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Figure 2. The pupillary light reflex (PLR) to monochromatic light
stimulation, as measured in 10 GD patients and controls. Each trace
was elicited by a red (A) or blue (B) single flash stimulus, with
duration of 1 sec and intensity of 100 cd/m?. (A) Red light-induced
PLRs were normal in P1 (GD1: non-neuronopathic type) but markedly
attenuated or absent in neuronopathic GD patients (P2-6: type 2, P7-
10: type 3) except for P2. (B) Blue light-induced PLRs were normal in
P1 and relatively spared in GD2 patients but absent in GD3 patients
(except for P7). The mean measurements of initial constriction rate
(CR) are shown in Table 1.

clear waveforms were confirmed in only one patient
(Patient 2); the remaining three patients showed signifi-
cantly low R-CRs. In contrast, blue light-induced CRs (B-
CRs) were relatively spared. All neuronopathic patients
already exhibited horizontal saccadic initiation failure at
initial PLR examination. Patient 1 (GD1) had no abnor-
malities in all assessments.

Discussion

In this study, we successfully used pupillometry to iden-
tify PLR impairment in neuronopathic GD patients. We

Abnormal Pupillary Light Reflex in Gaucher Disease

noted that the qualitative trend for reduced R-CRs was
associated with the severity of the neurological symptoms,
as indicated by activity of daily living (ADL) deficits. Our
findings suggest that neuronopathic GD progression
induces severe attenuation of R-CR, with relative sparing
of B-CR. To our knowledge, the abnormal PLR in neur-
onopathic GD is a novel physiological finding.

The PLR pathway begins with the axons of photosensi-
tive retinal ganglion cells (RGCs) that convey information
to the optic nerve. The optic nerve subsequently connects
to several targets in the midbrain, including the olivary
pretectal nucleus (OPN) and Edinger-Westphal nucleus
(EWN), and the oculomotor nerve. Neuronopathic GD is
known to involve the midline of the dorsal brainstem,
EWN, and oculomotor nucleus.'®*? Thus, it is possible
that PLR abnormalities may reflect dysfunctional para-
sympathetic innervation between the dorsal midline of
the midbrain and the iris. However, the physiology that
underlies the difference between R-CR and B-CR remains
unclear. These findings led us to propose two hypotheses:
(1) relative sparing of B-CR may be derived from the
function of ipRGCs; (2) functional changes of the inner
retina may lead to loss of R-CR.

For decades, rods and cones were considered the only
photoreceptors, and both provide excitatory input to con-
ventional RGCs via bipolar cells. However, the discovery
of ipRGCs and the presence of the characteristic photo-
pigment melanopsin in them have led to changes in this
classical view.'»'* Melanopsin-expressing ipRGCs com-
prise 0.2% RGCs and respond to light stimulation in the
absence of any synaptic rod/cone input.’> The ipRGCs
combine their direct photoresponses with synaptic rod/
cone input and project to several brain nuclei that regu-
late circadian rhythms (the suprachiasmatic nucleus), PLR
(OPN) and the imaging-forming system (the lateral genic-
ulate nucleus). However, little is known about the differ-
ences in the pathways of conventional RGCs and ipRGCs
in the optic nerve and brainstem,

Recently, increasing evidence has indicated that ipRGCs
are resistant to neurodegeneration. Histopathological stud-
ies in patients with mitochondrial optic neuropathy have
shown relative sparing of ipRGCs compared with conven-
tional RGCs,'® with pupillometry analysis showing a slight
reduction in CR in the affected eye.” In addition, only
~17% ipRGCs need to be activated to drive full pupillary
constriction in ipRGC-knockout mice.'® Thus, we speculate
that ipRGCs likely have a high cellular resistance to meta-
bolic derangement, leading to relative preservation of B-CR.

Next, we investigated why neuronopathic GD patients
show R-CR impairment even though their rods and cones
remain functional. Several prior studies have suggested the
utility of chromatic pupillometry to monitor each photore-
ceptor separately using stimuli of different wavelengths and
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Table 1. Genotypes, phenotypes, and clinical findings of GD patients.

Age at Age at Results of pupillometry Horizontal  Vertical
onset of  PIR Visualk ™ gaze
D Sex HSIF exam Phenotype  Genotype ADL Communication R-CR (%) B-CR(%) acuity SIF PF  palsy VOR VEP ERG
1 M (-) 24 years 1 L444P/D4A0SH N N 288 46.8 N (-) =) (+) N N
2 M 7 months 7 months 2 F213/R120W N N 22.7 55.0 N ) (G2 I G ) N N
3 F 6 months 7 months 2 V230G/R296X B/Tra/Tu { 15.0 44.5 NA +) = o NA NA N
4 F 3 months 9 months 2 L444P/R120W  BfTra/TuV | 5.5 40.0 NA +) +H & (-) Giant OPs|
VEP
5 ? 2 years 2 RecNcil/? B/Tra/TuV | (=) 44.7 NA +) +H (-) N OPs|
6 F 2 months 3 years 2 F213l/RecNcil  BfTra/TuV | -) 38.8 NA ) +H (-) Giant OPs)
. VEP
7 F 8 months 9 years 3 L444P/1444P N N 7.0 51.0 N ) ) (=) () N N
8 F 16 years 16 years 3 N1885/? TA N (=) (-) N () - (=) Fast N N
phase (~)
9 F 20 years 20 years 3 N1885/? TA N =) (=) N ) (=) (=) Fast Giant N
phase (~)  VEP
10 F 14 years 29 years 3 N188s/ B/Tra/Tu | (=) (-) NA ) + @ (-) Giant N
G193W VEP
Control 1 Median age: 23 years (range: 22 — 37 years, M:F = 9:13) 351470 481 +56
(n = 30)
Control 2 4 years (F) 450 56.0
Control 3 6 years (F) 38.0 53.5

F, female; M, male; HSIF, horizontal saccadic initiation failure; PLR, pupillary light reflex; ADL, activity of daily living; N, normal or age-appropriate; B, bedridden; Tra, tracheotomy; V, ventilation;
Tu, tube feeding; TA, total assistance; |, impaired; R-CR, red light-induced initial constriction rate; B-CR, blue light-induced initial constriction rate; (~), negative construction (CR < 5%); SIF, sacc-
adic initiation failure; PF, pursuit failure; VOR, vestibulo-ocular reflex; ERG, electroretinogram; VEP, visual evoked potential; NA, not available; OPs, oscillatory potentials; |, attenuated.
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intensities.>>!° M/L cones can be uniquely stimulated at
wavelengths beyond 620 nm (red light, A, = 543,
566 nm), whereas other photoreceptors are thought to be
insensitive. Rods respond to blue light (4. = 507 nm) at
low luminance levels (normal threshold at —3 to
—5 log cd/m®) and ipRGCs are sensitized to blue light
(Amax = 482 nm) at higher luminance levels (100 cd/m?).

In this study, we selected high-intensity blue and red
stimuli to sensitize ipRGCs and L/M cones. Although all
patients exhibited normal a-wave amplitudes with flash-
ERG, which reflects cone activity, R-CR was severely
impaired. On the other hand, decreased ERG OPs were
found in our patients and decreased ERG b-wave ampli-
tudes have been reported in a visually asymptomatic GD
patient.”’ Lowering OPs and b-wave amplitudes are typi-
cally attributed to changes in the inner nuclear layer
(amacrine cells and Muiller cells) of the retina.

Therefore, we assume that the primary deficit (storage of
substrate) caused secondary functional changes to the inner
retina, and the synaptic rod/cone inputs to both RGCs via
bipolar cells may be blocked, resulting eventually in the
progression of R-CR (derived from cone/rod activation via
conventional RGCs and ipRGCs) to loss. On the other
hand, B-CR may be relatively spared because of their
intrinsic response of ipRGCs. While further studies are
warranted, chromatic pupillometry can be used to facilitate
future investigation of GD pathophysiology.

In conclusion, neuronopathic GD patients have PLR
impairments and chromatic pupillometry appears to be a
useful method to evaluate such patients, regardless of age
or neurocognitive status. Further studies are required to
investigate the utility of this method to monitor progno-
sis and as a predictor of disease progression in larger
patient samples.
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Human Bocavirus
in Patients with
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2009-2010
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We identified human bocavirus (HBoV) DNA by PCR in
cerebrospinal fluid from adults and children with encepha-
litis in Sri Lanka. HBoV types 1, 2, and 3 were identified
among these cases. Phylogenetic analysis of HBoV1 strain
sequences found no subclustering with strains previously
identified among encephalitis cases in Bangladesh.

Encephalitis is a serious infection causing high rates
of illness and, in industrialized countries, has a case-
fatality rate of 6.5%—12% (I,2). However, the situation
in developing countries is largely unknown. Globally, the
causes remain unrecognized in 60%—-85% of encephalitis
cases (/,2). Recently, human bocavirus (HBoV) has been
implicated in causing life-threatening encephalitis in Ban-
gladeshi children (3). In Sri Lanka, information about the
causative agents of encephalitis is scarce. The aim of this
study was to determine the occurrence of HBoV and other
possible pathogens in children and adults with encephalitis
admitted to a tertiary care hospital in Sri Lanka.

The Study

The study was conducted at Colombo North Teaching
Hospital, Ragama, Sri Lanka, during July 2009-Novem-
ber 2010. A total of 233 patients (110 adolescents/adults
>12 years of age and 123 children) were enrolled. Adoles-
cents and adults were admitted to adult wards. Cerebrospi-
nal fluid (CSF) samples were available from 191 patients.

Author affiliations: Oita University, Yufu, Japan (D. Mori, K. Yamada, T.
Matsumoto, M. T.Mitui,A. Nishizono, K.Ahmed); UniversityofKelaniya,
Ragama, Sri Lanka (U. Ranawaka, S. Rajindrajith, H.K.K. Perera);
Colombo North Teaching Hospital, Ragama (M. Dassanayake),
University of Toyama, Toyama, Japan (K. Miya, H. Mori); and
University of Helsinki, Helsinki Finland (M. Séderlund-Venermo)

DOI: http://dx.doi.org/10.3201/eid1911.121548
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Criteria for enrolment were as follows: any combination
of the triad of fever, headache, and vomiting, along with
altered level of consciousness, seizures, focal neurologic
deficits, altered behavior, and signs of meningeal irritation.
Clinical and laboratory information was available for 164
patients. The male:female ratio for adolescents/adults was
1.3:1; ages ranged from 12 to 90 years (mean 42 years); For
children, the male:female ratio was 0.7:1; ages ranged from
2 to 144 months (mean 48 months). The ethics committees
of the University of Kelaniya and Oita University approved
this study.

CSF samples were subjected to macroscopic exami-
nation, total and differential leukocyte counts, bacterial
culture, Gram staining, and measurement of protein and
glucose. Blood was cultured for bacteria and examined
for total and differential leukocyte counts, erythrocyte
sedimentation rates, and hemoglobin and C-reactive
protein levels.

Classical encephalitis-causing pathogens (Table) and
diarrheagenic viruses, such as HBoV, rotavirus, astrovirus,
norovirus, parechovirus, and human adenovirus (HAdV),
were determined in CSF by PCR (online Technical Ap-
pendix, wwwnc.cdc.gov/EID/articlepdfs/19/11/12-1548-
Techappl.pdf) (3-5). Anti-N-methyl-p-aspartate receptor
(NMDAR) encephalitis was diagnosed by on-cell Western
analysis (6). For HBoV PCR-positive patients, HBoV types
1-4-specific IgG and IgM responses in CSF samples were
measured by enzyme immunoassays (7).

Nucleotide sequences of all amplicons were deter-
mined to confirm the PCR products, to distinguish geno-
types, and to perform phylogenetic analysis (3). BLAST
analysis (www.ncbi.nlm.nih.gov/blast) was used to identi-
fy the viruses and genotypes. Multiple sequence alignment
was conducted by using ClustalW2 (www.ebi.ac.uk/clust-
alw). The phylogenetic analysis was done with a neighbor-
joining tree by using MEGAS (www.megasoftware.net). A
bootstrap analysis of 1,000 replicates was performed to test
the reliability of the branching pattern.

The causes of encephalitis were type 2 dengue virus
in 1 (0.5%) patient, human echovirus (HEcoV) type 9 or
25 in 2 (1%), HBoV (Table) in 5 (3%), and HAdV 41 in
7 (4%): all were sole detections. None of the other viruses
and no bacteria were detected. Samples positive for HBoV
by primers designed from viral protein 1/2 also were posi-
tive by primers designed from nonstructural protein (NP) 1
gene. HEcoV was detected in 2- and 9-year-old children.
HAdV 41 was not confined to children; ages of infected
patients ranged from 13 months to 55 years. Of 81 CSF
samples, anti-NMDAR encephalitis was detected in 2 (2%)
adults (42 and 72 years of age). All patients in this study
recovered and were discharged, except for one 13-month-
old boy with HAdV 41 encephalitis who left the hospital
against medical advice.

1859
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DISPATCHES

Table. Characteristics of patients with HBoV encephalitis, Sri Lanka, 2009-2010*

Sample no.

Characteristic 93018 56684 84770 64502 285
Virus in CSF

Virus detectedt HBoV1 HBoV1 HBoV1 HBoV2 HBoV3

HBoV IgM and IgG Neg Neg Neg Neg Neg
Patient demographic

Sex F F M M F

Age 66y 46y 5 mo 17y 8 mo

Place of residence Kaleliya Wattala Mirigama Makola Heiyanthiduwa
Hospitalization

Time between iliness onset and hospitalization NA 48 h 24h 48 h 48 h

Duration of hospitalization 7d 4d 12d 4d 3d
CSF test resultt

Color Clear Clear Clear Clear Clear

Leukocyte count, cells/uL 1 0 380 0 0

PMNs 0 0 130 0 0
Lymphocytes 1 0 250 0 0

Protein, mg/dL ) NA 113 170 38 25

Glucose, mg/dL 65 160 48 63 83

Resuits of Gram stain Neg Neg ND Neg Neg

Bacterial culture ND ND Neg ND ND
Blood tests§

Leukocyte count, cells/ul 10,000 15,200 36,500 15,900 13,200

PMNs, % 63.2 70 62 ND 52

Lymphocytes, % 21.6 21 35 ND 47

Hemoglobin, g/dL 12.2 12 7.7 13.2 13.2

ESR, mm/h 27 68 ND ND ND

CRP, mg/dL ND ND >12 ND <6
Glasgow coma score <15 No Yes, 12 No No No
Qutcome Discharged  Discharged Discharged Discharged Discharged

*HBoV, human bocavirus; CSF, cerebrospinal fiuid; Neg, negative; NA, not available; PMN, polymorphonuciear neutrophil: ND, not done; ESR,

erythrocyte sedimentation rate; CRP, C-reactive protein.

1The following viruses were tested for herpes simplex virus (HSV) type 1, HSV-2, varicella-zoster virus (HSV-3), Epsetin-Barr virus (human herpesvirus
[HHV] type 4), cytomegalovirus (HHV-5), (HHV-6), HHV-7, HHV-8, dengue virus, Japanese encephalitis virus, rubella virus, West Nile virus, yeliow fever
virus, tick-borne encephalitis virus, Nipah virus, measles virus, mumps virus, parainfluenza virus, respiratory syncytial virus, metapneumovirus,
Chikungunya virus, Sindbis virus, Semliki Forest virus, eastern equine encephalitis virus, western equine encephalitis virus, poliovirus, Coxsackie virus,

echovirus, enterovirus, lyssaviruses, and Chandigura virus. Bacteria were tested by PCR amplification of 16S rRNA, followed by sequencing.
tReference values: leukocyte count <5 cells/mm® and all lymphocytes; PMNs, none; protein, 2045 mg/dL; glucose, 5080 mg/dL or >50% of blood

glucose level.

§Reference values: leukocyte count, 4,000-11,000 cells/mm’; PMNs, 40-60% of leukocyte count; lymphocytes, 20%—40% of leukocyte count;
hemoglobin, men: 14-18 g{dL, women, (12-15 g/;i_l__ children: 11-16 g/dL; ESR, <20 mm inist hr., CRP, <12 mg‘ldL.

The severity of symptoms in the HBoV-positive pa-
tients did not differ from those of patients with other infec-
tions. None of the patients who had positive PCR results
for HBoV1-3 had corresponding HBoV1-4 IgM or IgG
in their CSF. Phylogenetic analysis (Figure) of the viral
protien 1/2 gene showed that the Sri Lanka HBoV1 strains
did not subcluster with encephalitis-associated Bangladesh
strain, although they had 97%-98% nt identities. The Sri
Lanka HBoV1 strains had 98%-99% nt identities among
themselves and with other HBoV1 strains. The Sri Lanka
HBoV2 strain was closely related to the Tunisia strain
(96% nt identity). The Sri Lanka HBoV2 had 90%-91%
nt identities with the Bangladeshi encephalitis-causing
strains and 90%—-96% nt identities with other HBoV2
strains. The Sri Lanka HBoV3 strain was closely associ-
ated with the cluster formed by viruses from the United
Kingdom, Australia, Tunisia, and China and had 96%-
97% nt identities with those strains. The sequence of NP1
gene is conserved and had 98%-100% nt identities among
the Sri Lanka strains.

1860

Conclusions

The study in Bangladesh suggested that HBoV-as-
sociated encephalitis might be restricted to malnourished
children (3). However, our study demonstrates that HBoV
also can be detected in well-nourished children and adults
with encephalitis. How HBoV might trigger encephalitis is
unclear. HBoV viremia has been documented, and the virus
might therefore have the potential to cross the blood-brain
barrier. The NP1 of HBoV inhibits interferon-f production
by the host, suggesting evasion of the innate immune re-
sponse during infection (§).

Unlike the Bangladesh study, where 2 of 4 encephalitis
patients in whom HBoV was detected died (3), all patients
in our study recovered. In addition to HBoV1 and HBoV2,
we detected HBoV3 in a child with encephalitis, which to
our knowledge, has not been reported as a cause of the dis-
ease. Although HBoV infections occur mainly in children,
among the 5 Sri Lanka patients with HBoV encephalitis, 3
were adults or adolescents. None of the patients with HBoV
encephalitis had HBoV IgM or IgG in their CSF, indicating

Emerging Infectious Diseases + www.cdc.gov/eid « Vol. 19, No. 11, November 2013
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Figure. Phylogenetic tree of the

Mm\z::::) EUQG:ZW partial VP 1/2 gene (nucleotide
GO-HBo na-2008) GQe26863 positions 3233-3808, amplicon
JPOC0B-022 (Japan-2008) AB481053 size 575 bp) of HBoVs constructed
KU1 (Germany-2008) FJ695472 by using nucleotide sequence
@ ICMH/CSF63 (Bangiadesh-2000) AB666094 by neighbor-joining method. The
CZT0T (China-xxxx) DQB87588 strain name is followed by country
CUBN (Thailand-xxxx) EU262078 MBSV of origin and year of sample
HK7 (Hong Kong-xxxx) EF450723 collection in parentheses, followed
00 @ ICMHICSFE2 (B 2008) ABSE60S3 by thg DD.BJ/EN"BL:/GenBank
@ KUHBOVB4770 (Sri Lanka-2008/2010) AB755811 accession no.; xx mdncate:s th?t
. the year of sample collection is
51— @ KUHBOVI2018 (Sr Lanks-2000/2010) AB755800 undocumented. Sri Lanka and
® KUHB0VS8684 (S Lanka-2009/2010) ABT55813 Bangladesh encephalitis-causing
o @ ICMH/CSF18 (Bangiadesh-2009) ABE68091 bocaviruses are indicated by
KU1 (Pakistan-xxxx) GQ200737 circles and diamonds, respectively.
@ ICMH/CSF886 (Bangladesh-2009) ABE680SS The number adjacent to the node
LZ55602 (China-2007) GU301845 represents the bootstrap value,
0,

W296 {Australia-2001) FJ948860 vowe and values <79 A)' are not showp.
91] g — HBOV2A-TUA-11406 (Tunisia-2006) F 073658 S.cale bar indicates gengttc
@ KUHBOVIAS02 (Sri Lanke: 10} ABTS5612 dlstar}ce. expressefi as nucleotide
2008120 substitutions per site. (The DDBJ/
CUS4TH (Thaitand-2007) GLI0456E3 EMBL/GenBank accession
78 L HBOVZA-NJ-1-P1 (USA-xxxx) GQ243626 numbers of nonstructural protein
L—— HBoV2B-Ni-213 (Nigeria-2007) FJ§73560 1 gene of strains KUHBoV93018,
CU2139UK (United Kingdom-2008) GLI048685 KUHBoV285, KUHBoV84770,
WA471 (Australia-2001) EUS18736 KUHBoV64502 and KUHBoV58684
HBOV3B-TU-A-210-07 (Tunisia-2007) FJS73562 were AB822999, AB823000,
46-8.J07 (China-2007) HM132056 HBoV3  AB823001, AB§23002 and

99 @ KUHBOV28S (St Lanks 2008/2010) AB755810 ABB823003, respectively).

o] p” IM10 (Brazil-2004) GQS67687
0.08 HBOVA-NI385 (Nigeria-2007) F JO73561 | HBoV#

how rapidly disease onset occurred and how little time the
immune system had to respond. Generally, the specific se-
roprevalence rate of HBoV1 antibodies in infected persons
is 59%, followed by HBoV2, 3, and 4 (34%, 15%, and 2%,
respectively) (7).

Our detection rate of viruses as a cause of encephalitis
was 7.5%, and adding anti-NMDAR encephalitis, the detec-
tion rate increased to 10%, which is similar to that of another
study (9). Anti-NMDAR encephalitis is becoming a domi-
nant cause of encephalitis in certain population (/0); how-
ever, in Sri Lanka, it is 1%—4%, similar to other studies (/7).

Dengue virus is the leading endemic cause of encepha-
litis in Brazil (/2). This infection is also endemic to Sri
Lanka and, before our study, dengue encephalitis was sus-
pected but unconfirmed in the population. Enteroviruses
frequently cause CNS infection, and the HEcoV 9 and 25
found here are known to cause encephalitis (/3).

Among the HAdVs, serotype F is mainly responsible
for gastroenteritis, whereas encephalitis is caused mainly
by serotypes B, C, and D (14,15). The large number of
HAQYV 41 encephalitis cases indicates a unique epidemiol-
ogy in Sri Lanka.

Herpes simplex and varicella-zoster viruses are impli-
cated as the major causes of encephalitis. However, these

Emerging Infectious Diseases » www.cdc.gov/eid « Vol. 19, No. 11, November 2013

viruses were not responsible for encephalitis in our study
or in the studies in Bangladesh. HBoV is dominant in both
Bangladesh and Sri Lanka. The limitation of our study is
that causation could not be proven by the presence of HBoV
antibody during infection or the absence of HBoV DNA in
the CSF when recovered. The HBoV DNA detected in our
study may represent persistent DNA from past infection;
however, history of recent respiratory or diarrheal infec-
tion was absent. Future studies using quantitative PCR and
serology are warranted to better establish the etiologic role
of HBoV infection and encephalitis.
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ARTICLE INFO ABSTRACT

p-Serine, an endogenous co-agonist of the N-methyl-p-aspartate (NMDA) receptor is synthesized from -
serine by serine racemase (SRR). A previous study of Srr knockout (Srr-KO) mice showed that levels of p-
serine in forebrain regions, such as frontal cortex, hippocampus, and striatum, but not cerebellum, of
mutant mice are significantly lower than those of wild-type (WT) mice, suggesting that SRR is responsible
for p-serine production in the forebrain. In this study, we attempted to determine whether SRR affects the
level of other amino acids in brain tissue. We found that tissue levels of p-aspartic acid in the forebrains
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Sgli:‘e)rrd:cremase (frontal cortex, hippocampus and striatum) of Srr-KO mice were significantly lower than in WT mice,
o-Serine whereas levels of p-aspartic acid in the cerebellum were not altered. Levels of p-alanine, t-alanine, -
b-Aspartic acid aspartic acid, taurine, asparagine, arginine, threonine, y-amino butyric acid (GABA) and methionine,
p-Alanine remained the same in frontal cortex, hippocampus, striatum and cerebellum of WT and mutant mice. Fur-

p-Amino acids thermore, no differences in p-aspartate oxidase (DDO) activity were detected in the forebrains of WT and
Brain Srr-KO mice. These results suggest that SRR and/or p-serine may be involved in the production of p-aspar-
tic acid in mouse forebrains, although further detailed studies will be necessary to confirm this finding.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

It was a long held belief that only the L-isomers of amino acids
existed in mammals. However, with recent advances in analytical
methods, free D-amino acids, including p-aspartic acid and p-ser-
ine, have been found in the tissues of mammals, including humans
(Dunlop et al., 1986; Hashimoto et al., 1992; Nagata, 1992; Nagata
et al., 1992a,b; Briickner and Hausch, 1993). Subsequent studies
using two-dimensional high performance liquid chromatography
(HPLC), detected very low levels of free D-amino acids in a variety
of mammalian tissues (Hamase et al., 2001, 2005; Morikawa et al.,
2001; Miyoshi et al., 2009, 2012; Yamanaka et al., 2012). It is there-
fore not unreasonable to conclude that D-amino acids may play a
role in physiological and biological functions in mammals. Of the
free D-amino acids, the roles of p-aspartic acid, p-serine and p-ala-
nine have been well investigated in animal brains (Hashimoto and
Oka, 1997; Hamase, 2007; Yamanaka et al., 2012).

p-Serine, an endogenous co-agonist of the N-methyl-p-aspartate
(NMDA) receptor, plays an important role in excitatory neurotrans-
mission, via the NMDA receptor (Hashimoto et al., 1993; Schell

* Corresponding author. Address: Division of Clinical Neuroscience, Chiba Uni-
versity Center for Forensic Mental Health, 1-8-1 Inohana, Chiba 260-8670, Japan.
Tel.: +81 43 226 2517, fax: +81 43 226 2561.

E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

1 These authors contributed equally to this work.

0197-0186/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.neuint.2013.02.015

et al, 1997). p-Serine is synthesized from L-serine by the pyri-
doxal-5' phosphate-dependent enzyme, serine racemase (SRR)
(Wolosker et al., 19994, b), and metabolized by D-amino acid oxi-
dase (DAAO) (Wolosker and Mori, 2012). Studies using Srr knock-
out (Srr-KO) mice have shown that SRR is predominantly
localized to forebrain neurons (Miya et al., 2008) and that levels
of p-serine in the forebrain of these animals are 80~90% lower than
in wild-type (WT) mice (Inoue et al., 2008; Basu et al., 2009; Horio
et al.,, 2011), implying that p-serine production in the forebrain is
largely dependent on SRR activity. In contrast, levels of L-serine,
glycine, glutamine and glutamate, which are also related to NMDA
receptor neurotransmission, were similar between brain tissue
from Srr-KO and WT mice (Horio et al., 2011).

p-Aspartic acid was the first D-amino acid found in mammalian
brains (Dunlop et al., 1986) and it is observed in many neuroendo-
crine and endocrine organs (Hashimoto et al., 1995). It is directly
involved in the secretion of hormones, such as melatonin and tes-
tosterone (D’Aniello et al,, 1996; Takigawa et al., 1998; Huang
et al, 2006). p-Aspartic acid is synthesized by the pyridoxal-5
phosphate-dependent enzyme, aspartate racemase in adult mouse
brain (Kim et al, 2010), and degraded by p-aspartate oxidase
(DDO) (Van Veldhoven et al,, 1991; Huang et al., 2006). Due to
its structural similarity to NMDA, p-aspartic acid binds to the
NMDA receptor and potentiates NMDA receptor-mediated neuro-
transmission (Fagg and Matus, 1984; D’Aniello et al., 2011;
Yamanaka et al., 2012). Like p- serine, p-alanine is also an
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endogenous co-agonist of the NMDA receptor although its syn-
thetic pathway is unknown (Kleckner and Dingledine, 1988;
McBrain et al,, 1989). Interestingly, increased levels of p-alanine
in brain tissue and plasma were observed in patients with Alzhei-
mer's (Fisher et al,, 1991) and renal diseases (Nagata et al., 1992a).

In this study, we measured levels of p-aspartic acid and p-ala-
nine, as well as the amino acids, 1-alanine, 1-aspartate, taurine,
asparagine, arginine, threonine, y-amino butyric acid (GABA) and
methionine, from frontal cortex, hippocampus, striatum and cere-
bellum of wild-type (WT) and Srr-KO mice. Additionally, we mea-
sured the activity of DDO in the forebrain of WT and Srr-KO mice.

2. Materials and methods
2.1. Animals

The Srr-KO mice were generated from C57BL/6- derived embry-
onic stem cells transfected with a gene-targeting vector containing
C57BL/6 mouse genomic DNA, and the colony expanded by cross-
ing with C57BL/6 mice (Miya et al., 2008). The generation and
genotyping of Srr-KO mice and wild-type (WT) control mice with
a pure C57BL/6 genetic background has been reported previously
(Miya et al., 2008). WT and Srr-KO male mice aged 2-3 months
were used for analyses. The mice were housed in clear polycarbon-
ate cages (22.5 x 33.8 x 14.0 cm) in groups of 5 or 6 per cage under
a controlled 12/12-h light~dark cycle (lights on from 7:00a.m. to
7:00p.m.), with a room temperature of 23 + 1 °C and humidity of
55 + 5%. The mice were given free access to water and food pellets.
Experimental procedures were approved by the Animal Care and
Use Committee of Chiba University.

2.2. Sample preparation

~ Twenty-four hours after fasting, mice were sacrificed by decap-
itation. Then, brain regions, the frontal cortex, hippocampus, stria-
tum, and cerebellum were dissected on ice. All samples were
stored at —80 °C before analysis.

2.3. HPLC system for the determination of p- and L-aspartic acid, and
~ p- and 1-alanine

Tissues were homogenized in 1.5 mL of methanol (HPLC grade)
on ice. The homogenates were centrifuged at 3000g for 6 min at
4°C, and 20 pL of supernatant was evaporated to dryness at
40 °C. To the residue, 20 pL of H,0 (HPLC grade), 20 puL of 0.1 M bo-
rate buffer (pH 8.0) and 60 pL of 50 mM 4-fluoro-7-nitro-2,1,3-
benzoxadiazole (NBD-F; Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan)
in CH3CN (HPLC grade) were added. The reaction mixture was then
heated to 60 °C for 2 min, and immediately supplemented with
100 pL of HyO/acteonitrile (92/8) containing 0.05% trifluoroacetic
acid to stop the reaction. These procedures were fully automated
using a 3023 auto sampler.

Measurement of p- and 1-aspartic acid, and p- and 1-alanine was
performed using the previous reports with a slight modification
(Morikawa et al., 2001; Miyoshi et al., 2009, 2012). The HPLC sys-
tem (NANOSPACE SI-2 series, Shiseido Ltd, Tokyo, Japan) consisted
of a type 3202 degasser, 3101 and 3201 pumps, a 3023 auto sam-
pler, 3004 and 3014 column oven, two 3213 fluorescence detec-~
tors, a 3011 column-switching high pressure valve and dual-loop
valve. A data processing programs, EzChrom Elite Client, was used
to monitor the detectors response and a column-switching valve
and a dual-loop valve were controlled by a KSAA valve controlling
system (Shiseido Ltd, Tokyo, Japan).

The analytical column for the reversed-phase separation was a
Nucleonavi (250 mm x 1.0 mm i.d., Shiseido Ltd., Tokyo, japan)

maintained at 40 °C. Mobile phase 1a consisted of H;O/acetonitrile
(92/8) containing 0.05% TFA, and phases 1b, H,O/acetonitrile (10/
90) containing 0.1% TFA and acetonitrile, respectively. The gradient
elution of the mobile phase was kept at a constant flow rate of
50 pl/min. The time program for gradient elution was as follows:
0-40.0 min 1a: 1b=100: 0, 40.0-40.1 min liner gradient from 0%
1b to 100% 1b,40.1-50.0 min 1a: 1b=0: 100, 50.0-50.1 min liner
gradient from 0% 1a to 100% 1a, and 50.1-120 min 1a: 1b=100:
0. The chiral column (Column 2) used for the separation and quan-
tification of p- and r-aspartic acid, and p- and L-alanine with NBD-F
comprised two KSAA-OA2500 columns (S) (250 mm x 2.0 mm i.d.,
Shiseido Ltd., Tokyo, Japan), which were connected in tandem. The
mobile phase was 15 mM citric acid in methanol. The flow rate was
isocratically pumped at 200 pL/min. The column temperature was
maintained at 25 °C for all columns. Fluorescence detection was
performed at 530 nm with an excitation wavelength at 470 nm.

2.4. HPLC system for the determination of various amino acids

Measurements of taurine, asparagine, arginine, threonine, y-
amino butyric acid (GABA) and methionine were carried out using
a HPLC system with fluorescence detection, as previously reported
(Aoyama et al., 2004). Tissues were homogenized in 1.5 mL of
methanol (HPLC grade) on ice. The homogenates were centrifuged
at 3000g for 6 min at 4 °C, and 20 pL of supernatant was evaporated
to dryness at 40 °C. To the residue, 25 pL of H,0 (HPLC grade), 20 puL
of internal standard solution (375 nM e-amino-n-caproic acid in
water), 25 pL of 0.2 M borate buffer (pH 9.5) and 30 pL of 10 mM
NBD-F (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) in CH3CN (HPLC
grade) were added. The reaction mixture was put at room temper-
ature for 40 min, and immediately supplemented with 50 gL of 1 M
tartrate buffer (pH 2.0) to stop the reaction. These procedures were
fully automated using a SIL-20A auto sampler.

The HPLC system (SCL-10A vp series, Shimadzu Ltd., Tokyo, Ja-
pan) consisted of a type DGU-20As degasser, a LC-20A pumps, a
SIL-20AC auto sampler, a CTO-20A column oven, a RF-10Ay, fluo-
rescence detectors, for the determination of taurine, asparagine,
arginine, threonine, GABA and methionine, a cadenza CD-C18
ODS column (250 mm x 4.6 mm id., Imtakt, Ltd., Kyoto, Japan)
was used. The gradient elution of the mobile phase was kept at a
constant flow rate of 0.8 mL/min. Mobile phase A consisted of
H,Ofacetonitrile/2-propanol (90/10/0.8) containing 0.08% TFA,
and phases B, C and D, of H,0/acetonitrile/2-propanol (90/10/5)
containing 0.08% TFA, H,O/acetonitrile (90/10) and H,O/acetoni-
trile (10/90) containing 0.08% TFA acetonitrile, respectively.

The time program for gradient elution was programmed as fol-
lows: 0-25 min A: B: C: D=100: 0: 0: 0, 25-32 min liner gradient
from 0% B to 100% B, 32-35min A: B: C: D=0: 100: 0: 0, 35-
39 min liner gradient from 100% B to 97% B, 39-45 min A: B: C:
D=0: 97: 0: 3, 45-45.1 min liner gradient from 97% B to 0% B,
45.1-60 min A: B: C: D=0: 0: 90: 10, 60-60.1 min liner gradient
from 90% C to 65% C, 60.1-63 min A: B: C: D=0: 0: 65: 35, 63~
63.1 min liner gradient from 0% B to 15% B, 63.1-68 min A: B: C:
D =0: 15: 55: 30, 68-70 min liner gradient from 55% C to 50% C,
70-82 min A: B: C: D = 0: 15: 50: 35, 82-85 min liner gradient from
15% B to 0% B, 85.1-100 min A: B: C: D = 0: 0: 40: 60, 100-100.1 min
liner gradient from 0% A to 100% A and 100-120 min, A: B: C:
D =100: 0: 0: 0. Injection volume was 20 pL. All column tempera-
tures were maintained at 35 °C. Fluorescence detection was per-
formed at 530 nm with an excitation wavelength at 470 nm.

2.5. Measurement of DDO activity
The activity of DDO in the forebrain and kidney (a high DDO

activity tissue) was measured as previously reported (Yamada
et al., 1988; D’Aniello et al., 1993). Briefly, tissue was homogenized
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with 4-volumes of 50 mM Tris~HCI (pH 8.2) at 4°C, and centri-
fuged at 30,000g for 30 min. Then, the supernatant was incubated
with 20 uM FAD (flavin adenine dinucleotide) 100 mM p-aspartic
acid (pH 8.3, adjusted with NaOH), to a final volume of 0.5 mL.
The mixture was incubated at 37 °C with shaking, for 30 min. After
the addition of 0.2 mL of 25% trichloroacetic acid and centrifuga-
tion, 0.2 mL of supernatant was mixed with 0.1 mL of 0.1% 2,4-dini-
trophenylhydrazine in 2 M HCJ, and incubated for 10 min at 37 °C.
A 0.2 mL aliquot of 3.75 M NaOH was then added to the solution
and it was left to stand for 10 min. Supernatant absorbance was
measured at 445 nm, where 2,4-dinitrophenylhydrazones of oxalo-
acetate and pyruvate showed approximately the same molar
absorption coefficient. Samples were measured against a blank ref-
erence prepared using the reaction mixture without p-aspartic
acid. The assays were performed in duplicate.

2.6. Statistical analysis

The data are presented as the mean *standard error of the
mean (S.E.M.). Statistical analysis was performed using Student's
t-test. The p values less than 0.05 were considered statistically
significant.

3. Result
3.1. Levels of D-aspartic acid and D-alanine in brain tissue

Tissue levels of b~ and 1-aspartic acid and b~ and 1-alanine in the
frontal cortex, hippocampus, striatum and cerebellum of WT and
Srr-KO mice are shown in Table 1. Levels of p-aspartic acid in the
frontal cortex (t=3.209, p=0.005), hippocampus (t=7.403,
p<0.001) and striatum (t =5.051, p <0.001) of Srr-KO mice were
significantly lower than those of WT mice (Fig. 1 and Table 1).
However, in the cerebellum, where levels of p-aspartic acid are nat-
urally markedly lower than the frontal cortex, hippocampus, and
striatum, there was no difference between Srr-KO and WT mice
(Fig. 1 and Table 1). Brain tissue levels of 1-aspartic acid, p-alanine
and i-alanine were comparable between Srr-KO and WT mice
(Table 1).

3.2. Levels of selected amino acids in brain tissue

Tissue levels of taurine, asparagine, arginine, threonine, GABA
and methionine in the brains of WT and Srr-KO mice are shown
in Table 2. Levels of these amino acids in the frontal cortex, hippo-
campus, striatum and cerebellum of Sr-KO mice were comparable
to levels in WT mice (Table 2).

Table 1
Tissue levels of p- and -aspartic acid, and p- and t-alanine in mouse brains.

ok wkk il

2

-
»
"

Ej WT mice

. Srr-KO mice

-
o
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-
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D-Aspartic Acid (pmolimg tissue)

2 4 —
0 ot

Frontal cortex Hipp Cerebeil

Fig. 1. Levels of p-aspartic acid in the frontal cortex, hippocampus, striatum, and
cerebellum. Levels of p-aspartic acid in the frontal cortex, hippocampus, and
striatum of Srr-KO mice were significantly lower than in WT mice. In contrast, levels
of p-aspartic acid in the cerebellum of Srr-KO mice were not different from WT
mice. This data shows the mean+SEM (n=10). **p<0.01, *p<0.001 when
compared to WT mice.

3.3. DDO activity in the forebrain and kidney

We measured the activity of DDO in the forebrain of mice, to
determine the effects of its activity on p-aspartic acid levels. We
also measured DDO activity in the kidney, since this tissue typi-
cally shows high activity (Yamada et al., 1988; D'Aniello et al.,,
1993). DDO activity in the forebrain was greatly lower than that
in the kidney, consistent with previous data (Yamada et al,
1988) (Table 3). There were no differences (t=-0.760, p = 0.461)
in DDO activity in the forebrains of WT and Srr-KO mice (Table 3).
However, we found that DDO activity in the kidney was signifi-
cantly lower in Srr-KO mice (t=5.117, p < 0.001), relative to WT
mice (Table 3). In addition, the weight of kidneys from Srr-KO mice
was also significantly (t = 5.690, p < 0.001) lower than those of WT
mice (Table 3).

4. Discussion

This study found that levels of free p-aspartic acid in the fore-
brain of Srr-KO mice were significantly lower than those of WT
mice, although levels of other amino acids were similar between
Srr-KO and WT mouse brains. Forebrain regions such as, frontal
cortex, hippocampus, and striatum, show high density expression
of SRR and p-serine, whereas the cerebellum shows very low
expression (Miya et al., 2008; Horio et al.,, 2011). Previously, we re-
ported that SRR is the enzyme most likely responsible for p-serine
production in mouse forebrains, as Srr-KO mice show an 80-90%

Brain region Genotype pmol/mg tissue nmol/mg tissue
p-Aspartic acid p-Alanine L-Aspartic acid -Alanine
Frontal cortex WT 8.15+1.64 1.51+0.16 0.59+0.13 0.42 £ 0.03
Sr-KO 282027 1.39£0.11 0.44 +0.02 0.37+0.02
Hippocampus WT 9.00£0.55 0.81x0.10 0.66 + 0.04 0.27 £0.03
Sr-KO 427+0417 0.74+0.24 0.66 £ 0.04 0.25 £ 0.02
Striatum WT 7.77 £ 0.69 037x0.10 0.39+£0.02 0.10£0.02
Sr-KO 2.85+0.69""" 0.26 £ 0.04 0.39+0.02 0.1020.01
Cerebellum WT 1.89+0.05 0.40 £ 0.06 0.54 £ 0.04 0.20+0.01
Srr-KO 1.86 +0.08 0.31+0.02 0.55 £ 0.02 0.19 £0.01

Values are the mean + SEM (n = 10).
” p<0.01.
" p<0.001 compared with WT mice.

-~ 163 -



846 M. Horio et al./ Neurochemistry International 62 (2013) 843-847

Table 2
Tissue levels of amino acids in mouse brains.
Regions Genotype Taurine Aspargine Arginine Threonine GABA Methionine
Frontal cortex WT 464.8+17.8 59+13 1647 £26.1 1152,1£252.6 1908 +24.4 68319
Sr-KO 4367155 75£0.6 128.1£22.2 3325:114.1 182.7£18.8 75035
Hippocampus WT 3823159 106+0.6 3.0£02 72.830.0 199.9+21.8 71.8+43
Sm-KO 3286172 84102 2401 60.0£21.2 164.8+18.6 60.0%3.4
Striatum WT 4383+27.9 258147 87.0+10.1 120.0£35.4 256.8 £39.0 68.9+5.8
Srr-KO 3702+ 11.9 19226 85.0+6.1 133.8+413 213.1£30.2 48948
Cerebellum WT 338.0%15.0 8.1:04 383.4216.1 78.8+183 153.1£25.1 147227
Srr-KO 299.3£6.4 73202 351.7+104 74.7+16.4 131.8+21.2 71203
Values (pmol/mg tissue) are the mean x SEM (n=10).
Table 3 In this study, we found that DDO activity in the kidneys of Srr-
DDO activity in the forebrain and kidney of WT and Srr-KO mice. KO mice was significantly lower than that of WT mice. We also
Tissues DDO activity (nmol/g tissue/min) found that kidneys from Sr7-KO mice were significantly lower in
wr ST-KO weight compared to kidneys from WT mice. The precise reasons
- 058 s underlying reduced DDO activity levels in the kidney of Srr-KO
+ + . . . . .
Forebrain 31520. 82:0.64 mice are currently unknown. Considering our findings, it seems
Kidney 99.43 +3.73 60.26+ 6,68 that Srr-KO mice may suffer impaired kidney function, although
Weight (mg) 310.7 £4.32 2562855 further studies are necessary to confirm this point.

Values are the mean + SEM (n=7 or 8).
™ p<0.001 as compared with WT mice (Student's t-test).

decrease in this amino acid, within the frontal cortex, hippocampus
and striatum (Horio et al., 2011). SRR is highly selective for L-serine
relative to other amino acids. Substrate specificity of t-alanine and
L-aspartate were 1.5% and 0% of control values (100% for L-serine),
respectively (Wolosker et al., 1999b), indicating that SRR does not
play a role in the direct production of p-aspartic acid from L-aspar-
tic acid. In this study, we found that cerebellum levels of p-aspartic
acid and p-serine were unaltered between Srr-KO and WT mice
(Horio et al., 2011). It seems that levels of p-aspartate may be
dependent upon D-serine levels in the forebrain, although this
needs further examination.

High levels of p-aspartic acid are readily detectable in periphe-
ral organs, including adrenal, testis, and spleen (Hashimoto et al,,
1993; Hashimoto and Oka, 1997; D'Aniello et al, 1996; Han
et al.,, 2011). In this study, we found that levels of p-aspartic acid
in the testis of Srr-KO mice were no different to those of WT mice
(Supplemental Fig. 1). It seems likely then, that decreased levels of
p-aspartic acid in the forebrain of Srr-KO mice is a forebrain-spe-
cific effect, although this needs to be tested.

p-Aspartic acid is synthesized from t-aspartic acid by aspartate
racemase (Kim et al., 2010). Depletion of aspartate racemase by
retroviral-mediated expression of short-hairpin RNA, highlighted
an important role for this enzyme in neuronal development, and
is consistent with the high levels of p-aspartic acid noted during
early neuronal ontogeny (Kim et al, 2010). A study analyzing
DDO-deficient (DDO~/~) mice found increased levels of p-aspartic
acid in the brains of these mice, suggesting that p-aspartic acid is
an endogenous substrate of DDO (Huang et al., 2006). Previous re-
ports found high DDO activity in the kidneys of mice and rats
(Yamada et al., 1988; D’Aniello et al., 1993). In this study, we found
no difference in forebrain DDO activity between WT and Srr-KO
mice, suggesting that DDO may not play a role in the reduced levels
of p-aspartic acid seen in the forebrain of Srm-KO mice. The precise
reasons underlying the reduced levels of p-aspartic acid in the fore-
brain of Srr-KO mice are currently unknown. One possibility is that
SRR and/or p-serine could affect the activity of aspartate racemase
in the forebrain. Another possibility is that p-aspartic acid may be
synthesized from bp-serine via unknown pathways. Nonetheless,
further detailed studies on the relationship between p-aspartic acid
and SRR/D-serine signaling are needed.

5. Conclusion

This study showed that forebrain tissue levels of p-aspartic acid
from Srr-KO mice were significantly lower than those of WT mice,
although other amino acid levels remained unchanged. These re-
sults suggest that SRR and/or p-serine may be involved in the pro-
duction of p-aspartic acid in mouse forebrain, although further
detailed studies are required to support this finding.
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CORRESPONDENCE

Is D-Cycloserine a Prodrug for D-Serine in the Brain?

To the Editor:

-cycloserine (DCS), (4R)-4-amino-1,2-oxazolidin-3-one, is a
D partial agonist at the strychnine-insensitive glycine modu-

latory site associated with the N-methyl-D-aspartate
(NMDA) receptor complex. DCS is also a less efficient ligand of
NMDA receptor function than endogenous full agonists, such as
glycine and D-serine. At high doses, DCS acts as an antagonist by
displacing more efficacious endogenous agonists, but at moder-
ate doses, DCS facilitates glutamatergic neurotransmission via
the NMDA receptor. Recent meta-analysis shows that glycine,
D-serine, and sarcosine (N-methylglycine), an endogenous gly-
cine transporter-1 inhibitor, are more effective than DCS in im-
proving the overall psychopathology in patients with schizo-
phrenia receiving antipsychotic drugs (1). This suggests a
relatively narrow therapeutic window for DCS, most likely due to
its partial agonist properties.

A meta-analysis of both animals and humans demonstrated that
DCS enhances prolonged exposure therapy, a cognitive-behavioral
therapy, used in patients with anxiety disorders, such as posttrau-
matic stress disorder (PTSD), social phobia, panic disorder, and ob-
sessive-compulsive disorder (2), although a recent meta-analysis
conducted in humans showed no significant effects of dose
timing or dose number on the treatment efficacy of DCS (3).
Animal studies have suggested that fear of extinction has been
linked to NMDA receptor function in the basolateral amygdala
and that DCS can enhance extinction effects (4). When fear ex-
tinction takes place during DCS treatment, the usual forms of
neuroplasticity are enhanced, along with the recruitment of ad-
ditional forms of neuroplasticity, to enhance extinction and pro-
tect against reinstatement (5). These findings imply that DCS
could be an effective therapeutic agent for enhancing exposure-

200
wT

ek wx

g B

D-Serine (% of baseline)
4

-120 90 60 30 0 30 60 90 120 150 180 210 240

{min)

DCS (100 mg/kg, P.O.) administration

~
8

KO * .

*

D-Serine (% of baseline)
g & B

8

L] oy
120 90 €0 30 O

30 80 S0 120 150 180 210 249

{min}

DCS (100 mg/kg, P.0.) administration

D-Serine (% of baseling)

D-Sarine (% of baseline)

based therapy in anxiety disorders (2,3,5), although further de-
tailed studies are needed.

Here we report that treatment with DCS can increase extracellu-
lar levels of D-serine in the brain. An in vivo microdialysis study
using free-moving mice showed that extracellular levels of D-serine
in the mouse hippocampus were significantly increased after oral
(100 mg/kg) or intracerebroventricular (ICV) infusion of DCS (10
mmol/L, 1 pL/minfor 30 min; Figure 1). Previously, we reported that
extracellular levels of D-serine in the hippocampus of serine race-
mase (5rr) knockout (KO) mice were markedly decreased to approx-
imately 20% of levels in wild-type mice, indicating that serine race-
mase (SRR} is the major enzyme responsible for D-serine production
in the mouse forebrain (6) (Figure 1). Interestingly, oral dosing or
ICV infusion of DCS induced a marked increase in extracellular D-
serine levels within the hippocampus of Srr-KO mice (Figure 1). in
contrast, DCS administration did not alter extracellular levels of
glycine in this region (data not shown). These findings suggest that
SRR does not play a role in the mechanisms that induce increases of
D-serine in mouse brains after DCS treatment.

It is well known that DCS is unstable in aqueous solutions,
where itis converted into the biologically inactive dimer, 2,5-bis-
(aminooxymethyl)-3,6-diketopiperazine (7). Furthermore, DCS
can be synthesized from the precursor D-serine. Given that SRR is
not required for the production of D-serine in the brain after DCS
treatment, D-serine may indeed become available on degrada-
tion of DCS because of the inherent instability of DCS in brain
extracellular fluids. Interestingly, a pilot study showed that D-
serine (30 mg/kg/day) was effective in treating PTSD (8). It is
therefore likely that the D-serine produced in the brain after DCS
treatment plays at least a partial role in the therapeutic effects of
DCS seen in patients with anxiety disorders. Nonetheless, addi-
tional study using DCS labeled with isotopes will be needed to
confirm this hypothesis.
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Figure 1. Extracellular D-serine levels in the hippocampus after D-cycloserine (DCS) treatment. Extracellular levels of D-serine in the hippocampus of wild-type (WT) mice and
Srrknockout (KO) mice were significantly increased after oral (P.O.; 100 mg/kg) or intracerebroventricular (ICV; 10 mmol/, 1 ul/min for 30 min) administration of DCS. The
average values of baseline in the hippocampus of WT mice and Sr7-KO mice were 358 = .015 umol/L (n = 12)and .075 * .002 wmol/L (n = 12), respectively. Data show the
mean * SEM. Data were analyzed using one-way analysis of variance, post hoc Fisher’s protected least significant difference to compare individual postinjection time points
to collapsed average baselines values (1009%). *p < .05, **p < .01, **p < .001 compared with baseline values.
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Taking all of this information together, it is reasonable to pro-
pose that DCS may act as a prodrug for D-serine in the brain. This
idea is based on the greater permeability of DCS into the brain
compared with D-serine and the unstable nature of DCS in brain
extracellular fluids. This degradation of DCS will result in increased
D-serine bioavailability within the brain. However, there is also the
possibility that the action of D-serine produced from DCS may in
turn be antagonized by DCS, resulting in no significant effects in
its treatment efficacy for anxiety disorders (3). The low availabil-
ity of D-serine due to degradation by D-amino acid oxidase in
peripheral organs hampers its use in disease treatment because
high levels would be needed to achieve therapeutic doses. Ther-
apeutic levels could be achieved if D-serine were administered
with D-amino acid oxidase inhibitors. This combination may well
provide a more effective and an alternative therapeutic ap-
proach to that of DCS (9,10).
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Abstract

Introduction The human ether-a-go-go-related gene
(hERG) encodes the x-subunit of a cardiac potassium chan-
nel. Various mutations of ZERG, including missense muta-
tions, have been reported to cause long QT syndrome
(LQTS) and severe arthythmic disorders such as sudden
cardiac death. We identified a novel AZERG frameshift mu-
tation (AERG(AAT)) in the S5-pore region from a LQTS
patient who died suddenly and analyzed its genetic profile

The nucleotide sequence reported in this paper has been submitted to
GenBank under accession number JX261933.
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and the molecular and electrophysiological behaviors of the
protein product to assess the pathogenicity of AERG(AAT).
Methods and results We performed direct sequencing of
hERG and evaluated its transcript level by using a whole
blood sample from the patient. We performed immunoblot-
ting, immunocytochemistry, and patch-clamp recordings of
HEK-293 T cells transfected with ZERG(AAT), wild-type
hERG (hERG(WT)), or both. The patient demonstrated an
AT deletion (c.1735_1736del) in AERG and a decrease in
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AERG mRNA transcripts. HEK-293 T cells showed lower
production and cell surface expression of hRERG(AAT) com-
pared with hERG(WT) protein. In addition, the hERG(AAT)
protein failed to form functional channels, while the activa-
tion kinetics of functional channels, presumably consisting
of hERG(WT) subunits, were unaffected.

Conclusion The AAT mutation may decrease the number of
functional hERG channels by impairing the posttranscriptional
and postiranslational processing of the mutant product. This
decrease may partly explain the cardiac symptoms of the
patient who was heterozygous for AERG(AAT).

Keywords M579fs+75X frameshift mutation - Human
ether-d-go-go-related gene - Long QT syndrome - Patch-
clamp - Transmembrane pore domain - Arrhythmia

Introduction

Long QT syndrome (LQTS) is a congenital disorder that
predisposes patients to sudden cardiac death (SCD) [1, 2].
The phenotypic and genetic heterogeneity of LQTS are
widely accepted. The clinical history and electrocardio-
graphic phenotype of LQTS can range from complete ab-
sence of symptoms and a normal resting electrocardiograph
(ECQ) to sudden death in infancy resulting from extreme
QT prolongation [3]. Such phenotypic variability can make
clinical diagnosis challenging. To date, LQTS has been
attributed to mutations in 13 genes [4, 5]. Approximately
90 % of genotyped LQTS patients belong to type 1 LQT
(LQT1), LQT2, or LQT3. LQTS has been shown to be an
ion channelopathy associated with loss-of-function muta-
tions in genes encoding repolarizing potassium channels,
their subunits, and certain interacting proteins. Gain-of-
function mutations in genes encoding depolarizing sodium
and calcium channels have also been associated with LQTS
[6]. LQTS-associated genes are listed in Table 1.

Nearly 300 LQT2-linked missense, frameshift, deletion,
insertion, and nonsense mutations of the human ether-a-
go-go-related gene (hERG) have been identified. AZERG
mutations can cause channel malfunction via diverse
mechanisms, including abnormal channel protein process-
ing, generation of nonfunctional protein, dominant-
negative suppression, and alterations in channel gating
[7]. More than 30 % of the #ERG mutations identified
are nonsense/frameshift mutations that introduce prema-
ture termination codons. These nonsense/frameshift mu-
tations are more frequently located in the C-terminal
region of the hERG protein and less frequently in the
transmembrane pore domain (S5-loop—S6) [8].

Here we report a novel AZERG frameshift mutation in the
S5-pore region (RERG(AAT)), identified during LQTS ge-
netic screening of a patient who died from SCD. This patient
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displayed only mild corrected QT interval (QTc) prolonga-
tion during electrocardiography and had no prior symptoms.
We also evaluated the #ERG transcript level in the patient’s
blood. To elucidate the pathogenic mechanism of
hERG(AAT), we examined the molecular and electrophys-
iological behaviors of the protein product by performing
immunoblotting, immunocytochemistry, and patch-clamp
recordings of hERG-transfected HEK-293 T cells.

Materials and methods
Subject characteristics

A 44-year-old woman died suddenly 10 h after awakening
from general anesthesia for microscope-guided resection of
a laryngeal granuloma. The histology of the extirpated spec-
imen showed that it was nonspecific granuloma tissue. No
neoplastic change, epithelioid granulomas, nor pathogens
were found. Twelve-lead ECGs were obtained during the
patient’s preoperative examination. QT and RR intervals
were measured on three consecutive sinus complexes in lead
Vs. The QT value was corrected for heart rate according to
Bazett’s formula (QTc). The ECG demonstrated a prolonged
QTc interval of 493 ms, but the patient had no clinical
history of cardiac symptoms, such as syncope, near-
syncope, or palpitations. No family history was available
either. An autopsy was performed to clarify the cause of
death. At autopsy, the heart weighed 320 g and was exam-
ined both macroscopically and microscopically using
methods previously reported [9]. The heart showed mild
dilatation of the left atrium and ventricle, mild thinning of
the left ventricular walls, and hypertrabeculation of the
papillary muscle of the left ventricle (Fig. 1a, b). The thick-
ness of the anterior wall of the left ventricle, ventricular
septum, and right ventricle was 1.3, 1.2, and 0.2 cm, respec-
tively. The mitral leaflet was thickened and showed mild
myxoid degeneration. The coronary arteries were normal in
appearance. Histological specimens were taken from one or
two circumferential horizontal sections at the levels of the
papillary muscle and apex. The sinoatrial node and atrio-
ventricular conduction systems were also examined. Histo-
logically, the patient had above average degrees of
interstitial fibrosis for her age in the left ventricle (Fig. 1¢)
and in the atrioventricular conduction system. No other
clinically significant lesions were found, and these cardiac
abnormalities were deemed insufficient to be the cause of
death.

A control subject, a 36-year-old man, was heterozygous
for a synonymous polymorphism (1692A/G) in hERG
(hERG(1L564L)) and lacked mutations in any other major
arthythmia-related genes. This control was used for analysis
of mRNA isolated from whole blood.
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Table 1 Genes associated with

Protein Functional effect

long QT syndrome Gene Type
KCNOI LQTI
hERG (KCNH2) LQT2
SCN54 LQT3
ANK2 LQT4
KCNEI LQTS
KCNE2 LQT6
KCNJ2 LQT7
CACNAIC LQT8
cAv3 LQTO
SCN4B LQT10
AKAPY LQTII
SNTAI LQTI2
KCNJS LQT13

I potassium channel a-subunit Loss-of-function

Iy, potassium channel a-subunit Loss-of-function
Ina sodium channel o-subunit Gain-of-function
Ankyrin B, anchoring protein Loss-of-function
Iys potassium channel B-subunit Loss-of-function
Iy, potassium channel B-subunit Loss-of-function
Iy, potassium channel a-subunit Loss-of-function
I, calcium channel a-subunit Gain-of-function
Caveolin Loss-of-function
Iy, sodium channel $-subunit Loss-of-function
Yotiao, A-kinase-anchoring protein Loss-of-function
al-Syntrophin Loss-of-function

Kir3.4 subunit of fx 4., channel Loss-of-function

Genetic analysis

Genomic DNA was extracted directly from whole blood
using a QIAamp DNA Blood Mini Kit (Qiagen Science,
MD, USA). Genomic DNA samples were PCR-amplified
using primers designed to amplify the complete sequences
of all five major arrhythmia-related genes [i.e., KCNEI
(GenBank accession number, NM_00219.4), KCNE2
(NM_172201.1), KCNQI (NM_000218.2), SCN54
(NM_000335.4), and ERG (NM_000238.3)],
cardiomyopathy-associated sarcomere genes [i.e., MYH7
(NM_000257.2), MYBPC3 (NM_000256.3), TNNT2
(NM_000364.2), ACTCI (NM_005159.4), and TPMI
(NM_001018005.1)], and desmosome genes [i.e., PKP?
(NM_004572.3), DSP (NM_004415.2), DSG2
(NM_001943.3), JUP (NM_002230.2), and DGC2
(NM_024422.3)] [10]. The nucleotide sequences of the

Fig. 1 Gross and microscopic
appearance of the heart. a, b
Horizontal sections of the
ventricles. Hypertrabeculation
of the left ventricle, especially
the apex, was evident. ¢ Left
ventricle. Moderate fibrosis and
endocardial thickening were
present. Scale bar=100 pm

amplified fragments were analyzed by direct sequencing in
both directions using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, CA, USA). Sequence
analysis was performed using the ABI PRISM 3100-Avant
Genetic Analyzer (Applied Biosystems). In addition, PCR
products were subcloned into the pCR2.1 plasmid vector
(Invitrogen, CA, USA).

Reverse transcription-PCR (RT-PCR)

Total RNA was isolated from whole blood that had been
stored at —80 °C, and RT-PCR was performed as previous-
ly described [11]. AZERG mRNA was reverse-transcribed
and amplified using primers corresponding to sequences in
exons 6 and 7 (Fig. 3). The sequences of the primers were
as follows: Ex6F—5' ACT ACT TCA AGG GCT GGT
TCC TCA TCG 3’ and Ex7R—5" AGT AGA GCG CCG
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TCA CAT ACT TGT CC 3'. PCR cycling conditions were
94 °C for 1 min; 40 cycles of 94 °C for 1 min, 60 °C for
1 min, and 72 °C for 1 min; and 72 °C for 5 min. PCR
amplifications were performed in 25 pL reaction mixtures
containing 5 pmol of each primer, 1.3 U of Ex Tag DNA
polymerase (Takara Bio Inc., Shiga, Japan), 200 pM
dNTPs, and 1x GC buffer I (Takara). The amplified frag-
ments were sequenced as described above.

Construction of AERG(WT) and AERG(AAT) expression
vectors

The pSI-AERG expression vector [12] was kindly provided
by Drs. Kenshi Hayashi (Kanazawa University Graduate
School of Medical Science, Kanazawa, Japan) and Sabina
Kupershmidt (Vanderbilt University, School of Medicine,
Nashville, TN, USA). pSI-hERG was digested with BamHI,
followed by ligation with a linker DNA fragment containing
BamHI-Sall-BamHI sites to yield the plasmid pSI-hERG-
BSB. The 1.4-kb fragment obtained after digesting pSI-
hERG with Xhol and Sall was subcloned into the Xhol site
of the expression plasmid pCAGGS [13], which was a kind
gift from Dr. Jun-ichi Miyazaki (Osaka University Medical
School, Osaka, Japan), to construct the plasmid pCAG-
hERG-XS. The 2.1-kb fragment obtained after digesting
pSI-hERG with Xhol was subcloned into the Xhol site of
pBluescript II (Clontech Laboratory Inc., CA, USA) to
generate pBS-H-Xh2.1. The 266-bp DNA fragment
containing the AAT mutation was constructed through
two-step PCR [14] using the appropriate primers and pBS-
H-Xh2.1 as a template, followed by digestion with N#el and
ligation with Nhel-digested wild-type pBS-H-Xh2.1 to yield
plasmid pBS-H-Xh2.1-AAT. The 2.1-kb fragments of
hERG(WT) and hERG(AAT), obtained from Xhol digestion
of pSI-AERG and pBS-H-Xh2.1-AAT, respectively, were
subcloned individually into the Xhol site of pCAG-hERG-
XS to construct the expression vectors pCAG-AERG(WT)
and pCAG-hERG(AAT), respectively.

DNA fragments encoding double hemagglutinin (HA)
tags (GGG GSY PYD VPD YAG GGG SYP YDV PDY
A) or double myelocytomatosis viral oncogene (Myc) tags
(GGG GSA SMQ KLI SEE DLG GGG SAS MQK LIS
EED L) flanked by linkers were prepared by annealing the
appropriate oligonucleotide DNAs. The HA-tag was at-
tached to the C-terminus of AZERG(WT) and the Myc-tag
to the C-terminus of AERG(AAT) through the inverse PCR
method [15], using a KOD-plus mutagenesis kit (Toyobo,
Tokyo, Japan). The 1.1-kb Sacl-HindIIl fragment
containing the HA-tag was replaced with the Sacl-HindIII-
digested fragment of AERG(WT) to yield HA-tagged
hERG(WT). The 1.2-kb BstEII-Sphl fragment containing
the Myc-tag was replaced with the Bs/EIl-Sphl fragment
of AERG(AAT) to yield Myc-tagged hERG(AAT).
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Cell culture and DNA transfection

Human embryonic kidney (HEK) 293 T cells (no. CRL-
11268, American Type Culture Collection, VA, USA) were
grown in Dulbecco’s modified Eagle’s medium
supplemented with 10 % fetal bovine serum and 0.5 %
penicillin—streptomycin at 37 °C and 5 % CO,. Briefly,
2.0x10° HEK-293 T cells were seeded into a 35-mm dish
the day before transfection. Construct plasmid DNA was
added onto the cell monolayer (0.5 ng for Western blot
analysis; 225 ng for patch-clamp recordings; or 1 pg for
immunocytochemistry), as well as 10 pL TransIT-293
transfection reagent (Mirus, WI, USA) in 1 mL Dulbecco’s
modified Eagle’s medium, according to the manufacturer’s
instructions. The pEGFP-N1 vector (Clontech) encoding
enhanced green fluorescent protein (GFP) was co-
transfected with the plasmid construct, and the target cells
were identified by fluorescence microscopy. At 48 h post-
transfection, the cells were scraped from the plates for
Western blotting, fixed according to standard protocols
for immunocytochemistry, or trypsinized as standards for
patch-clamp recordings.

Western blotting

After the 48-h incubation, HEK-293 T cells transiently
transfected with AERG(WT) and AERG(AAT) were
washed with phosphate-buffered saline (PBS; pH 7.4),
homogenized in mammalian protein extraction reagent
(M-PER, Thermo Scientific, IL, USA), and centrifuged
at 17,800xg for 10 min. Protein concentrations in the
supernatants were determined using the BCA Protein
Assay Kit (Thermo Scientific). The extracted protein
samples were heat-denatured, electrophoresed in 7.5 %
sodium dodecyl sulfate-polyacrylamide gels, and trans-
ferred to a polyvinylidene difluoride membrane (GE
Healthcare, Tokyo, Japan). The membrane was blocked
with 5 % skim milk in Tris-based buffer (TBS; 20 mM
Tris=HCl, pH 7.6, 137 mM NaCl) containing 0.1 %
Tween-20 (TBST) for 1 h. The polyclonal anti-hERG
antibody (Santa Cruz Biotechnology, CA, USA) used in
the present study was raised in rabbits against amino
acids 96-270, which lie near the N-terminus of human
hERG. The membrane was incubated with rabbit anti-
hERG antibody (1:200 dilution) overnight at 4 °C,
washed the next day in TBST, and incubated with a
secondary antibody (1:10,000 dilution; goat anti-rabbit
IgG HRP, Bio-Rad, Tokyo, Japan) at room temperature
for 1 h. The membrane was washed again in TBST, and
protein bands were detected using the ECL Prime West-
emn Blotting Detection System (GE Healthcare) with a
lumino-imaging analyzer (ImageQuant LAS-4000,
Fujifilm, Tokyo, Japan).
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Immunocytochemistry and confocal microscopy

HEK-293 T cells (2.5x10° cells per dish) were seeded
on polyethyleneimine-coated 35 mm glass-based dishes
(Iwaki, Chiba, Japan). After 24 h of incubation, the
cells were co-transfected with the plasmids HA-tagged
hERG(WT) and Myc-tagged AERG(AAT). The cells
were cultured for 48 h, fixed in 4 % paraformaldehyde
for 10 min at room temperature, permeabilized with
0.1 % Triton X-100 in PBS for 5 min, and then incu-
bated in blocking solution (PBS containing 5 % goat
serum) for 30 min. Subsequently, the cells were incu-
bated overnight in PBS containing rat monoclonal anti-
HA antibody (1:800 dilution; Roche Diagnostics, IN,
USA) and rabbit polyclonal anti-Myc antibody (1:125
dilution, Santa Cruz Biotechnology) at 4 °C. The next
day, the cells were washed in PBS and incubated with
goat anti-rat IgG Alexa Fluor 568 (1:500 dilution;
Invitrogen) and goat anti-rabbit IgG Alexa Fluor 647
(1:500 dilution; Invitrogen) at room temperature for 1 h.
The cells were washed in PBS, and the nuclei were
stained using 4',6-diamidino-2-phenylindole. Images
were obtained by confocal laser microscopy (TCS SP5,
Leica, IL, USA).

Electrophysiology

Ruptured-patch whole cell voltage-clamp recordings were
performed. A recording pipette was pulled from a glass
capillary to a tip resistance of ~5 MQ and filled with a
solution comprising 134 mM potassium D-gluconic acid,
7.6 mM KCl, 9 mM KOH, 10 mM NaCl, 1.2 mM MgCl,,
10 mM HEPES, 0.5 mM EGTA, and 4 mM ATP magnesium
salt (pH adjusted to 7.3 with D-gluconic acid). The recording
bath was perfused at a rate of 0.7 mL/min with 147 mM
NaCl, 3 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, and 10 mM D-glucose (pH adjusted to 7.4 with
NaOH). The command voltages were corrected for the lig-
uid junction potential between the pipette and bath solu-
tions. Current signals were acquired using an EPC 9 Double
amplifier (HEKA, Lambrecht, Germany; cut-off frequency
2 or 5 kHz; sampling frequency 5 or 50 kHz) that was
controlled using Pulse software (version 8.53; HEKA).
The holding voltage was —80 mV.

After a recording configuration was established, the pi-
pette capacitance was canceled electronically, and current
responses to 10 bipolar voltage pulses (amplitude 5 mV;
duration 40 ms) were recorded. The cell membrane capac-
itance (C,,) was then canceled electronically, and whole cell
currents were recorded at an electronic series resistance
compensation of 60 %. After the recordings, the passive
cell membrane conductance and C,, were estimated from
the average of the pulse-evoked current responses and

used for off-line linear leakage subtraction and calcula-
tion of the current density (i.e., current amplitude per
unit Cp). Function fitting to the data were performed
using JMP software (version 7.0.2, SAS Institute, NC,
USA). To evaluate the voltage dependence of activation,
a Boltzmann equation (Lerg=4/[1+Matr~ Veomm)/ K],
where Ihgrg, 4, Vha Veomm, and K are the amplitude
of hERG channel current, scale factor, voltage for half-
maximal activation, command potential, and slope,
respectively) was fitted to the current density-command
potential plot for each cell. The time constant was esti-
mated from the single-exponential curve fitted to the
rising phase (a range of first-step duration from zero to
the point at which the activation extent became saturated)
of the plot of activation extent against first-step duration
(cf. Fig. 6d) for each cell.

Data from numerical data groups are presented as mean=+
SEM. Significant differences (i.e., P<0.05) between numer-
ical data groups were evaluated using the van der Waerden
rank-sum test because the majority of the groups were
judged to have non-normal distribution according to the
Shapiro—Wilk test.

Results
Genetic studies

Among major arrhythmia-related genes including KCNE 1,
KCNE2, KCNQI, SCN5A, and hERG, only hERG demon-
strated any mutation—in this case, a heterozygous AT
deletion (c.1735_1736del), which gave rise to the mutant
gene hERG(AAT) (Fig. 2a). This deletion changes the
amino acid at position 579 and causes a shift in the reading
frame resulting in the generation of a premature stop codon
at amino acid 653 (p.M579fs+75X). The deletion therefore
creates a new amino acid sequence between position 579
and 74 residues downstream, instead of the C-terminal 581
amino acids that occur in the WT protein (Fig. 2b). This
allele therefore encodes a truncated protein that lacks the
pore-S6 region and the C-terminus (Fig. 2c¢). Because
amino acids 579-1159 (which comprise the S5-pore region
and C-terminus of hERG) include domains required for
appropriate tetramerization, maturation, stability, and sur-
face expression of hERG channels [7], this AT deletion
may lead to a loss-of-function mutant protein. Within the
desmosome genes (PKP2, DSP, DSG2, JUP, and DSC2)
sequenced, two previously published nonsynonymous
polymorphisms [16] were also identified, one in DSP
(p-R1738A) and the other in JUP (p.M697L). No muta-
tions were found in PKP2, DSG2, or DSC2. We did not
identify any mutations in the sarcomere genes (MYH7,
MYBPC3, TNNT2, ACTCI, or TPM1I).
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