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Abstract

. The CYP4A fatty acid monooxygenases oxidize endogenous arachidonic acid to 20-hydroxyeicosatetraenoic acid that acts as
a regulator of blood pressure. Among the isoforms of the CYP4A subfamily, the human CYP4A22 was recently identified. In
this study, we report the comprehensive investigation of polymorphisms in the CYP4A22 gene. To investigate genetic variation in
CYP4A22 in 191 Japanese subjects, we used denaturing HPLC (DHPLC) and direct sequencing. Our investigation has enabled the
identification of 13 sequence variations in the CYP4A22 coding region, thereby demonstrating for the first time that this gene is
subject to polymorphism. Two of these sequence variations correspond to silent mutations located in exons 8 (His323His) and 9
(Gly390Gly). Nine of these sequence variations correspond to missense mutations located in exons 1 (Arg11Cys), 3 (Arg126Trmp),
4 (Gly130Ser and Asnl52Tyr), 5 (Val185Phe), 6 (Cys231Arg), 7 (Lys276Thr), 10 (Leu428Pro), and 12 (Leu509Phe). One of
these sequence variations corresponds to nonsense mutations located in exon 9 (Gln368stop). The 13th mutation corresponds to a
nucleotide deletion (G7067del) that causes a frameshift and consequently results in a stop codon 80 nucleotides downstream. In
addition to the wild-type CYP4A22*] allele, 20 variants, namely CYP4A22*2-15, were characterized by haplotype analysis. Based
on these data, we concluded that allelic variants of the human CYP4A22 gene exist and speculated that some of these variants may
be functionally relevant.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cytochrome P450s (CYPs) are heme-binding pro-

* On September 12, 2005, these SNPs detected in this study teins that play an important role in the biotransformation

were not present in dbSNP in the National Center for Biotechnol- of endogenous compounds and the detoxication of xeno-
ogy Information (http://www.ncbi.nlm.nih.gov/SNP/), GeneSNPs at biotics such as drugs and environmental contaminants.
the Utah Genome Center (http://www.genome.utah.edw/genesnps/), The endogenous substrates include numerous substances
or the Human CYP Allele Nomenclature Committce database that are important for the maintenance of cellular home-
(hftpég::::::ﬁ?::;zg:;:l?ﬁ? '22 234 4181 ostasis, such as steroids, retinoids, bile acids, fatty acid,
fax: +81 222752013, ' and eicosanoids (e.g., prostaglandins and leukotrienes).

E-mail address: mizugaki @tohoku-pharm.ac.jp (M. Mizugaki). Currently, 57 active CYP genes and 58 pseudogenes

0027-5107/8 - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/). mrfmmm.2006.02.008
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are known to be present in the human genome (hup:/
drnelson.utmem.edu/CytochromeP450.htmt). CYP en-
zymes that belong to families 1-3 are responsible for
metabolizing clinically used drugs and xenobiotic chem-
icals.

In contrast, the CYP4A gene subfamily codes for a
group of structurally and functionally conserved CYP
hemoproteins that almost exclusively catalyze the w
and o-1 hydroxylation of several saturated and polyun-
saturated fatty acids and eicosanoids [1]. CYP4All, a
major isoform among humans CYP4A, is known to be
expressed in thekidney and metabolizes arachidonic acid
to 19- and 20-hydroxyeicosatetraenoic acid (19- and 20-
HETE) [2,3]. The 20-HETE metabolite can act in either
a prohypertensive or antihypertensive manner depending
on its expression at renovascular or tubular sites, respec-
tively [4-6].

Wide interindividual differences in metabolic capac-
ity have been detected in many CYP enzymes [7]. It has
been found that these phenotypic differences are partly
genetically determined. Gainer et al. [8] have recently
reported that a (8590T > C, Phe434Ser) CYP4A11 vari-
ant produces a protein with a significantly reduced 20-
HETE synthase activity, and in Caucasians the 8590C
allele is associated with an increased prevalence of
hypertension after adjustment for age, gender, and BMI
in both males and females.

Kawashima et al. [9] initially reported the isolation
of a CYP4All-related gene. Two groups recently iden-
tified this to be CYP4A22 that exhibits 95% identity
to the CYP4Al1 on the coding region [10,11]. To our
knowledge, although sequence analysis in the CYP4A22
gene has been carried out, no polymorphism has been
described. In the present study, we systematically inves-
tigated the variants of CYP4A22 in a population sample
that comprised 191 Japanese subjects. For detecting the
genetic variants, we used denaturing HPLC (DHPL.C) to

analyze the protein-coding region of all of the 12 exons.
After the variations were detected, the respective DNAs
were sequenced to identify the alterations. In addition,
cloning methods were used to determine these haplo-

types.
2. Materials and methods
2.1. Subjects and DNA samples

Venous blood was obtained from 191 unrelated healthy
Japanese volunteers and patients admitted to Tohoku Univer-
sity Hospital. Written informed consent was obtained from all
the blood donors, and the study was approved by the Local
Ethics Committee of Tohoku University Hospital and Tohoku
Pharmaceutical University. DNA was isolated from K,EDTA-
anticoagulated peripheral blood by using QIAamp DNA Mini
Kits (Qiagen, Hilden, Germany) in accordance with the man-
ufacturer’s instructions.

2.2. PCR amplification

Table 1 lists the primer pairs used to specifically amplify
CYP4A22 exons. These primers were designed to maximize
the difference between CYP4A22 and CYP4All that were
highly homologous to each other based on the genomic
sequence reported in the NCBI database with accession number
NT032977.7. Amplicons were generated using the AmpliTaq
Gold PCR Master Mix (Applied Biosystems, Foster City, CA,
USA). The thermal profile consisted of denaturation at 95 °C
for 10 min, followed by 3540 cycles of denaturation at 95 °C
for 30 s, annealing at 60 °C for 305, extension at 72 °C for 30s,
and a final extension at 72°C for 7 min. Heteroduplexes were
then generated by means of a thermal cycler as follows: 95 °C
for 1 min; 95 °C, reduced by 1.5 °C per min, for 47 cycles.

2.3. DHPLC analysis

The PCR products were analyzed using the DHPLC sys-
tem, WAVE (Transgenomic Inc., Omaha, NE, USA). Unpu-

Table 1

Amplification and DHPLC conditions for CYP4A22 SNP analysis of genomic DNA

Amplified exon Size (bp) Forward primer (5' > 3') Reverse primer (5' — 3’) DHPLC temperature (°C)
1 334 gacaatcctcccatgacttaagcacaggt tcagagccgcatcectec ’ 63.3

2 392 cctgetgcaaagactagaagt catattgttttaaacattcagtattcag 59.6

3 283 gacagacaccaagaactgatgetgectetg aggggtgagggtettgttagaagagggaaa 58.3

4 314 - tcaccagtcatcectaggtecgtgeagect gagtgtigticcatgtgtctatgtctatgg 61.7

5 465 geatctgetetgtaaagtgaa gtccacctgtgetaggaatt 57.0,61.4
6 256 cacccctactgeggtet agtcagggcaggtactttca 59.6, 61.5
7-9 736 gggcagtigggeageta acgtccecgtggagactitg

7 180 cagctctgectggtaaccattg cttctgggcaaagactcagge 60.7

8 262 gacaagcccetgeactttcacc gaaggcagggaaccccalc 61.2,63.2
9 204 ccttgetggtgticaggatg gtggagacttgggtgagagg 61.4,63.3
10, 11 390 accccatgcaaatgatcggtcttetetete gaccagagacttcectcatttetetattce 60.0

12 283 ' cacgtctcaattcattgtctceg acaggcaggagataggagt 61.7
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rified PCR samples (S uL) were separated on a heated C18
reverse phase column (DNASep) using 0.1 M triethylammo-
nium acetate (TEAA) in water (Solvent A) and 0.1 M TEAA in
25% acetonitrile (Solvent B) at a flow rate of 0.9 mL/min. The
software provided with the instrument selected the tempera-
ture for heteroduplex separation in the heterozygous CYP4A22
fragments. Table 1 summarizes the DHPLC running conditions
for each amplicon. The linear acetonitrile gradient was adjusted
to the retention time of the DNA peak at 4-5 min.

Homozygous nucleotide exchanges can occasionally be
distinguished because of a slight shift in the elution time as
compared with the reference. The addition of an approximately
equal amount of wild-type DNA to the samples (1:1) before the
denaturation step enabled the reliable detection of homozygous
alterations. This was performed routinely for all samples to
identify homozygous sequence variations. Therefore, all sam-
ples were analyzed as follows: first, without mixing with an
equal amount of wild-type DNA to detect heterozygotes, and
then, after mixing each sample with wild-type DNA to detect
homozygous variants. The resultant chromatograms were com-
pared with those of the wild-type DNA.

2.4. Direct sequencing

Both strands of samples with variants as determined by
DHPLC were analyzed using a CEQ8000 automated DNA
sequencer (Beckman-Coulter Inc., Fullerton, CA, USA). We
also sequenced all samples with chromatographic findings that
differed from the wild type to establish links between muta-
tions and specific profiles. We sequenced the PCR products
by the fluorescent dideoxy termination using a DTCS DNA
Sequencing Kit (Beckman-Coulter Inc.) in accordance with
the manufacturer’s instructions.

2.5. Haplotype analysis by cloning

In order to determine the linkage among these polymor-
phisms identified in this study, PCR reactions were used to
amplify long fragments that were obtained from the individuals
who were heterozygous for both the single nucleotide polymor-
phisms (SNPs). The fragment was run on a gel, the gel purified,
and ligated to a pCR-2.1-TOPO vector or a pCR-XL-TOPO
vector (Iovitrogen Co., CA, USA). The ligation reaction was
transfected into Escherichia coli strain TOP10 (Invitrogen Co.,
CA, USA), and single colonies (each containing a plasmid with
only one of the two alleles) were grown and subjected to plas-
mid isolation and sequencing by using a CEQ8000 automated
DNA sequencer.

3. Results
3.1. DHPLC and sequence analysis

The DHPLC analysis of the CYP4A22 gene (12

exons) in 191 DNA samples obtained from Japanese

Table 2
Frequencies of the human CYP4A22 gene polymorphisms in 191
Japanese subjects

Locus Position  Relative to the ~ Amino Frequency
translation acid in Japanese
initiation site change subjects

(n=191)

343 Exonl 31C>T ArgliCys  0.050
4436  Exon3  4124C>T Argl26Trp  0.555
4940  Exond4  4628G>A Glyl30Ser  0.529
5006 Exond  4694A>T AsnlS2Tyr 0997
6138  ExonS  S$826G>T Vall85Phe  0.526
6644  Exon6 6332T>C Cy231Arg 0974
7220  Exon7  6908A>C Lys276Thr 0257
7379  Exon8  7067G del 0.055
7448  Exon8  7136C>T His323His  0.380
7677  Exon9  7365C>T Gln368stop  0.003
7745  Exon9  7433A>C Gly390Gly 0223
8753  Exonl0 8441T>C Leud28Pro 0552

11589  Exonl2 11277C>T LeuS09Phe  0.298

individuals revealed chromatographic profiles that were
distinct from the wild type in exons 1, 3-10, and
12. Representative DHPLC elution profiles are shown
in Fig. 1. Direct sequencing analysis of the deviant
DNAs detected by DHPLC revealed a total of 13
different polymorphisms in the exons (11 nonsyn-
onymous and 2 synonymous SNPs). The locations
and frequencies of these polymorphisms are described
in Table 2. Among the polymorphisms identified in
CYP4A22, two of these sequence variations correspond
to silent mutations located in exons 8 (His323His)
and 9 (Gly390Gly). Nine of these sequence vari-
ations correspond to .missense mutations located in
exons 1 (ArgllCys), 3 (Argl26Trmp), 4 (Glyl130Ser
and Asn152Tyr), 5 (Vall85Phe), 6 (Cys231Arg), 7
(Lys276Thr), 10 (Leu428Pro), and 12 (LeuS09Phe).
One of these sequence variations corresponds to non-
sense mutations located in exon 9 (GIn368stop). The
13th mutation corresponds to a nucleotide deletion
(G9630del) that causes a frameshift and consequently
results in a stop codon 80 nucleotides downstream.
Exons 2 and 11 were devoid of polymorphic sites. Fur-
thermore, we did not observe any variants affecting the
exon—intron splice site recognition sequences, or any
variants that would create new putative splice sites near
the exon—intron boundaries.

3.2. Haplotype analysis

Based on the concomitant occurrence of the poly-
morphisms among the individuals studied and the link-
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Fig. 1. DHPLC elution profiles that were previously within the coding region. WT, wild-type homozygote. MT, mutant-type homozygote.

age analysis by cloning, the different SNPs can be
deduced to comprise 21 haplotypes, as described in
Fig. 2. A genomic reference sequence with the acces-
sion number NT032977.7 was defined as the wild-type
allele CYP4A22*]. The other alleles were named accord-

ing to the recommendations of the CYP allele nomen-
clature committee (http://www.immki.se/CYPalleles/).
These allelic variants (CYP4A22*2—-*15) discovered in
this study have been submitted to the CYP alleles web
page.
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Fig. 2. Allelic variants of the human CYP4A22 gene. Schematic representation of “wild-type” allele for CYP4A22 (CYP4A22*]) and 20 variant
alleles. The numbering is based on the first nucleotide of the initiation codon that is represented as 1. CYP4A22* alleles were named in accordance
with the established nomenclature for the P450 alleles (http://www.imm ki.se/CYPalleles/).

Table 3

Frequencies of the human CYP4A22 alleles in 191 Japanese subjects
Allele n % 95% CI

*] 1 0.26 0.00-0.77
*2 1 0.26 0.00-0.77
*3A 9 2.36 0.84-3.88
*3B 9 2.36 0.84--3.88
*3C 1 0.26 0.00-0.77
*3D 1 0.26 0.00-0.77
*3E 1 0.26 0.00-0.77
*4 4 1.05 0.03-2.07
*5 139 36.39 31.56-41.21
*6 1 0.26 0.00-0.77
*7 1 0.26 0.00-0.77
*8 1 0.26 0.00-0.77
*9 12 3.14 1.39-4.89
*10 2 0.52 0.00-1.25
*11 3 0.79 0.00-1.67
*]2A 5 1.31 0.17-2.45
*|2B 83 21.73 17.59-25.86
*I3A 8 2.09 0.66-3.53
*13B 4 1.05 0.03-2.07
*14 2 0.52 0.00-1.25
*15 94 24.61 20.29-28.93
Total 382 100

3.3. Allele and genotype frequencies

The frequencies of the alleles and genotypes dis-
covered are listed in Tables 3 and 4, respectively.
CYP4A22*5 was the most common of the alleles. It
occurred at a frequency of 36.39% in our study popula-
tion (Table 3). The frequencies of the various genotypes
observed in our Japanese study population followed
those predicted by the Hardy—Weinberg law (Table 4).
With the exception of the CYP4A22*3B/*]2B genotype,
these results were in good agreement with the expected
genotype distributions that were calculated using the
Hardy-Weinberg equation.

4. Discussion

In this study, we performed a comprehensive inves-
tigation of genetic variation in CYP4A22. In order to
screen for sequence variations in the coding region of this
gene, we developed a PCR-DHPLC assay that allows the
molecular analysis of each exon of the gene. This is the
first study to characterize the CYP4A22 alleles and name
them according to the recommended CYP allele nomen-
clature. Nine of the 13 SNPs detected in CYP4A22 result
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Table 4
Distributions of the human CYP4A22 genotypes in 191 Japanese
subjects

CYP4A22 genotype Observed Expected (%)
n % 95% CI

*]/%15 1 0.52  0.00-1.55 0.13
*2/%5 1 0.52  0.00-1.55 0.19
*3A/%S 8 419  1.35-7.03 1.72
*3A/*12B 1 . 052 0.00-155 1.03
*3B/*12B 9 471 1.71-1.72 1.03
*3C/I*8 1 0.52  0.00-1.55 0.001
*3D/*5 1 0.52  0.00-1.55 0.19
*3E/%]5 1 0.52  0.00-1.55 0.13
*4/*1] 3 1.57  0.00-3.33 0.02
*4/*12B i 0.52  0.00-155 0.46
*5/%5 26 1361 8.75-1848 13.24
*5/%9 5 262 0.35-488 2.29
*5/%12A 1 0.52  0.00-1.55 0.95
*5/*12B 26 1361 8.75-1848 1582
*5/%]3A 8 419  1.35-7.03 1.52
*5/%|3B 1 0.52  0.00-1.55 0.76
*5/%]5 36 1885 13.30-2440 1791
*6/%14 1 052  0.00-1.55 0.003
*7/%15 1 0.52  0.00-1.55 0.130
*9/*12A 1 0.52  0.00-1.55 0.08
*9/*]2B 2 1.05  0.00-2.49 1.36
*9/*]5 4 209 0.064.13 1.55
*10/*10 1 052  0.00-1.55 0.003
*]2A/*12B 2 1.05  0.00-249 057
*J2A/*15 1 0.52  0.00-1.55 0.64
*]2BI*12B 10 524 2.08-840 472
*12B/*13B 1 0.52  0.00-1.55 0.46
*]2B/*15 21 1099  6.56-1543 10.70
*]3B/*13B 1 0.52  0.00-1.55 0.01
*]4/%15 1 0.52  0.00-1.55 0.26
*]5/%15 14 733  363-11.03 6.06
Total 191  100.0

in amino acid substitution. The alleles carrying these
alterations were named CYP4A22*2-*]5.

The rapid and high-throughput discovery of SNPs in
genes associated with drug metabolism such as CYP
enzymes is of increasing interest to pharmacogeneti-
cists. Various methods have been developed to detect
SNPs. Compared with single-strand conformation poly-
morphism analysis and other methods, DHPLC presents
the advantages of high sensitivity, speed, and automa-
tion in searching for unknown SNPs. The procedure
detects both missense and nonsense mutations. Sequenc-
ing offers the highestreliability for SNP discovery but the
procedure is time-consuming and expensive. The cost of
DHPLC is at least eight-fold lower than that for sequenc-
ing. The technology is well suited to detecting unknown
SNPs in the genes for other drug metabolizing enzymes
{12-14). Based on DHPLC analysis of the PCR prod-

ucts, we developed a simple, rapid, and efficient strategy
to analyze the CYP4A22 gene sequence. This method
involves the specific amplification of the 12 exons of
the gene. The PCR-DHPLC procedure was applied
to genomic DNA obtained from 191 individuals of
Japanese origin. Under optimal experimental conditions,
we observed clear differences in the elution profiles
when a PCR product contained a variant allele. However,
despite taking many precautions, some polymorphisms
might have not been detected under these conditions.

Our investigation has enabled the identification of
13 mutations present in the CYP4A22 coding region,
demonstrating for the first time that this gene is subject to
polymorphism. In particular, the variant corresponds to a
nucleotide deletion (G7067del) that causes a frameshift
and consequently results in a stop codon 80 nucleotides
downstream. This mutation is likely to be responsible
for the synthesis of a truncated protein that is 140 amino
acids shorter than the wild-type protein. We can assume
that at least the allele carrying G7067del encodes an
inactive protein and contributes to the interindividual
variability of the CYP4A22 enzymatic activity.

In this study, the sequence designated in NCBI as
a genome reference sequence with the accession num-
ber NT032977.7 was defined as the wild-type allele
CYP4A22*]. However, the allele has been detected in
only one sample of Japanese subjects used in this study.
The CYP4A22*] allele is very rare in the Japanese
population. In contrast, the most common allele was

‘CYP4A22*5. It occurred at a frequency of 36.39% in our

study population. Further studies are required to confirm
the structures of haplotypes in other populations.

The CYP4A22 cDNA was initially cloned from
the human BAC library by Kawashima et al. [9] The
CYP4A22 and CYP4All genes shared 95% sequence
identity and have similar intron/exon sizes and distri-
bution. However, the CYP4A22 mRNA is expressed at
significantly lower levels than the CYP4A11 mRNA in
the human liver and kidney samples {10]. Furthermore, .
Gainer et al. [8] found that CYP4A22 that can only be
detected at the mRNA level does not encode a functional
protein; this is because of the substitution of the glycine
at position 130, which is conserved among all CYP4A
isoforms, by serine. In this study, we found several alle-
les carrying the serine at position 130 in the CYP4A22
alleles (CYP4A22%4, *10, *12A, *12B, *13A, *13B, *14,
and *15). The enzyme proteins that were generated from
these alleles might not have the catalytic activity toward
arachidonic acid. Further studies are required to confirm
the function of the CYP4A22 variant enzymes.

Recent studies have shown that CYP4A subfamilies
metabolize endogenous compounds, such as arachidonic
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acid and that these metabolites are associated with hyper-
tension, thereby indicating interesting biological func-
tions for these enzymes [15-17]. It has been reported
thata coding variant (§590T > C) of the human CYP4A 11
gene that results in a CYP4A11 protein with reduced
enzymatic activity has a greater prevalence in hyperten-
sive Caucasians than in normotensive Caucasians [8]. If
human CYP4A22 is also involved in the metabolism of
arachidonic acid, the sequence variation that we identi-
fiedin the CYP4A22 gene might have a significantimpact
on the regulation of blood pressure.

In summary, this comprehensive investigation of
polymorphisms of the coding region of the CYP4A22
gene identified 20 variant CYP4A22 alleles
(CYP4A22*%2-*]5). In vitwo analysis of recombi-
nant mutated cDNAs, as well as phenotyping studies,
will help in determining the functions of the variants
identified.
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To report two unrelated patients with a new phenotype of
nonketotic hyperglycinemia associated with idiopathic pul-
monary hypertension. Clinical findings included rapidly pro-
gressive neurological deterioration with onset in the first year
of life characterized by developmental regression without sei-
zures or electroencephalogram abnormalities during follow-
up. Both patients died before the age of 18 months. Glycine
cleavage system deficiency was confirmed by enzymatic stud-
ies in frozen liver. Molecular analysis in the related genes
showed no pathogenic mutation. Radiological and patholog-
ical findings were consistent with progressive vacuolating en-
cephalopathy. Our patients with biochemical and enzymatic
parameters consistent with atypical nonketotic hyperglycin-
emia. The clinical and radiological evolution, as progressive
vacuolating leukoencephalopathy and the association with
pulmonary hypertension constitute a previously unrecognized
variant.

Ann Neurol 2006;60:148-152

Nonketotic hyperglycinemia (NKH; OMIM 238300)
is an autosomal recessive inborn error of glycine me-
tabolism. The most frequent and severe presentation is
the classic or neonatal form. Atypical forms include in-
fantile NKH, mild episodic NKH, late-onser NKH,
and transient NKH. The primary metabolic defect in-
volves the glycine cleavage system (GCS), an intrami-
tochondrial complex with four subunits.* Defects in
the protein P subunit account for 80% of neonatal
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NKH cases. The gene encoding human P protein has
been located in chromosome 9.*

Idiopathic pulmonary hypertension (IPH) is a rare
disorder with an incidence of one to two cases per mil-
lion individuals per year. A positive family history is re-
ported in at least 6% of patients. Familial cases are in-
herited as an autosomal dominant disorder with reduced
penetrance and genetic anticipation. The gene for IPH,
bone morphogenetic protein receptor 11 (BMPR2), is lo-
cated in chromosome 2 and is a memiber of the trans-
forming growth factor-B superfamily of receptors.*

In 1992, we reported three siblings with an atypical
form of NKH presenting in the first months of life
with progressive neurological deterioration associated
with pulmonary hypertension and hyperglycinemia in
plasma, urine, and cerebrospinal (CSF), with a plasma/
CSF ratio in the range of atypical NKH.® Brain  mag-
netic resonance imaging (MRI) and autopsy were not
performed in these patients. We recently identified two .
new unrelated patients with this same clinical associa-
tion and reported their biochemical findings.® The
clinical, neuroradlologlcal and patholog1cal findings of
these two patients are described herem

Case Reports
Patient 1 :
The patent was the first son of healthy nonconsan:

. guineous parents, born of an uneventful pregnancy and

delivery. At 2 months old, he was diagnosed with IPH
{pulmonary artery pressutes measured at catheteriza-
tion: 40/10-25mm Hg). Reportedly, psychomotor de-

velopment was normal until the age of 8 months when

neurological deterioration developed 1 week after im-
munization (DTP+Hib+ polio+ meningococcus). Phys-
ical examination showed an alert child with severe hy-
potonia and hypoactivity, hyperreflexia, Achilles
clonus, and bilateral Babinski sign. He suffered tonic
spasms with opisthotonic posturing during which con-
sciousness was preserved.

Electroencephalogram (EEG) was normal. Bram MRI
(Figs 1A, B) showed bilateral confluent areas of abnor-
mal signal intensity involving occipital white marter.
Merabolic studies were consistent with arypical NKH:.
high plasma glycine (768pumol/L; reference range, 125-
318), high CSF glycine (45umol/L; reference range,
3.8-7.9), and high CSF/plasma glycine (ratio, 0.059;
reference range, 0.012-0.040). Organic acidurias were
ruled out by complete urine studies. Lactate levels in
plasma and CSF were also normal.

Neurological deterioration progressed to an abnor-
mal breathing pattern with polypnea and apneic spells,
severe hypotonia, and frequent opisthotonic spasms. A
second MRI at the age of 12 months (see Figs 1C-F)
showed signs of progression with cysts in temporal
lobes. Magnetic resonance spectroscopy (MRS) showed
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Fig 1. First magnetic resonance images (A, B) show bilateral
abnormal signal intensity areas on T1 and T2, involving occip-
ital white matter, corpus callosum, and both internal capsulae.
Lesions are symmetric and confluent, without contrast enbance-
ment, and spare-subcortical U-fibers. Second magnetic resonance
images shows progression with bilateral extensive lesions on axial
T2-weighted imaging, involving external capsulae and frontal
white matter (C). Magnetir resonance spectroscopy in long echo
time spectrum shows an abnormal glycine peak at 3.56 (D).
Peripheral restricted di iffusion coefficient on diffusion imaging.
(E) and appdrent diffusion coefficient (F) maps suggests acure -

myelin vacuolation, with a central hypointense necrotic area.

a glycine peak at 3.56 parts per million. Respiratory
‘complications led to death of the patient at the age of
14 months.

Enzyme studies in a liver specnmcn obtained and fro-
zen immediately after death showed low activity of the
GCS (0.34nkat/kg protein; reference range, 110 *.
41nkat/kg protein) and undetectable actvity of the P
protein of the complex (performed by Dr O. Rolland,

Hopital Debrousse, Lyon, France). Other liver enzyme
activities studied at the same time were normal. Screen-
ing for mutations in entire coding regions of the
GLDC (protein P), AMT (protein T), and GCSH (pro-
tein H) genes was performed as described elsewhere.”
One heterozygous base change, ¢2852C>A, was
found in GLDC exon 24, which caused amino acid
substitution from 951Ser to 951Tyr (S951Y). Expres-
sion analysis in COS7 cells showed that GLDC com-
plementary DNA with the S951Y muration had 39%
enzymatic residual acuvity compared with normal
complementary DNA.

Macroscopic examination of the brain (Fig. .2)
showed symmerric involvement with softening and
swelling of white matter and cavitated areas in tempo-
rooccipital lobes. Microscopic studies detected loss of
myelin with spongiform degeneration and vacuolation,
decreased oligodendrocyte density, reactive astrogliosis,
and macrophagic infiltration. Corpus callosum, cere-
bellar white matter, and pyramidal tracts were in-
volved. U-fibers were partially preserved.

Patient 2 _

The patient was the first daughter of healthy noncon-
sanguineous parents, born of an uneventful pregnancy
and delivery. Her initial psychomotor development was
normal. At the age of 8 months, she was diagnosed
with IPH (pulmonary artery pressures: 57/19-34mm
Hg). At 11 months old, during a febrile episode, she
suffered .acute neurological deterioration with hypoto-
nia and hypoactivity. She was referred to our hospirtal 1
month later. Neurological examination showed an alert
gitl, with poor social interaction, mild hypotonta, bilatr-
eral hyperreﬂexia,- Achilles clonus, and bilateral Babinski
sign.

EEG was normal Brain MRI (Fig 3) showed dlffuse
white matter involvement with increased high-signal
intensity on T2-weighted images affecting periventricu-
lar areas and occipital lobes, preserving subcortical
U-fibers. Glycine levels in plasma and” CSF were high
(950 and 37pumol/L, respectively) with a CSF/plasma
ratio of 0.039, consistent with atypical NKH. Her neu-
rological status dereriorated with progressive hypoactiv-
ity and episodes of rigid spasms and opisthotonic pos-
turing. She died at the age of 13 months. ’

Enzyme studies in frozen liver showed undetectable
activity of both the GCS and P protein (Dr O. Ro-
land). Control liver enzyme activities, run concur-
rently, were normal. Analyses of the complete coding
sequence and intronic flanks were also. performed in
the GLDC, AMT, and GCSH genes as described else-
where,” but failed to detect any alteration. Normal
chorionic villi GCS acrivity was used successfully for
genetic counseling in a further pregnancy.
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Fig 2. (A) Extensive bilateral cavitation of white matter with corpus callosum involvement in coronal section. (B) Myelin-stained
occipital lobe with extensive demyelination and spared arcuate fibers. (C) Spongy degeneration; diffuse white matier vacuolar .
changes are evident in cerebellum, brainstem, and pons (Luxol fast bluelcresyl violet). Original magnification X 100. (D) Demyeli-
nating process in a cavitated area with isolated myelin fragments, dense macrophagic infiltration, and absence of oligodendrocytes in
the left side. In the right side, white matter is preserved (Luxol Jast bluelcresyl violet). Original magnification X 100). (E) Micro-

glial activation and macrophagic infiltration shows intense cytoplasmic immunoreactivity for CDG8 antibody in the periphery of '

cavitated areas. Original magnification X40. (F) In contrast, intense astrogliosis is evident with glial fibrillary acidic protein anti-

body in cavitated areas, whereas peripheric astrocytosis is mild, Original magnification X 40.

Results and Discussion

The main clinical features of these patients, and those
reported in 1992, included onset in infancy of IPH
and rapidly progressive encephalopathy, leading to
death before the age of 18 months. All the patients
showed hypotonia, pyramidal signs, and respiratory ab-
normalities. No seizures. or paroxysmal EEG abnormal-
ities were found. Neuroimaging demonstrated severe
symmetrical cystic leukoencephalopathy affecting par-
ticularly temporooccipital lobes. Pathology studies in
Patient 1 showed diffuse white matter spongiform de-
generation, decreased oligodendrocyte density, reactive

150 Annals of Neurology Vol 60 No 1 July 2006

astrogliosis, and macrophagic infiltration. Biochemical
studies were consistent with atypical NKH.?

Patients with the infantile NKH phenotype usually
present with seizures and psychomotor regression of
variable severity after 6 months of age, and unlike neo-
natal patients, they have long survival without respira-
tory disorders.”™"! CSF/plasma glycine ratios are usu-
ally above 0.09 in typical (neonatal) NKH and may
vary from 0.04 to 0.10 in atypical cases. Qur patients
differed from this pattern in the absence of seizures or
paroxysmal EEG abnormalities and the presence of a
significant respiratory disturbance pattern. However,
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Fig 3. (A, B) Abnormal signal intensity on fluid-attenuated
inversion recovery images involving frontal and occipital
periventricular white matter. Lesions extend across midline
involving splenium of corpus callosum, with subcortical

U-fiber preservation.

the finding of decreased activity in GCS with undetect-
able P protein activity and normal activiries of all other
enzymes tested confirmed the diagnosis of NKH. The
absence of mutations in the known GCS protein genes
suggests the possibility of participation of other genes.

Neuropathological findings in Patient 1 were similar
to those described in classic NKH: spongiform degen-
eration of white matter affecting cerebral lobes, cere-
bellum, and brainstem. On microscopic examination,
studies of involved areas of centrum semiovale and pa-
rietooccipital lobes showed cavitation with preserved
arcuate fibers, loss of myelinated axons, and massive
absence of oligodendrocytes. The corpus callosum, as
well as pyramidal tracts, was also involved. The myelin
defect could be partially explained by a deficient syn-
thesis due to lack of oligodendrocites.'*!?

The association between NKH and pulmonary hy—
pertension was described prewou.sly in four patients.’
Two were older than our patients at diagnosis (3 and 6
years old) and presented with mild neurological symp-
toms. One of these patients had pulmonary hyperten-
sion as the predominant feature, which was the cause
of death 1 year after diagnosis. The other two cases
were diagnosed with neonatal NKH (with congruent
clinical and EEG findings) at birth and later developed
hypoxemia, which led to the diagnosis of IPH. The
clinical course in all four cases was different from that of
our patients. Although evidence exists of GCS messenger
RNA expression in lungs (pamcularly H and T protein
and, very weakly, I protem) the pathophysiological
relation between both entities remains unknown. We
believe that pulmonary changes could be related to gly-
cine toxicity or to a contiguous gene syndrome.

The clinical phenotype of our patients could resemble
the severe variant form of childhood ataxia with central
hypomyelinaton "(CACH)/vanishing  white  marter
(VWM) disease related to elF21B subunit gene muta-

tions.'®'” Patients with VWM have shown raised CSF
glycine. Although concentrations were not as high as
those found in atypical NKH, the glycine CSF/plasma
ratio was above normal values and reached the mini-
mum value required as a criterion for NKH. The sxgmf
icance of this finding has not been estabhshed buc it
could be related to excitotoxic brain damage.'® Cystic
white matter degeneration is characteristic of VWM
both in classic and severe forms of the disease. In VWM,
histopathological studies show myelin spongy and cystic
degeneration. U-fibers and cortex usually are spared.
The most characteristic finding is the presence of foamy
oligodendrocytes with reduced astrogha, which differs
from the findings in our patients.!

Glycine acts as an inhibitory neurotransmitrer at
specific brainstem and spinal cord receptors. Enhanced
inhibitory activity leads to lethargy, hypotonia, pyrami-
dal signs, and abnormalities in breathing patterns. Gly-
cine also plays an excitatory neurotransmitter role in
the central nervous system by acting at the modulatory
site of the N-methyl-D-aspartate glutamate receptor %
This action may account for the intractable seizures in
classic NKH. Therefore, we suspect that the symptoms
in our patients may have been related to the increased
inhibitory effect of glycine rather than to glycine-
mediated excitotoxic brain injury.

In conclusion, our patients presented glycine en-
cephalopathy with biochemical and enzymatic parame-
ters consistent with atypical NKH. The clinical and ra-
diological evolution, as progressive vacuolating
leukoencephalopathy, absence of seizures, and associa-
tion with pulmonary hypertension constitute, to our
knowledge, a previously unrecognized variant.
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JAA. ER.
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Objective: 1t is currently problematic to confirm the clinical
diagnosis of glycine encephalopathy, requiring cither invasive
liver biopsy for enzymatic analysis of the glycine cleavage sys-
tem or exhaustive mutation analysis. Because the glycine cleav-
age system breaks down glycine generating carbon dioxide, we
suppose that the glycine cleavage system activity could be eval-
uated in vive by measuring exhaled '*CO, after administration
of [1-'3C]glycine.

Methods: The {1-'*C]glycine breath test was performed in
10 control subjects and 5 glycine encephalopathy patients
with GLDC mutation, including 1 patient with mild glycine
encephalopathy.

Results: All the patients showed lower '>CO, excretion than
any control subject.

Interpretation: Not only typical GE but also atypical GE
can be reliably diagnosed by the '*C-glycine breath test. Be-
cause it is rapid, non-invasive, and requires lirtle expertise,
the breath test could be useful as a standard test for diagnos-
ing GE.

Ann Neurol 2006;59:862-867

Glycine cncephalopathy (GE; MIM 605899), also
termed nonketotic hyperglycinemia (NKH), is an in-
born error of glycine metabolism caused by deficiency
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of the glycine cleavage system (GCS). Classically, GE
presents in the first days of life with progressive leth-
argy, hypotonia, and apnea, usually leading to coma
and death unless assisted with ventlation.'™® Patients
with atypical GE often lack neonatal symptoms, but
present later with a varety of neurological symptoms
including seizures, cogniuve impairments, and abnor-
mal behaviors.*™” Because these atypical patients man-
ifest only nonspecific clinical symptoms, their diagnosis
may be delayed or missed.

The biochemical hallmark of GE is an elevated ratio
of the cerebrospinal fluid/plasma glycine concentra-
tion.”” In atypical GE cases, there can be considerable
residual GCS activities and the elevation of the ratio
may be borderline or even absent. Furthermore, in-
creased glycine levels and ratio also have been observed
in other pathological conditdons or with administration
of cerrain drugs.® Therefore, the clinical diagnosis re-
quires confirmation either by enzymatic analysis of the
GCS in biopsies of liver specimens or by the exhaustive
mutational analysis of three responsible genes, GLDC,
AMT, and GCSH. Both procedures are laborious, re-
quire technical expertise, and currenty are performed
in only a few laboratories worldwide. It is therefore de-
sirable to develop a- rapid and simple diagnostic
method that can be performed in hospitals and clinics.

We have developed a simple breath test for the en-
zymatic diagnosis of GE. When glycine is administered
to healthy subjects, it should be decarboxylated pre-
dominandy by the GCS, leading to production of
CO,, as illustrated in Figure 1A.” The amount of CO,
production may be quantified easily if glycine is labeled
with stable isotope '’C, which can be administered
safely to patients.'” To test the feasibility of the
[1--13C]glycine (13C-glycine) breath test, we performed
it in conrrol subjects and GE patients in whom the
diagnosis had been confirmed by the genetic test.

Subjects and Methods

Patients and Control Subjects

We performed the breath test in five patients (Patients 1-5)
whose diagnosis of GE was confirmed by the murational
analysis of the GLDC gene. Mutational analysis of GE pa-
tients was performed by sequencing all the GLDC exons, as
described previously.'*? Clinical features and the identified
GLDC mutations are summarized in the Table. Patient 6
was given a diagnosis of vitamin B,, nonresponsive methyl-
malonic acidemia (MIM 251000) in infancy. He is now 7
vears old and has been treated successfully by gastric infusion
of special milk formula. The breath test also was performed
in 10 healthy control subjects aged 16 1o 45 vears.

3C-Glycine Breath Test

The breath test was performed in the ourpatient setting. *C-
glvcine with more than 99% purity was purchased from
Cambridge Isotope Laboratories (Andover, MA). A dose of
10mg/ml “C-glycine saline solution was sterilized with a
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Fig 1. Breakdown of administered l‘qC-g/ycine in vive. Oxida-
tion of **C-glycine by the glycine cleavage system (GCS) and
the other metabolic pathway (A). Administered 13 Cglycine is
degraded mainly by the GCS to generate "COQ., whereas a
small part of the PCeglycine is degraded sequentially by serine
hydroxymethyl transferase (SHMT), serine-threonine deby-
dratase (STD), and pyruvate debydrogenase complex (PDHC),
resulting in the production of '*CO,. Results of rwo represen-
tative 0 C-glycine breath tests performed in the same control
subject, indicating the time course of APCO , excretion (B)
and the *3C-cumulative (%) recovery (C). Note that the *>C-
cumulative recoveries at 300 minutes are similar, whereas
A3CO, excretion reached peak values at different time points.
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Table. Profiles of Glycine Encephalopathy Patients

Patient No.
Characteristics 1 2 3 4 5
Sex M M M F F
Ethnicity Asian Asian Asian Asian Arab
Current age 2 yr 4 mo 6 yr 10 mo 1 yr 0 mo 11 yr 6 mo 12 yr 8 mo
Age of onset 3 days 2 days 1 day 1 day 2 days
Inival symptoms Hypotonia, Coma, hypo-  Hypotonia Coma, hypotonia Coma, hypotonia
seizure tonia

Psychomotor development
Head control No No No Yes Yes
Sitting alone No No No Yes Yes
Walking alone No No No Yes Yes
Glycine concentration -
CSF glycine concentration (reference 113 148 33 57 74

range: 2.9-10.4), uM
Plasma glycine concentration (refer- 500 1,220 193 659 585

ence range: 56-308), uM
CSF/serum glycine ratio (reference: 0.22 0.12 0.17 0.09 0.13

<0.04), pM
GLDC mutation
Allele 1 Y858X N150T (1%)* T269M N150T (1%)* AB02V (32%)"
Allele 2 Large deletion [VS7+1G>A IVS2+1G>A R790W (14%)* ABO2V (32%)*
%c at breath test 1 yr 9 mo 5 yr 11 mo 1.5 mo 9 yr3 mo 12 yr 0 mo
13C-cumulative recovery in breath test  4.6% 7.9% 8.7% 9.3% 10.8%

(mean * SD in control subjects:

24.1 * 4.0%)
Reference This study - This study This study Kure and colleagues, Korman and colleagues,

200412 20047

*Figures in parentheses indicate the residual glycine cleavage sysiem activity estimated by the in vivo expression analysis in COS7 cells. CSF =

cerebrospinal fluid; SD = standard deviation.

Millex-GV 0.22pm filter (Millipore, Billerica, MA) just be-
fore use. A dose of 10mg/kg of *C-glycine, up to a maxi-
mum dosage of 100mg, was administered through gastric
tubes in Patients 1, 2, 3 and 6, whereas it was given orally to
the control subjects and to Patients 4 and 5. Before the ad-
ministration of C-glycine, a 1,300m! reference breath sam-
ple was collected. The control subjects and Patients 5 and 6
breathed directly into the breath sampling bags (Otsuka
Electronics, Osaka, Japan), whereas the breath samples for
Patients 1 through 4 were collected using a face mask
equipped with a one-way air valve (Vital Signs, Totowa, NJ),
followed by transfer to the sampling bags. Test samples of
150 to 250ml were collected at 15, 30, 45, 60, 90, 120, 180,
240, and 300 minutes after “C-glycine administration. The
difference of >CO, concentration (A>CO,) between refer-
ence and test breath samples was measured using an infrared
13CO, analyzer, UBit-IR300 (Otsuka Electronics). Body sur-
face area (m?®) of the subjects was calculated"; then *C-
cumulative recovery (%) at each time point was calculated.
For each subject, CO; production per hour (Vg mmol/
hr) was estimated as 300 X body surface area.'* °C-
cumulative recovery (%) at the time point r, was calculated
as follows:

Cumulative % recovery (t,)

= ABCO, X Vg, X 00112372 X MW
- Ad X APE

=0
where MW refers to the molecular weight of “C-Gly, Ad

represents administered dose of "*C-Gly in milligrams, and
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APR refers to the *C-enrichment as percentage of atom ex-
cess. 3C-cumulative recovery (%) was calculated from ad-
ministered dose (mg) of 13C—glycinc, ACO, values (%),
body weight (kg), and body length (cm) on the spreadsheet
in Excel (Microsoft Corporation, New York, NY; this infor-
mation is available on request). Differences of means were
analyzed statistically by the ¢ test using SPSS software version
11.0J (SPSS Japan, Tokyo, Japan). The study was approved
by the Ethics Committee of Tohoku University School of
Medicine (approval number, 2003-041).

Results :

P C-Glycine Oxidation in Control Subjects

To examine the reproducibility, we first performed the
breath test five times in the same control subject. Two
representative results, designated as tests 1 and 2, are
shown in Figure 1B. The peak A'*CO, value was ob-
served at 45 to 60 minutes in test 1 and at 90 1o 120

Fig 2. The Cglycine breath test in patients with hypergly-
cinemia, The time-dependent changes of the '*C-cumulative
recovery (%) was examined in five glycine encephalopathy
(GE) families (A~E) and one family with methylmalonic aci-
demia (MMA) (F). Dotted lines indicate the mean and stan-
dard deviation in the control subjects. (G) A scatteved plot of
cumulative recovery (%) within 300 minutes in the control
group (n = 10), the GE patients group (n = 5), and the
obligate carrier group (n = 7). Mean and standard deviation
values of each group are shown as hotizontal lines.
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minutes in test 2. This difference in time at the peak
ACO, value probably reflects variation in gastric
emptying between the two tests, because glycine is ab-
sotbed in the duodenum bur not in the stomach.’”
The '>C-cumulative recovery (%) of tests 1 and 2 is
shown in Figure 1C, which suggests that difference of
gastric emptying had litde effect on the >C-cumulative
recovery at 300 minutes. The mean * standard devi-
ation of the *C-cumulative recovery of the same sub-
ject in five tests was 21.5 * 2.0%. The breath test was
performed in 10 control subjects: 24.1 * 4.0% of '°C
was recovered within 5 hours after administration of
13C-glycine (see Fig 2). The '*C-glycine breath test
was performed previously in neonates for evaluation of
gastric emptying time.'® The *3>C-cumulative recovery
at 300 minutes after '*C-glycine administration in the
reported study was 21.5 * 4.3% in healthy neonates
and 24 * 4.8% in premature neonates, similar to that
in adults and children. We therefore used 24.1 *
4.0% as the control value in this study.

3C-Glycine Breath Test in Patients with
Hyperglycinemia and Their Family Members

The breath test was performed in five patients with GE
and their parents (Figs 2A-E). Their mean 13¢C.
cumulative recovery was 8.3 * 2.3%, which is signifi-
cantly (p < 0.001) less than that in control subjects,
and no overlap between the two groups was observed
(see Fig 2G). In contrast, the mean 13C-cumulative re-
covery in the obligate cartiers, the parents of the pa-
tients, was 23.1 & 2.9%, which is not significantly (p =
0.61) different from the value for the control subjects
{see Fig 2G). The 13C-cumulative recovery in the meth-
ylmalonic acidemia patient (Patient 6) with secondary
hyperglycinemia was 18.1%, which was —1.3 standard
deviations less than the mean value (see Fig 2F).

Discussion

We have developed a simple breath test for diagnosis of
GE using >C-glycine and the infrared spectrophotomet-
ric >CO, analyzer. Five GE patients, whose diagnosis of
GE was confirmed by mutational analysis, showed sig-
nificantly less '*CO, excretion than the control subjects,
suggesting reliability of the breath test. Previously,
13CO, concentration could be measured only in labora-
tories equipped with mass-spectrometry facilities and by
those possessing expertise. Recently, a simple and inex-
pensive '>CO, analyzer using infrared spectrophotome-
try has been developed for the diagnosis of Helicobacter
pylori infection by the '*C-urea test.'” Because the ana-

lyzer is now distributed widely, the '*C-glycine breath.

could be readily accomplished in many hospitals and
clinics. Recently, we encountered a 1-month-old infant
who was suspected to have GE from her typical symp-
toms and biochemical data. Her parents gave consent for
the breath test, but not for the liver biopsy. Her cumu-
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lative recovery was 8.7%, enabling the clinical diagnosis
of GE rapidly without the invasive liver biopsy or time-
consuming mutational analysis,

Patient 5 manifested an atypical clinical course: se-
vere clinical symptoms were observed only for 2 weeks
in the neonatal period, but there have been no clinical
symptoms thereafter.'® She is now 12 years old, and
her development is normal despite persistence of high
plasma and cerebrospinal fluid glycine concentrations.
Her exceptionally good prognosis is presumably attrib-
utable to the high residual activity of the missense mu-
tation, A802V, which was shown to have 32% residual
GLDC activity in the in vitro expression analysis. Low
13CO, excretion was observed in Patient 5, as well as
in Patients 1 through 4, suggesting that the test is also
useful for the diagnosis of such atypical patients with
considerable residual GCS activity.

Patient 6 with methylmalonic acidemia had hyper-
glycinemia (500-600pM plasma glycine) and showed
18.1% of the cumulative recovery (—1.3 standard de-
viations) in the breath test. Hyperglycinemia often is
associated with organic acidernias. Hayasaka and col-
leagues'” analyzed the GCS activity in liver specimens
from three hyperglycinemic patients with organic aci-
demia. One patient, who was metabolically stable while
on a low-protein diet, had normal GCS activity in the
biopsy of his liver sample. In contrast, two other pa-
tents who died ‘with ‘severe metabolic acidosis had
markedly reduced hepatic GCS activities. The GCS ac-
tivity was inhibited by coenzyme A derivatives such as
methylmalonyl-coenzyme A and propionyl-coenzyme
A, which accumulate in organic acidemias.”*® Because
the '*G-glycine breath test is supposed to reflect the
GCS activity in vivo, results of the breath test may
fluctuate depending on the condition of the patients
with otganic acidemias.

Patient 1 was a compound heterozygote of a nonsense
mutation, Y858X, and a large deletion of the GLDC
gene, suggesting that he had null residual GCS activity,
which is in line with the low value of 4.6% cumulative
recovery of Patient 1. Patient 4, in contrast, was com-
pound heterozygous for two missense murations,
N150T and R790W, which showed 14 and 1% residual
GLDC activity in the in vitro expression analysis, re-
spectively.'? Patients 1 and 4 had similar symptoms in
neonatal period, but the long-term outcome of Patient 4
was far better. Notably, Patient 4 excreted more *CO,
than Patient 1 in the breath test. Further studies in a
larger number of patients are required for verification of
the prognostic predictive value of this novel test.

This work was supported by a grant from the Ministry of Educa-
tion, Culture, Sports, Science, and Technology in Japan. (No.
17591067, S.K).
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The Relation between
Intracranial and Intraocular
Pressures: Study of 50

Patients
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Objective: We evaluated the correlation between intracranial
{ICP) and intraocular pressure (IOP). i
Methods: Of the 77 patients who underwent a lumbar
puncture, 27 were excluded secondary to a history of glau-
coma, using drugs effective on IOP, and abnormal fundus-
copic examination. ICP was measured by lumbar puncrure.
IOP was measured by two scales of Schiotz tonometer in
both eyes, and the mean was calculated.

Results: We found a significant correlation between ICP and
mean IOP (p < 0.001; » = 0.955). Body mass index, age,
and disease type had no significant effect on this correlation.
Interpretation: IOP is correlated with ICP.

Ann Neurol 2006;59:867-870 .

Intracranial pressure (ICP) measurement is potentially
useful in many clinical situations and has a profound
influence on outcome. Rise in ICP may stem from
traumatic brain injury, mass effect from tumors, or var-
ious hemorrhagic catastrophes.! Clinical conditions in
which the measurement of ICP noninvasively would be
useful include: head rrauma, if there is a risk for brain -
edema; altered or fluctuating levels of consciousness;
arrested or progressive hydrocephalus; suspected ven-
triculoperitoneal shunt blockage; and suspected menin-
gitis before lumbar puncture (LP).? Currently, the cri-
terion standard for monitoring of ICP is the
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Abstract Autosomal-dominant, nonsyndromic hearing
impairment is clinically and genetically heterogeneous.
We encountered a large Japanese pedigree in which
nonsyndromic hearing loss was inherited in an autoso-
mal-dominant fashion. A genome-wide linkage study
indicated linkage to the DFNA2 locus on chromosome
1p34. Mutational analysis of KCNQ4 encoding a
potassium channel revealed a novel one-base deletion in
exon 1, c.211delC, which generated a profoundly trun-
cated protein without transmembrane domains
(p-Q71£sX138). Previously, six missense mutations and
one 13-base deletion, c.211_223del, had been reported in
KCNQ4. Patients with the KCNQ4 missense mutations
had younger-onset and more profound hearing loss than
patients with the 211_223del mutation. In our current
study, 12 individuals with the c.211delC mutation
manifested late-onset and pure high-frequency hearing
loss. Our results support the genotype-phenotype cor-
relation that the KCNQ4 deletions are associated with
later-onset and milder hearing impairment than the
missense mutations. The phenotypic difference may be
caused by the difference in pathogenic mechanisms:
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haploinsufficiency in deletions and dominant-negative
effect in missense mutations.
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Introduction

Hearing impairment is one of the most common com-
munication disorders in humans and is both clinically
and genetically heterogeneous. Approximately 1 in 1,000
children is affected by hearing impairment (Morton
1991), and in half of the cases genetic factors are in-
volved (Marazita et al. 1993). Nonsyndromic hearing
impairment is classified according to its mode of inher-
itance as DFNA, DFNB, and DFN (autosomal domi-
nant, autosomal recessive, and X-linked, respectively).
Currently, 54 autosomal dominant, 59 autosomal
recessive, and 8 X-linked loci associated with nonsyn-
dromic hearing impairment have been mapped (Hered-
itary Hearing Loss Homepage, http://webhost.ua.ac.be/
hhh/). A total of 21 DFNA genes have been reported to
date. Several of the genes are involved in both dominant
and recessive deafness (GJB2, GJB6, MYO6, MYO7A,
TECTA and TMCI). For example, a null GJB2 muta-
tion, 35delG in Caucasians and 235delC in Asians, is
responsible for the majority of autosomal recessive
sensorineural deafness in the respective populations
(Kenneson et al. 2002; Kudo et al. 2000; Usami et al.
2002). In contrast, some GJB2 mutations, including
R75W, segregate with deafness in an autosomal-domi-
nant fashion (Richard et al. 1998). The dominant-neg-
ative effect of the R75W mutation was suggested by the
transgenic expression in mice (Kudo et al. 2003).
DFNA2 is a locus responsible for autosomal-domi-
nant, nonsyndromic hearing impairment in chromosome
1p34 (Coucke et al. 1994; Van Camp et al. 1997). Two
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