8 T. Nishikawa et al.

FG-7142. This system may, at least, implicate the neocortex, because the brain re-
gion exhibits the most prominent alterations in the c-Fos induction pattern between
the infant and adult periods. It is also postulated that the molecular cascade of the
maturated system may contain the genes that show a stress-induced change in their
neocortical expression during the adulthood, but not during the infant period. There-
fore, we have performed in the neocortex of the male C57BL mice, a DNA microar-
ray technique [the Mouse cDNA microarray (Agilent)] to isolate the candidate genes
that are differentially expressed between postnatal days 8 and 56 at 1 h after the
systemic administration of FG-7142 (20 mg/kg, i.p.) (Kurumaji et al. 2005).

Equal amounts of total RNA prepared from the neocortex (the dorsal part of the
cerebral cortex divided along the rhinal fissure) of the individual rats of every ex-
perimental group using the Quiagen RNeasy Midi System (Quiagen, Valencia, CA,
USA) were pooled. Twenty micrograms of the pooled total RNA was reverse tran-
scribed using the oligo dT12-18 primer and aminoallyl-dUTP. The synthesized
cDNA was labeled by reaction with dye, NHS-ester Cy3 (the vehicle-treated sam-
ple) or NHS-ester Cy5 (the FG 7142-treated sample) (Hughes et al. 2001). The la-
beled cDNA was applied to the DNA microarray (Mouse cDNA Microarray, Agi-
lent). After washing, the microarray was scanned on a microarray scanner (ScanAr-
ray 5000, GSI Lumonics) and the image was analyzed using software (QuantArray,
GSI Lumonics). The signal intensity of each spot was calibrated by subtraction of
the intensity of the negative control, and was normalized to the global value of all
the genes provided on the membranes. The expression of a gene on a specific spot
was considered as relevant if the signal intensity was greater than tw1ce the SD of
the background.

In the DNA microarray experiments, we found eight developmentally regulated
FG-7142-responsive genes, designated as axg 6~13 (anxiogenic responsive tran-
script 6~13), that met the following criteria for the candidate molecules associated
with a matured stress system: (1) the signal intensity of spot labeled by Cy3 (vehi-
cle-treated sample) was more than 500 and the calculated expression ratio of Cy5/
Cy3 was greater than two or less than 0.5 in the adult animals, and (2) there were no
differences in the hybridization signals between the vehicle-treated controls and the
FG-7142-injected animals. No down-regulated génes by FC-7142, which exhibited
a spot signal intensity less than 0.5, were observed in the adult neocortex. Further
studies by the quantitative real-time RT-PCR method using the LightCycler system
(Roche, Penzberg, Germany) revealed that FG 7142 induced a statistically signifi-
cant increase in the rates of the mRNA levels of each of these eight genes to those
of the housekeeping gene, glyceraldehyde-3-phospahte dehydrogenase (GAPDH)
(Robbins and McKinney 1992), in the mouse neocortex on postnatal day 56, but not
day 8. The neocortical expression of axg6, axg7, and axg8 were also upregulated by
immobilization stress and another anxiogenic factor, yohimbine, in the 56-day-old
mice.

The differential regulations of these eight transcripts by the anxiogenic drug be-
tween the stress hyporesponsive period and maturity suggest that mammalian brains
might process the information from the stress stimuli by the distinct sets of mole-
cules between the two stages of postnatal development. Moreover, the eight anxio-
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genic-responsive transcripts could be novel members of the molecular cascades in-
volved in the stress responses, because none of these transcripts have so far been
reported to be responsive to any kind of stress.

4. Clinical Implications

Our studies presented here demonstrate the marked neuroatomical and molecular
changes in stress responses during early life. The developmental changes suggest
that stressor-specific neuron circuits and signaling pathways may maturate at the
possible critical period between the stress hyporesponsive period and the adult pe-
riod in mammalian brains and the acute and long-term effects of stresses on behav-
ior should change across the critical period. It is proposed that a similar develop-
mental mechanism could underlie the age-related transfigurations of the psychiatric
symptoms and their courses of PTSD and other stress disorders in humans. This
view also suggests the necessity of the development-based therapy for these mental
dysfunctions. Therefore, the developmentally regulated FG-7142-responsive genes
and/or their protein products would be implicated in the pathophysiology of a group
of stress disorders and be suitable targets for the development of a novel and age-
directed treatment or prophylaxis for these illnesses.
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(MK80 1)1, GluiEassfi (CPP, CPPene) DNTNOEEERALBERESEFRT DT LOHMNSNTNS. NMDA SEED
EEICRh BRI U A RDS B, Glu, JUYHLUD-tY JICOWTIERBEROEBEERR L. #2BRGD - POZANS
T, SHTIEMEMEERSIERCT LN, Glu PRREEEE LT ERILFFOFEFRRIRCHS. T DK D IREIFIERED
BEEDS, GluEITHEL D-BUVPTUIVORH - BEEDS FARE -3 T OSBRSS MELBESOBEMEEEIN TS

2) NMDA B9 L5 = VB BEEEDET
RO L3 R EEEARIC £TVT, NMDABGluEAK (M7-3) 247 2 ClufRE0K
TAREN SN TS, .

@D phencyclidine (1 (1-phenylcyclohexyl) -piperidine : PCP), ketamine # i3 L & T 5
NMDA S 7 A e A A LB O B4 & I BERE 5 SR 2T (BIERD

@ketamine 1&, NMDA ZEARERFER O AERERE (SH>>REF) OFHFEMEFE T H
BELLETW

WL EFERLIIREE LY, NMDA ZEMERHICREELH < BHEESE LT

@PCPARMEED AT R L, MEMER  BREELRIZVEZ OMAFREE M F
— 7 —, NMDA ZEKUNOMBEERCREALZVELAVTHL

@A LTERZICB VT, NMDA ZEERIEERET 5 AR ¥ VR (R 7 -
3, EEmbLBR) ofsE (FUYY, D-kUY, D-¥M4rutky ¥, D-77=7, 74
Vv b gy ARy —HEESE) PREORBMRELHRTS L, Pk aRRIE O
Ptk fEAR A SRANFRAERE E SR E S N D

G ETE MR RERREEASANUAT Y B
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ERBOTFED 51, NMDA ZBROES - BET2Eh, SEXF 4 GUuEBEZROELIH
HINTWEY, MRAEBMTAR—HOERELZ W,

3) F=NEZV-JIVIZVEREERDER

PCP, ketamins % % 8&EH S L-BMTI&, FFICKBEEE % RIS DAEENLET S, &
NHONMDAEKEE NERSG T4 LAMEERADODARESET T2 L0 I HED H 225,
amphetamine 2 F ¥ Ly VLA L SO DAEB I EERE L HEKORN T THBL TV A,
NMDARI% 7 2=y FOERE T~ Y AT, DAHE~NOBRIURLEELTWEI L LE
AEHELE, NMDAZBMEEEMET L-IREBTI, DAGRENS A LN EIE. LS
2T, Sl b —HOMEELERETIE, NMDAZEEREZNT 2 GUIEENREEE L, DAGEEM
BRIz o 2 RERBEERSEEL, DAVAOGTAAYr — FOREIZL ) BEERIT 512
CENBHHEEYD L (BEE).

RIOTIRTS, 29 LRHEXHTATRIELON TS, T4bb, katamine # #H K
G YT ATIERE LMETIE, MERREROBHERIRLN, ketamine Ik 5B IZFERE D
SRR IZ B L C, amphetamine 3D DA BEEEOEMATTE L T,

PEOMEEER LY, NMDA ZAMEIERERIIBRYE - BENFOERrUETLEELZD
N5, 72720, BRICERE T 2BEIIThbRTuin,

MERIERESFRIRECT DA (FEIE L NMDA SFHEMERNASHD, WEFBEERE, %8
(R - BRERADERSEUUCESEZSIERIT. TNHS0ERRE, URURAKEESS
2END. NMDA ZEHFOARTERD - 7IZA T NMDA BFH#I U Y VRESUETRYT 2
TVIVBRUD-EUVIE, FUHEHREREFEORSAFEREXET DT ENRESNTNS.
ZO535D-EUVIE, NMDA REEBRNGERZSDS, NR2B Y71y MEFELIUTZRA

PDTMERTY.
o
_ =

SEIa fewm

D TFEICENERR E
) =
INFTIHEBMOWERZTT, 27 AENO VRV THEENELEE L EMENTD 50 g
I, 1921-q22, 6p24-p22, 6q21-q25, 10925-q26, 13q32-q34, 17p11-q25 TH 5. T/, S ¢ %
EOMI L2 ol L0, HERFRE SN TVE DI, 1q21-q22, 1q42, 6p24-p22, &

6q21-q25, 8p22-p21, 10p15-pll, 13q32-q34, 22q11-q22 DEBTH 5. BED 22O KFE A ¥
MR T 5 &, B odEa T EN0E8p L 22qDHTH Y, 1q 2q 3p, 50, 6p, 11q,
13q, 14p, B L 20qidVFhh—T OB, S EHAPRBEINS, S5, HRAD 236 FRIC
DWCOF 7= KBTI T, 1p, 14q, B L U20p EHARTEOEBEAMB XN TN S,
BEEPR OGNS ) LAERDP S, MERRAEORZSHBETE L CHELEESREB SN, £
< DIFFEAEFE L TV 2Dk DTNBPI** (dytrobrevin binding-protein 1 (dyshindin) : 6p22.3,
BIEFHOERBICOVWTV RS (%, *, ) KOV TREAHOEA 1T /I 728K BT
NRGI™* (neuregulin 1 : 8p22-p21) T#H 5 (2721, DTNBPITIZBMEEMIIHFZEEZE TLT
L3 —FET, NRGILOWTIIHEFERTE -7 ELH5). Z0OM, D-amino-acid -
oxidase ** (DAO : 12q23-q24, ®7-33BH) , D-amino-acid oxidase activator ** (DAOA ¥ 7=
£ G72 ¢ 13q34, 7-32M), regulator of G-protein signalling 4** (RGS4 : 1¢23.3),
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carboxy~-terminal PDZ domain ligand of neuronal nitric oxide synthase ™" (CAPON : 1q22),
protein phosphatase 3, catalytic subunit * (PPP3CC : 8p21.3) and trace amine receptor 4
(TRAR4 : 60232) %3b, +4TERVY, BROMEFH YEBRSNT 5. A

P KRE 5 FANY & LRBEbITbN, 22q11 FRORESR SN S VCFS (velo-cardio-
facial syndrome) MBE T, EMEGALRE L HEVOBMERIIMAT S HENEWO,
C DERORET OBER S S AEOKSEMELTI SR TURESE L SN TS, B
BEF & LTI, catechol-o-methyltransferase* (COMT, 7 -2%M), proline
dehydrogenase * (PRODH), zinc finger- and Asp-His-His-Cys (DHHC) domain-containing
protein 8 (ZDHHCS) %»%EB &hTwad. —Jh, Aavy M7 ¥ K ORFZIRHT 5 S HEE LRI L
BISET 5 1q42] & 11ql43 M ERENRH SR, 7L—27F 4 v MRS~ v 78N 5 DISCI
(disrupted in schizophrenia 1) % 7213€ DAELEM 7 ¥ /17 HORIET & Hia KIEOHAAE
EXNTWD, $£77, TL—2® A4 Y MEECET AR GuEEMAEYT T 54 75 (GRMS)
BEFHOLEIIOWTIE, FELHEEIRO LN

P OREERETF ORI, DA (%), GufEE (*) @WH () KHERORC S OFE
FNTWADZ L ERIET S, 72750, Br0SREd 70y A 7 LHREKREL ORE
BELEETEXALANTHF v XA 252/, effect sizeld/hSwv. LADoT, B
R ETH LTS L FETE LV, SBEFNEIGERERTRIZTENOEROHE
L& AEDOHREE OBRERETTHLEVDH L.

HHZEIIRRE & MEFRER SR

PET % Fi\ 7= B o Mg A B R %2, fMRI (functional MRI) 2 & AHF3e%0 6, WREH
R~ LR E LT, SALRE T, ZHE T GRERTRIC, FIMUETEAT,
PRI E, ERRE, ZEMUEEIE, BUR, B, NREICB0 2 ROEBEOE RS
SRTVE, S0I b, WEERELER, HK, BELOMKCOVTE, AYETICLY,
FARTE B AAE LRI ITREN. LisdioT, Do E &, HEOWEEH
BARESNTWATEENS 5. Tz, BHWERTE, T2 5REREBRICES T 5 DA =
1OV OEBTEE, KBEED bRk, M, hREREESS O E T R
BHGlu= -0 OBEETARREIATVA, ZORERAE LChREER, BICHEREREI
WA 5 DA 2 — 0 Y OEESEZEET B RHSEE SN Twa, 2L, DAFBHRICLY
B oM ET M RFARERIMR SN VAR, ZORAEIFLEV.

GAEBEOMRABRES L, MERERECI o T 0 NATHREYSHS. TabD,
B LY, BENE-EERNOREEE, BUER, T4V Ak, ER A AR O
£ BARBEOME RSN, FEO—HTH, BREORERRII BT Mo DRE,
HEVEMRERRCEELATFOREY, EEAMRAKEREHREL TV LATRBRINL.

MERERES BT AR L LT, M4, SARHERERERMICBY S, —a—TYOR
5, ¥4 X, WRERSHEOEIERZRO N, ZOBOMRECIEIAEICH T B IFREN
BRI TWARV, Bfid, O FREFOET?LHE R ERE & OBEATRIR S LT B IR
BETES, RERLALTYF 7 AOHELBIBCHET 5 8%, QRERMTAHYITT Y FH
B4R EREI D) YBRCEE LA FRORENELL T2 A4, HARRIEICBTHH
BEREEREICEES T A MREIRFE SN T 5.
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Potential Role for Astroglial p-Amino Acid Oxidase in
Extracellular D-Serine Metabolism and Cytotoxicity
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D-Amino acid oxidase (DAO) is a flavoenzyme that catalyzes the oxidation of p-amino
acids. In the brain, gene expression of DAO is detected in astrocytes. Among the possible
substrates of DAQ in vivo, D-serine is proposed to be a neuromodulator of the N-methyl-
p-aspartate (NMDA) receptor. Ina search for the physiological role of DAO in the brain,
we investigated the metabolism of extracellular D-serine in glial cells. Here we show that
after D-serine treatment, rat primary type-1 astrocytes exhibited increased cell death.
In order to enhance the enzyme activity of DAO in cells, we established stable rat C6 glial

cells overexpressing mouse DAO designate

d as C6/DAQO. Treatment with a high dose of

D-serine led to the production of hydrogen peroxide (H,0») followed by apoptosis in C6/
DAO cells. Among the amino acids tested, D-serine specifically exhibited a significant

cell death~inducing effect. DAO inhibitors, i.e.,
partially prevented the death of C6/DAO cells treated with D-serine,

sodium benzoate and chlorpromazine,
indicating the

involvement of DAO activity in D-serine metabolism. Overall, we consider that extracel-
' jular D-serine can gain access to intracellular DAO, being metabolized to produce
- H,0,. These resulis support the proposal that astroglial DAO plays an important role
in metabolizing a neuromodulator, D-serine.

Key words: p-amino acid oxidase, astrocytes, chlorpromazine, hydrogen peroxide,

D-serine.

Abbreviations: 3-AT, 3-amino-1,2,4-triazole; CPZ, chlorpromazine; DAAO, p-amino acid oxidase; TFBS,

fetal bovine serum; HyO., hydrogen peroxide; MTT,

bromide; NMDA, N-methyl-D-aspartate.

D-Amino acid oxidase (DAQ; EC 1.4.3.3) is a flavoenzyme
that catalyzes the oxidation of D-amino acids to the corre-

sponding imino acids and hydrogen peroxide (HpOg) (I).
" The imino acid is nonenzymatically hydrolyzed to a-keto
acid and ammonia. In mammals, DAO is found at the
highest concentrations in the kidneys, liver and brain.
Previously, we determined the primary structures of the
porcine (2), human (3), rabbit (4), and mouse (5) kidney
DAO mRNAs. We also carried out a series of molecular
biological studies on the structure—function relationship
of DAO for the porcine (6, 7) and human enzymes (8).
RNA blot hybridization analysis of porcine tissues showed
that three mRNA species were expressed in the kidneys
and liver, but only one was detected in the brain, indicating
the active biosynthesis of DAO in the brain and the brain-
specific regulation of the its expression (9). Moreover, we
reported the structural organization of the human DAO
gene and the regulation of its expression (10). We then
mapped this gene to human chromosome 12, i.e., to within
1-cM of the Spinocerebellar Ataxia 2 gene locus (11),
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3—(4,5—dimethylthiazol—Z-yl)—Z,Svdiphenyltetrazolium

suggesting a genetic link between DAO and neurologic
disorders. Recently, we demonstrated the gene expression
of DAO in type-1 astrocytes from rat cerebellum and
cerebral cortex (12).

D-Serine occurs in the mammalian brain (13) and is an
endogenous agonist of the NMDA receptor (14, 15). The
extracellular concentration of D-serine parallels or is
higher than that of glycine in the prefrontal cortex and
in the striatum, respectively (I6). Several reports have
indicated that D-serine may play a role in pathological
conditions related to dysfunction of the NMDA receptor.
Massive stimulation of NMDA receptors has been impli-
cated in neural damage following stroke (17). Elevation of
the extracellular concentration of D-serine was observed
after transient cerebral ischemia in animal models (18),
and drugs that block the glycine sites of NMDA receptors
prevented stroke-induced damage (19). Hypofunction of
the NMDA receptor has also been implicated in the pathol-
ogy of schizophrenia. D-Serine greatly improved positive,
negative and cognitive symptoms in schizophrenic patients
(20). 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 activity, stereotypy, and deficits in- social
and sexual interaction (21). Tt is notable that novel human
gene 72 was recently implicated in schizophrenia, and
the gene G72 product has been shown to bind with DAO

295 © 2006 The Japanese Biochemical Society.
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and to enhance its catalytie activity. DAO is itself asso-
ciated with schizophrenia, and the combination of the
G72/DA0O genotypes has a synergistic effect on disease
risk (22). In this context, it is interesting to note that
the inhibitory effect of chlorpromazine, a classical antipsy-
chotic drug, on the activity of DAO through competition
with its coenzyme, flavin adenine dinucleotide, was
reported by Yagi ef al. (23).

To investigate the potential role of DAQO in D-serine
metabolism, we established rat glial cell lines (C6) over-
expressing mouse DAO and examined the effect of treat-
ment with a high dose of D-serine. Here we show that

treatment with a high dose of bD-serine induced apoptosis.

followed by the production of HyOs as a result of DAQ’s
catalytic activity in C6 cells, suggesting that astroglial
DAOQ is involved in regulation of the extracellular level
of D-serine, a neuromodulator of the NMDA receptor.

MATERIALS AND METHODS

Reagents and Antibodies—3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and 3-amino-
1,2,4-triazole (3-AT) were purchased from Sigma,
St. Louis, MO, USA. The DAO inhibitors, i.e., sodium
benzoate and chlorpromazine hydrochloride (CPZ), were
purchased from Sigma and Wako, Osaka, Japan, respec-
tively. The anti-rat liver catalase IgG was a gift from
Dr. S. Yokota (Biology Laboratory, Yamanashi Medical
University, Japan). Texas Red-conjugated anti—rabbit
IgG and FITC-conjugated anti-mouse IgG were purchased
from ICN Pharmaceuticals, Inc., Aurora, OH, USA, and
Zymed Laboratories, Inc., San Francisco, CA, USA, respec-

tively. Monoclonal mouse anti-human catalase antibodies =

were obtained from Sigma. Rabbit polyclonal antibodies
raised against cleaved caspase-3 were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA, USA.

Cell Culture—Rat C6 cells (Dainippon Pharmaceutical
Co., Osaka, Japan) were maintained in DMEM/F12 (Invi-
trogen Life Technologies, Carlsbad, CA, USA) containing
15% (v/v) horse serum, 2.5% (v/v) fetal bovine serum (FBS),
and 1% penicillin-streptomyecin at 37°C under a humidified
atmosphere containing 5% CO,. Rat primary type-1 astro-
cytes were prepared as described previously (12). Briefly,
mixed glial cultures were prepared from Sprague-Dawley
rat cerebral cortex or cerebellum on postnatal days 1-2 in
poly-D-lysine—coated culture flasks containing Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with
10% (v/v) FBS. After 10-14 days of culture, astrocytes
were isolated by shaking to dislodge microglia and subse-
quently purified by cytosine arabinoside treatment. The
purified astrocytes were replated onto multi-well plates
for assays.

Stable Cell Lines Querexpressing DAO—Rat C6 cells
were transfected, using Effectene® Transfection Reagent
(Qiagen, Valencia, CA, USA), with a plasmid encoding
mouse DAO (pEF-BOSneo-mDAQ). This plasmid was con-
structed by subcloning a ¢DNA fragment of mouse DAO (5)
into the vector pEF-BOSneo (24, 25). Resistant clones were
screened using G418 (400 pg/ml). Subsequently, several
clones that overexpressed mouse DAO were selected by
Western blotting using a rabbit polyclonal antibody
against pig kidney DAO. One of the clones exhibiting
the highest level of expression was designated as

H.K. Park et al.

C6/DAO and analyzed in the present study. Cells were
maintained in DMEM/F12 containing 15% (v/v) horse
serum, and 2.5% (v/v) FBS supplemented with 250 pg/ml
of G418.

Western Blot Analysis—For Western blot analysis, cells
were collected by scraping in phosphate-buffered saline

© (PBS). and then treated with a lysis buffer (137 mM

NaCl, 15 mM EGTA, 1 mM NayNO, 15 mM MgCl,,
0.1% Triton X-100, and 26 mM MOPS) containing Com-
plete™ protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). Cells were disrupted by sonication,
extracted at 4°C for 30 min, and then centrifuged at
16,000 x g for 20 min. Protein samples resuspended in
denaturating sample buffer were subjected to electrophor-
esis on 12.5% polyacrylamide gels (Daiichi Pure Chemicals
Co., Ltd., Tokyo, Japan), followed by blotting onto
Immobilon-P membranes (Millipore, Bedford, MA, USA).
Detection of each protein was carried out with an ECL®
Western blotting detection system (Amersham Bios-
ciences, Little Chalfont, UK) according to the manufac-
turer’s instructions.

Subcellular Fractionation—C6/DAO cells (2 x 10%) were
seeded into 100-mm dishes and incubated for 48 h. Cells
were harvested by trypsinization, and washed twice in cold
PBS. Then, they were divided into two tubes to prepare
whole cell extracts and subcellular fractions. For subcellu-
lar fractionation, cells were first centrifuged at 200 x g for
10 min, and the resulting pellet was resuspended in 400 pl
of cold hypotonic buffer (42 mM KCl, 10 mM HEPES, 5 mM
MgCl,, and Complete™ protease inhibitor cocktail) and
then incubated for 30 min on ice. Cells were then broken
by passing the cell suspension through a 30 G needle, fol-
lowed by incubation for 30 min on ice. The intact nuclei, cell
debris, and relatively heavy cellular membranes were initi-
ally removed by centrifugation at 1,000 x g for 10 min. The
supernatants collected were centrifuged at 8,000 x g for
10 min to remove heavy membranes. Subsequently, the
light membrane and cytosolic fractions were separated
by centrifugation at 100,000 x g for 10 min. All pellets
were resuspended in 400 pl of cold extraction buffer (1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and Com-
plete™ protease inhibitor cocktail in 2x PBS). After vortex-
ing and incubation for 30 min on ice, extracts were
obtained as supernatants by centrifugation at 16,000 x g
for 20 min.

Cell Viability—The cytotoxic effects of several amino
acids including D-serine were examined by means of the
MTT assay. Cells (1 x 10*) were seeded onto 96-well plates.
After incubation for 24 h, cells were treated with several
concentrations of amino acids and HyOy, respectively. At
21 h after incubation, 50 ul of the MTT (1 mg/ml) solution
was added, followed by incubation an additional 4 h, After
centrifugation, the supernatant was removed from each
well and 150 pd of dimethylsulfoxide was added to dissolve
the insoluble formazan crystals. The absorbance was
measured at 550 nm.

H30, Assay—The production of HaOs from C6/DAO cells
after D-serine treatment was measured with an Amplex®
Red Kit according fo the manufacturer’s instructions
(Molecular Probes, Inc., Eugene, OR, USA). Briefly, cells
were seeded at a density of 1 x 10* cells/well onto 96-well
plates. After 36 h incubation, the cells were washed once in
50 ul of Hank’s balanced salt solution and then incubated
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for 1 h with an Amplex Red reagent mixture containing
several concentrations of D-serine. Fluorescence was mea-
sured with a fluorescence microplate reader with excitation
at 530 nm and detection at 590 nm.

Immunocytochemistry—C6/DAO cells (3 x 107 were‘

seeded onto poly-D-lysine—coated coverslips and then incu-
bated for 24 h at 37°C. The cells were washed in 0.1 M PBS
and fixed in cold methanol at —30°C. The organellar mem-
branes were then permeabilized in 0.1 M PBS with 0.5%
Triton X-100 plus 10% goat serum for 5 min. Subsequently,
the cells were blocked for 30 min with 10% (v/v) goat serum,
and then incubated with rabbit anti—pig kidney DAO anti-
bodies (1:250) and monoclonal mouse anti-human catalase
antibodies (1:2,000) overnight at 4°C. After being washed
in cold PBS, the cells were treated with Texas Red-
conjugated anti-rabbit IgG (1:100) and FITC-conjugated
anti-mouse IgG (1:160). Immunofluorescent images were
taken under a confocal laser scanning microscope.

TUNEL Assay—C6/DAO cells were seeded at a density
of 2 x 10* cells/well on 8-well chamber slides. Afler 36 h
incubation, the cells were treated with or without 30 mM
p-serine for 24 h. They were then subjected to fluorescence-
terminal dUTP nick-end labeling (TUNEL) using an
In Situ Cell Death Detection Kit (Roche). Thereafter, the
cells were mounted with propidium iodide (PI) on slides
to label nuclei and then examined under a confocal laser
scanning microscope.

Statistics—All data were expressed as the means + SD
(8 samples for each set of conditions) for three or more
independent experiments. Statistical comparisons between
different treatments were made using one-way ANOVA
with the post-hoc Scheffé’s test. Differences were consid-
ered significant if P < 0.05.

RESULTS

Incubation of Rat Primary Astrocytes with D-Serine—To
clarify whether or not astroglial DAO is able to metabolize
extracellular D-serine in the brain, we evaluated the cel-
lular effect of D-serine on rat primary astrocytes. In this
study, we hypothesized that extracelluar D-serine is meta-
holized through astroglial DAO activity, H02 thereby
being produced, which may affect cell viability. Initially,
the MTT assay was performed 21 h after D-serine (3 and 30
* mM) treatment of rat cerebral cortex- and cerebellum-
derived primary type-1 astrocytes. As shown in Fig. 1,
cell viability decreased for both types of cells on D-serine
treatment. In addition, the level of cell death for
cerebellum-derived type-1 astrocytes was slightly higher
than that for cerebral cortex—derived ones. This finding
was in good accord with our previous report that the
gene expression level of DAO is higher in type-1 astrocytes
from the cerebellum than in those from the cerebral cortex
(12). These results show that the application of a high dose
of D-gerine induce astroglial cell death, implicating cellular
DAO activity in extracellular D-serine metabolism.

Overexpression and Subcellular Localization of DAO—
Tn order to enhance the enzyme activity of DAQO in cells, we
established a stable transformant of rat C8 cells overex-
pressing DAO (C6/DAO). Western blot analysis revealed
that DAO was highly expressed in C6/DAO cells but only
weakly expressed in C6 ones (Fig. 24). HxOq is a ROS
produced by oxidases, as well as through spontaneous or
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Fig. 1. Effect of D-serine on viability of primary astrocytes.
The viability of primary astrocytes was examined by means of the
MTT assay after treatment with 3 and 30 mM D-serine for 21 h, ~
Type-1 astrocytes from cerebral cortex and cerebellum are shown
on the left and right, respectively. The viability of untreated cells
was taken as 100%, and the data are means * SD of the percentage
of the control values. The experiments are representative of three
independent experiments. *P < 0,05, **P < 0.01 and **#*P < 0.001,
compared with control (ANOVA with post-hoc Scheffé’s test).

enzymatic superoxide anion dismutation. A catalase that
plays a role in detoxifying Fio0z was similarly detected in
both types of cells, indicating that the DAO overexpressed
in the cells had no influence on the expression of other
peroxisomal enzymes.

The subcellular localization of the overexpressed DAO
in C6 cells monitored with the peroxisomal marker cata-
lase is shown in Fig. 2, B and C. Western blotting showed
that most of the DAO was present in the heavy membrane
fraction, which contained numerous peroxisomes, as
judged on detection of a peroxisomal marker enzyme
(Fig. 2B). This finding is well supported by the presence
of a peroxisomal targeting signal at the C-lerminus of
mouse DAO and other mammalian DAOs (2, 3, 5, 26).
Additional evidence of peroxisomal localization of overex-
pressed DAO in G6 cells was obtained by means of immu-
nocytochemistry. As shown in Fig. 2C, co-lecalization of
DAO and catalase was demonstrated on merging of the
confocal imaeges showing DAO (Red) and catalase
(Green). Peroxisomes containing DAO in C8 cells appeared
as yellow dots in the merged images. Virtually all the dots
stained for the peroxisomal marker catalase were also
positive for DAO. A similar punctate pattern of the intra-
cellular distribution of peroxisomes was observed with the
same monoclonal anti-catalase antibodies in HepG2 cells
(27). Taken together, these results demonstrated that most
of the DAO overexpressed in C6/DAO cells was recruited
to peroxisomes containing catalase.

Cell Viability and Production of HOz in C6 Cells
Treated with D-Serine—To confirm the effect of D-serine
on primary astrocyte cultures, we also evaluated the
viability of C6 and C6/DAO cells after D-serine treatment.
The MTT assay was performed 21 h after treatment with
5, 10, 20 or 40 mM D-serine. As shown in Fig. 3A, the cell
viahility decreased in a dose-dependent manner. Based on
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Fig. 2. Expression and subcellular localization of DAO.
1A) Expression levels of DAO (lower) and catalase (upper) in C6
and C6/DAO cells, as determined on Western blotting. Each lane
contains 15 pg of cell extract. The blots were probed with rabbit
anti-pig kidney DAO antibodies and anti-rat liver catalase IgG,
respectively. Membranes were then incubated with a horseradish
peroxidase-conjugated secondary antibody. (B) Subcellular locali-
zation of DAO determined by Western blotting. Cellular proteins of
C6/DAO were separated into whole cell lysate (W), heavy membrane
(H), light membrane (L), and cytoplasmic (C) fractions. Protein
samples (20 ul) were separated by electrophoresis on 12.5%
polyacrylamide gels. Rabbit anti-pig kidney DAO antibodies

the data shown in Fig. 3A, the viability of C6 cells after 30
mM D-serine treatment is expected to decrease to the level
observed in primary astrocyte cultures. Therefore, we con-
sider C6 cells comparable to primary astrocyte cultures in
terms of D-serine metabolism. Moreover, the cytotoxic
effect of D-serine on C6/DAOQ cells was greater than that
on C6 cells, indicating that the cytotoxicity of D-serine in
glial cells is dependent on the intracellular level of DAO.

We next examined the correlation between the produc-
tion of HyOg during the metabolism of D-serine and glial
cell death. The production of HyOs in C6/DAQO cells was
measured after treating the cells with various concentra-
tions of D-serine for 1 h. As shown in Fig. 3B, C6/DAO cells
treated with 20 and 40 mM D-serine exhibited an increase
in HyO, compared with vehicle-treated control cells. These
results indicated that one of the possible causes of the
astroglial cell death after p-serine treatment is HyO,.
Although low doses of D-serine (5 and 10 mM) did not result
in enhanced Hy0; production in this study, this apparent
absence of H,O, production might reflect the level of endo-
genous catalase, as can be seen in Fig, 2A.

Involvement of HsOz in Cytotoxicity—To examine the
cytotoxic effect of HyOp on C6 and C6/DAO cells, we
evaluated the cell viability at 21 h after HyOz treatment.
As shown in Fig. 4A, the cell viability decreased in a dose-
dependent manner. To test the hypothesis that the cyto-
toxicity induced by p-serine in glial cells results from the
production of HyOs, we evaluated cell viability after pre-
treatment with a catalase inhibitor, 3-amino-1,2,4-triazole

o Catalase

Merge

(1:1,000) and anti-rat liver catalase antibodies (1:1,000)
followed by a horseradish peroxidase-conjugated secondary
antibody were used for Western blotting of DAO and catalase,
respectively. Major components in the H fraction are mito-
chondria, lysosomes and peroxisomes, while those in the L fraction
are microsomes, endoplasmic reticulum and Golgi apparatus.
(C) Subcellular localization of DAO determined by immunocyto-
chemistry. Rabbit anti-pig kidney DAO antibodies and monoclonal
mouse anti-human catalase antibodies followed by Texas Red-
conjugated anti-rabbit IgG and FITC-conjugated anti-mouse IgG
were used for immunostaining of DAQO and catalase, respectively.
Scale bar, 10 pm.

(8-AT) (28), followed by D-serine treatment. As shown in
Fig. 4B, 3-AT enhanced the cytotoxic effect of D-serine on
both C6 and C6/DAO cells, indicating inhibition of cellular
catalase activity. These results suggest that HyO, is the
causative agent of cell death induced by p-serine.

Effects of DAQ Inhibitors Sodium Benzoate and
Chlorpromazine on D-Serine-Induced Cytotoxicity—To ver-
ify that the cellular DAO activity is involved in the cell
death induced by D-serine, sodium benzoate, a competitive
inhibitor of DAQ, was added to cells 30 min before exposure
to 10 mM D-serine. In order to exclude a direct cytotoxic
effect of sodium benzoate, but to obtain maximal inhibition,
20 mM sodium benzoate was used in the assay. Although
the recovery of C6 cells pretreated with sodium benzoate
was minimal, that of C6/DAQO cells was significant (Fig. 5A),
We did not observe a protective effect of sodium benzoate
at 10 mM in C6/DAO cells treated with D-serine (data not
shown).

We next examined another DAQ inhibitor, chlorproma-
zine (CPZ), which is a clagsical antipsychotic drug and has
been reported to inhibit DAO in competition with its coen-
zyme, flavin adenine dinucleotide (23). As shown in Fig. 5B,
pretreatment with CPZ at a concentration of 1 pM signifi-
cantly prevented the cell death induced by D-serine
(10 mM) in C6/DAO cells. Taken together, these results
indicated that astroglial DAO is involved in D-serine-
induced cell death due to its D-serine metabolizing activity.

Amino Acid Specificity of Astroglial Cell Death—It has
been reported that D-serine could be taken up by C6 cells

J. Biochem.
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Fig. 3. Effects of D-serine on cell viability and Hy0p
production. (A) The viability of C6 and C6/DAO cells was
examined by means of the MTT assay after treatment with the
indicated concentrations of b-serine for 21 h. (B) The production of
H,0p by C6/DAO cells was measured uging a HyOy detection
kit after treatment with the indicated concentrations of D-gerine
for 1 h. The levels of viability and H;O, production in untreated
cells were taken as 100%, and the data are means + SD of the
percentage of the control values. The experiments are representa-
tive of three independent experiments. *P < 0.05, P < (.01 and
wiiP < 0,001, compared with control (ANOVA with post-hoc
Scheffé’s test).

and that the properties of the uptake system resembled
those of an ASCT2-like neutral amino acid transport
system (29). Since this transport system showed broad
substrate specificity and a higher affinity for L-serine
than D-serine, we expected the cell death induced by
D-serine to be common to other p- and L-amino acids. To
examine this possibility, we determined the effects of var-
jons amino acids (3 and 80 mM) on C6 and C6/DAO cells. As
shown in Fig. 6, the treatment of C6/DAO cells with 3 mM
D-serine and D-serine plus glycine effectively decreased cell
viability, whereas the treatment of C6 cells with other
amino acids examined did not affect cell viability. In addi-
tion, the treatment of C6/DAQ cells with 30 mM D-serine
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Fig. 4. Effects of H;0; and 8-AT on cell viability. (A) The
cytotoxic effect of Hy04 on glial cells was examined by means of
the MTT assay. C6 and C6/DAQ cells were treated with the
indicated concentrations of HoO, for 21 h. (B) Effects of catalase
inhibition by 3-AT on C6 and C6/DAQ cells were examined by
means of the MIT assay. Both types of cells were pretreated
with 20 mM 3-AT for 30 min before D-gerine treatment. The
cells were then treated with 10 mM n-serine for 21 h. The viability
of untreated cells was taken as 100%, and the data are means + SD
of the percentage of the control values. The experiments are repre-
sentative of three independent experiments, *P < 0.05 and **P <
0.01, compared with D-serine treatment (ANOVA with post-hoc
Scheffé's test).

and glycine induced a greater increase in cell death com-
pared with 3 mM treatment, whereas other amino acids
examined did not exhibit a significant effect on cell viabi-
lity. Although a previous in vitro experiment involving the
purified pig DAO enzyme showed that D-alanine and D-
proline were better substrates than p-serine (30), D-serine
and glycine decreased cell viability most effectively in Ce/
DAO cells. Tt is of note that glycine, a poor substrate of
DAO in vitro, exhibited a cytoloxic effect on C6/DAO cells
and did not interfere with D-serine—induced cell death.
These results suggest that astroglial cells possess an
uptake system that preferentially transports D-serine
among other D-amino acids, and that astroglial DAQ can
metabolize extracellular D-serine effectively.
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Fig. 5. Effects of sodium benzoate and chlorpromazine on
p-serine-induced cytotoxicity. (A) C6 and C6/DAO cells were
pretreated with 20 mM sodium benzoate for 30 min before D-serine
treatment. (B) C6 and C6/DAO cells were pretreated with 1 yM
chlorpromazine (CPZ) for 30 min before D-serine treatment. The
cells were then treated with 10 mM p-serine for 21 h. Cell viability
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Apoptosis in Astroglial Cells—We next examined
whether or not the decrease in the number of viable
cells after D-serine treatment was due to apoptosis, since
H304 has been shown to induce programmed cell death. A
TUNEL assay was performed 21 h after treatment with or
without 30 mM D-serine. As shown in Fig. 7, D-serine—
treated cells clearly showed TUNEL-positive nuclei
compared with control cells. Arrows indicate strong
TUNEL-positive nuclei.
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was measured by means of the MTT assay. The viability of
untreated cells was taken as 100%, and the data are means +
SD of the percentage of the control values. The experiments are
representative of three independent experiments. **P < 0.01 and
#EP < 0.001, compared with D-serine treatment (ANOVA with
post-hoc Schelfé’s test).

Fig. 6. Effects of various amino

acids on cell viability, The MTT

assay was performed after treatment

with 3 mM (A, B) and 30 mM (C, D)
hd amino acids in C6 (4, C) and C6/DAO
cells (B, D) for 21 h. The viability of
untreated cells was taken as 100%,
and the data are means £ SD of the
percentage of the control values. The
experiments are representative of four
independent experiments. *P < 0.05,
compared with control (ANOVA with
post-hoc Scheffé’s test).
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To confirm the D-serine-induced apoptosis, we investigated
the effect of D-serine on caspase-3 activation in C6/DAO
cells by Western blot analysis, since the activation of
caspase-3 by Hy0, has been reported in several cell
types such as hippocampal neurons (31) and PC12 cells
(32). As shown in Fig. 7G, treatment of C6/DAQO cells
with D-serine induced activation of caspase-3, producing
an active subunit of about 20 kDa in size. Treatment of
C6/DAO cells with HyO, (50 uM) was used as a positive
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Fig. 7. Apoptosis in astroglial cells. (A-F)TUNEL-staining was
performed after treatment with or without 30 mM Dp-serine for
21 h. (A-C) Vehicle-treated cells; (D-F) p-serine~treated cells.
Cell nuclei were counterstained with PI (red). Arrows indicate
strong TUNEL-positive cells, Scale bar, 10 pm. (G) Western
blots show the effect of D-serine on caspase-3 activation. C6/
DAO cells were incubated with D-serine (30 mM) and 0,
(50 uM) for 21 h before assay. Cell lysates (20 jig) were subjected
to electrophoresis on 15% polyacrylamide gels followed by transfer
to Immobilon-P membranes and then incubation with rabbit
anti-caspase-3 polyclonal antibodies (1:200). The secondary anti-
body reaction was performed as in Fig. 2.

control. Taken together, we consider that the astroglial cell
death induced by D-serine treatment comprises apoptosis.

DISCUSSION

In the present study, we examined the effect of treatment
with an artificially high dose of D-serine on glial cells to
investigate the potential role of DAO in the brain system.
We extended our studies from primary cultures of astro-
cytes to C6 cells, because C6 cells have frequently been
used as a model of glial function and are considered to
correspond to type-1 astrocytes, based on Ran-2 expression
(33). The advantage of using a high dose of D-serine is that
the involvement of astroglial DAQ activity in the metabo-
lism of D-serine can be detected through the cytotoxicity of
the metabolite, HyOq. Previously, histochemical analysis
revealed that DAO activity was absent in the forebrain,
but present in the brain stem, cerebellum and spinal cord
(34). However, we have reported that the gene expression
of DAO was detected in C6 cells and in type-1 astrocytes
from the cercbral cortex as well as the cerebellum (12).

Vol. 139, No. 2, 2006

301

Moreover, we have observed that high-dose D-serine
treatment induced the death of cerebral cortex—derived
type-1 astrocytes (Fig. 1), suggesting that astroglial DAO
from the cerebral cortex could be involved in the metabo-
lism of D-serine.

Although the substrate of DAQ in vive was not known
for many years, a substantial amount of free D-serine has
heen found in the mammalian brain (13). D-Serine is an
agonist of the NMDA receptor (15) and is present at a low
micromolar concentration in the mammalian brain (I16).
Moreover, D-serine has been implicated in several patho-
physiological conditions related to NMDA receptor dys-
function. Therefore, it is considered that regulatory
mechanisms governing the extracellular level of D-serine
exist in the brain. Possible mechanisms are as follows.

First, in view of the production of D-serine, the extracel-
lular concentration might be regulated by the activity of
serine racemase, which is known to convert L-serine to
D-serine. Serine racemase was {found to be highly expressed
in the brain and to be localized to astrocyles with a similar
distribution to that of D-serine (35). The pharmacological
inhibition of this enzyme decreased the level of D-serine
(36), suggesting that this enzyme is involved in the regula-
tion of the synaptic concentration of D-serine.

Second, it is possible that D-serine could be removed from
the synaptic cleft by specific amino acid transporters. To
date, the transport system most associated with serine
has been reported to be system ASC, although uptake of
p-serine may also oceur through system L (37). In C6 cells,
the D-serine uptake system showed broad subsirate speci-
ficity and higher affinity for L-serine than for p-serine (29).
In cortical astrocytes, D-serine has also been reported to be
transported via a similar pathway (38). However, it is unli-
kely that these transport systems with broad substrate
specificily act as regulators of the D-serine level, which
apparently requires fine and specific regulation. NMDA
receptors are regulated by the endogenous amino acids
glycine and D-serine, which bind to an NMDA-associated
glycine-binding site. In our experiment, D-serine and gly-
cine decreased cell viability most effectively in C6/DAO
cells (Fig. 6), although p-proline and p-alanine are better
substrates than D-serine for the pig kidney DAO enzyme
activity in vitro (30). Therefore, our data support the pos-
sibility that astroglial cells have a specific uptake system
for D-serine with high affinity. Furthermore, it is interest-
ing that p-serine plus glycine had a slightly increased cyto-
toxic effect on. C6/DAO cells, although glycine is a poor
substrate of DAO in vitro. In a previous uptake study,
glycine reduced the accumulation of p- and L-serine in
C6 cells (29). These observations suggesled that glycine
may also be {ransported and can be catalyzed by DAO.

Third, astroglial DAO may play a role in modulating the
extracellular level of D-serine in the brain. In this study, we
have shown that D-serine {reatment induced the death of
primary astrocytes and C6 cells. In addition, overexpres-
sion of DAO in C6 cells (C6/DAO cells) markedly increased
the p-serine—induced cytotoxicity, These results indicate
the possible involvement of astroglial DAO in the cytotoxic
effect of a high dose of D-serine. Meanwhile, it is unlikely
that the changes in cell viability observed with high doses
of D-serine are due to non-specific effects such as high
osmolalily, because other amino acids did not have cyto-
toxic effects at the same doses (Fig. 6). However, it can not
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