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Abstract D-Amino acid oxidase (DAO) is a peroxisomal

flavoenzyme that catalyzes oxidative deamination of a wide

range of D-amino acids. Among the possible substrates of

DAO in vivo, D-serine is proposed to be a neuromodulator of

the N-methyl-D-aspartate (NMDA) type glutamate receptor.

The gene for DAO was reported to be associated with

schizophrenia. Since DAO is expected to be one of the key

enzymes in the regulation of NMDA neurotransmission, the

modulation of the enzyme activity is expected to be thera-

peutical for neuronal disorders. In search of the pathophysi-

ological role of DAO, we analyzed the distribution of DAO

mRNA and protein in the rat and human brain. In rat, the

distribution of DAO mRNA was newly detected in choroid

plexus (CP) epithelial cells in addition to glial cells of pons,

medulla oblongata, and especially Bergmann glia of cere-

bellum. Moreover, to investigate how DAO expression level

is altered in schizophrenia, we performed immunohisto-

chemistry in the human brain. In agreement with the results in

the rat brain, the immunoreactivity for DAO was detected in

glial cells of rhombencephalon and in CP. Furthermore,

higher level of DAO expression was observed in schizo-

phrenic CP epithelial cells than that in non-schizophrenic

cases. These results suggest that an increase in DAO

expression in parts of the brain is involved in aberrant

D-amino acid metabolism. In particular, gene expression of

DAO in CP suggests that DAO may regulate D-amino acid

concentration by modulating the cerebrospinal fluid and may

be regarded as a potential therapeutic target for schizophrenia.
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Abbreviations

DAO D-Amino acid oxidase

NMDA N-Methyl D-aspartate

CP Choroid plexus

CSF Cerebrospinal fluid

cDNA Complementary DNA

dNTP Deoxyribonucleoside triphosphate

PBS Phosphate buffer saline

DIG Digoxigenin

MAS Matsunami adhesive silane

TEA Triethanolamine

SSC Saline sodium citrate

TBS-T Tris-buffered saline with Tween-20

NBT Nitroblue tetrazolium

BCIP 5-Bromo-4-chloro-3indolyl-phosphate

ALS Amyotrophic lateral sclerosis

CI Cerebral infarction
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Introduction

D-Amino acid oxidase (DAO; EC 1.4.3.3) is a flavoenzyme

that catalyzes the oxidation of D-amino acids to the cor-

responding imino acids and hydrogen peroxide (H2O2)

(Krebs 1935). The imino acid is nonenzymatically hydro-

lyzed to a-keto acid and ammonia (for reviews, Kawazoe

et al. 2007). In mammals, DAO is found at the highest

concentrations in the kidney, liver, and brain.

Previously, we determined the primary structures of the

porcine, human, rabbit, and mouse kidney DAO mRNAs

(Fukui et al. 1987; Momoi et al. 1988, 1990; Tada et al.

1990). We also carried out a series of molecular biological

studies on the structure–function relationship of DAO for

the porcine (Watanabe et al. 1988; Pollegioni et al. 1994)

and human enzymes (Raibekas et al. 2000; Kawazoe et al.

2006, 2007). Recently, we reported the gene expression of

DAO in type-1 astrocytes from rat cerebellum and cerebral

cortex (Urai et al. 2002) and also demonstrated that

extracellular D-serine can gain access to intracellular DAO,

being metabolized to produce H2O2 (Park et al. 2006).

Moreover, we showed inhibitory effect of the antipsychotic

drug and its derivative, risperidone and chlorpromazine

oligomer, on human DAO (Abou El-Magd et al. 2009;

Iwana et al. 2008). These data indicated the involvement of

DAO activity in D-serine metabolism and also suggested

that risperidone and chlorpromazine oligomer could act as

an active substance to inhibit DAO, which might contribute

to the therapeutic effects of these drugs.

D-Serine is present in the mammalian brain (Hashimoto

et al. 1992) and is an endogenous modulator of the glycine

site of NMDA receptor (Schell et al. 1995; Mothet et al.

2000). Hypofunction of the NMDA receptor has been

implicated in the pathology of schizophrenia. Mice

expressing only 5% of the normal level of the NR1 subunit

of the NMDA receptor exhibited behavioral abnormalities

related to schizophrenia, including increased motor activ-

ity, stereotype, and deficits in social and sexual interaction

(Mohn et al. 1999). It is notable that novel human gene

G72 was recently implicated in schizophrenia, and the gene

G72 product has been shown to bind with DAO and to

enhance its catalytic activity. DAO is itself associated with

schizophrenia, and the combination of the G72/DAO

genotypes has a synergistic effect on disease risk

(Chumakov et al. 2002).

D-Amino acid oxidase has been shown to reduce NMDA

receptor-mediated neurotransmission (Mothet et al. 2000).

From this result, it has been suggested that increased DAO

activity in schizophrenia might contribute, via D-serine

decrements, to NMDA receptor dysfunction (Madeira et al.

2008). Recent studies provide some support for this notion.

Co-administration of D-serine with antipsychotics can

ameliorate some symptoms of the schizophrenia (Tsai et al.

1998). Moreover, D-serine levels were lower in cerebro-

spinal fluid (CSF) samples of schizophrenic patients when

compared to controls (Hashimoto et al. 2005; Yamada et al.

2005; Bendikov et al. 2007).

In search of the pathophysiological role of DAO in the

schizophrenic brain, we analyzed distribution of DAO

mRNA and protein in almost all brain regions. Especially,

we considered that it is possible for DAO to be expressed

in choroid plexus (CP) producing CSF, based on the reports

that D-serine levels were decreased in CSF samples of

schizophrenic patients. In the present study, we show that

DAO was expressed in CP and its expression was altered in

schizophrenic CP by immunohistochemical analysis. These

results suggest that DAO is involved in D-amino acid

metabolism in parts of the brain and altered DAO expres-

sion is relevant to the pathophysiology of schizophrenia.

Materials and methods

Animals and preparation of tissue

All procedures used throughout this study were conducted

according to the Japan guidelines for animal care and were

approved by the Animal Care and Use Committee in the

University of Tokushima. All efforts were made to mini-

mize the number of animals used in the study. In total,

seven male Sprague–Dawley rats (CLEA Japan, Inc.,

Tokyo, Japan; 10-weeks old) were used. Three rats were

used to extract RNA for analysis of DAO mRNA in the

brain. For histological analysis, four rats were deeply

anesthetized with dimethyl ether, and then were fixed ini-

tially by perfusion via the heart with 4% paraformaldehyde

in phosphate-buffered saline (PBS), pH 7.2. The brains

were removed and fixed by immersion for a further night in

the same fixative. Tissues were processed for paraffin wax

embedding, using the standard protocols. The tissues were

dehydrated in ethanol, cleared in xylene, and embedded in

paraffin wax.

RNA isolation and RT-PCR

Total RNA was extracted from each tissues using TRIzol

Reagent (Invitrogen Corporation, Carlsbad, CA, USA)

according to the supplier’s instructions. Complementary

DNA (cDNA) synthesis was carried out using a Super-

Script III First Strand Synthesis System for RT-PCR kit

(Invitrogen Corporation, Carlsbad, CA, USA) according to

the supplier’s instruction. PCR was performed by proce-

dure previously reported (Urai et al. 2002) with some

modifications. Synthetic oligonucleotide PCR primers for

rat DAO were 50-GTGGCATCTTTCGAAGAGGT-30 and

50-AGGCGTTCTCTTTCTAGCCG-30. Primers for b-actin
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were 50-TTGTAACCAACTGGGACGATATGG-30 and

50-GATCTTGATCTTCATGGTGCTAGG-30. Fifty micro-

liters of reaction mixture containing 2 ll of cDNA sample

as template, 500 nM 50 and 30 PCR primers, 40 lM

deoxyribonucleoside triphosphate (dNTP), 1 mM MgCl2,

and 2.5 units of AmpliTaq DNA polymerase (Applied

Biosystems, Foster City, CA, USA) in GeneAmp PCR

buffer was subjected to amplification in DNA thermal

cycler (Applied Biosystems). Following heat denaturation

step of enzyme (for 5 min at 95�C), PCR cycles were

performed with the following profile: denaturation for 30 s

at 94�C, annealing for 120 s at 57�C, and extension for

150 s at 72�C; with unsaturated cycles (for DAO: 34

cycles, for b-actin: 25 cycles). At the end of PCR, the

reaction mixture was separated on 2% agarose gel, and

then stained in 0.5 lg/ml ethidium bromide solution.

Synthesis of probes for in situ hybridization

The template for RNA probe synthesis was produced with

the use of nested PCR method. Rat DAO cDNA fragment

(822 bp) was generated from brain total RNA by RT-PCR

method using the first pair of primer (sense primer 50-
ACGTTACCACCCAGCCCAA-30 and the antisense pri-

mer 50-AGGCGTTCTCTTTCTAGCCG-30). This first PCR

product was further amplified with the use of the nested

primers (sense primer containing SP6 RNA polymerase

promoter sequence (underlined) 50-ATTTAGGTGACAC-

TATAGAATACATCTATGCGGATCGCTTCAC-30, anti-

sense primer containing T7 RNA polymerase promoter

sequence (underlined) 5’-AATTGTAATACGACTCAC

TATAGGGCGACTCCTCTCACCACCTCTTCG-3’). We

purified the second PCR product using GenElute PCR

Clean-up Kit (Sigma, Saint Louis, Missouri, USA) and

then used 1 lg of purified product as template to synthesize

digoxigenin (DIG)-labeled RNA probes (454 nucleotides

for sense probe and 449 nucleotides for antisense probe)

according to the manual instructions of DIG RNA Labeling

Kit (Roche Diagnostics, Basel, Switzerland). The quality

and integrity of the probes were checked on a denaturing

polyacrylamide gel. Incorporation of DIG was monitored

by dot blot, according to the DIG RNA Labeling Kit pro-

tocol (Roche).

In situ hybridization procedures

Paraffin brain sections (6 lm) were mounted on MAS-

coated slides (Matsunami Adhesive Silane; Matsunami

glass Ind., Ltd, Osaka, Japan), dewaxed, and rehydrated,

then treated with 2 lg/ml proteinase K in PBS for 20 min

at 37�C. After a wash in PBS three times for 5 min, the

section were acetylated for 10 min in freshly prepared

0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0)

for 20 min, then washed in 4 9 saline sodium citrate (SSC;

1 9 SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH

7.0). Sections were prehybridized by hybridization buffer

(4 9 SSC, 40% deionized formamide, 10% dextran sul-

fate, 1 9 Denhardt’s solution, 10 mM DTT, 1 mg/ml yeast

RNA and 1 mg/ml single-stranded DNA) for 1 h at 57�C.

For hybridization, slides were probed with 100 ll hybrid-

ization buffer containing 2 ng/ml DIG-labeled RNA probe.

The sections were covered with parafilm and were

hybridized for 16 h at 57�C in humidified chamber. The

sections were washed in 4 9 SSC at 57�C, 2 9 SSC

containing 50% formamide for 1 h at 57�C, and then

washed twice in 0.1 9 SSC for 1 h at 57�C. The sections

were placed in blocking solution containing 0.1 M maleic

acid (pH 7.5), 0.15 M NaCl and 1% blocking reagent

(Roche). Each section was covered with 400 ll Fab frag-

ments from an anti-DIG antibody conjugated with alkaline

phosphatase (1:1,000 dilution, Roche) and incubated for

2 h at room temperature. The sections were washed four

times for 15 min in Tris-buffered saline with Tween-20

(TBS-T; 20 mM Tris–HCl, pH 8.0, 0.5 M NaCl and 0.1%

Tween-20), and once for 15 min in detection buffer (0.1 M

Tris–HCl and 0.1 M NaCl, pH 9.5), then incubated in a

nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-

indolyl-phosphate (NBT/BCIP) substrate solution over-

night at 4�C. The color reaction was stopped by immersing

the sections in water for 10 min. The sections were

mounted directly in Aqua-Poly/Mount (Polysciences Inc.,

Eppelheim, Germany).

Preparation of human tissue

Five micrometer-thick serial sections were prepared from

autopsied brains of seven schizophrenic patients and seven

control subjects together with one amyotrophic lateral

sclerosis (ALS) and one cerebral infarction (CI). The tis-

sues were fixed with 4% paraformaldehyde or 10% neutral

formalin and embedded in paraffin. Schizophrenic cases

included a 73-year-old patient, a 61-year-old patient, a 72-

year-old patient, two 76-year-old patients, a 72-year-old

patient, and a 67-year-old patient. Non-schizophrenic

neurological and psychiatric disease cases included a 66-

year-old patient with ALS and a 56-year-old patient with

CI. Each case includes frontal lobe, neocortex of temporal

lobe, hippocampus, amygdala, thalamus, cerebellum, pons,

medulla oblongata, cervical spinal cord, and CP region.

Autopsies on all subjects were performed at the National

Center Hospital of Neurology and Psychiatry, National

Center of Neurology and Psychiatry (NCNP), Tokyo,

Japan. Tissue samples were obtained from Research

Resource Network.

Human adult normal brain tissues, medulla oblongata,

corpus callosum, spinal cord, peripheral nerve, cerebral
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cortex, mesencephalon, cerebellum, and pons (Human

Organ Systems Multiple-Tissue 1, lot no. A605358), were

obtained from BioChain Institute, Inc. (Hayward, CA,

USA) as a control. Three different control CP sections (lot

no. A710241, B303116 and A609356) were used for

immunohistochemical analysis. In addition, four control

CP sections (55-years old, 63-years old, 73-years old, and

74-years old) were obtained from Tokushima University

Hospital, Tokushima, Japan. The present study was

approved by the Ethics Committees of NCNP and Toku-

shima University Hospital.

Western blotting and immunoprecipitation

To generate the anti-human DAO antibody, a purified

recombinant human DAO was used as an antigen. The

rabbit polyclonal anti-human DAO antibody (SCRUM Inc.,

Tokyo, Japan) was raised against this full-length human

DAO.

For Western blot and immunoprecipitatoin analyses, rat

brains were homogenized in RIPA buffer (25 mM Tris–

HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium

deoxycholate and 0.1 % SDS) containing Complete Mini

Protease Inhibitor Cocktail (Roche). Protein samples (each

100 lg total protein) were subjected to electrophoresis on

15% polyacrylamide gel, followed by blotting onto Im-

mobilon-P membranes (Millipore, Bedford, MA, USA).

Membranes were immersed in blocking buffer (5% skim

milk in TBS-T), then were incubated with primary anti-

body (anti-human DAO 1:3,000; anti-b-actin 1:4,000) in

the same buffer. Detection of each protein was carried out

with an ECL Plus Western Blotting Detection System (GE

Healthcare UK Ltd, Little Chalfont, UK) according to the

manufacturer’s instructions. To perform the immunopre-

cipitation analysis, protein samples (each 1 mg total pro-

tein) were mixed with polyclonal anti-porcine DAO

antiserum (Fukui et al. 1988). Immunoprecipitates were

collected by using Protein G Plus-Agarose (Santa Cruz

Biotechnology, Inc., CA, USA), and then analyzed by

Western blotting as described above.

Immunocytochemical procedures

For immunocytochemical analysis, human DAO cDNA

was inserted into a powerful mammalian expression vector

pEF-BOS (Mizushima and Nagata 1990). This plasmid

(pEF-BOS-hDAO) was transfected into NIH3T3 cells by

FuGENE HD Transfection Reagent (Roche). Transfected

NIH3T3 cells were seeded onto poly-L-lysine- coated

coverslips and incubated for 48 h at 37�C. The cells were

washed in PBS three times and fixed in 4% paraformal-

dehyde in PBS for 30 min. The endogenous peroxidase

was inactivated in PBS with 0.3% H2O2 for 5 min. The

membranes were permeabilized in PBS with 0.1% Triton

X-100 for 5 min. Subsequently, the cells were blocked for

30 min with blocking buffer (3% BSA/PBS), and then

incubated with rabbit anti-human DAO antibodies (1:800)

or preimmune rabbit serum (1:800) overnight at 4�C. After

being washed in PBS, the cells were treated with peroxi-

dase-conjugated anti-rabbit IgG (1:5,000). The cells were

washed three times in PBS, and then incubated in a 3,30-
diaminobenzidine (DAB) solution. The color reaction was

stopped by immersing the sections in water. Finally, the

cells were counterstained with hematoxylin. For light

microscopical analysis, cells were viewed using Optiphoto

microscope equipped with a Nikon digital camera SD-Fil

(Nikon Corporation, Tokyo Japan).

Immunohistochemical procedures

Immunohistochemistry was performed on the Benchmark-

XT (Ventana Medical Systems Inc., Tucson, AZ, USA).

The anti-human DAO antibody was diluted by Discovery

Antibody Diluent (Ventana Medical Systems Inc.) at a

dilution of 1:300 or 1:800. Slides were incubated with the

antibody for 32 min at 37�C. The Ventana I-VIEW DAB

Universal Kit was the secondary detection method. This

was followed by streptavidin-horseradish peroxidase con-

jugate. Sections were visualized with DAB. Finally, slides

were counterstained with hematoxylin. For light micro-

scopical analysis, sections were viewed using Optiphoto

microscope equipped with a Nikon digital camera SD-Fil

(Nikon Corporation).

Quantification of DAO-expressing CP epithelial cells

The final figures (Fig. 5) were produced from the photo-

micrographs in Adobe Photoshop, and, when necessary,

brightness was adjusted to reflect the natural view through

the microscope. The area of DAO-positive epithelial cells

and the total area of CP were measured using digitized

images and Image-Pro Plus software (version 6.1; Media

Cybernetics Inc., Bethesda, MD, USA). The size of the

visual field of each image was 270 9 347 lm. The

acquisition setting (intensity range of total area R 0–200, G

0–150, B 0–170, intensity range of immunopositive area R

120–155, G 80–170, B 100–140) for each photomicro-

graphs were kept constant during the analysis of each

sections. The proportion of the immunopositive CP epi-

thelial cells was counted in each of the seven schizo-

phrenic, two non-schizophrenic, and seven control

sections. The normal distribution and the equal variance of

the data were checked, and then the differences in the

relevant data within and between the schizophrenic and

control sections were studied by t-test. Differences were

regarded as significant at P \ 0.001.
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Results

Expression of DAO mRNA in rat tissues

In search of the pathophysiological role(s) of DAO in rat

brain, we considered it important to analyze the expression

profile of DAO. First, we analyzed distribution of DAO

mRNA signals. Total RNA extracts from different brain

regions and peripheral tissues were analyzed by RT-PCR

using gene-specific primers. Results are illustrated in Fig. 1.

A strong signal was detected in tissues, (kidney, liver, and

cerebellum), expected to express high levels of DAO (Fig. 1,

lanes 4, 5 and 7). In addition, the DAO mRNA expression was

confirmed in cerebral cortex (Fig. 1, lane 6), although the

level of which was lower than that in cerebellum. These

results are consistent with the previous report that DAO

mRNA was detected in primary astrocytes cultured from rat

cerebellum and cerebral cortex (Urai et al. 2002). Moreover,

we considered it possible for DAO to be expressed in CP,

main function of which is the production of CSF, and

examined the presence of mRNA for DAO. As shown in

Fig. 1 lane 8, it was confirmed that DAO mRNA was

expressed in the rat CP. In contrast, DAO mRNA was not

detected in extracts from lung and heart (Fig. 1, lane 1 and 2).

Distribution of DAO gene expression in rat brain

To determine the regional and cellular distribution of DAO

in the rat brain, we investigated the expression pattern of

the DAO gene at the mRNA level using in situ hybrid-

ization. In the rat cerebellar sections, specific hybridization

signals for DAO were found in the Purkinje cell layer.

These signals were considered to correspond to Bergmann

glial cells, based on their location in surrounding Purkinje

cells and the small size of the positive cells compared to

those of Purkinje cells. On the other hand, Purkinje cells

were invariably negative for staining (Fig. 2a). Further-

more, in the pons sections, the signals were observed in

small cells (Fig. 2b). In the medulla oblongata sections, the

signals were also observed in many small cells, similar to

those in the pons (Fig. 2c). These cells were presumed to

be astrocytes, based on their localization and size. Low

levels of DAO mRNA were found in the cerebral cortex

(Fig. 2d) and hippocampus (Fig. 2e) in the areas sur-

rounding the neuronal cells, and these signals were

observed in apparent astrocytes. The expression of DAO

mRNA in CP was examined by in situ hybridization

analysis. As shown in Fig. 2f, the hybridization signal was

clearly detected in CP epithelial cells as expected from the

result of RT-PCR analysis. When brain sections were

hybridized with DAO specific sense RNA probes, we

observed only background labeling (Fig. 2a0–f0).

Expression of DAO protein in rat brain

Expression of endogenous DAO protein was investigated

by Western blot analysis on rat brain extracts (Fig. 3a).

A strong band at approximately 39 kDa was detected in

cerebellum, brainstem, and spinal cord reportedly

expressing DAO (Verrall et al. 2007; Moreno et al. 1999;

Horiike et al. 1994). On the other hand, DAO could not be

detected in choroid plexus, prefrontal cortex, hippocampus,

thalamus, and striatum. In order to detect minute amount of

DAO proteins, we further performed immunoprecipitation

analysis. As shown in Fig. 3b, DAO protein was detected

in the prefrontal cortex and thalamus (lane 3 and 6).

Moreover, we could confirm the expression of DAO pro-

tein in choroid plexus and hippocampus (lane 4 and 5),

together with the absence of the signal in striatum (lane 7).

Furthermore, immunohistochemical analysis of rat cere-

bellum and CP, the same tissues as used for in situ

hybridization, were performed with antibody to human

DAO (Fig. 3c). In the cerebellum, DAO immunoreactivity

was detected in the Purkinje cell layers. Only modest levels

of immunoreactivity for DAO were found within the CP.

These results were consistent with rat DAO mRNA dis-

tribution analyzed by in situ hybridization.

DAO expression pattern in human choroid plexus

with psychiatric and neurological disorder

The specificity of anti-human DAO antibody was verified by

immunocytochemical analysis (Fig. 4). Specific recognition

of DAO with this antibody was confirmed in NIH3T3 cells

expressing human DAO without any background signal. To

confirm the expression of DAO in human CP and to study the

Fig. 1 D-Amino acid oxidase mRNA was detected in several rat

tissues by RT-PCR. The RT-PCR was performed by using DAO and

b-actin specific primers. The PCR products of predicted size were

398 bp (DAO) and 764 bp (b-actin). Lane 1 DNA size marker, lane 2
lung, lane 3 heart, lane 4 kidney, lane 5 liver, lane 6 cerebral cortex,

lane 7 cerebellum, lane 8 choroids plexus. A specific signal for DAO

was detected in the kidney, liver, cerebral cortex, cerebellum, and

choroid plexus
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Fig. 2 Distribution of DAO

mRNA in situ hybridization

signals in several regions of the

rat brain. Each figure represents

hybridization result with DIG-

labeled RNA antisense probe

(a–f) and sense probe (a0–f0).
a DAO mRNA signals were

detected in cerebellum. These

signals in the Purkinje cell layer

were considered to correspond

to Bergmann glial cells

(arrows). Purkinje cells were

invariably negative for staining

(arrowheads). GL granular

layer, ML molecular layer, PL
Purkinje cell layer. b DAO

mRNA signals were detected in

pons. These signals were

considered to correspond to

astrocytes (arrows). c DAO

mRNA signals were detected in

medulla oblongata. These

signals were considered to

correspond to astrocytes. d Low

levels of DAO mRNA were

found in the cerebral cortex in

the areas surrounding the

neuronal cells, and these signals

were observed in apparent

astrocytes. e Low levels of DAO

mRNA expression were found

in the hippocampus in the areas

surrounding the neuronal cells,

and these signals were observed

in apparent astrocytes. f The

hybridization signal for DAO

was detected in choroid plexus

epithelial cells. Scale

bar = 50 lm
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pathophysiological role of DAO expression in the psychi-

atric and neurological disorder, we first examined DAO

distribution in control human CP. Immunohistochemical

analysis with the anti-human DAO antibody showed that

DAO is expressed in the control human CP as well as in the

rat CP (Fig. 5a–c). In agreement with the data derived from

in situ hybridization (Fig. 2f) and immunohistochemistry

(Fig. 3c), DAO expressing cells were also confirmed in the

CP epithelial cells.

To examine the possible alteration of DAO expression

levels in schizophrenic CP compared to controls, we next

performed immunohistochemical analysis from post-

mortem human schizophrenic cases with the anti-DAO

antibody. There was no significant difference in the age

between control (mean ± SD year, 65.8 ± 6.8) and

schizophrenic cases (70.8 ± 5.9), as judged by the

comparison between two groups using the t-test

(P value = 0.18). Seven schizophrenic CP showed intense

immunoreactivity for DAO in epithelial cells (Fig. 5d–f),

whereas an ALS sample and a CI sample did not seem to

differ from control significantly in DAO immunoreactivity

(Fig. 5g, h).

Furthermore, we quantitatively compared the DAO im-

munopositive areas between control and schizophrenic

cases. It was shown that DAO immunopositive area within

CP epithelial cell area was measured by selected color

range (Fig. 6). In this quantification, the percentage of

DAO immunopositive area was calculated 2.8 ± 6.6

(mean ± SD) in seven control cases (Fig. 6). In contrast,

the DAO immunopositive area in seven schizophrenic

patients (34.5 ± 14.0) was significantly higher than that of

control cases (P value = 0.00049). These results support

the idea that alteration of DAO expression in CP may be

related to pathophysiology of schizophrenia.

Regional distribution of DAO in the control human

brain

To investigate whether DAO expression pattern in human

brain is similar to DAO mRNA expression in rat brain, we

Fig. 3 Detection of DAO

protein expression in rat brain.

a Western blot analysis was

carried out using rat brain; lane
1 cerebellum, lane 2 brainstem,

lane 3 spinal cord, lane 4
choroid plexus, lane 5 prefrontal

cortex, lane 6 hippocampus,

lane 7 thalamus, lane 8 striatum.

A specific signal for DAO was

detected at 39 kDa (upper
panel). Blots were re-probed

with anti-b-actin as a loading

control (lower panel).
b Immunoprecipitates were

analyzed by Western blotting

analysis with anti-human DAO

antibody using rat brain; lane 1
cerebellum, lane 2 brainstem,

lane 3 prefrontal cortex, lane 4
choroid plexus, lane 5
hippocampus, lane 6 thalamus,

lane 7 striatum. c
Immunohistochemical analysis

of rat cerebellum and CP was

performed with antibodies to

human DAO (immune) and

rabbit serum (preimmune). Rat

sections were the same as used

for in situ hybridization

analysis. In rat cerebellum,

DAO immunoreactivity was

detected in the molecular and

Purkinje cell layers. Only

modest levels of

immunoreactivity for DAO

were observed within rat CP.

Scale bar = 50 lm
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performed immunohistochemical analysis in control human

brain sections. In the cerebellum, DAO immunoreactivity

was detected in the molecular and Purkinje cell layers

(Fig. 7a). These signals were considered to correspond to

Bergmann glial cells and their processes, based on their

location in surrounding Purkinje cells and the morpholog-

ical feature of the positive cells. On the other hand, the

Purkinje cells were unlabeled. Moreover, DAO immuno-

positive cells were found in the pons (Fig. 7b) and medulla

oblongata (Fig. 7c) section. These signals were considered

to correspond to astrocytes, based on their morphology.

Only modest levels of immunoreactivity for DAO were

found within the cerebral cortex (data not shown). These

results were consistent with rat DAO mRNA distribution

analyzed by in situ hybridization. In addition, the immu-

noreactivity of DAO in the spinal cord was slightly

detected both in the white matter and gray matter (Fig. 7d).

Comparison of DAO expression pattern

with schizophrenic cases

To study the possible alteration of DAO distribution in any

brain regions other than CP, we made a comparison of

DAO immunoreactivity in schizophrenic cases. First, we

analyzed distribution of DAO by using postmortem

schizophrenic brain. In the cerebellum from schizophrenic

patients, DAO immunoreactivity was strong in the

molecular and Purkinje cell layers (Fig. 8a). The

distribution of immunoreactivity for DAO was found in the

pons with schizophrenia (Fig. 8b). Immunoreactivity for

DAO was detected in schizophrenic medulla oblongata,

similar to that in the pons (Fig. 8c). In the cervical spinal

cord with schizophrenia, the immunoreactivity of DAO

was found both in white matter and internal gray matter

(Fig. 8d). These signals were considered to correspond to

glial cells and their processes, especially Bergmann glia in

cerebellum, based on their location and morphological

feature of the positive cells. These results were consistent

with DAO distribution analyzed in control human brain.

In the cerebellum and medulla oblongata from schizo-

phrenic patients, DAO immunoreactivity was elevated in

schizophrenia compared with controls (Figs. 7, 8). DAO

immunoreactivity in pons of schizophrenic cases was

similar to that of control case (Fig. 7b, 8b). These results

indicated that DAO expression levels in schizophrenic

patients is likely to be elevated, although the distribution

pattern of DAO expression is similar to that of all cases.

Discussion

The results of our study provide the first description of the

histochemical comparison for the DAO expression pattern

and expression levels in schizophrenia, ALS, CI, and

control brain. Two major conclusions can be drawn from

our findings. First, DAO mRNA and protein was

Fig. 4 The specificity of antibody against human DAO. Immunocy-

tochemical analysis was performed with antibodies to human DAO

(immune) and rabbit serum (preimmune). Recognition of DAO was

confirmed by the analysis of the NIH3T3 cells expressing human

DAO with the use of pEF-BOS vectors. Scale bar = 20 lm
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distributed in rat and human CP. Second, DAO immuno-

reactivity in schizophrenic CP was higher than that in other

cases including control, ALS, and CI. It is thought that CP

has an important role in the homeostasis of nutrients

including amino acids in the CSF (Redzic and Segal 2004).

These findings suggest that low D-serine levels in CSF in

the disorder may have been due to increased DAO

expression in the CP. We raise the possibility that an

Fig. 5 Immunohistochemical

analysis of human choroid

plexus with antibody against

human DAO. Regional

localization of DAO determined

by immunohistochemistry in the

control (a–c), schizophrenic

(d–f), ALS (g), and CI (h) CP.

Shown are all control cases and

three typical results of

schizophrenic cases. Scale

bar = 50 lm
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increase in DAO expression in the CP could decrease

D-serine availability, thus contributing to NMDA receptor

hypofunction thought to occur in schizophrenia. However,

this possibility awaits further definitive quantification.

The present study found that DAO mRNA and protein

were detected in the cerebellum, in good accord with

previous studies of its expression and activity in human

(Verrall et al. 2007) and rodent (Horiike et al. 1994; Schell

et al. 1995; Moreno et al. 1999). Cerebellar DAO mRNA

expression was primarily localized to Bergmann glia

(Fig. 2). In the rhombencephalon, the distribution pattern

of the DAO mRNA is consistent with previous studies of

DAO activity and expression in rat (Horiike et al. 1987,

1994; Moreno et al. 1999) and human (Verrall et al. 2007).

The situation regarding DAO in the forebrain has been less

clear. Our data confirmed that DAO is expressed, both as

mRNA and as protein, in the rat cerebral cortex (prefrontal

cortex, hippocampus and thalamus) by in situ hybridization

and immunoprecipitation (Figs. 2, 3). These observations

were consistent with the Western blotting findings of the

human study by Verrall et al. (2007).

Fig. 6 The quantitative analysis of DAO-expressing area in CP

epithelial cells. The histogram represents comparison of immunopos-

itive areas between schizophrenic and control cases. Schizophrenic

(n = 7) and control cases (n = 7) were immunostained with anti-

human DAO antibody. Schizophrenic subjects showed increased

DAO immunopositive area in the choroid plexus compared to control

subjects (*P \ 0.001)

Fig. 7 Distribution of DAO-expressing cells in several regions of the

control human brain. a In the cerebellum, DAO immunoreactivity

was detected in the molecular and Purkinje cell layers. These signals

were considered to correspond to Bergmann glial cells and their

processes, based on their location in surrounding Purkinje cells and

the morphological feature of the positive cells. On the other hand, the

Purkinje cells were unlabeled. b DAO immunopositive cells were

found in the pons. These signals were considered to correspond to

astrocytes, based on their morphology. c DAO immunopositive cells

were found in the medulla oblongata section. These signals were

considered to correspond to astrocytes, based on their morphology.

d DAO immunopositive cells were found in the spinal cord. These

signals were considered to correspond to astrocytes, based on their

morphology. Scale bar = 50 lm
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Moreover, the distribution of DAO in human was of the

same pattern of DAO distribution in rat brain (Figs. 2, 7).

DAO expression was not only detected in rat CP epithelial

cells but also in human CP epithelial cells. These results

suggest that regulatory mechanisms governing the D-serine

level of CSF may exist in the CP. D-Aspartate oxidase is a

flavoenzyme similar to DAO. D-Aspartate oxidase specifi-

cally catalyzes the oxidative deamination of acidic D-amino

acids carrying two carboxylic groups such as D-aspartate,

D-glutamate, or NMDA. Early biochemical investigations

revealed D-aspartate oxidase activity in homogenates of

hog CP (Yusko and Neims 1973). The CP has an important

role in the homeostasis of nutrients including amino acids

in the CSF (Redzic and Segal 2004). The CP is in close

contact with the CSF; the CP epithelial cells (constituting

the blood–CSF barrier) form an interface between CSF and

periphery, since their apical side faces the CSF and their

basal side faces fenestrated capillaries (Nathanson and

Chun 1989). The exchanges between the blood and the

CSF across the CP epithelial cells are tightly regulated, in

the presence of interepithelial tight junctions, by various

transports and metabolic processes. They also protect the

CSF by preventing the entry of other potentially toxic

substances (Strazielle et al. 2004). On the other hand, it is

thought that D-serine can penetrate the blood–brain barrier

much better than other amino acids (i.e., glycine, gluta-

mate) (Bauer et al. 2005; Nishikawa 2005; Takahashi et al.

1997). Thus, DAO may play a role in modulating the

D-serine level of CSF while D-serine across the CP

epithelial cells. In the previous study, it has been reported

that D-serine level was measured in the serum (Hashimoto

et al. 2003; Yamada et al. 2005; Ohnuma et al. 2008) and

the CSF samples from human (Hashimoto et al. 2005;

Bendikov et al. 2007). Based on these results, we speculate

that the concentration of D-serine in CSF is lower than that

in serum. Taking all of these results together, we hypoth-

esized that D-serine in the blood and CSF was degradated

by DAO across the CP. Moreover, DAO expressing in CP

may modulate the entry of D-serine into the CSF from

blood, and then the levels of the CSF will have some

influence on the composition of the brain interstitial fluid

and neuronal tissue function.

Comparison of DAO expression in CP between

schizophrenic and non-schizophrenic subjects indicated

that numbers of DAO expressing cells were increased in

schizophrenia. Seven schizophrenic CP showed intense

immunoreactivity for DAO in CP epithelial cells

(Fig. 5d–f), whereas seven controls, an ALS sample, and a

CI sample did not seem to differ significantly in DAO

immunoreactivity in CP (Fig. 5a–c, g, h). Furthermore, the

DAO immunopositive areas in CP of schizophrenic

patients were significantly high in all cases (Fig. 6). Thus,

schizophrenic pathophysiology may include that hypo-

function of the NMDA receptor was caused by elevation of

DAO expression in CP. Previous studies have demon-

strated that reduced D/total (D ? L) serine ratio in CSF

samples from schizophrenia patients compared with con-

trol subjects (Hashimoto et al. 2005). In addition, other

Fig. 8 Distribution of DAO-

expressing cells in several

regions of the human brain from

schizophrenic patients. a In the

cerebellum, DAO

immunoreactivity was detected

in the molecular and Purkinje

cell layers. These signals were

considered to correspond to

Bergmann glial cells and their

processes, based on their

location in surrounding Purkinje

cells and the morphological

feature of the positive cells.

On the other hand, the Purkinje

cells were unlabeled. DAO

immunopositive cells were

found in the pons (b), medulla

oblongata (c), and spinal cord

(d) section. These signals were

considered to correspond to

astrocytes, based on their

morphology. Scale

bar = 50 lm
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group recently found that D-serine levels were lower in

CSF samples of schizophrenic patient when compared to

controls (Bendikov et al. 2007). These results suggest that

reduced D-serine levels in CSF were induced by elevation

of DAO expression in schizophrenic CP. These results may

support a possibility that the elevation of DAO expression

level in CP is involved in decreased D-serine level in CSF.

We showed the inhibition of the activity of human DAO by

two antischizophrenic drugs and its related compounds,

risperidone and chlorpromazine, in vitro (Abou El-Magd

et al. 2009; Iwana et al. 2008). These results indicate that

these drugs are pharmacologically active substances with a

possible involvement in the glutamatergic system though

the inhibition of DAO. On the other hand, the recent report

(Tsai et al. 1998) of significant improvements in negative

symptoms obtained following addition of D-serine to con-

ventional neuroleptics regimens may herald an additional,

novel approach to schizophrenia treatment. Studies per-

formed with patients indicate that D-serine significantly

improves schizophrenia symptoms when used as adjuvant

to conventional neuroleptics, and the efficacy and safety of

D-serine adjuvant treatment for Occidental schizophrenia

patients treated with newer atypical antipsychotics was

confirmed (Heresco-Levy et al. 2005). Taken together, co-

administration of antipsychotics with D-serine may con-

tribute to the effective dosage of D-serine in CSF through

the inhibition of DAO activity in CP. Thus, it may be

possible for the regulation of D-serine metabolism by DAO

in CP to be a new therapeutic approach for schizophrenia,

targeting the NMDA-glycine site.

The association findings relating schizophrenia with

genes for D-serine synthesis and metabolizing system

indicate a possible molecular pathway involved in sus-

ceptibility to the disorder. DAO and serine racemase

(converting enzyme from L-serine to D-serine) have been

linked to schizophrenia and their aberrant expression has

been reported in subjects with schizophrenia (Verrall et al.

2007; Madeira et al. 2008). The imbalance between

D-serine production by serine racemase and its degradation

by DAO expression could be responsible for a decrease in

extracellular D-serine concentration contributing to NMDA

hypofunction thought to cause of schizophrenia.

In conclusion, we have shown the expression of DAO in

CP and the elevation of DAO expression in schizophrenic

patients. Detailed studies on the D-amino acid biosystem in

the CSF will be necessary to better understand the patho-

physiology of schizophrenia. Furthermore, DAO expressed

in CP may be regarded as a potential therapeutic target for

schizophrenia.
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