarified. The biological functions of ApoE will be
reviewed with regard to dementia and other central
nervous system (CNS) disorders.

Apolipoprotein E gene

The three major isoforms of human ApoE(19q13.2)
(ApoE-2, ApoE-3, ApoE-4) are coded by thee2, €3, and
e4 alleles. Differences in the amino acid sequence at
sites A (residue 112) and B (residue 158) of the ApoE
molecule distinguish the ApoE-2 (Cys/Cys), ApoE-3
(Cys/Arg), and ApoE-4 (Arg/Arg) isoforms.****ApoE-3
is the most frequent isoform (wild-type), and ApoE-4
differs from ApoE-3 in a Cys-to-Arg change at position
112 (ApoE-4/Cys112Arg). ApoE-2 (Arg158Cys) is the
most common isoform of the four different mutations
at the E2 position with isoelectric focusing. The
other three ApoE-2 isoforms are E2(Lys146Gln),
E2(Arg145Cys), and E2(Arg136Ser).* The ApoE gene
encodes a 299-amino acid polypeptide (Mw 34 200).
This gene is in close proximity with the APOCI,
APOC2 and GPI genes in the same region of 19q.%
Sequence haplotype variation in 5.5 kb of genomic
DNA encompassing the whole ApoE locus and adjoin-
ing flanking regions revealed the existence of 22 dial-
lelic sites defining 31 distinct haplotypes. Sequence
analysis suggested that haplotypes defining the
ApoE-3 and ApoE-2 alleles were derived from the
ancestral ApoE-4 and that the ApoE-3 group of haplo-
types had increased in frequency, relative to ApoE-4,
over the past 200 000 years. Substantial heterogeneity
is present in the three classes of sequence haplotypes,
with interpopulation differences in the sequence
variation underlying the protein isoforms, probably
explaining conflicting results when interpreting phe-
notypic associations with variation in the common
protein isoforms.?*?
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The ApoE alleles show a peculiar distribution
throughout the world.* The ApoE-3 allele is the most
frequent in all human societies, especially in popula-
tions with a long-established agricultural economy,
such as those of the Mediterranean basin, where the
allele frequency is 0.849-0.898. ApoE-4 is the ances-
tral allele, with a frequency that still remains higher
in Pygmies (0.407), Khoi San (0.370), Papuans
(0.368), Lapps (0.310), some Native Americans
(0.280), Australian Aborigines (0.260), and Aborigi-
nes of Malaysia (0.240) where an economy of forag-
ing still exists, or food supply is scarce or sporadically
available. The frequency of the ApoE-2 allele fluctu-
ates with no apparent trend (0.145-0.02) and is
absent in Native Americans and very low (<1%]) in
southern Europeans.?*-*?

Biological function of ApoE

The best known effect of ApoE is the regulation of
lipid metabolism; however, in addition to its role in
the transport of cholesterol and the metabolism of
lipoprotein particles,®® ApoE may be involved in
many other physiological and pathological processes,
including immunoregulation, nerve regeneration,
activation of lipolytic enzymes (hepatic lipase, lipo-
protein lipase, lecithin : cholesterol acyltransferase),
ligand for several cell receptors, neuronal homeosta-
sis, and tissue repair.”

ApoE is essential for the normal catabolism of
triglyceride-rich lipoprotein constituents. The interac-
tion of ApoFE and the low-density lipoprotein (LDL)
receptor controls the removal of ApoE-rich lipopro-
teins (very low-density lipoprotein [VLDL], chylomi-
cron remnants, intermediate density proteins) and
determines the homeostasis of cholesterol and trig-
lycerides.®' Some studies indicate that ApoE polymor-
phism variation may explain 14-17% of the genetic
variability of plasma cholesterol concentrations.?'?*%

The three ApoE isoforms have different affinities
for the LDL receptor, ApoE-3 and ApoE-4, showing
similar affinities and ApoE-2 exhibiting a defective
binding activity. ApoE plays a critical role in lipopro-
tein metabolism and plasma lipid homeostasis
through its high-affinity binding to the LDL-receptor
family. In solution, ApoE is an oligomeric protein,
and the C-terminal domain causes ApoE's aggrega-
tion. The aggregation property presents a major dif-
ficulty for structural determination of this protein.
Using protein engineering techniques, Fan et al.
identified a monomeric, biologically active ApoE
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C-terminal domain mutant. This mutant replaces five
bulky hydrophobic residues in the region of residues
253-289 with either smaller hydrophobic or polar/
charged residues (F257A, W264R, V2694, 1279Q,
V287E). These residues are critical for aggregation but
may not be important for maintaining the structure,
stability, and lipid-binding activity of this ApoE
domain, suggesting that ApoE may use different
epitopes for its aggregation property, helical
structure/stability, and lipid-binding activity.*

ApoE-2-containing remnants and VLDL particles
are slowly removed from the plasma and induce an
upregulation of the liver LDL receptor and subse-
quent low concentration of plasma cholesterol.
VLDL-ApoE-4 particles are removed from plasma
faster than VLDL-ApoE-3 particles, inducing a down-
regulation of the LDL receptor, and thus the
VLDL-ApoE-4 phenotype is associated with higher
concentration of circulating cholesterol .*!

The ApoE genotype is an important determinant of
plasma and CSF ApoE and lipid levels. The ApoE-2
allele is associated with high concentrations of ApoE
and the ApoE-4 allele with lower ApoE levels.?' Some
authors have found association between ApoE-2 and
ApoE-4 and high levels of plasma triglycerides as well
as an association of ApoE-3 and low levels of triglyc-
erides in the general population.®®

It has also been suggested that individuals carrying
the ApoE-4 genotype had a significantly greater
increase in triglycerides accompanied by an increase
in bodyweight, suggesting that obese individuals
with an ApoE-4 allele might be at increased risk for
developing hypertriglyceridemia and atherosclerosis;
however, recent studies in the AD population clearly
indicate that: (i) cholesterol levels are markedly
increased in ApoE-4/4 carriers; (ii) triglyceride levels
are the lowest in ApoE-4/4; and (iii) ApoE-4/4 carri-
ers show a high atherogenic activity. These differences
probably reflect the influence of endogenous factors
interacting with ApoE to induce an alteration in lipid
metabolism in patients with AD .37

The ApoE-4/4 and ApoE-3/4 genotypes have also
been associated with high systolic blood pressure lev-
els.** It has been suggested that the ApoE-2 allele may
exert a protective effect on coronary atherosclero-
sis,**? and that the ApoE-4 allele increases the risk of
myocardial infarction and atherosclerosis.’'** After
studying the association of ApoE with birthweight,
Garces et al. suggested that the interaction of the
ApoE genotype and birthweight may be an important
determinant of atherosclerosis.*®
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Sullivan et al. studied the pattern of ApoE expres-
sion in the CNS. Immunocytochemistry on brain sec-
tions from three human ApoE targeted replacement
mouse lines, wild-type mice, African green monkeys,
and humans, and showed a predominantly glial
pattern of ApoE expression. The levels of human
ApoE protein in the hippocampus and frontal cortex
were similar between targeted replacement mice and
non-demented human tissue. Within a given brain
region, the levels of ApoE were very similar amongst
all three isoforms, which contrasts sharply with
plasma, where ApoE2 levels are 16-fold higher than
ApoE3 and ApoE4 levels. Across brain regions, cer-
ebellar ApoE levels were significantly higher than
cerebral ApoE levels.* In the human brain, ApoE-4
dose correlates inversely with dendritic spine density
in the hippocampus.*® ApoE is expressed at high
levels in hepatocytes, macrophages, fibroblasts and
astrocytes. Neurons also express ApoE at lower levels
than astrocytes in response to various physiological
and pathological conditions, including excitotoxic
stress. Neuronal expression of ApoE is regulated by a
diffusible factor or factors released from astrocytes,
and this regulation depends on the activity of the
extracellular signal-regulated kinase (Erk) pathways
in neurons.*® For many years, alterations in ApoE and
defects in the ApoE gene have been associated with
dysfunctions in lipid metabolism, cardiovascular
disease, and atherosclerosis. An enormous number of
studies, however, clearly documented the role of
ApoE-4 as a risk factor for AD.

ApoE in Alzheimer’s disease (AD)

In 1993 Allen Roses and co-workers found a clear
association between ApoE genotypes and AD, dem-
onstrating that the frequency of the ApoE-4 allele was
significantly higher in late-onset Alzheimer's disease
(LOAD).*” Since then, many studies have confirmed
this, reporting an increased frequency of the ApoE-4
allele in AD and the association of the ApoE-4 allele
with LOAD and sporadic forms of AD. A protective
effect of ApoE-2 for LOAD has also been proposed*®
and confirmed.* There is also a significant lowering
of age at onset for subjects with ApoE-4/4 as com-
pared to other ApoE genotypes.®® ApoE-4 promotes
arteriosclerosis and is less frequent in centenarians
than in controls, and ApoE-2, which was associated
with type III and type IV hyperlipemia, is more fre-
quent in people with higher longevity rates.”" The risk
for AD increases from 20% to 90% and mean age at
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