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coefficient.

0.54, 0.63, and 0.91 ng/ml, respectively. He is still alive with coma and
severe spastic tetraplegia 5 years after the onset.

4. Discussion

The prognosis of SSPE is still quite poor and most patients have a
progressive course, resulting in a vegetative state or death within a
few years from onset, although early diagnosis and treatment with
interferon-cx and ribavirin have improved the outcome to some extent
(Hara et al, 2003; Solomon et al., 2002; Tomoda et al, 2001).
Evaluation of disease progression and therapeutic effect has been
based mainly on clinical symptoms, neurological findings including
the neurological disability index score, brain imaging, anti-measles
antibody titer, and quantified viral load (Dyken et al., 1982; Hara et al.,
2003:; Tomoda et al., 2001). However, a quantitative, chronological and
convenient examination using a biomarker to indicate the degree of
neurodegeneration during the clinical course of SSPE is unavailable.

Measurement of NF is useful to confirm neuronal injury (Oster-
lundh et al., 2008; Zachrisson et al, 2000; Zetterberg et al,, 2006;
Zetterberg et al., 2007a), to evaluate therapeutic effect (Abdulle et al,,
2007; Mellgren et al., 2007; Tullberg et al, 2007), to predict prognosis
(Nylén et al, 2006; Petzold et al, 2005, 2006; Rosén et al., 2004;
Zetterberg et al., 2007a,b), and for differential diagnosis (Brettschnei-
der et al., 2006). However, there are only a few reports of NF in
pediatric disorders, including perinatal asphyxia and cerebral white
matter abnormalities (Blennow et al, 2001; Kristjansd6ttir et al,
2001). Here, we provide the first report of CSF NF levels in SSPE. Our
data show that these levels are significantly higher in SSPE patients
than in age- and sex-matched controls, and higher in the later stage
than in the earlier stage of the disease. We could entry only one SSPE
patient in Jabbour stage 1. Most of family of SSPE patients cannot think
that they have any disease because symptoms are mild and slowly
progressive in stage 1, and it is hard to collect the samples from SSPE
patients in stage I. In a 10-year-old Japanese boy with SSPE, CSF NF-H
levels increased as his clinical condition and brain atrophy on MRI
worsened. Therefore, an increase in CSF NF-H levels seems to reflect
development of neuronal degeneration in SSPE.

Postmortem studies and brain biopsies have revealed expression of
proinflammatory cytokines including TNF-cx in brain lesions of SSPE
(Anlar et al., 2001; Hofman et al., 1991; Nagano et al., 1994). Previous

studies have shown that STNFR is an inhibitor and natural homeostatic
regulator of the action of TNF-r, and that its level, rather than that of
TNF-ax, reflects the true biological activity of TNF-a (Duncombe and
Brenner, 1988; Engelmann et al., 1990; Seckinger et al., 1988). We have
previously reported that CSF sTNFR1 levels were elevated in a boy
with SSPE at 12 days before death (Ichiyama et al., 1997), and the
present study showed that CSF sTNFR1 levels in SSPE patients were
significantly higher than in controls. In addition, there was a
significant correlation between CSF sTNFR1 and NF-H levels in SSPE
patients. However, there was no significant difference in CSF sSTNFR1
levels between SSPE patients in Jabbour stages Il and III, and serial CSF
STNFR1 levels only showed small changes in the clinical course of the
10-year-old Japanese boy with SSPE. We have previously reported that
CSF sTNFR1 levels are high in patients with acute encephalitis who
died or had neurological sequelae, and these levels were higher than
those in the SSPE patients in this study (Ichiyama et al., 1996a,b). The
previous and present results in our studies indicate that TNF-c plays
an important role in the neurodestructive pathogenesis of SSPE,
including in acute changes for the worse.

In conclusion, both CSF NF-H and sTNFR1 levels are elevated in
SSPE patients, and the CSF NF-H level may serve as a quantitative
biomarker of neuronal degeneration and disease progression in SSPE.
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Serine Racemase Is Predominantly
Localized in Neurons in Mouse Brain
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ABSTRACT

D-Serine is the endogenous ligand for the glycine binding site of the N-methyl-D-aspartate
(NMDA)-type glutamate receptor (GluR) channel and is involved in the regulation of synaptic
plasticity, neural network formation, and neurodegenerative disorders. D-Serine is synthesized
from L-serine by serine racemase (SR), which was first reported to be localized in astrocytes.
However, recently, SR mRNA and its protein have been detected in neurons. In this study, we
examined the SR distribution in the brain during postnatal development and in cultured cells by
using novel SR knockout mice as negative controls. We found that SR is predominantly localized
in pyramidal neurons in the cerebral cortex and hippocampal CA1 region. Double immunofiuo-
rescence staining revealed that SR signals colocalized with those of the neuron-specific nuclear
protein, but not with the astrocytic markers glial fibrillary acid protein and 3-phosphoglycerate
dehydrogenase. In the striatum, we observed SR expression in y-aminobutyric acid (GABA)ergic
medium-spiny neurons. Furthermore, in the adult cerebellum, we detected weak but significant
SR signals in GABAergic Purkinje cells. From these findings, we conclude that SR is expressed
predominantly in many types of neuron in the brain and plays a key role in the regulation of brain
functions under physiological and pathological conditions via the production of the neuromodu-
lator D-serine. J. Comp. Neurol. 510:641-654, 2008. o 2008 Wilsy-Liss, Inc.

Indexing terms: D-serine; NMDA receptor; knockout mouse; cerebral cortex; hippocampus

The amino acid D-serine is the ligand for the glycine
binding site of the N-methyl-D-aspartate (NMDA)-type
glutamate receptor (GluR) channel (Kleckner and Dingle-
dine, 1988), The NMDA-type GluR channel plays key roles
in synaptic plasticity, neural network formation during
development, and neurodegenerative and psychiatric dis-
orders (Bliss and Collingridge, 1993; Komuro and Rakic,
1993; Lancelot and Beal, 1998; Coyle et al., 2003; Wang
and Zhang, 2005). In the mammalian brain, D-serine is
present at a level sufficient for the activation of the NMDA
receptor channel (Hashimoto et al., 1993) and is abundant

been shown to be required for granule cell migration via
NMDA receptor activation (Kim et al., 2005). Further-
more, the reduction of D-serine by DAAO suppresses
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in the forebrain regions where NMDA—type GluRs are
concentrated (Schell et al., 1997). Reduction of D-serine by
D-amino acid oxidase (DAAO) suppresses NMDA receptor
responses (Mothet et al., 2000) and diminishes long-term
potentiation in neurons of the hippocampus (Yang et al.,
2003) and the hypothalamic supraoptic nucleus (Panatier
et al., 2006). In a developing cerebellum, D-serine has
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NMDA-induced neurotoxicity in cortical and hippocampal
slices (Katsuki et al., 2004; Shleper et al., 2005). From
these results, D-serine is considered to be an endogenous
ligand for the NMDA receptor in the brain.

D-Serine synthesis from L-serine is catalyzed by serine
racemase (SR) (Wolosker et al., 1999). On the basis of the
localizations of SR and D-serine in astrocytes, the release
of D-serine from astrocytes in response to GluR stimula-
tion (Schell et al., 1995), and the neuroactive function of
D-serine (Mothet et al., 2000), D-serine can be considered
as a gliotransmitter (Wolosker et al., 2002), The expres-
sions of SR and D-serine are regulated by inflammatory
stimuli (Wu and Barger, 2004; Wu et al., 2004; Sasabe et
al., 2007) and are affected by neuronal activity (Hashi-
moto et al,, 2007). The SR activity is enhanced by its
interaction with the GluR-interacting protein (Kim et al.,
2005), the presence of Mg** and ATP (De Miranda et al.,
2002), and Ca®* binding (Cook et al., 2002). In contrast,
the enzymatic activity is suppressed by amino acids (Dun-
lop and Neidle, 2005) and S-nitrosylation (Mustafa et al.,
2007).

Considering the role of D-serine in brain functions, in-
formation on the localization of SR that catalyzes D-serine
synthesis is very important. The pioneering work of Wolo-
sker et al. (1999) showed the glial localization of SR in the
brain. However, recently, an immunohistochemical study
and an in situ hybridization study have revealed the lo-
calization of the SR protein (Kartvelishvily et al., 2006)
and its mRNA (Yoshikawa et al., 2007) in neurons. In this
study, we examined the SR distribution in the brain dur-
ing postnatal development and in cultured cells by using
novel serine racemase knockout (SR-KO) mice as negative
controls, and we found that the SR protein is predomi-
nantly localized in neurons but not in glial cells in brain
sections.

MATERIALS AND METHODS
Generation of SR-KO mice

Animal care and experimental protocols were approved
by the Animal Experiment Committee of the University of
Toyama (Authorization No. 2006-med-93) and were car-
ried out in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the University of
Toyama.

We obtained the mouse bacterial artificial chromosome
(BAC) clone RP23-284D9 carrying the SR gene from the
BACPAC Resources Center CHORI (Oakland, CA). Using
the counter-selection BAC modification kit (Gene Bridges,
Dresden, Germany), we inserted the Cre recombinase-
progesterone receptor fusion (CrePR) gene (Tsujita et al,,
1999) linked to the DNA fragment containing the pgk-1
promoter-driven neomycin phosphotransferase gene (pgk-
neo) flanked by two Flp recognition target (frt) sites
(Takeuchi et al., 2002) into the SR gene at the +1 position.
(Nucleotide residues of the mouse BAC clone are num-
bered in the 5' to 8' direction, beginning with the A of
ATG, the initiation site of translation in the SR gene,
which refers to position +1, and the preceding residues
are indicated by negative numbers.) The nucleotide se-
quence of the mouse genome was obtained from the Na-
tional Center for Biotechnology Information (NCBI Map
Viewer, Mus musculus Build 36.1). We cloned the modified
BAC DNA fragment inserted with the CrePR and pgk-neo
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genes and containing the 4.7-kb upstream (—4684 to —1)
to 4.8-kb downstream (+2 to +4828) sequences of the SR
gene into pMC1DTApMA (Kitayama et al., 2001) to gen-
erate the targeting vector pTVSRCP.

We used the C57BL/6-derived ES cell line RENKA
(Fukaya et al., 2006) for the gene targeting. The ES cells
were cultured as described (Mishina and Sakimura, 2007).
In brief, the ES cells were cultured on mitomyecin
C-treated neomycin-resistant fibroblasts in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal
calf serum, 90.7 pM nonessential amino acids, 1 mM
L-glutamine, 100 pM 2-mercaptoethanol, and 1 x 10°
U/ml leukemia inhibitory factor (Chemicon, Temecula,
CA) at 37°C under humidified atmosphere containing 5%
CO0,. The targeting vector was linearized by NotI digestion
and electroporated into ES cells by using Gene Pulser
Xcell (Bio-Rad, Hercules, CA). G-418 selection (150 pg/ml)
was started 36—48 hours after electroporation and contin-
ued for 1 week. We identified a recombinant ES cell clone
{no. 107) by Southern blot analysis, and the recombinant
ES cells were injected into 8-cell-stage embryos of ICR
mice. The embryos were cultured to blastocysts and trans-
ferred to the uterus of pseudopregnant ICR mice. The
resulting chimeric mice were mated with C57BL/6 mice to
establish the mutant mouse line.

For the screening of recombinant ES cell clones and
gene-targeted mice by Southern blot analysis, the 5’ outer
(—6716 to —5917) and 3’ outer (+4956 to +5741) probes
amplified from the BAC clone, and the neo probe of the
0.6-kb Pstl fragment from pgk-neo were used. The poly-
merase chain reaction (PCR)-amplified DNA probes were
verified by using the DNA sequencer PRISM 3100 (ABI).

In this study, we used SR-knockout (KO) and wild-type
(WT) mice with a pure C57BL/6 genetic background. We
defined the day after overnight mating as embryonic day 0
(E0), and the day of birth as postnatal day 1 (P1).

Northern blot analysis

Northern blot analysis was performed in accord-
ance with the manufacturer's protocol by using the
NorthernMax-Gly kit (Ambion, Austin, TX). In brief, total
RNA samples prepared with TRIsol Reagent (Invitrogen,
Carlsbad, CA) from the cerebral cortex of WT and SR-KO
mice were separated by agarose gel electrophoresis and
blotted on a positively charged membrane (Hybond N+,
GE Healthcare, Buckinghamshire, UK). The membranes
were hybridized with a *P-labeled SR ¢cDNA fragment
corresponding to exon 1 to 7 or a B-actin cDNA fragment
corresponding to the protein-coding region.

Primary cell cultures

The WT and SR-KO mouse embryos at E16-18 were
harvested by cesarean section from anesthetized pregnant
mice. Hippocampi were isolated and digested in
phosphate-buffered saline (PBS; pH 7.4) containing 0.25%
trypsin for 20 minutes at 37°C. The supernatants were
removed from the precipitated tissue samples. PBS con-
taining 0.05% DNase and 1% trypsin inhibitor was added
to the hippocampal tissues. The tissue samples were
gently triturated with a fire-polished Pasteur pipette. Iso-
lated cells were centrifuged at 200g for 5 minutes at 4°C.
Cell pellets were gently resuspended in the culture me-
dium described later, and 4 x 10° cells were seeded onio
polyethyleneimine-coated glass coverslips in 35-mm cul-
ture dishes. The cells were plated in Neurobasal medium
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TABLE 1. Primary Antibodies Used in the Present Study

Antibody Immunogen Host

Dilution

Source

Mouse serine racemase Mouse
(m.n 127-246)

Mouse serine racemase
(. 1-501

Purified GFAP from pig
spinal cord

Serine racemase
monoclonsl
Serine racemase
polyclonal

GFAP
monocional
(clone G-A-5)
NeuN
monoclonal
Actin
polvelonal
MAP2

Goat 1:100

Mouse

Purified cell nucled from Mouse 1:300

1:4000

Purified rat brain
monoclonal microtubule MAP2

Pary Recombinant mouse
polycional parvalbomin (full

Mouse 1:500

Goat 1:5000

length)
Recombinant rat VGluT1
(a. & 511-560)
Recombinant rat VGluT2
(. u. 519-582)
Recombinant rat IPGDH
(full length)
Recombinant mouse
GAD (oo 268-583)

VGiuT1
polyclonal
VGluT2

Goat 1:500

Goat 1:500
Rabbit 1:200

Rabbit 1:200

L:100-1:2000

1:300-1000

612052 BD Biosciences
#¢-5751 Santa Cruz Biotechnology

G3863 Sigma-Aldrich

MAB377 Chemicon
»c-1618-R Santa Cruz Biotechnology
05-334 Upstate Biotechnology
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Hokkaido University (Y
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M. Watanabe, Holdkaido University (Yamada st sl 2001;
Uchigashima et al., 2007)

Abhu-nmm aa., amine acids; GAD, glutamic acid dx.l.rhoxylne GFAP, glial fibrillary acidic protein; MAP2, microtubule-associated protein 2; Pary, parvalbumin, 3PGDH,

; VGluT, vesicul ter.

(Invitrogen, Carlsbad, CA) supplemented with B27 (In-
vitrogen), 400 pM glutamine, and 5% fetal bovine serum.
The medium was replaced every 5 days after seeding.
Histochemical analysis was performed on days 5-10 of the
culture period as described below.

Antibody characterization

Primary antibodies used in the present study are listed
in Table 1. The mouse monoclonal anti-SR antibody was
raised against amino acids 127-246 of mouse SR (BD
Biosciences, San Jose, CA cat. no. 612052, lot no. 11719),
This antibody detected a single band of ~38 kDa on a
Western blot of brain homogenate from WT but not from
SR-KO mice (Fig. 2). The goat polyclonal anti-SR antibody
was raised against amino acids 1-50 of mouse SR (Santa
Cruz Biotechnology, Santa Cruz, CA, cat. no. sc-5751, lot
no. H2704). This antibody is reported to detect a single
band of ~37 kDa on a Western blot (Puyal et al., 2006). No
staining was observed when these anti-SR antibodies
were used for immunostaining of brain sections from
SR-KO mice (Figs. 3-7).

The mouse monoclonal anti-glial fibrillary acid protein
(anti-GFAP) antibody was raised against purified GFAP
from pig spinal cord (Sigma-Aldrich, St. Louis, MO, cat.
no. G3893, clone G-A-5, lot no. 115k482). This antibody
stained cells with the classic morphology and distribution
of fibrillary astrocytes in our study.

The mouse monoclonal anti-neuron-specific nuclear pro-
tein (anti-NeuN) antibody was raised against purified cell
nuclei from mouse brain (Chemicon, cat. no. MAB377, lot
no. 0607036763). Immunostaining with this anti-NeuN
antibody is reportedly observed in most neuronal cell
types in the rodent nervous system, and the Western blot
using this antibody shows three bands of approximately
46—48 kDa in brain homogenates (Mullen et al., 1992).

The rabbit polyclonal anti-actin antibody was raised
against a peptide mapping at the C-terminus (amino acids
325-375) of actin of human origin (Santa Cruz Biotech-
nology, cat. no. sc-1616-R, lot no. 1105). This antibody
stains a single band of 42 kDa on a Western blot.

The mouse monoclonal anti-microtubule-associated pro-
tein 2 (anti-MAP2) antibody was raised against the puri-
fied rat brain microtubule MAP2 (Upstate Biotechnology,
Lake Placid, NY, cat. no. 05-334, lot no. 14004). This
antibody showed selective labeling of dendrites in neuron
in our study, as reported previously (Philpot et al., 1997;
Eiraku et al., 2002; Rameau et al., 2004).

The goat polyclonal anti-parvalbumin (anti-Parv) anti-
body, the goat polyclonal anti-vesicular glutamate trans-
porter 1 (anti-VGIuT1) and anti-VGluT2 antibodies, the
rabbit polyclonal anti-3-phosphoglycerate dehydrogenase
(anti-3PGDH) antibody, and the rabbit polyclonal anti-
glutamic acid decarboxylase (anti-GAD) antibody were
kindly provided by Dr. Masahiko Watanabe (Hokkaido
University, Japan).

The anti-Parv antibody was raised against a fusion pro-
tein of glutathione S-transferase (GST) and full length of
mouse parvalbumin (amino acids 1-110). This antibody
recognizes a single protein band at 13 kDa on a Western
blot and selectively labels a subpopulation of GAD-
positive inhibitory neurons (Nakamura et al., 2004; Miura
et al., 2006; Uchigashima et al., 2007).

The anti-VGIuT1 and anti-VGIuT2 antibodies were
raised against GST-fusion proteins containing amino ac-
ids 511-560 of rat VGluT1 and amino acids 519-582 of rat
VGIuT2, respectively. These antibodies stain a protein
band at around 60 kDa in the adult mouse brain on an
immunoblotting. The characteristic immunolabeling was
abolished almost completely by use of the same antibodies
preabsorbed with antigen proteins. VGIuT1 and VGIuT2
are expressed in glutamatergic neurons and concentrate
in their nerve terminals (Miyazaki et al., 2003; Miura et
al., 2006; Uchigashima et al., 2007).

The anti-3PGDH antibody was raised against a recom-
binant protein of full-length rat 3PGDH expressed in E.
coli. This antibody recognizes a single protein band at 57
kDa on a Western blot. The immunchistochemical signals
obtained with this antibody were abolished almost com-
pletely by use of the primary antibody preabsorbed with
the antigen protein. 3PGDH is expressed exclusively in
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astrocytes in the cerebral cortex and Bergmann glia cells
in the cerebellum (Yamasaki et al., 2001).

The anti-GAD antibody was raised against the recom-
binant mouse GAD (amino acids 268-593) expressed in E.
coli, This antibody stains a major band at 67 kDa and an
additional weak band at 65 kDa on a Western blot and
labels y-aminobutyric acid (GABA)-synthesizing neurons
(Yamada et al., 2001).

Western blotting

The mice at P7, P14, P21, P28, and P56 were deeply
anesthetized with an overdose of pentobarbital sodium
(100 mg/kg body weight, i.p.) and then perfused transcar-
dially with PBS. The cerebral cortex, hippocampus, and
cerebellum were dissected and frozen in liquid nitrogen.
Brain tissue was homogenized in ice-cold Mammalian Tis-
sue Extraction Reagent (Pierce, Rockford, IL). The homog-
enate was centrifuged at 15,000 rpm for 15 minutes to
remove large debris. The protein concentration was deter-
mined by using the BCA Protein Assay kit (Pierce), and
then the protein samples were diluted at 1:1 in sample
buffer (50 mM Tris-HCI, pH 6.8, 2% sodium dodecyl sul-
fate [SDS], 10% glycerol, 6% 2-mercaptoethanol, and
0.01% bromophenol blue). After denaturation by heating
at 95°C for 5 minutes, 30 pg of protein was fractionated by
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and electroblotted onto a polyvinylidene difluoride (PVDF)
membrane (Perkin-Elmer Life Sciences, Boston, MA). Af-
ter blocking with 5% skim milk in PBS containing 0.1%
Tween-20, the membranes were incubated with the pri-
mary mouse monoclonal anti-SR antibody (1:500) or rab-
bit polyclonal anti-actin antibody (1:4,000) for 2 hours at
room temperature and then with horseradish peroxidase
(HRP)-conjugated secondary antibody (anti-mouse IgG,
1:4,000 or anti-rabbit IgG, 1:5,000; Santa Cruz Biotech-
nology and Bio-Rad) for 1 hour at room temperature. Pro-
tein bands were detected by using the ECL chemilumines-
cence detection system (GE Healthcare).

Immunohistochemistry of brain sections

The mice at P7, P14, P21, P28, and P56 were deeply
anesthetized with an overdose of pentobarbital sodium
(100 mg/kg body weight, i.p.), perfused ially with
PBS, and then perfused with 0.1 M phosphate buffer (PB;
pH 7.4) containing 4.0% (w/v) paraformaldehyde. The
brains were removed and postfixed overnight at 4°C in the
same fixative. After cryoprotection with 30% (w/v) sucrose
in PB, the brains were cut into 10-um-thick sections by
using a freezing microtome.
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For the double immunofluorescence staining, after
blocking with Mouse lg Blocking Reagent (Vector, Burlin-
game, CA) and Protein Block Serum-Free (DakoCytoma-
tion, Carpinteria, CA), the sections were incubated with
primary antibodies (goat polyclonal anti-SR, 1:100; anti-
Parv, 1:5,000; anti-VGluT1, 1:500; anti-VGluT2, 1:500;
mouse monoclonal anti-SR, 1:100; anti-NeuN, 1:300; anti-
GFAP, 1:300; rabbit polyclonal anti-3PGDH, 1:200; and
anti-GAD, 1:200) overnight at room temperature. Then
the sections were incubated with Alexa 488-, 568-, 594-,
and Cy5-labeled species-specific secondary antibodies (In-
vitrogen, Carlsbad, CA) diluted at 1:500 for 1 hour at room
temperature. Images were taken with a confocal laser
scanning microscope Leica TCS-SP5 (Leica Microsystems,
Mannheim, Germany) by using laser lines at 488 nm (Ar
laser), 568/594 nm (Green Diode laser), and 633 nm
(He/Ne laser).

For light microscopy immunoperoxidase detection, tis-
sue sections were treated with distilled water containing
0.3% hydrogen peroxide and 0.1% NaN, for 10 minutes at
room temperature and then rinsed in PBS. After blocking
with Mouse Ig Blocking Reagent (Vector) and Protein
Block Serum-Free (DakoCytomation), the sections were
incubated with a mouse anti-SR monoclonal antibody (1:
2,000) diluted in PBS containing 1.0% bovine serum albu-
min (BSA) overnight at 4°C. After PBS rinses, the sections
were incubated in biotinylated goat anti-mouse IgG (1.5
pg/ml for P7 sections and 15 pg/ml for other ages; Vector)
diluted in PBS containing 1.0% BSA for 1 hour, and then
incubated with the avidin-biotin-peroxidase complex (Vec-
tor). After washing in PBS, the sections were briefly
dipped in Tris buffer (50 mM; pH7.5) and incubated in
Tris buffer containing 0.025% 3,3'-diaminobenzidine tet-
rahydrochloride (DAB) and 0.005% hydrogen peroxide for
10 minutes. The nuclei were counterstained with hema-
toxylin. The sections were examined by using an Olympus
AXB0 microscope (Olympus, Tokyo, Japan).

Immunocytochemistry ll:f primary cultured
ce

Cells on coverslips were rinsed in PBS and fixed with
4% paraformaldehyde in PB for 10 minutes at room tem-
perature. After fixation, the cells were washed in PBS.
Then they were incubated for 10 minutes in PBS contain-
ing 0.1% Triton X-100 for permeabilization and incubated
in PBS containing 3.0% BSA for 30 minutes. Coverslips
were incubated with primary antibodies (goat anti-SR an-
tibody, 1:100; mouse anti-MAP2 antibody, 1:500; and
mouse anti-GFAP, 1:1,000) overnight at 4°C, followed by

Fig. 1. Generation of serine racemase (SR) knockout mice with
C57BL/6 genetic . A: Sch tic rep tion of SR
cDNA, SR gene, targeting vector, and gene. Coding and
noncoding regions of SR cDNA and exons (2-9) are indicated with
closed and open boxes, respectively. Met is the initiation site of trans-
lation in the SR gene. Inserted CrePR and pgk-neo genes are shown.
Relevant restriction enzyme sites (Apal and Spel) and the location of
probes used (5' outer, neo, and 3’ outer) are indicated. BSK, plasmid

reveal that the targeting vector with deletion of 460 bp at the 3’ end
of the hamologous arm is inserted into the SR locus, C: Northern blot

is of total RNA extracted from the cerebral cortex of SR™'"
(+/+), SR*'~ (+/-), and SR~'" (+/-) mice. Five micrograms (left) and 1
g (right) of total RNA blotted on membranes were hybridized with
SR (left) and B-actin (right) probes. The positions of RNA size markers
are indicated on the left side. D: Expression of SR protein in brain.

F te from SR*'* (+/+), SR*'~ (+/-), and SR™"

pBluescript; DT, diphtheria toxin gene. B: Southern blot analysis of

ic DNA from SR*'* (+/+), SR*"~ (+/-), and SR™"" (—/-) mice.

Left, Spel-digested DNA hybridized with the 5’ outer probe; middle,
Spel-digested DNA hybridized with the 3’ outer probe; right, Apal-
digested DNA hybridized with the neo probe. The positions of DNA
size markers are indicated on the left side. This Southern blot and
ing of d g

ic DNA fragments amplified by PCR

(—/—) mice were separated by SDS-PAGE and immunoblotted with
anti-SR antibody (upper) and anti-actin antibody (lower). The posi-
tions of protein size markers are indicated on the right side. The SR
protein band of ~38 kDa size is detected in the WT mice, decreases in
intensity in heterozygous mutant mice, and is not detected in homozy-
gous mutant mice.
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an incubation with Alexa 488- and 568-labeled species-
specific secondary antibodies (Invitrogen) diluted at 1:500
for 1 hour at room temperature. Images were taken with
the confocal laser scanning microscope Leica TCS-SP5.

All the images were stored as TIFF files and processed
by using Adobe Photoshop (San Jose, CA). The images
were adjusted to optimize brightness, contrast, and sharp-
ness and then assembled into figures. The red channel
was then converted to magenta in Photoshop.

RESULTS
Generation of SR-KO mice

To disrupt the SR locus in ES cells derived from the
C57BL/6 mouse strain, we constructed a targeting vector
pTVSRCP in which the CrePR gene linked with the pgk-
neo gene was inserted into the translation initiation site of
the SR gene (Fig. 1A). We obtained one ES cell clone (no.
107) in which homologous recombination occurred at the
SR locus as detected by using the 5’ outer probe. However,
the sizes of the hybridizing bands with the 3’ outer and
neo probes were inconsistent with the expected homolo-
gous recombination event. We performed further South-
ern blot analyses and sequencing of targeted genomic
DNA fragments amplified by PCR, and revealed that the
targeting vector with deletion of 460 bp at the 3’ end of the
homologous arm was inserted into the SR locus (Fig. 1A).
Chimeric mice derived from this ES clone were mated
with C57BL/6 mice to establish the mutant mouse line
(Fig. 1B). The expression of SR mRNA in the cerebral
cortex was analyzed by Northern blotting. Major (3.6-kb)
and minor (6.2-kb) bands were detected in the WT mice
but not in the homozygous mutant mice (Fig. 1C). SR
protein expression in the forebrain was examined by
Western blot analysis. The SR protein band of ~38 kDa
size was detected in the WT mice, whereas the SR protein
signal was not detected in mutant mice (Fig
1D). These results indicate that the SR gene in the homozy-
gous mutant mice was disrupted by the inser-
tional mutation of the targeting vector in the SR gene,

Although the detailed phenotypes of the SR-KO mice
will be reported elsewhere (Inoue et al,, in preparation),
the SR-KO mice did not show any gross anatomical abnor-
mality in the brain (see Fig. 3F).

Postnatal change in protein expression of
serine racemase

We examined the SR protein level in the cortex and
cerebellum during postnatal development by using West-
ern blot analysis of mouse brain homogenate at P7, P14,
P21, P28, and P56. The mouse anti-SR monoclonal anti-
body recognized a protein band of ~38 kDa corresponding
to SR (Wolosker et al., 1999) in the WT cerebral cortex but
not in the SR-KO cortex (Fig. 2A). The SR expression level
increased gradually from P7 to P56 in the cortex (Fig. 2A).
In the hippocampus, the SR expression level gradually
increased from P7 to P56, similarly to that in the cortex
(data not shown). In the cerebellum, the SR expression
level was lower than that in the cortex; the signal inten-
sity of SR increased transiently during P14 to P28 (Fig.
2B). These spatiotemporal expression patterns of the SR
protein in the mouse brain are consistent with a previous
report (Wang and Zhu, 2003). The SR protein was not
detected in the cerebellum of SR-KO mice at any age.
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Localization of serine racemase protein in
brain during development

The overall distribution of SR in the brain during
development was examined by immunohistochemistry
by using the mouse anti-SR monoclonal antibody. In the
WT mice, weak signals of SR immunopositivity were
detected in the cortex and hippocampus at P7 (Fig. 3A).
At P14 and P21, the SR immunostaining intensity in-
creased and was detected in the cerebral cortex, hip-
pocampus, olfactory bulb, olfactory tubercle, striatum,
and substantia nigra pars reticulata (Figs. 3B,C). The
signal intensity of SR immunopositivity increased fur-
ther at P28 and P56 (Figs. 3D,E). In the brain of P56
mice, SR immunopositivity was predominantly localized
to the forebrain regions such as the olfactory bulb, ol-
factory tubercle, cerebral cortex, hippocampus, and stri-
atum. In the olfactory bulb, the SR immunopositivity
was strong in the granular cell layer, and weak in the
external and internal layers. In the cerebral cortex, the
SR immunopositivity was strong in layers IV/III and VI
and was slightly weak in layers I and V. In the hip-
pocampus, strong SR signals were detected in the pyra-
midal cell layer in CA1 and the granular cell layer in the
dentate gyrus. The intensity of the immunopositivity
signals was very weak in the lower brainstem except for
the substantia nigra pars reticulata (Fig. 3E). Projec-
tion fibers from the striatum to the substantia nigra
seemed to be SR-immunopositive as determined by care-
ful examination (data not shown). Throughout postna-
tal development, the SR immunopositivity was predom-
inant in the telencephalon at all ages and was very
weak in the brainstem and cerebellum. Under the same
conditions, the anti-SR antibody did not immunoreact
with cells in any region of the adult SR-KO mice brain
(Fig. 3F).

We further examined the SR staining pattern in de-
tail in the brain of P56 WT mice. In the cerebral cortex,
intense SR immunopositivity was predominantly de-
tected in the cytoplasm of pyramidal neurons and shaft
dendrites of layers IVIII and VI. Some cells in the
cerebral cortex were not SR-immunopositive (Fig. 4A).
In the cerebellum, Purkinje cells and their dendrites
showed weak immunoreactivity. The cells in the gran-
ular layer did not show any immunoreactivity (Fig. 4B).
In the corpus callosum, low to moderate immunolabel-
ing was detected in fiber bundles, but the signal was not
detected in putative glial elements (Fig. 4C). In the
SR-KO mice, the SR immunopositivity was not detected
in these brain regions (Figs. 4D-F). In the hippocampal
CA1 region, pyramidal cells had strong SR immunopos-
itivity, and their apical dendrites extending from pyra-
midal cells to the stratum radiatum were also labeled
(Fig. 4G). Granule cells in the dentate gyrus also
showed high immunoreactivity (data not shown). In the
striatum, many round cells presumed to be medium-
spiny neurons showed intense SR immunopositivity
(Fig. 4H). In the substantia nigra pars reticulata, there
was fibrous SR immunopositivity in the neuropil, but
the signal was absent in cell bodies (Fig. 41). In the
hypothalamic supraoptic nucleus (SON), although the
nonspecific labeling was evident in the pia matter of the
brain, the SR immnunopositivity was negligible (Figs.
4J,K).
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Fig. 2. Expression of serine racemase (SR) protein during postna-
tal development. A,B: Western blot analysis of cerebral cortex (A) and
cerebellum (B) proteins of wild-type (WT) and SR knockout (KO) mice

from postnatal day 7 (P7) to P56 using anti-SR antibody (upper panels
of A and B) and anti-actin antibody (lower panels of A and B), The

Identification of cells expressing serine
racemase

We performed double immunofluorescence staining to
identify the cell types expressing SR. SR immunopositiv-
ity was detected in the perikarya and colocalized with the
neuronal marker NeuN protein in the cerebral cortex of
WT P56 mice. There were some NeuN-positive but SR-
negative cells in the cortex (Fig. 5A). In addition, no SR
immunopositivity colocalized with the GABAergic neuro-
nal marker proteins Parv and GAD (Figs. 5C,G). Further-
more, no SR immunoreactivity colocalized with the astro-
cytic marker proteins 3PGDH and GFAP in the cortex
(Fig. 5E.F). No SR immunofluorescence was detected in
the cortex of SR-KO mice (Fig. 5B,D). We were unable to
detect SR in glutamate transporter VGluT1-labeled (Fig.
5H) or VGluT2-labeled (data not shown) glutamatergic
terminals. Although the signals of immunofluorescence
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positions of protein size markers are indicated on the right side. The
SR expression level increases gradually from P7 to P56 in the cortex
and transiently increases in the cerebellum in WT mice. The SR band
is not detected in SR-KO mice.

staining revealed by using the anti-SR polyclonal antibody
(Figs. 5A,B) were slightly weaker than those of the
anti-SR monoclonal antibody (Figs. 5C, D), the staining
patterns were similar. From these results, we conclude
that SR is expressed in glutamatergic neurons of the ce-
rebral cortex and distributed preferentially in their soma-
todendritic elements.

In the adult cerebellum, weak SR immunopositivity was
detected in Parv-labeled Purkinje cells of WT but not of
SR-KO mice (Figs. 6A,B). No SR immunopositivity was
detected in 3PGDH-positive Bergmann glia (Fig. 6C). In
the corpus callosum, faint and granular SR immunopos-
itivity was detected, but these SR signals showed no
colocalization with GFAP signals (Fig. 6D). In the stri-
atum, weak SR signals colocalized with the neural
marker NeuN (Fig. 6E). SR and NeuN signals were
detected in pyramidal cells of the hippocampus (Fig. 6F)
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tum; Tu, olfactory tubercle. Throughout postnatal SR
immunopositivity is predominant in the telencephalon at all ages and
is very weak in the brainstem and cerebellum. Under the same con-
ditions, the anti-SR antibody does not immunoreact with cells in any
region of the SR-KO mice brain. Scale bar = 500 pm in D (applies to
A-D); 1 mm in EF.
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Fig.4. I 1 IR L
P56 mice. A-C, G=J: I hi

patmmnfsﬂmhrlmn{

g of layers 11-
111 of cerebral cortex (Ct, A), mmhellnm (Ch, B), corpus callosum

(CC, C), CAl region of hippocampus (Hi, G), striatum (St, H),
substantia nigra pars reticulata (SNR, 1), and supraoptic nucleus
(SON, J) of WT mice using anti-SR antibody. D-F, K: Immunohis-
tochemical staining of layers 11-11I of cerebral cortex (Ct, D), cer-
ebellum (Cb, E), corpus callosum (CC, F), and supraoptic nucleus

and granule cells of the dentate gyrus (data not shown).
However, no SR immunopositivity colocalized with the
glial marker GFAP and GABAergic markers Parv and
GAD (data not shown). Therefore, outside the cerebral

(SON, K) of SR-KO mice using anti-SR antibody. Abbreviations:
GCL, granule cell layer; MCL, molecular cell layer; Or, stratum
oriens; PCL, Purkinje cell layer; Py, stratum pyramidale; Ra, stra-
tum radiatum; SON, supraoptic nucleus, From these results, it can
be seen that SR is expressed in principal neurons of given neural
regions, irrespective of the excitatory or inhibitory signature. Scale
bar = 20 um in A-K.

cortex, SR is also expressed predominantly in neurons.
In addition, SR immunopositivity was negligible and
showed no colocalization with NeuN and GFAP in the
SON (Figs. 6G,H).

=. 210, =




Distribution of immunofluorescence staining pattern of SR
A-I}: Double immunofluorescence
and SR-KO (B,D) mice

Fig. 5.
in cerebral cortex of P56 mice
staining analysis of cerebral cortex of WT (A,C)
at P56 using anti-SR antibody (SR, green, A1, A3, B1, B3, C1, C3, D1,
and D3), anti-NeuN antibody (NeuN, magenta, A2, A3, B2, and B3),
and anti-Parv antibody (Parv, magenta, C2, C3, D2, and D3). E-H:
Double immunofluorescenc ming of cerebral cortex of WT mice at

Expression of serine racemase in cultured
cells

The SR expression is regulated under various conditions
(Wu and Barger, 2004; Wu et al., 2004; Sasabe et al.,
2007). We performed double immunofluorescence staining
to examine the SR protein expression in primary cultured
cells derived from mouse embryonic hippocampi. The SR
signals were detected in MAP2-positive neuronal cells
(Fig. TA). Weak SR signals were also detected in MAP2-
negative cells that seemed to be glial cells. SR was ex-
pressed in GFAP-positive astrocytes (Fig. 7C). From these
results, we conclude that SR is expressed in both hip-
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P56 using anti-SR antibody (SR, green, E-H), anti-GFAP antibody
(GFAP, magenta, E), anti-3PGDH antibody (3PGDH, magenta, F),
anti-GAD antibody (GAD, magenta, G), and anti-VGluT1 antibody
(VGIuT1, magenta, H). Confoeal micrographs of cerebral cortex sec-
tions double-labeled for known neuronal or glial markers (magenta)
and SR (green) reveal neuronal localization of SR. Scale bar = 75 pm
in A-H

pocampal primary cultured neurons and astrocytes. Un-
der the same conditions, SR signals were absent in the
cells derived from SR-KO mice (Figs. 7B,D).

DISCUSSION

In this study, we evaluated the specificity of immuno-
histochemical reactions by using the novel SR-KO mice as
negative controls. We examined the SR distribution in the
brain during postnatal development and in cultured cells,
and we found that SR was predominantly localized in
neurons but not in glial cells in the brain sections exam-
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Fig. 7. Immunofluorescence localization of SR in cultured cells
A-I»: Double immunofluorescence analysis of cultured cells derived
from WT (A,C) and SR-KO (B,D) mice using anti-SR antibody (SR,
green, Al, A3, B1, B3, Cl1, C3, D1, and D3), anti-MAP2 antibody
(MAP2, magenta, A2, A3, B2, and B3), and anti-GFAP antibody

ined. Under the same conditions, no SR signals were de-
tected in the brain by Western blot or immunohistochem-
ical analyses in SR-KO mice. In contrast, SR signals were
detected in both cultured neurons and astrocytes.

Detection of serine racemase in brain

In the pioneering work of Wolosker et al. (1999), they
showed that SR is abundant in the glial cells of young
(P13) rat brains. Subsequent studies using rhesus mon-
keys (Xia et al., 2004) and humans (Verrall et al., 2007)
also showed the glial localization of SR in the brain. How-
ever, recent immunochistochemical staining of rat brain
sections with new SR antibodies has revealed the signifi-
cant neuronal as well as astrocytic staining of SR
(Kartvelishvily et al., 2006), The predominant neuronal
expression of SR mRNA has also been reported recently
(Yoshikawa et al., 2007). We did not obtain evidence for
glial localization of SR in the mouse brain, but we cannot
exclude the possibility of a very low expression level of SR
in glial cells in the brain. We used the anti-SR antibody at
1:100 dilution for double immunofluorescence staining.
The use of a higher concentration of anti-SR antibody

resulted in nonspecific staining in the brain sections of

SR-KO mice (data not shown)

Thus, in our :-itud_\'. the immunofluorescence .—'lj_’,'!‘mli of

SR are specific, but the sensitivity of the anti-SR antibody

(GFAP, magenta, C2, C3, D2, and D3). Confocal micrographs of cul-
tured cells double-labeled for neuronal MAP2 (magenta) or glial
GFAP (magenta) and SR (green) reveal both neuronal and glial local-
zation of SR. Scale bar = 76 pm in A-D.

seems to be low. In the study of Wolosker et al. (1999), the
antibody for immunohistochemical analysis was used only
for freshly frozen sections fixed with methanol. They also
reported that the immunopositivity for SR was absent in
conventional aldehyde-fixed tissues. Thus, the immuno-
histochemical detection of SR depends on the antibodies
used and the fixative conditions. We used the novel SR-KO
mice as negative controls and detected the expression and
localization of SR in neurons of the conventionally
aldehyde-fixed brain from WT mice. Although it is possible
that different animal species and different stages of de-
velopment affect the immunohistochemical detection of
SR, the distribution of SR should be clarified by using
appropriate in vivo controls. Under culture conditions,
is expressed in astrocytes, as reported previously (Wolo-
sker et al., 1999; Panizzuti et al., 2001; Foltyn et al., 2005;
Mothet et al., 2005) and as confirmed in this study (Fig. 7).
The SR expression is regulated by extracellular signals
such as inflammatory stimuli in vivo (Sasabe et al., 2007)
and in vitro (Wu and Barger, 2004; Wu et al., 2004).
Treatment of rats with the NMDA receptor antagonist
MEK-801 also affects SR mRNA expression (Hashimoto et
al., 2007). Thus, it is still possible that experimental con-
ditions of animals and cells affect the SR expression in the
brain.
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Neuronal localization of serine racemase in
brid

There are no reports of detailed analysis of neurons
expressing SR. Immunohistochemical analysis shows
strong signals of SR immunopositivity in pyramidal neu-
rons in the cerebral cortex (Fig. 4A), Double immunofluo-
rescence staining also shows that the SR signals colocalize
with the neuronal marker NeuN in the cerebral cortex,
Furthermore, no SR signals colocalized with the GABAer-
gic neuronal markers GAD and Parv nor with the astro-
cytic markers GFAP and 3PGDH (Fig. 5). From these
results, we conclude that SR is localized in glutamatergic
neurons in the cerebral cortex. In the hippocampus, we
also detected strong signals of SR immunopositivity in
glutamatergic pyramidal neurons. We detected the den-
dritic localization of SR signals in pyramidal neurons but
not in VGluT1-labeled glutamatergic nerve terminals.
Thus. SR is mainly present in the postsynaptic sites of
these glutamatergic pyramidal neurons. Interestingly, it
has been reported that neuronal activity inhibits SR ac-
tivity by S-nitrosylation (Mustafa et al, 2007). In the
striatum, we observed that the SR signals colocalized with
NeuN in neurons. Because most neurons in the striatum
are the GABAergic medium-spiny neurons (Kita and
Kitai, 1988), we consider that SR is localized in GABAer-
gic neurons (Fig. 4H). In the adult cerebellum, the SR
expression level is lower than that in telencephalic re-
gions. We detected weak but significant signals of SR in
GABAergic Purkinje cells (Fig. 6). In situ hybridization
analysis revealed the localization of SR mRNA in rat
Purkinje cells (Yoshikawa et al., 2007). From these re-
sults, we conclude that SR is expressed in principal neu-
rons of given neural regions, irrespective of the excitatory
or inhibitory signature.

D-Serine synthesis from L-serine iz catalyzed by SR,
which 1s predominantly localized in neurons in the brain,
as we have shown. The release of D-serine from neurons is
regulated by neuronal activity, but the pathway for
D-serine release is unknown (Kartvelishvily et al.. 2006).
D-Serine signaling is terminated by D-serine degradation
by DAAQ, which is expressed in the forebrain in humans
(Verrall et al.,, 2007) and mainly in the cerebellum and
brainstem in rats (Horiike et al., 1987; Schell et al., 1995).
D-Serine can be removed from synaptic clefts by the amino
acid transporter Asc-1 (Fukasawa et al., 2000). which is
localized in the dendrites of neurons of the cerebral cortex
{Matsuo et al., 2004). From our findings and these reports,
we propose that D-serine is consistent with the definition
of a neuron-derived neuromodulator.

Expression of serine racemase and brain
functions

D-Serine is an important endogenous coagonist of the
NMDA receptor channel, and its synthesis from L-serine
is catalyzed by SR. The localization and regulation of SR
expression are critical for the function of the NMDA re-
ceptor channel in the brain. Changes in D-serine and
NMDA receptor activity are implicated in the pathophys-
iology of schizophrenia (Tsai et al., 1998; Olney et al,
1999). Increases in the SR expression level in the hip-
pocampus (Steffek et al., 2006) and dorsolateral prefrontal
cortex (Verrall et al., 2007) in schizophrenic patients were
reported. However, SR immunopositivity is detected in
ghal cells (Verrall et al.. 2007). SR expression is enhanced
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by the treatment of rats with the NMDA receptor antag-
onist MK-801 (Hashimoto et al., 2007). The antagonists of
the NMDA receptor produce schizophrenie-like behavior
in normal subjects (Javitt and Zukin, 1991; Coyle et al.,
2003). Thus, it remains to be clarified whether the change
in the SR expression level in schizophrenic patients is
related to the cause or effect of the disease.

As mentioned, SR expression is upregulated in neuro-
degenerative amyotrophic lateral sclerosis (Sasabe et al.,
2007), It is also important to examine SR expression dur-
ing the course of development of other neurodegenerative
diseases involving NMDA receptors such as foeal ischemic
brain injury, Parkinson’s disease, Huntington's disease,
and Alzheimer's disease (Lancelot and Beal, 1998). Our
novel SR-KO mice will contribute to the analysis of the
physiological and pathophysiological roles of SR and
D-serine in vivo.
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Abstract: CAEBYV is a high monality and morbidity disease with life-
threatening complications. Nevertheless, the treatment regimens for
CAEBYV have not yet been established. Although some reports have
described CAEBYV therapy involving treatments such as antiviral drugs,
immunomodulatory agents, and immunochemotherapy, none of these
treatments have been demonstrated to be effective. The only treatment
reported to be effective is allogeneic SCT. However, the complications
of SCT are severe, so treatment results have been poor. Recently,
immunotherapy has been devised, but this is still in the developmental
stage. In this report, two cases of CAEBV in which allogeneic SCT was
performed soon after diagnosis are reported. In both cases, a high EBV
genome titer in the peripheral blood was detected at onset. After SCT,
the EBV genome titer decreased as CTL activity gradually increased.
This fact suggested that not only high-dose chemotherapy as a pre-
conditioning treatment of SCT but also increased CTL activity which
could eliminate virus-infected cells might be effective, although addi-
tional cases should be studied in order to establish effective treatments.
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EBV is a DNA virus of the herpes virus family
that asymptomatically infects most adults and
persists for their lifetime (1, 2). Primary EBV
infection is usually asymptomatic in childhood,
but may induce acute infectious mononucleosis
that resolves spontaneously. The virus carriers do
not manifest symptoms as long as they are
immunocompetent.

Abbreviations: BMT, bone marrow transplantation; CAE-
BV, chronic active Epstein-Barr virus infection; CPM,
cyclophosphamide; CTL, cytotoxic T lymphocyte; EBV,
Epstein-Barr virus; GVHD, graft-versus-host  disease;
LDH. lactose dehydrogenase; MTX, methotrexate; NK,
natural killer; PCR, polymerase chain reaction; SCT, stem
cell transplantation: STR, short tandem repeat; TBI, total
body irradiation.
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CAEBY is a heterogeneous EBV-related dis-
order characterized by chronic or recurrent
infectious mononucleosis-like symptoms, such
as lymphadenopathy, fever, hepatosplenomegaly,
and pancytopenia, persisting for at least six
months followed by hepatic, cardiac, or pulmo-
nary dysfunction (3-6). The patients have very
high viral copy numbers in their peripheral blood
and abnormal antibody titers to EBV capsid
antigen and early antigen. Although EBV usually
infects B lymphocytes, in the case of CAEBV,
either the T-cell or NK-cell compartments may
also be involved (5-7).

The pathogenesis and etiology of CAEBV
are not well characterized. Although the clonal
expansion of EBV-associated T and NK cells
has been suggested to play important roles in
the pathogenesis of CAEBV (5, 6, 8, 9), it is




unclear whether CAEBV is truly a monoclonal
disorder (10). It is not clear whether the EBV-
associated abnormal cells cannot be excluded
because of a factor on the virus side or a
function on the host side. An effective therapy
has not yet been developed. For patients with
CAEBV, several treatments such as chemo-
therapy, antiviral drugs, steroids, and high-dose
immunoglobulin have been tried, but only SCT
has been reported to be effective (11-13).
However, severe transplantation-related toxicity
has occurred in most cases, Moreover, some-
times there is progressive deterioration even
after aggressive chemotherapy or SCT.

We reported two CAEBYV cases that underwent
allogeneic SCT in their early clinical phase with
successful results. We measured their viral copy
numbers and CTL activity during their clinical
courses. The viral copy numbers after SCT grad-
ually decreased as the CTL activity improved.

Case reports

We reported two CAEBV cases that underwent
allogeneic BMT in their early clinical phase with
successful results. We diagnosed CAEBV based
on the previous report (7), in which the following
clinical features are commonly noted in patients
with CAEBV. Symptoms are persistent and
chronic and generally consist of prolonged or
intermittent fever, lymphadenopathy, hepato-
splenomegaly, fatigue, myalgia. and multiorgan
failure.

Case 1

The patient was a five-yr-old boy who had
exhibited prolonged fever, extensive lympha-

Two cases of CAEBV treated with allogeneic BMT

denopathy, and severe liver dysfunction for more
than six months. There was no family history of
any similar disorders. Clonally proliferating
EBV-infected T cells and abnormally high titers
of EBV-related antibodies were detected. Frac-
tionated CD4+ T cells contained a high EBV
copy number (1.6x10° copies/uyg DNA).
EBV-terminal repeats showed a single band by
Southern blotting analysis. NK-cell activity was
normal. EBV-specific CTL activity was very low
(0.02%, using the tetramer method). We diag-
nosed that the patient was suffering from
CAEBV T-cell type, and he should receive SCT
as soon as possible. Three months after diagno-
sis, the patient underwent allogeneic BMT from
an HLA l-locus mismatched donor: his mother.

The preconditioning regimen consisted of TBI,
CPM, and thiotepa. Prophylaxis for GVHD
consisted of cyclosporin A and short-term
MTX. The donor had previously been infected
with EBV. There were no severe complications of
the BMT. Bone marrow recovery was steady and
the neutrophil count was higher than 500/puL at
day 15. Acute GVHD was grade 2 (intestine).
The clinical course of the patient is depicted in
Fig. 1. Symptoms such as the liver dysfunction,
fever, and cervical lymph node swelling improved
soon after high-dose chemotherapy had been
started. Engraftment (46XX, 98% of BM cells)
was obtained with no detectable EBV-DNA on
day 28 after BMT. The EBV genome titer and
EBV-specific CTL activity were measured during
his clinical course, the former by real-time PCR
(14) and the latter using the tetramer method
(15). Before BMT, high EBV genome level was
detected, while the CTL activity was very low
(0.02%, using the tetramer method). After BMT,
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the EBV genome titer gradually decreased as the
CTL activity increased (0.65%, day 63). At two
months after BMT, the EBV genome titer of the
patient was nearly negative (Fig. 1).

Case 2

The patient was a two-yr-old girl who had
exhibited a persistent fever of unknown etiology
and hepatosplenomegaly. Abnormally high titers
of EBV-related antibodies were detected and NK
cells in her peripheral blood contained a high
EBV genome titer (1.4 x 10° copies/pg DNA).
EBV-terminal repeats showed a single band by
Southern blotting analysis. Her NK-cell activity
was normal. EBV-specific CTL activity was low
(0.29%, using the tetramer method). The patient
had no family history of similar disease. She was
diagnosed as NK-cell-type CAEBV. At onset,
pancytopenia, liver dysfunction, high LDH, and
hyperferritinemia were detected. A corticoste-
roid, immunosuppressant (cyclosporin A), and
etoposide (VP16) were administered and her
symptoms improved. However, one month later,
[ever and liver dysfunction reappeared. The viral
load increased. which was considered to be
indicative of a recurrence. After six months,
HLA full-matched unrelated BMT was per-
formed. The preconditioning regimen consisted
of TBI, CPM, and thiotepa. Bone marrow
recovery was rapid, and transplantation-related
toxicity was not so severe. Acute GVHD was
grade 1 (skin). Her clinical course is depicted in
Fig. 2. In this case, fever, liver dysfunction, and
hyperferritinemia reappeared and the EBV gen-
ome increased one wk before the preconditioning
chemotherapy, so recurrence was suspected.

These symptoms gradually improved after the
start of preconditioning chemotherapy. Com-
plete donor chimerism was established by STR
analysis on day 45 after BMT. The EBV genome
numbers and EBV-specific CTL levels were
measured during her clinical course. High EBV
genome titers and low EBV-specific CTL activity
were detected before BMT (0.29%). After BMT,
the EBV genome titers decreased gradually as the
CTL activity increased (0.76%, day 37) (Fig. 2).

EBV is a member of the herpes virus family.
Most individuals are infected by early adulthood.
In healthy carriers, EBV persists in a latent state
lifelong in resting memory B cells. Recently,
some reports suggested that EBV plays a role in a
variety of diseases (1, 16).

CAEBY is characterized by chronic or recur-
rent infectious mononucleosis-like symptoms
that persist for a long time and by an abnormal
pattern of antibodies to EBV. High virus load is
detected in the peripheral blood of patients with
CAEBV. Recently, diagnostic criteria have been
proposed (7, 17). Although the pathogenesis and
etiology were unclear, it has been reported that
the clonal expansion of EBV-infected T or NK
cells might be associated with the development of
CAEBV (5. 6, 8 9, 18). However. oligoclonal
expansion of EBV-infected lymphocyte has been
reported, so it is not clear whether CAEBV is
truly a monoclonal disorder or not (10).

Although CAEBV is severe disease that can
be fatal if not treated appropriately, standard
treatment regimens have not been estab-
lished. Treatments such as antiviral agents,
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