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2.5. In vitro differentiation analysis of sphere-initiating
cells in the FA+/dNS— or FA~/dNS+ media

To examine the multipotency of spheres under the FA+/
dNS- and FA-/dNS+ conditions, we transferred and placed
isolated spheres under the differentiation condition. After 4
DIV of differentiation, triple-labeled immunocytochemistry
for tubulin g III, GFAP, and O4 revealed that cells with the
morphological and antigenic characteristics of neurons,
astrocytes, and oligodendrocytes, respectively, were gener-
ated from the FA+/dNS- spheres (Figs. SA, C-F). In contrast,
the FA-/dNS+ spheres yielded astrocytes and oligodendro-
cytes, but neither tubulin g Il nor MAP2 positive neurons
(Figs. 5B, G-I). The percentage of tubulin g III positive
neurons that differentiated from the FA-/dNS+ primary
spheres was 0.067% + 0.009% (n = 4) significantly lower than
that from the FA+/dNS- primary spheres (6.618% + 0.188%,
n =5, P < 0.01), as well as the percentage of tubulin g III
positive neurons from secondary spheres (FA-/dNS+,
0.035% =+ 0.004% vs. FA+/dNS-, 9.81% = 1.516%, n = 4,
P < 0.01) (Fig. 5J). According to previous studies, the
percentage of neurons derived from the neurosphere
culture under the regular condition was 5%-10% (Laeng et al.,
2004; Palmer et al., 1999). These results suggested that spheres
formed under the FA+/dNS- condition, but not under the FA-/
dNS+ condition, coincided with the definition of a neuro-
sphere, self-renewal capability, and multipotency (Seaberg
and van der Kooy, 2002).

2.6.  Effects of inhibitors of de novo DNA synthesis on in
vitro differentiation

We hypothesized that the disturbance of de novo DNA
synthesis in the sphere-forming neural stem cells resulted in
the decrease of neurons. To test the hypothesis, we added
de novo synthesis inhibitors to the FA+/dNS+ medium. AZP
blocks the conversion of inosinate to adenyl succinate,
which is the key reaction in the formation of purine
adenylate; additionally, it also blocks an important step in
the production of the purine base guanylate (Belgi and
Friedmann, 2002) (Fig. 1). MTX is a competitive inhibitor of
dihydrofolate reductase (EC 1.5.1.3), which generates tetra-
hydrofolate from dihydrofolate. As a result, MTX interferes
with the conversion of deoxyuridylate to thymidylate in the
synthesis of DNA (Olsen, 1991) (Fig. 1). Both AZP and MTX
inhibited sphere formation in a dose-dependent manner
(Figs. 6A~C). The inhibition was most evident under the FA+/
NS- condition. These results suggested that lower doses of
AZP and MTX (e.g, <1 uM} selectively inhibited the de novo
DNA synthesis in sphere-forming cells. We transferred the
spheres obtained under these conditions and placed them
under the differentiation condition (Fig. 6D). After 4 DIV, the
percentage of tubulin ¢ 11l positive neurons derived from the
FA+/dNS+ spheres significantly (n = 4, P < 0.01) decreased in
the presence of AZP or MTX (Fig. 6E). Figs. 6F-1 show
representative fields of the culture under the FA+/dNS+
condition (Fig. 6F), FA-/dNS+ condition (Fig. 6G), FA+/dNS+
with 1 pM AZP condition (Fig. 6H), and FA+/dNS+ with 0.1 uM
MTX condition (Fig. 6I). The number of astrocytes did not
significantly differ among these conditions (data not shown).

3. Discussion

We performed the neurosphere method by using modified
media that lacked FA or dNS and added specific inhibitors of
DNA synthesis. Cultured cells barely proliferated and under-
went apoptosis under the FA-/dNS- condition. Although
sphere formation was observed, the spheres formed under
the FA-/dNS+ condition poorly produced neurons. Since
extracellular nuclecsides exert various effects on cell differ-
entiation, apoptosis, mitogenesis, and stimulators of cytokine
release in the nervous system (Neary et al,, 1996), the de-
creased percentage of neurons derived from the FA-/dNS+
spheres could be attributed to the effects of extracellular
nucleosides. However, there was no significant difference
(P > 0.05) between the percentage of neurons derived from
FA+/dNS+ spheres (7.662 + 1.672%, n = 4) (Fig. 6E) and
FA+/NS- spheres (6.618% + 0.188%, n = 5) {Fig. 5J). Addition of
inhibitors of de novo DNA synthesis, namely, AZP and MTX,
resulted in poor neuronal differentiation even under the FA+/
dNS+ condition. Taken together, low percentage of neurons
derived from spheres formed under the FA-/dNS+ condition
is not due to the extracellular effects of dNS, but due to the
proliferation failure of sphere-forming neural stem cells
induced by inactivation of the de novo DNA synthesis
pathway.

The neurosphere cultures established from the E12.5
mouse proliferated to a lesser extent than those obtained
from the E14.5 or E16.5 mouse under the FA-/dNS+ condition,
while they proliferated to an equivalent extent under the
FA+/dNS- condition. As shown in the differentiation assay,
FA-/dNS+ spheres were likely to consist of cells committed
to the glial lineage (Seaberg and van der Kooy, 2002). This
result may be in line with the fact that neurogenesis
precedes gliogenesis (Qian et al, 2000). To clarify the
mechanism responsible for the developmental change in
the DNA synthesis pathway, we compared the mRNA
expression of thymidine kinase (EC. 2.7.1.21), deoxycytidine
kinase (EC. 2.7.1.74), and adenosine kinase (EC. 2.7.1.45)—
key enzymes for the salvage pathway (Karbownik et al.,
2003)—and that of thymidylate synthetase (EC. 2.1.1.45}—a
key enzyme for the de novo pathway (Chu et al., 2003)—in
the E11.5 and E16.5 mouse neuroepithelium. There was no
detectable change in semi-quantitative RT-PCR (data not
shown). The activities of several key enzymes involved in
DNA synthesis were previously reported using developmen-
tal brain tissues (Hyndman and Zamenhof, 1978; Suleiman
and Spector, 1982; Sung, 1971). These reports suggested that
the specific activities of both the DNA synthesis pathways
equally decreased in proportion with maturation. Since
there is a discrepancy between the mRNA levels and
enzymatic activities, the activities of the key enzymes
involved in the DNA synthesis pathways may also be
regulated translationally and/or posttranslationally (Ayu-
sawa et al.,, 1986; Sherley and Kelly, 1988).

FA is a cofactor in one-carbon metabolism, and it
promotes the remethylation of homocysteine. Folate defi-
ciency allows the accurnulation of intracellular homocys-
teine, a potentially neurotoxic amino acid that can induce
DNA strand break, thereby triggering apoptosis (Mattson
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and Shea, 2003). FA deficiency and elevated homocysteine
levels endanger postmitotic neurons in neurodegenerative
disease model mice (Duan et al, 2002; Kruman et al., 2002).
To test the effect of homocysteine on sphere-forming neural
stem cells, we performed a neurosphere assay in the FA+/
dNS+ medium supplemented with 0.1-1000 uM homocys-
teine. However, no toxic effect was observed with any
concentration of homocysteine. Additionally, no inhibitory
effect of homocysteine on neuronal differentiation was
observed in the in vitro differentiation assay (unpublished
data). These results suggest that the high concentration of
homocysteine due to FA deficiency cannot explain the
proliferation failure of neural stem cells observed in our
study.

De novo DNA synthesis inhibitors, such as MTX and AZP,
are reported to induce selective malformation of the rhom-
bencephalic and telencephalic brain regions in rat embryo
cultures (Schmid, 1984) and neural tube defects {NTD) in
rabbits (Lloyd et al,, 1999). In humans, NTD can be prevented
by FA supplementation in the periconceptual period (Czeizel
and Dudas, 1992; Daly et al,, 1995). Although FA deficiency
does not cause NTDs in normal mice {(Heid et al., 1992} or in
cultured rat embryos (Cockroft, 1991), Fleming and Copp (1998)
identified a mouse model of NTD, namely, homozygous
Splotch (Pax3) mouse embryos, in which exogenous FA and
thymidine prevent NTDs in culture. This observation sug-
gested that the disturbance of DNA synthesis was involved in
the pathogenesis of NTDs.

Our observation may explain the vulnerability of embry-
onic brain to FA deficiency. Craciunescu et al. (2004) reported
that FA deficiency decreased progenitor cell proliferation
and increased apoptosis in the fetal mouse brain (Craciu-
nescu et al., 2004). In this study, we showed that the activity
of de novo DNA synthesis is necessary for primary cultured
neural stem cells to proliferate with multipotency. Glial cells
can proliferate under the activation of either de novo or
salvage DNA synthesis pathway whereas neuronal cells
cannot be generated under the activation of salvage
pathway alone. Neural tube defect can be prevented by
administration of FA during the periconceptual period,
which may result from activation of de novo DNA synthesis
and differentiation to neurons from neural stem cells.
Further studies are necessary to elucidate a role of de
novo DNA synthesis pathway in differentiation from neural
stem cells into neurons in both embryonic and adult central
nervous system.

4, Experimental procedures
4.1. Neurosphere culture

Neurosphere cultures were prepared as described previously
(Reynolds and Weiss, 1996). In brief, striata were removed from
E12.5, E14.5, and E16.5 C57BL/6 mice (Japan SLC, Hamamatsu,
Japan) embryos and were mechanically dissociated. In place of
the complete D-MEM/F-12 medium (Invitrogen, San Diego, CA),
which contains 6 pM FA, 1.5 pM Thy, and 1.5 pM hypoxanthine,
the cells were cultured in a custom-prepared deficient D-MEM/F-
12 medium lacking FA, Thy, and hypoxanthine in order to stress
the availability of precursors for both the de novo pathway
(folate derivatives) and salvage pathway (Thy, hypoxanthine) of
DNA synthesis. The cells were resuspended in the deficient D-
MEM/F-12 medium supplemented with N-2 supplement (Invitro-
gen) (progesterone, 20 nM; apo-transferrine, 100 uM; sodium
selenite, 30 nM; insulin, 25 pg/ml), 20 ng/ml human recombinant
(hr-) basic FGF-2 {R&D Systems, Minneapolis, MN), 20 ng/ml hr-
EGF (Upstate Biotechnology, Lake Placid, NY), and varicus
concentrations of FA and dNS as described. FA was purchased
from Takeda Pharmaceutical Co. Ltd. (Tokyo, Japan) and
prepared as a 15 mg/ml stock solution before it was added to
the culture at a final concentration of 1.0-400 uM. 2’-deoxyade-
nosine (dAdo), 2’'-deoxycytidine (dCyd), 2’'-deoxyguanosine
(dGuo), Thy, azathioprine (AZP), and methotrexate (MTX) were
purchased from Sigma (St. Louis, MO) and prepared as a 20 mM
stock solution in water. Viable single cells at a density of
1.0 x 10° cells/m! were seeded into 75-cm? tissue culture flasks
and incubated at 37 °C in an atmosphere of 5% CC, and ueated
with 20 ng/ml basic fibroblast growth factor (bFGF) every other
day. Secondary neurosphere cultures were prepared by mechan-
ical dissociation of 7 days in vitro (DIV) primary neurospheres
into single cells and resuspended at a density of 2.0 x 10* cells/
ml in a fresh culture medium. For neurosphere counting, viable
single cells at a density of 1.0 x 10* cells/ml were seeded into
uncoated 96-well microplates. It has been demonstrated previ-
ously that culturing cells at this density will result in clonal
neurosphere colonies, as form in single-cell cultures, and that
neurospheres do not arise as a result of cell aggregation at the
cell culture densities used here (Seaberg and van der Kooy, 2002;
Tropepe et al,, 2000). To assess their differentiation potential, 7-
DIV spheres were plated onto poly-1-orithine-coated chamber
slides (Nunc, Naperville, IL) in D-MEM/F-12 supplemented with
N-2 supplement and 10% fetal bovine serum (differentiation
condition) and cultured for 4 DIV before fixation for immuno-
cytochemistry. For neuron counting, 7 DIV spheres were
mechanically dissociated, and viable cells were resuspended at
a density of 5.0 x 10* cells/ml and plated onto the precoated
chamber slides under the differentiation condition. Cell numbers
and viability were assessed by trypan blue dye exclusion by
using a hemocytometer.

Fig. 6 - Inhibitors of de novo DNA synthesis decrease tubulin B HI-immunopositive neurons in the neurosphere culture. (A)
Experimental protocol. Neurospheres were cultured under the FA+/dNS-, FA-/dNS+, and FA+/dNS+ conditions supplemented
with AZP or MTX for 7 DIV. (B and C) Dose-response curves of sphere formation, cultured for 7 DIV under each condition
supplemented with AZP (B) and MTX (C). Among the three conditions, the FA+/dNS- condition was the most sensitive to the
inhibitors. Graphs show mean + SEM number of spheres per 1 x 10* cells. (D) Experimental protocol. Spheres formed under the
conditions, as described above, were placed under the common differentiation condition. (E) Quantitative analysis of the effects
of de novo inhibitors. Graph shows mean + SEM percentage of tubulin 8 [II-immunopositive neurons of the total number of cells
per field derived from the spheres under the FA+/dNS+ condition or under the FA+/dNS+ condition with inhibitors. *Significant
difference compared with the FA+/dNS+ condition (P < 0.01). (F-I) Double immunocytochemistry for neurons (tubulin § 11, red)
and astrocytes (GFAP, green). Representative fields derived from the spheres under the FA+/dNS+ conditions (F), FA-/dNS+ (G),
FA+/dNS+ with 1 pM AZP (H), and FA+/dNS+ with 0.1 pM MTX (1) conditions are shown. White arrowheads indicate tubulin 8

HI-positive neurons. Scar bars: F-1, 50 pM.
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4.2. Immunocytochemistry

Indirect immunocytochemistry was carried out either immedi-
ately after plating (for neurosphere staining) or after 4 DIV (for
triple-labeling and for neuronal counting). The cells plated on the
precoated chamber slides were fixed in 4% paraformaldehyde for
30 min, followed by permeabilization with 0.3% Triton X-100 for 5
min, and stained by immunofluorescence with the following
primary antibodies: mouse anti-tubulin g II (1:200; Chemicon,
Temecula, CA), mouse anti-MAP2 (1:500; Chemicon), mouse anti-
nestin (1:200; Chemicon), rabbit anti-GFAP (1:400; Dako, Carpin-
teria, CA), and mouse anti-04 (1:20, Chemicon). Primary antibodies
were visualized with Cy3- (red), AMCA- (blue), and FITC- (green)
conjugated secondary antibodies (Jackson Immuno-Research,
West Grove, PA). 4,6-Diamidino-2-phenylindole (DAPI} was used
as a fluorescent nuclear counterstain. Stained cultures were
examined and photographed by fluorescence microscopy (Leica,
Nussloch, Germany).

4.3. Statistical analysis
Statistical analyses were carried out using ANOVA or Student’s t

test. A P value <0.05 was considered significant.
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Costello syndrome is a rare condition comprising mental
retardation, distinctive facial appearance, cardiovascular
abnormalities (typically pulmonic stenosis, hypertrophic
cardiomyopathy, and/or atrial tachycardia), tumor predis-
position, and skin and musculoskeletal abnormalities.
Recently mutations in HRAS were identified in 12 Japanese
and Italian patients with clinical information available on 7 of
the Japanese patients. To expand the molecular delineation
of Costello syndrome, we performed mutation analysis in 34
North American and 6 European (total 40) patients with
Costello syndrome, and detected missense mutations in
HRAS in 33 (82.5%) patients. All mutations affected either

INTRODUCTION

Costello syndrome (OMIM #218040) is a rare dis-
order with a distinctive prenatal phenotype (poly-
hydramnios, overgrowth, edema), postnatal feeding
difficulties and failure to thrive, characteristic facial
appearance, abnormalities of the heart, skin and
musculoskeletal system, and tumor predisposition
[reviewed by Hennekam, 2003; Gripp, 2005; Lin et al.,
2005]. The risk of neoplasia (approximately 10—15%)
[Gripp et al., 2002] influences clinical care, morbidity,
and mortality. While the papillomata, which develop
throughout childhood in the peri-oral and/or peri-
anal region are the most common benign tumors, the
most common malignancy is rhabdomyosarcoma
(RMS), typically with embryonal histologic findings
[reviewed by Gripp, 2005). Less common are neuro-
blastoma, ganglioneuroblastoma, and transitional
cell carcinoma of the bladder [Gripp, 2005].

codon 12 or 13 of the protein product, with G128 occurring
in 30 (90.9%) patients of the mutation-positive cases. In two
patients, we found a mutation resulting in an alanine
substitution in position 12 (G124), and in one patient, we
detected a novel mutation (G13C). Five different HRAS
mutations have now been reported in Costello syndrome,
however genotype—phenotype correlation remains incom-
plete. © 2005 Wiley-Liss, Inc.

Key words: bladder cancer; gain-of-function; HRAS; over-
growth syndrome; rhabdomyosarcoma

Costello syndrome shares many phenotypic traits
with cardio-facio-cutaneous (CFC) syndrome
(OMIM #115150), and in some children it may
be difficult if not impossible to be certain about the
diagnosis. Although Costello, CFC, and Noonan
syndrome (OMIM #163950) all share the familiar
cardiac phenotype of pulmonic stenosis and/or
hypertrophic cardiomyopathy [summarized in Table
VII, Lin et al., 2002], the facial appearance and overall
phenotype of Noonan syndrome is much less similar
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to Costello syndrome except in the fetal and neonatal
period. Noonan syndrome is caused by missense
mutations in PTPN11, encoding the tyrosine phos-
phatase SHP2, in about 50% of patients [Tartaglia
et al., 2001). These PTPN11 mutations lead to a gain-
of-function of SHP2 with enhanced phosphatase
activity, resulting in increased activation of the
mitogen activated protein kinase (MAPK) pathway.
Aoki et al. [2005] hypothesized that the gene mutated
in Costello syndrome encodes a molecule that
functions upstream or downstream of SHP2 in the
signal pathway. They identified the RAS genes as
potential candidates and subsequently showed that
germline mutations in HRASare the underlying cause
of Costello syndrome. The mutations identified by
Aoki et al. [2005] affect one of two amino acids
(position 12 and 13 of the protein) previously found
to be mutated in malignant tumors.

To increase our understanding of the molecular
definition of Costello syndrome and to provide
clinical correlation, we report the results of mutation
analysis and phenotypic review in 40 North Amer-
ican and European patients.

MATERIAL AND METHODS

Patients

Patients with Costello syndrome were identified at
the 2003 and 2005 International Costello Syndrome
Meetings, through the Costello Syndrome Family
Network and through physician referral. Patients 1-
27 and 29-36 (Table I) were enrolled in a research
study approved by the Institutional Review Board of
the A. I. duPont Hospital for Children (#2003-006).
Clinical information was obtained by self-report by
the families who completed a standardized data
collection form which was updated every 2 years,
when possible, and supplemented by review of
medical records and interview of the families.
Additional patients (Table I, Patients 28, 37-40)
were clinically identified by P.L. and A. G.-M. and
studied under an IRB approved protocol (CEIC-
HULP-2003-PI-362) at the Hospital Universitario La
Paz, Madrid, Spain.

Although a patient may have been diagnosed by a
local geneticist or other professional, the diagnosis of
Costello syndrome was confirmed independently by
K. W.G. and AE. L. based on diagnostic guidelines
[Table 14.1, Lin et al., 2005; Proud et al., 2005).
Emphasis was placed on the characteristic growth
pattern (especially severe feeding problems and
failure to thrive), developmental delay or mental
retardation, skin abnormalities, and distinctive
hands, especially ulnar deviation, and ligamentous
laxity of the fingers. The characteristic craniofacial
appearance (macrocephaly, high forehead, unusu-
ally curly hair, hypertelorism, fleshy nasal tip, full
lips, wide mouth, full cheeks, and fleshy ear lobes)

was the most discriminatory and created the most
discussion and doubit in diagnosis when atypical. In
this series of well-scrutinized patients, all patients
had many of these facial findings. Cardiac hyper-
trophy included hypertrophic cardiomyopathy
(also known as asymmetric septal hypertrophy and
idiopathic hypertrophic subaortic stenosis), but
excluded mild septal thickening [Lin et al., 2002).
Cardiovascular malformations referred to structural
congenital heart defects, and excluded valve pro-
lapse, regurgitation, dysplasia, or thickening.

Laboratory Techniques

DNA was extracted from blood, saliva, or cell lines
using standard methods. All DNA represents con-
stitutional samples, no tumor samples were analy-
zed. In the patients enrolled in the North American
protocol, genomic DNA was extracted from buccal
cells, blood, or from previously established fibroblast
cultures using the PureGene DNA Isolation Kit
(Gentra Systems, Minneapolis, MN). Genomic DNA
was isolated from saliva samples using the Oragen
purification kit. A discrete 575 bp region of the HRAS
gene containing the first translated exon (Exon 2)
and flanking intronic regions was amplified by poly-
merase chain reaction using these primers: forward-
ATTTGGGTGCGTGGTTGA, reverse-CCTCTAGAG-
GAAGCAGGAGACA. PCR was performed with
150 ng genomic DNA in a 25 pl reaction containing
1x Qiagen Taq Buffer plus Q solution, 3 mM MgCl,,
500 pM each dNTP, 1 uM of each forward and reverse
primers and 0.75 U Taq polymerase (Qiagen,
Valencia, CA). Reactions were run on a Stratagene
robocycler for 30 cycles (30 sec at 94°C, 30 sec at
60°C, and 1 min at 72°C). Genomic fragments
containing the remaining translated exons were
amplified in the presence of Q-solution and an
annealing temperature of 63°C, using primers
previously described [Aoki et al., 2005). Sequencing
was performed in both directions using the ABI
BigDye Terminator Cycle Sequencing Ready Re-
action kit v 3.1, using a 1/4 dilution of the termina-
tor mix, and analyzed on an ABI3130XL Genetic
Analyzer.

The protocol used for the Spanish patients varied
regarding the primer sequences and reaction condi-
tions used. Polymerase chain reaction and sequen-
cing were performed following standard protocols
[Cheng et al., 1994; Williams and Soper, 1995).

We sequenced the entire coding region in all
patients in whom no disease causing mutation was
identified. Parental samples were sequenced as
available, for the amplicon of interest only.

RESULTS

Table 1 presents the clinical and molecular
characteristics of 40 patients (34 North American,
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6 European) with Costello syndrome. There were
22 females (55%). Ages ranged from 2 to 35 years.

We identified heterozygous HRAS mutations in 33
of 40 (82.5%) patients. All mutations occurred de
novo, since none of the 19 sets of analyzed parents
carried the sequence change. The HRAS mutations
were identified in different cell types in two patients
(Table I, Patient 14: buccal cells and lymphocytes;
Patient 18: fibroblasts and lymphocytes) for which
different tissues were available, thus indicating that
these mutations occurred in the parental germline.
Most (30 of 33, 90.9%) of the mutations are 34G > A
nucleotide transitions resulting in the substitution of
a serine for the glycine in position 12 (G12S). We
identified two additional patients with a 35G >C
transversion resulting in an alanine substitution in
position 12 (G12A). A 37G > T mutation seen in one
patient causing a cysteine substitution of amino acid
13 (G13C) has not previously been reported in
Costello syndrome (Table II). Table 1 lists the pre-
sumed disease causing nucleotide changes. Several
novel single nucleotide polymorphisms (SNPs) were
identified in mutation-positive and -negative patients
(data not shown). These SNPs were also present in
parents and control DNAs isolated from unrelated
volunteers and do not appear related to Costello
syndrome.

Table III presents a comparison of the clinical
characteristics between patients with and without
mutations, and between the different mutations.

DISCUSSION

Our results confirm that germline HRAS mutations
cause Costello syndrome in most patients [Aoki et al.,
2005]. All mutations occurred de novo among those
triads tested (slightly over half). The patients’
missense mutations result in amino acid substitutions
of a glycine residue in position 12 or 13 of the protein
product. These particular amino acids are located at
the GTP binding site and mutations at these sites have
previously been shown to cause constitutive activa-
tion of HRAS, in turn causing increased activation of
downstream effectors in signaling pathways control-
ling cell proliferation and differentiation [Oliva et al.,

2004).

Based on a total of 45 (12 Aoki et al., 2005; 33 in this
study) patients with mutations, mutations affecting
HRAS amino acids 12 and 13 seem to define a
mutational hotspot for Costello syndrome. The
phosphate (POy) box of the HRAS GTP binding
domain encoded by amino acid 10-15 in Exon 2
includes several 5-CG-3’ (CpG) sites, which could
account for this mutational hotspot. When these
CpGs are methylated, they become vulnerable to
mutations affecting not only the cytosines of either
DNA strand, but also the neighboring guanines
[Pfeifer, 2000). Spontaneous mutations can occur at
these sites, especially C—T or G— A transitions,
with the G— A mutation resulting in the G12S
change seen in 30 Costello patients reported here,
and 7 previously reported (Table ID).

In contrast, nearly 80% of codon 12 mutations seen
in tumors [Sanger Institute Catalogue of Somatic
Mutations in Cancer, 2005}, involve 2 G — T transver-
sion resulting in amino acid changes G12V or G12C
(Table II). The frequency of these mutations is in-
creased in response to mutagens acting on methy-
lated CpG and are very common in many tumor
tissues, indicating a high oncogenic potential result-
ing from the constitutive activation of the protein
product. As pointed out by Aoki et al. [2005), the
HRAS mutation spectrum seen in Costello syndrome
differs both qualitatively and quantitatively from
the mutation spectrum seen in tumors. The lack
of mutations affecting codons other than those in
malignancies suggests that there are a limited
number of codons in which missense mutations can
lead to constitutive activation of the protein product.

Heterozygous missense mutations causing consti-
tutive activation of the protein product often occur in
the paternal germline, as suggested by Penrose [1955)
who proposed that mitotic replications errors accu-
mulate in male germ cells. Supporting this hypothesis
are the findings in Apert syndrome, achondroplasia
and Muenke syndrome, due to missense mutations
in FGFR2 and FGFR3, respectively, with exclusive
paternal origin of new mutations resulting in con-
stitutive activation or increased ligand binding of the
protein product [Moloney et al., 1996; Rannan-Eliya
et al., 2004]. The paternal age effect observed in
Costello syndrome [Lurie, 1994), in combination with

TABLE II. HRAS Mutations in Paticnts With Costello Syndrome and in Tumor Samples

Amino acid change Nudeotide substitution Aokictal.{2005] This report Total (%) Frequency in tumors®

G128 34G—A 7 30 37 (82.2%) 6.5%

GI12A 35G—=C 2 2 4(8.8%) 0.4%

G13D . 38G —A 2 — 2(44% 4.4%

G12v" 35GC—TT; 1 - 1(2.2%) 44.2%
35G—~T

G13C 37G—-T —_ 1 1(2.2%) 0.6%

“Frequency in tumors was caleulated based on 477 11RAS missense mutation positive tumor samples on the Sanger Institute Catalogue of Somatic Mutations in Cancer
(2005]. Percentages in the tumors do not add up to 100 because only the amino acid changes seen in Costello syndrome arc listed.
™he G12V mutationsis typically duc toa G to I’ transversion at position 35 in tumors; however, in the Costello paticent, a double mutation occurmed resulting in the same

predicted amino acid change.
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TABLE ITI. Clinical Characteristics and HRAS Mutation Status in Patients With Costello Syndrome: Combined Series

HRAS mutation present

No mutation Total 40° G128 33 Gl12A 3 G13D 2 Glz2v1 Gl3C1
Clinical charaaeristic 7 (7,0) pts (33,7) pts (30,3) pts (2,1) pts 0,2) pts O, pt (1,0) pt
Failure to thrive 6/7 (86%) 40/40(100%) 33/33(10096) G13D2(0,2)pts GI12Vv1(0Dpt G13C1(Q,0pt  1/1 (10090
Polyhydramnios 4/7 (57%) 29/33 (87%) 27/30 (90%) 1/2 (50%) N/A N/A 1/1 (100%)
Hypotonia 7/7A00%)  24/33(72%)  22/30 (73%) 1/2 (50%) N/A N/A 1/1 (100%)
Ulnar deviation 4/7 (57%) 25/33(75%)  24/30 (80%) 1/2 (50%) N/A N/A 0/1 (0%0)
Any cardiac shnomuality  5/7 (71%) 30/40 (75%)  22/33 (66%) 2/3 (66%) 2/2 (100%) 1/1 (100%) 1/1 (1009%)
Cardiac hypertrophy 4/7 (43%) 19/40(47%)  15/33 (45%) 1/3 (33%) 1/2 (50%) 1/1 (100%) 1/1 (100%)
Arrhythmia 2/7 (28%) 17/40(42%)  15/33 (45%) 1/3 (33%) 1/2 (50%) 0/1 (0%) 0/1 (0%)
CVM 4/7 (57%) 10/40 (25%) 9/33 (27%) 0/3 (0%) 1/2 (50%) 0/1 (0%) 0/1 (0%)
Papillomata 0/7 (0%) 19/40(47%)  16/33 (48%) 2/3 (66%) 1/2 (50%) 0/1 (0%) 0/1 (0%)
GH deficiency 0/7 (0%) 15/33 (45%) 14/30 (46%) 1/2 (50%) N/A N/A 0/1 (0%)
Nystagmus 3/7 (43%) 14/33(42%)  13/30 (43%) 1/2 (50%) N/A N/A 0/1 (0%)
Tumor 0/7 (0%) 6/40 (15%)  4/33 (12%) 2/3 (66%) 0/2 (0%) 0/1 (0%) 0/1 (0%)
CNS abnormality 4/7 (57%) 9/33 (27%)  8/30 (27%) 1/2 (50%) N/A N/A 1/1 (100%)
Figures arc rounded.

CNS, central nervous system abnormality; CVM, cardiovascular malformation; GH, growth hormone.

“paticnt total includes the 33 new patients listed on ‘Iable Lin this report, and the 7 Japanese patients listed on the supplementary “I'able t (online version) of Aoki ctal.
[2005}); no information was available on the five Italian patients from that series. Patients are listed asthe total, followed in parentheses by the numbcrin the present serics
and Japanese patients. There was no information on polyhydramnios, growth hormone deficiency, hypotonia, nystagmus, and ulnar deviation was provided by Acki
et al. [2005), and thus, denominators reflect the number of informative patients.

the nature of the missense mutations, suggests a
paternal origin of the mutations. In this context, the
loss of heterozygosity (LOH) of 11p15.5 in tumor
tissue from Costello syndrome cases is of particular
interest. Kerr et al. [2003] analyzed five embryonal
RMS from Costello syndrome patients and showed
loss of heterozygosity for 11p15.5 in all samples, with
retention of the paternal allele confirmed in two
cases. This finding may be consistent with the
monoallelic expression of the mutated allele in the
ganglioneuroblastoma described by Aoki et al.
[2005). It remains to be seen if LOH for HRAS is a
consistent finding in all tumors in Costello syndrome,
or if it is typical only for embryonal tumors as
reported by Kerr et al. [2003) and Aoki et al. [2005].
While the constitutional HRAS mutation in Costello
patients represents the first step in tumorigenesis,
the second step may vary with LOH in embryonal
tumors and mutations in additional genes in bladder
cancer and other malignancies of adulthood. Jebar
et al. [2005] reviewed FGFR3 and RAS mutations in
urothelial cell carcinoma and did not identify LOH,
rather they reported mutually exclusive sequence
changes in the genes whose protein products share
the MAPK pathway as common effector.

The lack of mutations in seven patients led us to
review their respective clinical presentation in detail.
All patients except Patients 34 and 36 enrolled under
the North American study were thought to have the
typical facial changes of Costello syndrome. Upon
review of facial photographs of the patients enrolled
under the Spanish protocol, only Patient 28 had the
completely characteristic facial appearance of Cost-
ello syndrome, and Patients 37—40 had facial findings
consistent with either Costello or CFC syndrome. At
this time, we cannot be certain that the lack of an
identifiable HRAS mutation excludes the diagnosis

of Costello syndrome. The possibility that these
patients do not have Costello, but possibly CFC syn-
drome needs to be considered. If this was confirmed,
the phenotype of CFC syndrome would include
elevated catecholamine metabolite levels and car-
diac arrhythmia.

It is noteworthy that we identified HRAS mutations
in Patients 11, 29, and 30, who each had a malig-
nancy, and Patient 16, who reportedly had a benign
bladder tumor. Patient 30 developed a transitional
cell carcinoma of the bladder [Gripp et al., 2000], she
carries a mutation predicted to result in a2 G12A
amino acid substitution. This mutation is found in
less than 1% of malignancies with an HRAS mutation
(Table I, specifically in one chondrosarcoma and
one papillary thyroid carcinoma [Sanger Institute
Catalogue of Somatic Mutations in Cancer, 2005]. In
contrast, the G128 change present in Patients 11 and
29 with RMS represents the most common mutation
in Costello syndrome and occurs in a variety of
malignancies including soft tissue and synovial
sarcoma and carcinoma of the gastro-intestinal and
urinary tract [Sanger Institute Catalogue of Somatic
Mutations in Cancer, 2005). This mutation was seen in
a Japanese patient with rhabdomyosarcoma [Aoki
et al., 2005). We identified one novel CS mutation,
resulting in a cysteine substitution of amino acid 13
(Table I, Patient 33). This particular mutation is
relatively rare in malignancies, but has been identi-
fied in three bladder cancer samples [Visvanathan
et al., 1988; Levesque et al., 1993). While it may be
tempting to speculate on the oncogenic potential of
the different mutations, we need more data to
evaluate if the cancer risk varies by mutation.

Most of our patients and those reported by Aoki
etal. [2005]) share a common mutation (Table ID). Rare
phenotypic findings in these patients, for example
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the long QT syndrome in Patient 22, may be coinci-
dental, or caused by the mutation with a low in-
cidence or in combination with modifying factors. A
correlation between the cardiac abnormalities and
the specific mutations is also hampered by the fact
that we have few patients with mutations other than
G12S. Of the three patients with mutations other than
G128, one each had left ventricular hypertrophy and
tachycardia. While none had pulmonic stenosis or
other structural anomalies, these numbers are too
small to draw conclusions. Of note are the cardiac
anomalies seen in some of the HRAS mutation-
negative patients: Three had hypertrophic cardio-
myopathy, two showed tachyarrhythmia, and four
had pulmonic stenosis. Concerning the short stature
seen in almost all Costello patients, Patient 33, the
only person reported to date with the G13C muta-
tion, is noteworthy. He is the tallest mutation-positive
patient who never received growth hormone, and at
age 12 years, he has not developed papillomata. This
may suggest that G13C causes a slightly less severe
phenotype.

The identification of HRAS mutations as the under-
lying cause for Costello syndrome is very helpful in
respect to the ability to confirm a clinical diagnosis
of Costello syndrome. Based on the data available
today, a HRAS missense mutation leading to con-
stitutive activation of the protein, in combination
with consistent clinical findings, is likely diagnostic
of Costello syndrome. In contrast, we cannot be
certain that the lack of such a mutation precludes a
diagnosis of Costello syndrome. It is too early to
revise recommendations for clinical care based on
the mutation status, but we hopeto collect additional
data in order to achieve this goal. Lastly, one may
speculate that the identification of these mutations in
Costello syndrome in combination with the knowl-
edge from cancer research on HRAS and the MAPK
pathway will allow for the use of medications
directed at this pathway.
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Direct Correlation Between Ischemic Injury and
Extracellular Glycine Concentration in Mice With
Genetically Altered Activities of the Glycine Cleavage
Multienzyme System

Masaya Oda, MD; Shigeo Kure, MD; Taku Sugawara, MD; Suguru Yamaguchi, MD;
Kanako Kojima, MD; Toshikatsu Shinka, MD; Kenichi Sato, MD; Ayumi Narisawa, MD;
Yoko Aoki, MD; Yoichi Matsubara, MD; Tomoya Omae, MD;

Kazuo Mizoi, MD; Hiroyuki Kinouchi, MD

Background and Purpose—Ischemia elicits the rapid release of various amino acid neurotransmitters. A glutamate surge
activates N-methyl-D-aspartate (NMDA) glutamate receptors, triggering deleterious processes in neurons. Although glycine
is a coagonist of the NMDA receptor, the effect of extracellular glycine concentration on ischemic injury remains
controversial. To approach this issue, we examined ischemic injury in mice with genetically altered activities of the glycine
cleavage multienzyme system (GCS), which plays a fundamental role in maintaining extracellular glycine concentration.

Methods—A mouse line with increased GCS activity (340% of C57BL/6 control mice) was generated by transgenic
expression of glycine decarboxylase, a key GCS component (high-GCS mice). Another mouse line with reduced GCS
activity (29% of controls) was established by transgenic expression of a dominant-negative mutant of glycine
decarboxylase (low-GCS mice). We examined neuronal injury after transient occlusion of the middle cerebral artery in
these mice by measuring extracellular amino acid concentrations in microdialysates.

Results—High-GCS and low-GCS mice had significantly lower and higher basal concentrations of extracellular glycine
than did controls, respectively. In low-GCS mice, the extracellular glycine concentration reached 2-fold of control levels
during ischemia, and infarct volume was significantly increased by 69% with respect to controls. In contrast, high-GCS
mice had a significantly smaller infarct volume (by 21%). No significant difference was observed in extracellular
glutamate concentrations throughout the experiments. An antagonist for the NMDA glycine site, SM-31900, attenuated
infarct size, suggesting that glycine operated via the NMDA receptor.

Conclusions——There is a direct correlation between ischemic injury and extracellular glycine concentration maintained by

the GCS. (Stroke. 2007;38:2157-2164.)

Key Words: animal models m glutamate ® glycine m neuroprotection 8 NMDA glutamate receptor
m reperfusion B transgenic mice

An abnormal increase in extracellular glycine concentra-
tion, together with a rapid elevation of glutamate, is
consistently clicited by ischemia.! The elevation of glutamate
leads to uncontrolled activation of N-methyl-b-aspartate
(NMDA) receptors and intracellular penetration of calcium,
which is followed by production of free radicals, mitochon-
drial dysfunction, DNA injury, and deleterious processes that
finally lead to the demise of surrounding neurons.2 Activation
of NMDA receptors is therefore considered a key process in
the development of ischemic injury. Glycine is an inhibitory
neurotransmitter in the brain stem and spinal cord,? and it also
plays a critical role as a modulator of NMDA receptors.>*

The role of glycine in stroke remains controversial. In acutely
prepared hippocampal slices, excitotoxicity and subsequent
neuronal cell death could be induced by uddition of high
concentrations of glycine.® These toxic effects were, how-
ever, observed only when a millimolar concentration of
glycine was applied, whereas the peak level of extracellular
glycine during ischemia was in the micromolar range.¢ In
contrast, high extracellular glycine failed to potentiate
NMDA-evoked depolarization in vivo.” Glycine protected
neurons from hypoxia-induced toxicity in cortical neuron
cultures.® Recently, several antagonists at the glycine site of
the NMDA receptor have been developed, and their neuro-

Received November 6, 2006; accepted January 22, 2007.

From the Division of Neurosurgery (M.0., T. Sugawura, M., T.0,, K.M., HK.), Department of Neuro and Locomotor Science, Akita University
School of Medicine, Akita; the Department of Medical Genetics (8.K., K.K., T. Shinka, K.S., AN., Y.A,, Y.M.), Tohoku University School of Medicine,
Sendai; and the Depurtment of Neurosurgery (H.K.), Faculty of Medicine, University of Yamanushi, Tamaho, Yamanashi Japan.

Correspondence to Shigeo Kure, MD, Department of Medical Genetics, Tuhoku University Schoul of Medicine, -1 Seiryomachi, Aobaku, 980-8574,

Japan. E-mail skure@ mail.tains.tohoku.ac. jp
@ 2007 American Heart Association, Inc.

Stroke is available at hitp://www.strokeaha.org

DOI: 10.1161/STROKEA HA.106.477026

— 149 —



2158 Stroke July 2007

protective effect was reported in experimental stroke.® Based
on these in vitro effects of glycine and the in vivo effects of
antagonists for the NMDA receptor glycine site, it has been
repeatedly suggested that glycine may contribute to the
development of ischemic injury.'® To the best of our knowl-
edge, however, no direct evidence has been provided for the
in vivo effect of extracellular glycine concentrations on
ischemic injury. It is probably because there is no set of
experimental animals that have distinct concentrations of
extracellular glycine.

Glycine is released from the presynaptic membrane to the
synaptic cleft and then either transferred into presynaptic
neurons or transported into astrocytes through glycine-
specific transporters.’! In astrocytes, the glycine cleavage
system (GCS) degrades glycine efficiently and generates the
concentration gradient between the cytosol and extracellular
space,'-'3 which enables glycine transporters to transfer
glycine from the synaptic cleft into the astrocyte. The
distribution of the GCS is inversely related to local glycine
levels in the brain,!? indicating its importance in determina-
tion of basal glycine concentrations. The GCS is a mitochon-
drial enzyme complex with 4 individual components: glycine
decarboxylase (GLDC), aminomethy! transferase, amino-
methyl carrier protein, and lipoamide dehydrogenase.!
GLDC is a homodimeric enzvme of =200 kDa. An inherited
deficiency of either GLDC or aminomethyl transferase causes
an inbom error of metabolism, glycine encephalopathy (GE),
also called nonketotic hyperglycinemia.'s GE is characterized
by neonatal coma and convulsions associated with the accu-
mulation of large amounts of glycine in cerebrospinal fluid,
providing further evidence that the GCS plays a fundamental
role in maintaining extracellular glycine concentrations in the
central nervous system.

To clarify the role of extracellular glycine in brain ische-
mia, we examined neuronal injury after transient occlusion of
the middle cerebral artery (MCA) in mice with altered GCS
activities by monitoring extracellular amino acid concentra-
tions. Mice with altered GCS activities were generated by
transgenic expression of nommal GLDC or a dominant-
negative mutant of GLDC, which was previously found in a
family with GE'¢ and characterized in this study. These
approaches have enabled us for the first time to elucidate a
direct correlation between extracellular glycine concentra-
tions and ischemic injury.

Materials and Methods

Expression Analysis of GLDC cDNA in

COS7 Cells

We previously identified a 3-base deletion, ¢.2266 to 2268delTTC.
in the GLDC gene in a GE family, which resulted in the deletion of
1 phenylalanine residue at amino acid position 756, delF756.i6 The
mother was a heterozygous carrier of the 3-base deletion and had a
serum glycine level 1.8-hold higher than normal, which is considered
the upper limit of the normal rasge. This observation prompted us to
test whether the delF756 mutation had a dominant-negative effect. A
3.7-kb DNA fragment encoding human GI.DC cDNA was subcloned
into a pCAG vector (P-wild) for expression analysis (Figure 1A).
The pCAG vector was kindly provided by Prof Jun-ichi Miyazaki of
Osaka University (Osaka, Japar).!” Mutant GLDC cDNA with the
deiF756 mutation was also subcloned into pCAG (P-delF756). The
pCAG vector containing B-galactosidase cDNA was prepared as a

negative control. Plasmid DNAs of the pCAG vector, P-wild,
P-delF756, and B-galactosidase were purified with a plasmid puri-
fication midi kit (Qiagen GmbH, Hilden, Germany). Preparation of
COS?7 cells, transfectior: with lipofectamire (Invitrogen Corp, Carls-
bad, Calif), cell harvest, and assay of GLDC enzymatic activity were
performed as described.!®

Generation of Transgenic Mouse Lines

P-wild and P-delF756 plasmids were digested with Sa/l, and a 5.4-kb
DNA fragment was recovered (Figure 1A). After purification of the
DNA fragments, they were injected into fertilized eggs of BDF1
mice for generation of transgenic mice. Genomic DNA was purified
from mouse tails with use of a DNeasy tissue kit (Qiagen), and a
201-bp DNA fragment of the CAG promoter region was amplified
by polyinerase chain reaction with a pair of primers, RBGP-1 and -2,
for identification of the transgene. Nucleotide sequences of the
primers were as follows: for RBGP-1, 5'-GCCCCTTGAGCATCTG
ACTTCTGG-3' and for RBGP-2, 5'-GACCTCTTTATAGCCACCTT
TG-3'. We mated the founder mice with C57BL/6 strain mice 10 obtain
F, mice and screened for cerebral glycine concentration. Transgenic
mice of 2 selected lines, high-GCS and low-GCS tnice, were back-
crossed with C57BL/6 mice 10 timmes and used for the foliowing studies.

Enzymatic Analysis of GLDC and GCS Activity
GLDC enzymatic activity was determined by an exchange reaction
between CO, and glycine with NaH['*C]JO, as described.'s GCS
activity was measured by a decarboxylation reaction with
[1-*Clglycine as described.’3

Regional Cerebral Blood Flow Measurement
Regional cerebral blood flow was measured by the laser-Doppler
flowmeter method with a Laserflo BPM2 (Vasamedics, St. Paul,
Minn). The flowprobe (0.5-mm diameter) was placed on the cranial
bone above the MCA territory (0.5 mm posterior and 4 mm lateral
from the bregma) and away from large surface vessels. Steady-state
baseline values were recorded before MCA occlusion, and blood
flow data were then expressed as percentages of preocclusion
baseline. No significant difference in the percent change in cerebral
blood flow values was detected during and after ischemia (supple-
mental Figure [, available online at http://stroke.ahajournals.org).

Induction of Focal Cerebral Ischemia

Males of high-GCS, low-GCS, and control C57BL/6 mouse lines
weighing 25 to 30 g were used for the ischemia study. Anesthesia
was induced with 2% halothane in a closed chamber and maintained
with 1.0% to 1.5% halothane in 30% O, and 70% N,O delivered via
facemask. Rectal temperature was monitored and maintained at
37%0.5°C with a thermal blanket throughout the surgical procedure.
Focal cerebral ischemia was induced by MCA occlusion by the
intraluminal suture technique.’®* A 5-0 nylon monofilament suture
with a round tip was inserted into the internal carotid artery
11£0.5 mm from the bifurcation of the common carotid artery until
the laser-Doppler flowmeter signal abruptly dropped. After 60
minutes of MCA occlusion, the nylon suture was removed and blood
flow restoration was confirmed by the laser-Doppler flowmeter
signal. Mice in which the laser-Doppler flowmeter signal during
ischemia exceeded 10% of the preischemic signal were excluded
from this study. All experiments and surgical procedures were
approved by the Akita University Acimal Care and Use Committee.

In Vivo Microdialysis

Twenty-four hours before MCA occlusion, vertical microdialysis
probes (0.22-mm outer diameter, 2-mm membrane length; Eicom
Corp, Tokyo, Japan) were stereotaxically implanted in the left
striatum of mice under anesthesia. The probe was coordinately
implanted at 0.6 mm anterior and 2.0 mm lateral to the bregma and
2 mm ventral from the brain surface, according to the 1997 atlas of
Fraoklin and Paxinos. The external portions of the probes were fixed
to the skufl with dental cemert. Throughout ischemia, dialysis probes
were perfused with Ringer’s solution (147 mmol/l. NaCl,
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Figure 1. Expression analysis of GLDC c¢DNA in COS?7 celis. A, Construct of expression vectors. Normal human GLDC ¢DNA (==3.7 kb}
was inserted into the Xho! site of the pCAG plasmid (P-wild). A mutant GLDC cDNA with the 3-base deletion, ¢.2266 to 2268delTTC,
was similarly inserted into the pCAG plasmid (P-delF756). B, Coexpression study of P-wild and P-deiF 756 expression piasmids in
COS87 cells. One microgram of P-wild plasmid, together with various other plasmids, was transfected into COS7 cells. The GLDC activity of
COS7 cells transfected with 1 g P-wild plasmid and 1 ug pCAG plasmid was defined as 100%, and relative GLDC activity (%) is shown.
Note that less GLDC activity was observed when more P-delF756 plasmid was transfected with the fixed amount of P-wild plasmid.

2.3 mmol/L CaCl,, 4.0 mmol/L KCl; pH 7.0) at a rate of 2 uL/min.
The microdialysate (20 uL) was collected every 10 minutes. After a
stabilization period of 1 hour, the samples were collected from |
hour before MCA occlusion to 2 hours after MCA occlusion. Amino
acid concentrations in the samples were measured by high-
performance liquid chromatography (Eicom Corp).

Administration of SM-31900

An inhibitor of the glycine binding site of the NMDA receptor,
SM-31900 (Sumitomo Pharmaceuticals Co Ltd, Osaka, Japan), was
dissolved in physiological saline, which was then adjusted to pH
8.5.1 The animals subjected to MCA occlusion were randomly
assigned to vehicle or SM-31900 treatment groups. Vehicle or
SM-31900 (10 mg/kg IV) was administered twice at 30 and 10
minutes betore MCA occlusion.

Measurement of Infarct Size and Infarct Volume

Twenty-four hours after MCA occlusion, the mice were deeply
anesthetized and decapitated. The brain was removed and sectioned
coronally into four 2-mm slices with a mouse brain matrix (Harvard

Apparatus, Cambridge, Mass). The slices then were placed in 2%
2.3,5-triphenyltetrazolium chloride solution at 37°C for 10 minutes and
fixed in a 10% buffered formalin solution. The infarct area, stained
white, was measured with NIH Image analysis software, and infarct
volume was calculated by summing the infarct volumes of sequential
2-mun-thick sections.?0 Infarct volume was measured in different groups
of animals from those used for microdialysis studies because infarct
volume cannot be evaluated after probe insertion for microdialysis.

Statistics

All data were expressed as mean*SD. The statistical differences in
regional cerebral blood flow and amino acid concentrations among and
within the mouse groups were analyzed by a 1-way ANOVA and
Dunnetts's test for multiple comparisons. Significance was accepted
with P<0.05.

Results

Identification of Dominant-Negative GLDC
When 1| pg of plasmid with normal human GLDC cDNA
(P-wild) was expressed in COS7 cells, the specific GLDC
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activity was 9.8+0.8 nmol of glycine formed per milligram
protein per hour, which was defined as 100% GLDC activity
(Figure 1B). Expression of 2 pg of P-wild plasmid resulted in
215.8%£19% GLDC activity. Negligible GLDC activity was
detected in transfection of 1 ug of P-delF756 plasmid.!®
GLDC activity was reduced to 62.1%0.3%, 47.0+£1.9%, and
32.0+1.6% in cotransfection with 1, 2, and 4 ug P-delF756
plasmid together with 1 pg P-wild plasmid, respectively
(Figure 1B). No reduction in GLDC activity was observed
when 1 ug B-galactosidase plasmid was cotransfected. Be-
cause GLDC activity was inhibited in response to amounts of
P-delF756, we concladed that the delF756 mutation had a
dominant-negative effect.

Generation and Biochemical Characterization of
the High-GCS Mouse Line

Normal GLDC c¢DNA and mutant GLDC ¢DNA with the
delF756 mutation were subjected to transgenic expression in
mice under control of the CAG promoter (Figure 1A). A
Sall/Sall fragment (5.4 kb) of P-wild plasmid containing
normal human GLDC ¢DNA was injected into 50 fertilized
eggs. A total of 13 mice were born. One of them turned out
to carry the transgene. It grew pormally and was fertile to
establish a transgenic mouse line. Mice of this line had
significantly lower cerebral glycine concentrations
(0.71+0.06 pmol/g wet tissue) than did wild-type C57BL/6
mice (0.90+0.05) as shown in Figure 2A. The enzymatic
activity of the GCS was determined by a glycine decarbox-
vlation reaction in tissue samples of mouse cerebrum. GCS
activity was 0.48*0.14 nmol of CO, formed per milligram
protein per hour, which was 340% of that of wild-type
CS7BLY/6 mice (0.14+0.03). This transgenic mouse line was
designated high GCS.

Generation and Biochemical Characterization of
the Low-GCS Mouse Line

A Sall/Sall fragment (5.4 kb) of the P-delF756 plasmid
containing mutant human GLDC c¢DNA (Figure 1A) was
injected into 2285 fertilized eggs, and 72 mice were bom. The
transgene was identified in 1S of 72 mice. By 3 months of
age, 5 of 15 founder mice had died of unknown causes. We
observed that 1 of those 5 mice exhibited shivering and loss
of body weight at 3 month of age. Measurement of amino
acid contents in the brain sample from that mouse showed a
marked increase in glycine content, 3.2 nmol/g tissue in the
cortex. We assumed that founder mice with massive glycine
accumulations died at an early age, whereas founder mice
with no or moderate glycine accumulations survived. The
remaining 10 founder mice grew normally and were fertile.
These founder mice were mated with wild-type C57BL/6
mice, and their F, offspring were screened for brain glycine
content. The mouse line with the highest glycine content had
1.36+0.06 pmol glycine per gram of tissue in the cerebral
cortex (Figure 2A). in which glycine content in the striatum
was also significantly high (Figure 2B). GCS activity in the
mouse cerebrum was 0.04*0.01 nmol of CO, formed per
milligram protein per hour, which was 29% of that of control
C57B1/6 mice (0.14x0.03). This mouse line was designated

i >
JJT

£z §§
%g 1.0. %g 1.
. i
. 0. £ o
32 §,§_
[
0. —
witd  Low Migh
‘ 6CS  GCS
c D
A 3 15}
£3 g? C
8 . fa [
% 10 : % 10
:§3 55 -
. sk
$ :
5 :
: -

CWid | Low-: High Wid  Lows High.
GCS GCS S acs

Figure 2. Glycine concentrations in high-GCS, low-GCS, and
control C57BL/6 mice. Glycine contents in homogenate samples
from the cerebral cortex (A) and striatum (B) were measured in
the 3 mouse groups (n=6-8). Extracellular glycine (C) and giu-
tamate (D) concentrations were analyzed by an in vivo microdi-
alysis method. The extracellular glycine concentration was
significantly higher (P<0.01) in low-GCS mice and significantly
lower (P<0.01) in high-GCS mice compared with controls,
whereas the extracellular glutamate concentration was not sig-
nificantly different among the 3 mouse lines. *P<0.05, **P<0.01.

low GCS. Histological examination revealed no abnormality
in either high-GCS or low-GCS mice (data not shown).

Basal Concentrations of Extracellular Amino

Acid Neurotransmitters

Glycine concentrations in microdialysates were 11.7*1.0,
7.3%0.9, and 16.6*+1.0 pmol/20 pL in wild-type CS7TBL/6,
high-GCS, and low-GCS mice, respectively (Figure 2C).
Extracellular glycine concentrations were therefore estimated
as 1.0£0.1, 1.4+0.1, and 0.6%£0.1 pmol/L in wild-type,
low-GCS, and high-GCS mice, respectively, based on the
sampling efficiency of our microdialysis system. Glutamate
concentrations in microdialysates of wild-type CS7BL/6,
high-GCS, and low-GCS mice were 5.0+0.8, 5.4+0.7, and
4.8+ 1.5 pmol/20 pL., respectively (Figure 2D), which corre-
sponded to 0.4*0.1,0.5%0.1, 0.4 *0.1 umol/L, respectively,
in extracellular glutamate concentration. The glycine and
ghitamate concentrations in wild-type mice showed good
agreement with those in a previous report.® The extracellular
concentration of glycine was significantly (P<0.01) higher or
fower in low-GCS or high-GCS mice, respectively, compared
with wild-type mice. No significant difference was observed
among the 3 mouse lines in terms of extracellular concentra-
tions of glutamate, taurine, alanine, or y-aminobutyric acid
(GABA), as shown in Figures 3C through 3E.
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Figure 3. Extracellular concentrations of amino acid neurotransmitters in focal ischemia. A, The glycine concentration was significantly
higher and lower in the low-GCS (n=10) and high-GCS (n=10) group, respectively, compared with controls {n=10). There were no sig-
nificant differences in extraceliular concentrations of glutamate (B), taurine (C), alanine (D), or GABA (E) among the 3 groups. The hori-
zontal bar stands for the MCA occlusion period (60 minutes). Values are mean+SD. *P<0.05, "*P<0.01.

Profiles of Extracellular Amino Acid
Concentrations in MCA Occlusion

The glycine concentrations in all groups increased signifi-
cantly at 20 minutes after MCA occlusion and reached their
peak at 10 minutes after reperfusion (Figure 3A). The peak
concentrations were 63.4+10.0, 36.6+12.0, and 31.5+7.9
pmol/20 pL in low-GCS, CS7BL/6, and high-GCS mice,
respectively. During and after MCA occlusion, glycine con-

centrations were persistently higher in low-GCS mice and
lower in high-GCS mice compared with control mice. The
glutamnate concentrations were clevated in all 3 groups at 20
minutes after MCA occlusion and eventually reached their peak
(247.7%35.9, 241.2+31.0, and 165.41+92.0 pmol/20 pl in
low-GCS, C57BL/6, and high-GCS mice, respectively) at 10
minutes after reperfusion (Figure 3B). No significant difference
in glutamate concentration was observed among the 3 groups
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Figure 4. Evaluation of brain injury after MCA occlusion in low-
GCS, high-GCS, and controt C57BL mice. A 2-mm slice of brain
sample was stained with triphenyltetrazolium chloride for visual-
ization of the infarct region (white). Representative photographs
of each mouse group (n=:10) are shown (A). Infarct area

{in mm?) in each slice was measured {B). C, The infarct volume
(in mm® in low-GCS mice was 69.8% larger than that of control
mice. The infarct volume in high-GCS mice was 46.4% smaller
than that of controls. Values are mean:SD. *P<0.05, *P<0.01.

throughout the experiments. MCA occlusion cansed significant
clevations of extracellular concentrations of taurine, alanine, and
GABA (Figures 3C through 3E). There were no significant
differences in extracellular taurine, alanine, or GABA concen-
trations among 3 mouse groups at each time point.
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Figure 5. Effect of an NMDA receptor glycine site antagonist on
cerebral infarction. Vehicle or SM-31900 (SM; 10 mg/kg V) was
administered twice at 30 and 10 minutes to wild-type C57BL/6
and low-GCS mice before MCA occlusion. A, Coronal brain
slices were prepared from each mouse and then stained with
triphenyltetrazolium chioride. B, Infarct volume was significantly
reduced by SM-31900 administration in the control mice and
more markedly in low-GCS mice. Mean:SD of each mouse
group {n=6) is shown, “P<0.01.

Infarct Size

In C57BL/6 control mice, infarct areas were mainly in the
cortex and striatum (Figure 4A). The infarct areas extended to
the whole MCA territory in low-GCS mice, whereas the areas
were confined to the striatum in high-GCS mice. The infarct
area in low-GCS mice was significantly larger than that of
control mice in all slices, whereas the area of 4- and 6-mm
slices was significantly smaller in high-GCS mice compared
with controls (Figure 4B). As shown in Figure 4C, infarct
volume in fow-GCS mice after MCA occlusion was signifi-
cantly increased by 69%, and that in high-GCS mice was
significantly reduced by 21% compared with wild-type mice
(low-GCS mice, 121.6+19.0 mm®; control C57BL/6 mice,
71.6+29.1 mm?; high-GCS mice, 56.5+7.9 mm’).

Effect of the NMDA Receptor Glycine Site
Antagonist SM-31900 on Infarct Size

Compared with vehicle-treated mice, infarct regions in the
striatum and cortex were smaller in the SM-31900-treated
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group in both low-GCS and control mice (Figure S5A).
Pretreatment with SM-31900 significantly reduced infarct
volume in CS7BL/6 and low-GCS mice by 35% and 42%,
respectively (control CS7BL/6, 46.3 =18.6 mm®; low-GCS
mice, 69.8+24.4 mm’; Figure 5B). Physiological parameters
during ischemic experiment are summarized in supplemental
Table I, available online at hitp://stroke.ahajournals.org.

Discussion

We gencrated 2 transgenic mouse lines with genetically
altered GCS activities, ie, high-GCS and low-GCS mice, and
examined neural injury after MCA occlusion by monitoring
concentrations of extracellular amino acids. Low-GCS mice
had higher extracellular glycine concentrations and larger
infarct volumes than did contro! mice. In sharp contrast,
high-GCS mice had lower extracellular glycine levels and
smaller infarct volumes. In the development of ischemic injury,
a high extracellulac concentration of glutamate is known to be
neurotoxic,>2! whereas GABA plays a neuroprotective role.2 In
our experiments, no significant differences in extracellular glu-
tamate or GABA concentrations were observed among the 3
mouse groups with distinct extracellular glycine concentrations.
These results demonstrated a direct correlation between neuronal
injury and extracellular glycine concentration, which is main-
tained by the GCS.

Glycine plays 2 important roles in the central nervous
system: that of an inhibitory neurotransmitter and that of a
modulator of excitation at the NMDA receptor. The infarct
volume in low-GCS mice was markedly reduced by admin-
istration of an antagonist of the NMDA receptor glycine site.
One possible explanation for this result is that low GCS
activity affected ischemic damage mainly via the NMDA
receptor. Lower GCS activity caused a higher extracellular
glycine concentration, which resulted in overexcitation of
NMDA receptors, leading to more severe ischemic injury. If
SM-31900 had completely blocked the glycine siie of the
NMDA receptor, then infarct volume in SM-31900—treated
wild-type mice would have been similar to that of SM-
31900 —treated, low-GCS mice. However, infarct volume in
SM-31900-treated, low-GCS mice was similar to that of
untreated, wild-type mice (Figure 5), which may suggest
partial blocking of the glycine site by SM-31900 or the
presence of another neuroprotective effect of SM-31900 that
remains unidentified. At this moment, we cannot exclude the
possibility that the altered GCS activity affected neural injury via
inhibitory glycine receptors. Further study is required to under-
stand the mechanisin underlying a direct correlation between
ischemic injury and extracellular glycine concentrations.

It is an old but still open question whether the glycine site
of the NMDA receptor is saturated under physiological
conditions.?32? Glycine is normally present in brain intersti-
tial space at a concentration of 4 pmol/L in the cortex and
1 umol/L in the striatum.525 The NMDA-associated glycine-
binding site is fully saturated at a glycine concentration of
<1 pmol/L, suggesting that the glycine site of the NMDA
receptor should be saturated under physiological conditions.
In line with these results, high extracellular glycine concen-
trations failed to potentiate NMDA-evoked depolarization in
vivo by microdialysis with extracellular field potential record-
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ing.” Many in vivo studies have nevertheless demonstrated
protective effects of NMDA glycine site antagonists.?2' In this
study, we showed that infarct volume was Jarger in mice with
higher extracellular glycine concentrations and that neural injury
was ameliorated by an NMDA glycine site antagonist. Recently,
we found that low-GCS mice had behavioral abnormalities such
as hyperactivity and increased aggression. These phenotypes
resemble the symptoms of patients with a mild form GE, who do
not manifest neonatal seizures or coma but instead have behav-
ioral abnormalities.?6 Thus far, these observations support the
notion that the glycine-binding site of the NMDA receptor is not
functionally saturated under physiological conditions and that
the NMDA receptor could respond (o changes in extracellular
glycine concentrations.

Extracellular glycine reached its highest peak during MCA
occlusion in low-GCS mice compared with controls (Figure
3A). Ischemia-induced acidosis leads to dysfunction of the
glycine transporter, which triggers an efflux of intracellnlar
glycine into the extracellular space.?” The higher peak was
probably due to a higher intracellular glycine content in the
striatum in Jow-GCS mice (Figure 2B). The peak glycine
level in high-GCS mice was not lower than that in controls 50
to 60 minutes after MCA occlusion, which may be explained
by the fact that the glycine content in the striatum did not
significantly differ between high-GCS and wild-type mice
(Figure 2B). The elevated glycine level was normalized more
rapidly in high-GCS mice compared with low-GCS and wild-
type mice (Figure 3). Total glycine release during the first 2
bours after ischemia may affect the extent of ischemic injury
rather than the glycine concentration at each time point.

An antagonist of the glycine site of the NMDA receptor,
SM-31900, ameliorated ischemic injury in high-GCS mice, in
accordance with a previous report that SM-31900 attenuated
neuronal injury in a rat model of focal ischemia.’ A number
of antagonists for the glycine site of the NMDA receptor have
been developed to date.® Clinical trials with some of the
antagonists have been performed, but so far, these have
proven unsuccessful. The infarct size in high-GCS mice
(56.5+7.94 mm®) was comparable to that of SM-31900-
treated, wild-type C57BL/6 mice (46.3*18.6 mm?) as shown
in Figures 4C and 5B, suggesting that the enhancement of
GCS activity has a similar neuroprotective effect. If a small
molecule that enhances GCS activity were to become avail-
able, it could be used as a neuroprotective drug for various
NMDA receptor—related ncurodegenerative disorders. The
low-GCS and high-GCS mouse lines established in the
current study would be valuable tools for studying the effect
of extracellular glycine concentrations in vivo.
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