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The sections (5 sections/animal) were quantitatively ana-
lyzed using a confocal laser scanning microscope (Leica
TCS-SP5, Leica Microsystems, Mannhein, Germany), at a
magnification of 20x. The obtained images were imported
into the MetaMorph software program (Molecular Devices,
Downingtown, PA) and the threshold tool of this program
was used to isolate c-Fos-immunopositive and DAPI-labeled
cells, which cells were counted in a genotype-blind manner.,

In vivo microdialysis

The mice were anesthetized with sodium pentobarbital
before the stereotactic implantation of a probe into the
left hilus of DG (—1.8 mm anteroposterior, +1.8 mm medi-
olateral from the bregma, and —2mm dorsoventral with
respect to the dura). Probes were secured onto the skull
using stainless-steel screws and dental acrylic. Twenty-four
hours after the surgery, in vivo microdialysis was performed
on conscious mice, Probes were perfused continuously with
artificial cerebrospinal fluid (CSF, 147 mM NaCl, 4mM KCI,
and 2.3mM CaCl,) at a rate of 2 uL/min. PTZ at 50 mg/kg
was injected intraperitoneally at O min as indicated in Fig. 3,
and the dialysate was collected in 30 min fractions, and then
stored at —80°C until use.

Measurement of amino acids

Total serine, D-serine, and L-serine levels were measured
using a column-switching high-performance liquid chro-
matography (HPLC) system (Shimadzu Corporation, Kyoto,
Japan) as previously reported (Fukushima et al., 2004;
Yamada et al., 2005). Glutamate level was measured using
an HPLC system with fluorescence detection, as previously
reported (Hashimoto et al., 2005).

A 20-plL aliquot of the resultant solution was injected
into the HPLC system. A reversed-phase ODS column [TSKgel
ODS-80Ts (Tosoh Corporation, Tokyo, Japan) as Column 1]
was used for the separation and quantification of total p-
serine and L-serine, and the gradient elution of the mobile
phase was maintained at a constant flow rate of 0.8 mL/min.
Mobile phase 1a consisted of H,0/acetonitrile (90/10) con-
taining 0.1% trifluoroacetic acid (TFA), and phases 1b and 1c
consisted of H,0/acetonitrile (10/90) containing 0.1% TFA
and acetonitrile, respectively. The time program for gra-
dient elution was as follows: 0-25min fa:1b:1c=92:8:0,
25-25.1min linear gradient from 8% 1b to 100% 1b,
25.1-35min 1a:1b:1c=0:100:0, 35—35.1min linear gradi-
ent from 8% 1b to 100% 1c, 35.1—40min 1a:1b:1c=0:0:100,
and 40.1—-60min 1a:1b:1c=92:8:0. The chiral column (Col-
umn 2) used for the separation and quantification of b-serine
and L-serine with NBD-F comprised two Sumichiral OA-2500
columns (S) (Sumika Chemical Analysis Service Ltd., Osaka,
Japan), which were connected in tandem. The mobile phase
was 15mM citric acid in methanol and was isocratically
pumped at a flow rate of 1.0mL/min. The column tempera-
ture was maintained at 35 °C for all columns. Fluorescence
was detected at 530 nm with an excitation wavelength of
470 nm.

For the determination of glutamate level, a reversed-
phase ODS column (TSKgel ODS-80Ts, Tosoh Corporation,
Tokyo, Japan) was used. The gradient elution of the

mobile phase was kept at a constant flow rate of
0.8mL/min. The time program for gradient elution was
as follows: 0-50.5min 1a:1b:1c=95:5:0, 50.5-55.5min
1a:1b:1c=0:100:0, and 55.5—57 min, 1a:1b:1c=0:0:100. All
the columns were maintained at 35°C. Fluorescence was
detected at 530nm with an excitation wavelength of
470 nm.

Statistical analyses

Seizure categorical data were compared using
Mann—Whitney’s test or Fisher’s exact test. The dura-
tion of generalized seizures and immunohistochemical data
were compared between the two mouse genotypes using
two-tailed Student’s t-test. For in vivo microdialysis, the
average level of each amino acid during the period before
the PTZ injection (four samples) was used as the baseline
control value. The extracellular levels of glutamate at
various time points after PTZ injection were expressed as
percentages of the baseline levels of glutamate. The statis-
tical significance of difference was examined by two-tailed
Student’s t-test or repeated measures two-way ANOVA.
Data are presented as means - standard errors of mean
(m £ SEM). Values of p <0.05 were considered significant.

Results

Seizure-related behaviors in WT and SR-KO mice

The doses of 35, 50, and 65mg/kg PTZ used for this exper-
iment induced seizures in both WT and SR-KO mice in a
dose-dependent manner. As shown in Fig. 1A, at the dose
of 35mg/kg PTZ, most of the WT and SR-KO mice exhibited
stage 1 (WT, 8 of 8; SR-KO, 7 of 7) and stage 2 (WT, 5 of 8; SR-
KO, 4 of 7) seizures, and only a small proportion of the mice
(WT, 2 of 8; SR-KO, 2 of 7) exhibited stage 3 seizure. There
were no significant differences in the severity of the seizure
at this dose between the two genotypes (Mann—Whitney’s
test, p=0.98). At the dose of 50mg/kg, all the WT (n=12)
and SR-KO mice (n=13) exhibited stage 3 seizures and one
WT mouse showed stage 4 seizures and died during seizures
(Fig. 1B). At the dose of 65mg/kg, of thirteen WT mice, all
exhibited stage 3 seizures and six exhibited stage 4 seizures,
one of which died. In contrast, all the SR-KO mice exhibited
stage 3 seizures, but not stage 4 seizures. This difference
reached statistical significance (Fig. 1C, Fisher’s exact test,
p=0.007). In addition, the durations of generalized seizures
(stage 3 and stage 4 seizures) in SR-KO mice at the doses of
50mg/kg (19.3+1.4s, Fig. 1D) and 65mg/kg (22.8+2.9s,
Fig. 1E) were significantly shorter than those in WT mice at
the same doses (23.5+ 1.3s and 38.8 + 4.2, respectively).
There were no significant differences in the latency to the
onset of seizures induced at the three doses of PTZ between
the two genotypes (data not shown).

c-Fos expression induced by PTZ in the cerebral
cortex, hippocampus, and basolateral nucleus of
amygdala

To investigate the difference in the neuronat activity in the
brain regions involved in the seizures following PTZ injection
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Pentylenetetrazole (PTZ) induced seizures in wild-type (WT) and SR-KO mice. (A—C) Bar graphs show the number of mice

exhibiting stages 1, 2, 3, and 4 seizures after receiving 35 (A), 50 (B), and 65 (C) mg/kg PTZ. Stage 4 seizure induced by 65 mg/kg
PTZ was only observed in WT mice, but not in SR-KO mice. This difference is statistically significant. *p <0.05; Fisher’s exact test.
(D and E) Bar graphs indicate the durations of generalized seizures observed in WT and SR-KO mice after receiving 50 (D), and 65
(E)mg/kg PTZ. SR-KO mice showed significantly shorter durations of generalized seizures (stage 3 and 4 seizures) induced by either
50 or 65 mg/kg PTZ than WT mice. Data are presented as mean &+ SEM. *p <0.05; two-tailed Student’s t-test. n=number of mice.

between WT and SR-KO mice, we examined c-Fos expres-
sion by immunohistochemical analysis in the retrosplenial
region of the cerebral cortex (Ctx), area CA1, area CA3, hip-
pocampal dentate gyrus (DG), and the basolateral nucleus
of the amygdala (BLA) 2h after injection of PTZ at each
dose. We first examined c-Fos immunopositivity in both WT
and SR-KO mice under basal conditions, that is, without
injection of either saline or PTZ. c-Fos was observed to be
expressed in a few cells in all the examined brain regions
and there was no significant difference in the number of c-
Fos-immunopositive cells between the two genotypes (see
Supplementary Fig. 1A). As shown in Supplementary Fig. 1B,
the numbers of c-Fos-immunopositive cells in all the exam-
ined brain regions of the mice receiving saline injections
were comparable to those of the mice under the basal con-
ditions. Injection of 35 mg/kg PTZ induced an increase in the
number of ¢c-Fos-immunopositive cells in the Ctx, area CA1,
area CA3, and BLA in either WT or SR-KO mice as compared
with the saline control, but there was no significant differ-
ence in the number of c-Fos-immunopositive cells between
the two genotypes at this dose (see Supplementary Fig. 2).
An increase in PTZ dose to 50 or 65mg/kg induced a fur-
ther increase in the number of c-Fos-immunopositive cells
in all of the examined brain regions in both WT and SR-KO
mice, and the most marked increase was observed in the
hippocampal DG (Fig. 2A and B). At the dose of 50mg/kg,
the percentage of c-Fos-immunopositive cells in the Ctx of
WT mice was significantly higher than that of SR-KO mice
(Fig. 2C). At the dose of 65mg/kg, the percentages of c-
Fos-immunopositive cells in the Ctx, area CA1, area CA3,
and BLA of WT mice were significantly higher than those of
SR-KO mice (Fig. 2D).

Changes in level of extracellular glutamate
induced by PTZ injection

As described above, at stages 3 and 4 seizures induced by
50 or 65mg/kg PTZ, the increase in the number of c-Fos-
immunopositive cells was predominantly detected in the
hippocampal DG. Therefore, we selected the DG for micro-
dialysis of extracellular glutamate in the group of mice
receiving 50 mg/kg PTZ, which was shown to be a sufficient
dose for inducing generalized seizures in both WT and SR-KO
mice.

The average baseline level of glutamate during the period
preceding the PTZ injection (2 h; four measurements every
30min) was used as the baseline level for the assess-
ment of the changes in the level of glutamate after PTZ
injection. As shown in Fig. 3A, under basal conditions,
the level of glutamate in the hippocampal DG of SR-KO
mice (0.79140.073 pM) was significantly lower than that
of WT mice (1.315+0.121 nM). Regarding the changes in
extracellular glutamate level after PTZ injection, ANOVA
showed significant main effects of genotype (Fy, 146 =57.73,
p <0.001) and time point (F7, 146 =4.3, p<0.001), as well as
phenotype x time point interaction (F7, 144=7.78, p<0.001)
(Fig. 3B). The post hoc test for the comparison of glu-
tamate level at each time point with the baseline level
showed that the glutamate levels in WT mice at 0—30min
and 150—210 min were significantly higher than the baseline
level. The early increase was transient, appearing immedi-
ately after PTZ injection, and the late increase was gradual,
appearing after the termination of convulsive seizures and
from 150 to 210 min after PTZ injection. In contrast, gluta-
mate level significantly decreased in SR-KO mice after PTZ
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c-Fos expression induced by PTZ in restrosplenial region of cerebral cortex, hippocampus, and basolateral nucleus of

amygdala. Brain sections from WT and SR-KO mice 2 h after 50mg/kg (A) and 65mg/kg (B) PTZ injection were subjected to c-
Fos immunohistochemical analysis and nuclear labeling with DAPI. The numbers of DAPI-labeled (blue) and c-Fos-immunopositive
(magenta) cells in five sections per animal were counted to obtain the percentage of c-Fos-immunopositive cells in the brain regions
examined. Bar graphs represent the percentage (mean £ SEM) of the number of c-Fos-immunopositive cells with respect to that of
DAPI-positive cells in the brain regions of WT and SR-KO mice receiving 50 mg/kg (C) and 65 mg/kg (D) PTZ. Statistical significance
of differences was assessed using two-tailed Student’s t-test. *p <0.05. Scale bars: 100 um. Ctx, cerebral cortex; DG, dentate gyrus;

BLA, basolateral nucleus of amygdala. n=number of mice.

injection (Fig. 3B). The glutamate levels (% of baseline level)
at the time points of 150—180 and 180—210min after PTZ
injection in SR-KO mice were significantly lower than those
in WT mice.

We also examined the level of extracellular p-serine
in the hippocampal DG of WT and SR-KO mice. As
shown in Fig. 3C, under basal conditions, SR-KO mice
showed a significantly lower level of extracellular p-serine
(0.102 = 0.004 uM) than WT mice (0.701 £ 0.049 uM).

Discussion

PTZ induces absence seizures, myoclonic seizures, gen-
eralized clonic seizures, and tonic—clonic seizures in a
dose-dependent manner (Erbayat-Altay et al., 2008). PTZ
models have been used for assessing the anticonvulsant
effect of channel-blocking NMDA receptor antagonists and
glycine site antagonists (Velisek et al., 1991; Danysz and
Parsons, 1998). Therefore, we used PTZ to assess the
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Figure 3  PTZ-induced change in glutamate level in dentate
gyrus of WT and SR-KO mice. (A) Average level of glutamate
in dentate gyrus of WT and SR-KO mice before PTZ injection.
Data represent mean = SEM. *p<0.05; two-tailed Student’s t-
test. (B) The average level of glutamate before PTZ injection
was used as the baseline control value. PTZ (50 mg/kg) was
injected at Omin and the change in the level of glutamate is
presented as the percentage of the baseline level. The extracel-
lular glutamate level was significantly higher than the baseline
level after PTZ injection in WT mice, but not in SR-KO mice.
Data are expressed as mean=+SEM (7—9 animals per group).
Asterisks (*p<0.05 and **p<0.01) denote statistically signifi-
cant differences compared with the baseline level of glutamate
in the same group. Pound signs (*p <0.01) denote statistically
significant differences between the two genotypes. (C) Average
level of p-serine in dentate gyrus of WT and SR-KO mice before
PTZ injection. Data represent mean =+ SEM. *p <0.05; two-tailed
Student’s t-test.

anticonvulsant effect of p-serine deficiency in SR-KO mice.
We found the resistance of SR-KO mice to generalized
clonic—tonic seizures that were induced by 65mg/kg PTZ,
but no marked difference in the occurrence of stages 1
and 2 seizures induced by 35 mg/kg PTZ between the two
genotypes. Our findings are in agreement with the study
showing that pretreatment with MK-801, a channel-blocking
NMDA receptor antagonist, inhibits generalized tonic—clonic
seizures and exerts no effect on minimal seizures (stages
1 and 2 seizures) (Velisek et al., 1991). The lower suscep-
tibility of SR-KO mice to PTZ-induced seizures was also
shown by the shorter duration of generalized seizures at the
dose of either 50 or 65 mg/kg in this genotype than in WT
mice. Similarly, one previous study demonstrated a longer
duration of generalized tonic-clonic seizures induced by PTZ
in NMDA-pretreated mice than in saline-pretreated mice
(Stafstrom and Sasaki-Adams, 2003), suggesting that NMDA
receptor activity is involved in PTZ-induced generalized
seizures. The attenuation of severe-type seizures induced
by 65 mg/kg PTZ in SR-KO mice is presumably attributed to
the functional impairment of the NMDA receptor by p-serine
deficiency, which suggests a possibility of targeting SR as a
new therapeutic strategy for epileptic seizures. In addition
to the PTZ model, the maximal electroshock seizure (MES)
test is also commonly used for assessing the efficacy of an
anticonvulsant drug in inhibiting tonic hindlimb extension
in mice (Loscher and Schmidt, 1988). Thus, it would be
interesting to examine whether p-serine deficiency in SR-KO
mice has the anticonvulsant effect in the MES test.

To determine whether there is a significant difference in
neuronal activity in the brain between WT and SR-KO mice
during seizures, we examined c-Fos expression by immuno-
histochemical analysis of the Ctx, CA1, CA3, and DG of the
hippocampus, and BLA 2h after PTZ injection. We found
no significant difference in the level of c-Fos expression
induced by PTZ at 35mg/kg between the two genotypes.
In contrast, the percentages of c-Fos-immunopositive cells
in the Ctx, CA1, CA3, and BLA induced by 65 mg/kg PTZ were
significantly higher in WT than in SR-KO mice. This finding
indirectly indicates that the hyperexcitability of neurons in
these areas during generalized seizures is attenuated in SR-
KO mice, which putatively contributes to their resistance to
the severe type of generalized clonic—tonic seizures.

Glutamate is the most abundant excitatory neurotrans-
mitter in CNS and the dysregulation of its extracellular
level contributes to the initiation and spread of seizure
activity (Geula et al., 1988; Li et al., 2000; Loscher, 1998;
Ueda and Tsuru, 1994). Microdialysis in the hippocampal
DG demonstrated significant increases in extracellular glu-
tamate level in the WT mice at two different time points
after PTZ injection, as shown by an early rapid increase in
the level appearing within 0—30 min after PTZ injection and
a late increase appearing after the termination of general-
ized seizures. Interestingly, such changes were completely
suppressed in SR-KO mice. In addition, the baseline level of
glutamate in SR-KO mice was lower than that in WT mice.
Although there has been a lack of direct evidence for the
mechanism(s) by which p-serine participates in the regu-
lation of extracellular glutamate level in the brain, two
recent studies might provide clues to understanding the
role of p-serine in this aspect. In addition to its location
at the postsynaptic density, the NMDA receptor was also
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found in presynaptic terminals (Corlew et al., 2008). Fur-
thermore, in the rat visual cortex, the glycine binding site
of the presynaptic NMDA receptor was found to be involved
in the regulation of the release of glutamate (Li and Han,
2007). It is likely that in SR-KO mice the deficiency of b-
serine, a potent coagonist of the glycine binding site, could
impair the function of the presynaptic NMDA receptor and
thereby decrease the amount of glutamate released from
presynaptic terminals. These notions, together with our
findings, suggest that p-serine plays a role in the regula-
tion of extracellular glutamate level in the brain during the
development of seizures. We also found that the glutamate
level in SR-KO mice significantly decreased after PTZ injec-
tion. At present, the mechanism(s) underlying this decrease
in glutamate level is unclarified, but the dynamics of gluta-
mate transport regulated by neuronal activity (Benediktsson
et al., 2012) may be involved in this process. Further study
is required to elucidate the mechanism (s) underlying the
role of p-serine in the regulation of extracellular glutamate
level in the brain.
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hERG(G487R) Channel. Introduction: Mutations of human ether-a-go-go-related gene (hERG),
which encodes a cardiac K* channel responsible for the acceleration of the repolarizing phase of an action
potential and the prevention of premature action potential regeneration, often cause severe arrhythmic
disorders. We found a novel missense mutation of hERG that results in a G487R substitution in the S2-S3
loop of the channel subunit [RERG(G487R)] from a family and determined whether this mutant gene could
induce an abnormality in channel function.

Methods and Results: We made whole-cell voltage-clamp recordings from HEK-293T cells transfected
with wild-type hERG [hERG(WT)], hERG(G487R), or both. We measured hERG channel-mediated cur-
rent as the “tail” of a depolarization-elicited current. The current density of the tail current and its voltage-
and time-dependences were not different among all the cell groups. The time-courses of deactivation, inac-
tivation, and recovery from inactivation and their voltage-dependences were not different among all the cell
groups. Furthermore, we performed immunocytochemical analysis using an anti-hERG subunit antibody.
The ratio of the immunoreactivity of the plasma membrane to that of the cytoplasm was not different
between cells transfected with hERG(WT), hERG(G487R), or both.

Conclusion: hERG(G487R) can produce functional channels with normal gating kinetics and cell-surface
expression efficiency with or without the aid of hERG(WT). Therefore, neither the heterozygous nor
homozygous inheritance of hERG(G487R) is thought to cause severe cardiac disorders. hRERG(G487R)
would be a candidate for a rare variant or polymorphism of hERG with an amino acid substitution in the
unusual region of the channel subunit. (J Cardiovasc Electrophysiol, Vol. 23, pp. 1246-1253, November 2012)

arrhythmia, HEK-293T cell, hERG(G487R), KCNH2, K, 11.1, patch-clamp, sudden death

Introduction

Human ether-a-go-go-related gene (hERG) encodes the
alpha subunit of a slowly activating, fast inactivating voltage-
gated K* channel expressed in cardiac cells.'™* hERG chan-
nel undergoes activation as well as inactivation at the early
phase of an action potential, producing only a small con-
ductance. hERG channel recovers from inactivation at the
repolarizing phase of an action potential"'>> and produces a
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large conductance at this phase. In turn, this large conduc-
tance accelerates repolarization and prevents premature ac-
tion potential regeneration. !> Mutations of hERG may cause
type-2 long-QT syndrome (LQT?2), which is characterized by
an abnormally long interval between the Q and T waves of
the electrocardiogram.!>57 LQT?2 patients are at risk for
severe arthythmic disorders such as torsades de pointes and
sudden cardiac death. To elucidate the structure-function re-
lation of hERG channel and the pathogenic mechanism of
LQT?2, itis important to analyze the genotype and phenotype
of individual mutant hERGs.

Here we report a novel missense mutation of hERG found
in the genetic screening of a family (see Results for de-
tails). We termed this mutant gene hERG(G487R) because it
should produce hERG subunit with a G487R substitution in
the S2-S3 loop. A young adult member of this family het-
erozygously carries hRERG(G487R) but has not yet shown any
major cardiac disorders. However, it could be possible that
the heterozygous inheritance of hERG(G487R) causes major
disorders at the late stage of life and/or that the homozygous
inheritance of hERG(G487R) does so at an earlier stage. To
assess these possibilities, we performed electrophysiological
and immunocytochemical analyses of hERG(G487R) prod-
ucts in heterologous expression cells.
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Methods
Genetic Analysis

The diagnosis of and peripheral blood sampling from
the subject family were performed at the Department of
Cardiovascular Internal Medicine, Toyama University Hos-
pital (Toyama, Japan) under the approval of the university’s
committee on utilization of human genes (#22-9). The ge-
nomic DNA was extracted from the samples with a QIAamp
DNA Mini Kit (Qiagen, Hilden, North Rhine-Westphalia,
Germany). The exons 1-15 of hRERG were amplified by poly-
merase chain reaction with intron-flanking primers and pu-
rified with a QIAEX II Gel Extraction Kit (Qiagen). DNA
sequencing was performed using a PRISM 3100 genetic an-
alyzer (Life Technologies, Carlsbad, CA, USA).

Plasmid Construction

pCAGGS-hERG(WT) vector was generated by insert-
ing hERG(WT) ¢cDNA (NM_000238.3, kindly gifted by
Dr. K. Hayashi and Dr. S. Kupershmidt) into the pPCAGGS
mammalian expression plasmid vector (kindly gifted by
Dr. J. Miyazaki)® at the Xho I-digested site. pCAGGS-
hERG(G487R) vector was generated by site-directed mu-
tagenesis on the pPCAGGS-hERG(WT) vector.

Cell Preparation

HEK-293T cells were cultured in 10% fetal bovine
serum-supplemented Dulbecco’s modified Eagle medium
(11995-065, Life Technologies) at 37°C in 5% CO,.
Three days before the electrophysiological measurement,
the cells were transferred to 35-mm dishes (353001, Bec-
ton Dickinson, Franklin Lakes, NJ, USA). Two days be-
fore the measurement, the cells were transfected with the
pCAGGS-hERG(WT) vector (225 ng/dish), the pCAGGS-
hERG(G487R) vector (225 ng/dish), or a 1:1 mixture of these
vectors (for each vector, 112.5 ng/dish) and enhanced green
fluorescent protein (EGFP) gene-containing pPCAGGS vector
(25 ng/dish) (WT, GR, and GR/WT cells, respectively) using
TransIT-293 reagent (Mirus Bio, Madison, WI, USA).

For immunostaining, HEK-293T cells were cultured on
35-mm glass-base dishes (3911-035, AGC Techno Glass,
Funabashi, Chiba, Japan). Two days before immunostain-
ing, the cells were transfected with pCAGGS-hERG(WT)
vector (250 ng/dish), pCAGGS-hERG(G487R) vector
(250 ng/dish), or a 1:1 mixture of these vectors (for each
vector, 125 ng/dish) using TransIT-293 reagent. For negative
control, cells were incubated with the reagent alone.

Electrophysiological Analysis

Rupture-patch whole-cell voltage-clamp recordings were
made from the EGFP-positive cells. A glass recording pipette
(tip resistance, ~5 MQ) was filled with a pipette solution con-
taining (in mM) 134 potassium D-gluconic acid, 7.6 KCl,
9 KOH, 10 NaCl, 1.2 MgCl,, 10 HEPES, 0.5 EGTA, and 4
adenosine triphosphate magnesium salt (pH, adjusted to 7.3
with KOH; total K concentration, ~153 mM). The record-
ing chamber (i.e., culture dish) was perfused at a rate of
1.2 mL/min with a prewarmed (36-38 °C) bath solution con-
taining (in mM) 147 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10
HEPES, and 10 D-glucose (pH, adjusted to 7.4 with NaOH;
total Na* concentration, ~153 mM).
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The command voltages were corrected for a liquid junc-
tion potential between the pipette and bath solutions. Cur-
rent signals were acquired with an EPC 8 amplifier (HEKA,
Lambrecht, Rhineland-Palatinate, Germany; cut-off fre-
quency, 5 kHz; sampling frequency, 20 or 50 kHz) controlled
by PatchMaster software (version, 2x35; HEKA). The hold-
ing potential was —80 mV. After a recording configuration
was established, the pipette capacitance was canceled elec-
tronically and responses to 10 sets of bipolar voltage pulses
(45 mV for 40 milliseconds and ~5 mV for 40 milliseconds)
were recorded. Then, the main component of the membrane
capacitance (C,) was canceled electronically and responses
were recorded with 60% electronic series resistance com-
pensation. In the experiments on inactivation and recovery
from inactivation, on-line linear leakage subtraction was per-
formed with 5 sets of 0.1-scaled command voltage steps.

In the experiment shown in Figure 2A-C, the current
traces were low-pass-filtered at a cut-off frequency of 150 Hz
off-line using IGOR Pro software (version, 6.22A; Wave-
Metrics, Portland, OR, USA) and then used for amplitude
analysis. The cell membrane conductance and C,, were es-
timated from the average of the pulse-evoked responses and
used for off-line linear leakage subtraction and current den-
sity calculation (Fig. 2). To quantify the voltage-dependence
of activation extent, a Boltzmann equation [Ipgrg = A/(1 +
(Vhait = Veomm) / K), where Ingrg, A, Vhar, 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 plot of normalized peak tail cur-
rent amplitude against first-step voltage (cf. Fig. 2C) of each
cell using IGOR Pro software. For this fitting, the data of am-
plitudes in a first-step voltage range from —40 mV to 20 mV
higher than the maximal-activation voltage were collected
from the cells tested with a second-step voltage of —40 mV
(Fig. 2A, C); the amplitudes at first-step voltages of —60 and
—50 mV were taken as 0 because they were negligible in
the WT, GR, and GR/WT cells (Fig. 2C). To quantify the
time-dependence of gating, a single- or double-exponential
curve was fitted to the rising or decaying phase of the current
trace using IGOR Pro software. Each numerical data group
is expressed as mean + SEM throughout the text, table,
and figures. Unpaired #-test was used to examine statistical-
differences between data groups when the majority of the
groups had normal distributions (P > 0.05, Shapiro-Wilk
test). Median or Wilcoxon rank sum test was used when the
data groups had Gumbel-like and quasi-normal distributions,
respectively.

Immunostaining

The cells were treated consecutively with Dulbecco’s
phosphate buffers containing the following reagents: 4%
paraformaldehyde (room temperature [RT], 20 minutes),
0.2% Triton X-100 (28314, Thermo Fisher Scientific,
Rockford, IL, USA; RT, 5 minutes), Image-1T FX signal
enhancer (136933, Life Technologies; RT, 30 minutes), a
rabbit anti-hERG channel subunit primary antibody (APC-
190, Alomone, Jerusalem, Israel; 1:100) and 1% bovine
serum albumin fraction V (4 °C, overnight), and Alexa 647-
conjugated goat anti-rabbit IgG(H+L) secondary antibody
(A21245, Life Technologies; 1:250, 37 °C, 60 minutes).

For moderately stained cells, single image slices of He/Ne
laser beam-excited immunofluorescence were captured using
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a TCS-SC5 confocal microscope (Leica, Solms, Hesse,
Germany; objective lens, water- or oil-immersion, x63; pin-
hole, airy 1; window, 655-685 nm; gain, 700-740 V; scan-
ning rate, 200 Hz; number of averaging, 16). In each image
slice, raw fluorescent intensities were measured as averages
over a 1.3-um? strip area on the membrane and a 4-;um? rect-
angular area in the cytoplasm using ImageJ software (ver-
sion, 1.45S; National Institutes of Health, Bethesda, MD,
USA). The intensity was corrected for the background level
by subtracting the average intensity over four 17-um? cell-
free square areas of the corresponding image slice from the
raw value.

Results
Genetic Analysis

In the family genetic screening of sudden cardiac death
victims, we found a Japanese family with members heterozy-
gously carrying hERG(G487R) and/or a mutant SCN5A
gene encoding a voltage-gated Nat channel subunit with
a R1193Q substitution (SCN5A(R1193Q), see Discussion
for detail; Fig. 1A). A male member of this family carrying
SCN5A(R1193Q) but not hERG(G487R) died from sudden
cardiac death at the age of 19. By contrast, his sister carrying
hERG(G487R) but not SCN5A(R1193Q) has not yet shown
any major cardiac symptoms up to the same age. All the
members displayed normal Bazzett-corrected QT intervals
(QTc’s; Fig. 1A) and turned out to carry no missense muta-
tions in other major long-QT syndrome-related voltage-gated
ion channel genes including KCNE1, KCNE2, and KCNQ1.

We found a G1459C replacement in hERG from the
family (Fig. 1B). This replacement should result in a
G487R substitution in the S2-S3 loop of hERG channel
subunit (Fig. 1C). The amino acid sequence of the S2—
S3 loop is conserved among the mammalian homologs
(human, NP_000229.1; chimpanzee, XP_001137384.2; rab-
bit, NP_001075853.1; mouse, NP_038597.2; pig, Q9TUI4;
" horse, NP_001180587.1; dog, NP_001003145; Fig. 1D).

Electrophysiological Analysis

We compared currents in the WT, GR, and GR/WT cells,
which are thought to be mediated largely by homomeric
hERG(WT), homomeric hERG(G487R), and heteromeric
hERG(G487R)YhERG(WT) channels, respectively. The ac-
tivation and deactivation kinetics of hERG channels were
analyzed using a double-voltage-step stimulus (Fig. 2). At
the first step whose voltage was relatively high, hERG chan-
nel underwent activation as well as inactivation. At the second
step whose voltage was less positive, hERG channel was al-
lowed to recover from inactivation and produced alarge “tail”
current (Fig. 2A, arrows). The tail current measured under
the conditions used in this study included virtually no compo-
nent mediated by HEK-293T cell’s native voltage-dependent
channel because the native current decayed rapidly upon the
cessation of the first step (Fig. 2A) and its current density
at the second voltage step was negligible (with a first-step
voltage of O mV, 0.579 £ 0.482 pA/pF, n = 7; P = 0.0027
compared with the WT cells, median test; Fig. 2B).

We used the peak density of the tail current as a mea-
sure of the activation extent of hERG channel (Fig. 2B).
In all the cell groups, hERG channels were activated with
first-step voltages above ~—40 mV. The activation extent
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Figure 1. Mutation causing a G487R substitution of hERG channel sub-
unit. A: Pedigree of the subject family. Most members heterozygously carry
hERG(G487R) (black rectangle) and/or SCN5A(R1193Q) (dotted rectan-
gle). The age and values of QTc are shown below the corresponding symbols
(n/a: not available). Slash: the person deceased from sudden cardiac death
atthe age of 19. Squares and circles: male and female members, respectively.
B: DNA sequencing profile of the exon 5 of hERG from the hERG(G487R)-
carrying female member of the subject family. The amino acids encoded
by the codons are indicated above the sequence. C: Schematic diagram
showing the location of the G487R substitution in hERG channel subunit.
D: Amino acid sequences of the S2—S3 loops of hERG(WT) subunit and the
mammalian homologs. Number before the sequence: the position of the first
residue of the loop. Arrow: the site of the G487R substitution.

increased with first-step voltage until it became saturated
with first-step voltages above 0 mV. With a first-step volt-
age of O mV, the current densities were 164 &= 18.1 pA/pF
(n=21),162 + 19.9 pA/pF (n = 18), and 198 = 17.5 pA/pF
(n = 33) for the WT, GR, and GR/WT cells, respectively.
There was no significant difference between the WT and

“GR cells or between the WT and GR/WT cells (P = 0.435

and 0.407, respectively, median test). Moreover, the plot of
the relative peak amplitude of the tail current against first-
step voltage was indistinguishable between the WT, GR, and
GR/WT cells (Fig. 2C). The Vyyr and K were not different
between these cell groups (Table 1). These results suggest
that hERG(G487R) subunit-containing hERG channels are
similar to hERG(WT) channel in activation extent and its
voltage dependence.

The activation time-course of hERG channel was demon-
strated by varying the first-step duration and by plotting the
relative peak amplitude of the tail current against the duration
(Fig. 2D). The time constant of the rising phase of the plot
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Figure 2. Activation and deactivation kinetics. A-C: Activation extent of hERG channels and its voltage-dependence. A: Sample responses of individual
cells (traces) to double-voltage-step stimuli (schematics). The first-step voltage was varied in 10 mV steps. GFP: a cell transfected with the marker gene
alone. WT, GR, and GR/WT: cells transfected with hERG(WT), hERG(G487R), or a 1:1 mixture of these genes, respectively. The “tail” currents (arrows)
are thought to be mediated largely by hERG channels because no similar current is seen in the GFP cell. The traces include linear leak components. Dotted
line: prestimulus level. B: Mean peak density of the tail current as a function of first-step voltage. As compared with the current density of the WT cells,
that of the GFP cells was significantly different at all of the tested voltages (P < 0.01, median test;**) whereas those of the GR and GR/WT cells were not
different (P > 0.05, median test) at all of the tested voltages. The data were taken from 7 GFP, 21 WT, 18 GR, and 33 GR/WT cells. The peak amplitude
was measured as a difference from the average level of the 100 millisecond prestimulus period to the maximal deflection throughout the second voltage step.
In panels B-D, the linear leak components were subtracted from the data off-line. C: Relative peak amplitude of the tail current as a function of first-step
voltage. To depict the plots in this panel, the data in panel B were maximum-normalized for each cell and then averaged and maximum-normalized within
each cell group. The data plotted against first-step voltages of 60 and —-50 mV (arrows) were obtained using double-voltage-step stimuli whose second-step
voltage was —60 mV. D: Activation time-course of hERG channels. Mean relative peak amplitude of the tail current elicited by a double-voltage-step stimulus
plotted as a function of first-step duration. The duration was varied as shown schematically in the inset. The data were maximum-normalized for each cell
and then averaged and maximum-normalized within each cell group. The data were taken from 16 WT, 20 GR, and 19 GR/WT cells. E-G: Deactivation
time-course of hRERG channels and its voltage dependence. E: Sample tail currents of individual cells (close-up traces around the second voltage step) elicited
by double-voltage-step stimuli (schematics). The second-step voltage was varied in 10 mV steps. F and G: Mean time constants of the fast (F) and slow (G)
components of deactivation as functions of second-step voltage. The data were taken from 14 WT, 16 GR, and 25 GR/WT cells.* and**: P < 0.05 (Wilcoxon
test) and P < 0.01 (1-test) berween the WI and GR cells, respectively. #: P < 0.05 (Wilcoxon test) between the WT and GR/WT cells. The time constants were
estimated from the double-exponential curve fitted to the decaying phase of a tail current.

was not different between the WT and GR cells or between
the WT and GR/WT cells (Table 1). This result suggests
that hRERG(G487R) subunit-containing hERG channels are
similar to hERG(WT) channel in activation time-course.
The deactivation kinetics of hERG channels was ana-
lyzed, measuring the time constant of the decaying phase of
the tail current with a varied second-step voltage (Fig. 2E).
The time constants of both the fast and slow components of
the decaying phase decreased with more negative second-
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step voltages. The time constants of both the fast and slow
components were not different between the cell groups at
most of the tested voltages (Fig. 2F and G). At a second-step
voltage of —40 mV, the time constants of the fast and slow
components were 0.0912 + 0.0114 milliseconds (n = 13)
and 0.539 & 0.0492 milliseconds (n = 13), 0.105 4= 0.0138
milliseconds (n = 15) and 0.537 -+ 0.0454 milliseconds
(n = 16), and 0.101 =+ 0.0114 milliseconds (n = 25) and
0.439 £ 0.0303 milliseconds (n = 25) for the WT, GR, and
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TABLE 1
Parameters of Activation Kinetics

Cell Vhae (mV) K Time Constant (ms)
WT —~27.3 £ 1.38 (19, n/a) 5.42 £ 0.207 (19, n/a) 9.31 £+ 1.58 (16, n/a)
GR —25.1 £2.53 (17, 0.449) 5.18+0.127 (17,0.514) 9.52 + 1.07 (20, 0.924)
GR/WT —27.9 £ 1.75 (29, 0.831) 5.42 + 0.260 (29, 0.999) 12.9 +£ 1.97(19,0.121)

The Vhar and K were estimated from the Boltzmann equation fitted to the plot of activation extent against first-step voltage (¢f Fig. 2C) for each cell.
The time constant was estimated from the single-exponential curve fitted to the rising period (a range of first-step duration from 0 to the point at which
the activation extent became saturated) of the plot of activation extent against first-step duration (¢f. Fig. 2D) for each cell. Numbers in parentheses = the
number of the examined cells and the significance level of difference (as compared with the WT cells, ¢-test); n/a = not applicable.

GR/WT cells, respectively. There was no significant differ-
ence between the WT and GR cells or between the WT and
GR/WT cells (for the fast component, P = 0.447 and 0.724,
respectively, Wilcoxon test; for the slow component, P =
0.973 and 0.0859, respectively, -test). This result suggests
that hERG(G487R) subunit-containing hERG channels are
similar to hERG(WT) channel in deactivation time-course
and its voltage dependence.

The inactivation kinetics of hERG channels was analyzed
using a triple-voltage-step stimulus (Fig. 3A). The hERG
channel that had undergone activation and inactivation was
allowed to recover from inactivation at the second hyperpo-
larizing step and then again inactivated at the third step of
a varied voltage. The time constant of the decaying phase
of the tail current decreased with more positive third-step
voltages (Fig. 3B). At a third-step voltage of 40 mV, the
time constants were 0.632 £+ 0.0267 milliseconds (n = 15),
0.607 =+ 0.0634 milliseconds (n = 14), and 0.662 =+ 0.0536
milliseconds (n = 14) for the WT, GR, and GR/WT cells,
respectively. There was no significant difference between
the WT and GR cells or between the WT and GR/WT cells
(P = 0.723 and 0.661, respectively, t-test). This result sug-
gests that hERG(G487R) subunit-containing channels are
similar to hERG(WT) channel in inactivation time-course
and its voltage dependence.

The kinetics of the recovery from inactivation of hERG
channels was analyzed using a double-voltage-step stimu-
lus (Fig. 3C). The hERG channel that had undergone ac-
tivation and inactivation at the first depolarizing step was
allowed to recover from inactivation at the second step
of a more negative voltage. The time constant of the ris-
ing phase of the tail current decreased with more negative
second-step voltages (Fig. 3D). At a second-step voltage of
—40 mV, the time constants were 2.07 & 0.120 milliseconds
(n = 14), 1.88 =& 0.119 milliseconds (n = 10), and 2.20 £
0.139 milliseconds (n = 13) for the WT, GR, and GR/WT
cells, respectively. There was no significant difference be-
tween the WT and GR cells or between the WT and GR/WT
cells (P = 0.327 and 0.440, respectively, ¢-test). This result
suggests that hERG(G487R) subunit-containing channels are
similar to hERG(WT) channel in the time-course of recovery
from inactivation and its voltage dependence.

Immunocytochemical Analysis

We examined the subcellular distribution of hERG(WT)
and hERG(G487R) channel subunits in HEK-293T cells us-
ing an anti-hERG subunit antibody. All of the cultures trans-
fected with hRERG(WT), hERG(G487R), or a 1:1 mixture of
these genes contained cells with an intense immunoreactivity

on the membrane and a weaker immunoreactivity in the cy-
toplasm (Fig. 4A). Cells receiving mock transfection (mock
cells) showed no such immunoreactivity (Fig. 4A), suggest-
ing the correct recognition of the antigen. The ratios of the
immunofluorescent signal intensity of the membrane to that
of the cytoplasm were 2.41 £ 0.213 (n = 20), 2.32 £ 0.156
(n = 24), and 2.87 £ 0.293 (n = 12) for the WT, GR, and
GR/WT cells, respectively (Fig. 4B). There was no signifi-
cant difference between the WT and GR cells (P = 0.710,
t-test) or between the WT and GR/WT cells (P = 0.205,
t-test). This result suggests that hERG(G487R) subunit can
be trafficked to the cell surface as efficiently as hERG(WT)
subunit and that the coexpression of these subunits does not
suppress the total channel trafficking. The ratios of the gene-
transfected cells were much different from that of the mock
cells (0.195 + 0.0918, n = 5; P < 0.001 compared with the
WT cells, t-test), suggesting that these ratios of the gene-
transfected cells indeed reflect the subcellular distributions
of hERG subunits. The mock cells showed a ratio lower than
1 (i.e., the fluorescent signal of the membrane is weaker than
that of the cytoplasm) presumably because most of the anti-
bodies that had attached to the cell surface were washed off
whereas a small fraction of the antibodies that had entered
the cells remained in the cytoplasm in a nonspecific manner
(Fig. 4A).

Discussion

The density of hERG channel current (Fig. 2B) and the
surface expression efficiency of hERG subunit (Fig. 4) were
not different between the WT and GR cells. These results sug-
gest that hERG(G487R) subunit can form functional chan-
nels as efficiently as hERG(WT) subunit. Moreover, there
was no difference in the current density (Fig. 2B) or surface
expression efficiency (Fig. 4) between the WT and GR/WT
cells. This result suggests that hRERG(G487R) subunit does
not serve as a dominant negative that hampers the formation
of functional WT subunit-containing channels.

The voltage- and time-dependences of activation, de-
activation, inactivation, and recovery from inactivation of
hERG channel current were similar between the WT, GR,
and GR/WT cells (Figs. 2 and 3). These results suggest that
hERG(G487R) subunit-containing channels can contribute to
the acceleration of the repolarizing phase of a cardiac action
potential and to the prevention of premature action potential
regeneration.!’? The normal gating kinetics and normal func-
tional expression efficiency (see earlier) of hRERG(G487R)
subunit-containing channels indicate that neither the
heterozygous nor homozygous inheritance of hRERG(G487R)
may cause severe cardiac disorders.
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Figure 3. Kinetics of inactivation and recovery from inactivation. A and
B: Inactivation time-course of hRERG channels and its voltage dependence.
A: Sample current responses (close-up traces around the third step) of
individual cells to triple-voltage-step stimuli (schematics). hERG channel
was allowed to recover from inactivation at the second hyperpolarizing step
and then again inactivated at the third step whose voltage was varied in 10
mV steps. B: Mean time constant of inactivation as a function of third-step
voltage. The data were taken from 15 WT, 14 GR, and 14 GR/WT cells.
There was no significant difference (P > 0.05, t-test) between the WT and
GR cells or between the WT and GR/WT cells at all the tested voltages. The
time constant was estimated from the single-exponential curve fitted to an
inactivating current at the third step. C and D: Time-course of the recovery
from inactivation of hRERG channels and its voltage dependence. C: Sample
current responses (close-up around the second step) of individual cells to
double-voltage-step stimuli (schematics). hRERG channel was inactivated at
the first depolarizing step and then allowed to recover from inactivation at
the onset of the second step whose voltage was varied in 10 mV steps. D:
Mean time constant of recovery from inactivation as a function of second-
step voltage. The data were taken from 14 WT, 10 GR, and 13 GR/WT cells.
There was no significant difference (P > 0.05, t-test) between the WT and
GR cells or between the WT and GR/WT cells at all the tested voltages. The
time constant was estimated from the single-exponential curve fitted to the
initial rise of a current at the second step.

In the subject family, a member carrying SCNSA
(R1193Q) but not hERG(G487R) died from sudden car-
diac death (Fig. 1A). By contrast, his father carrying both
hERG(G487R) and SCN5A(R1193Q) is still living without
showing major cardiac symptoms (Fig. 1A). This variability
in cardiac phenotype might reflect the low phenotypic pen-
etrance of SCN5A(R1193Q). There are some reports sug-
gesting the linkage of SCN5A(R1193Q) to QT and Brugada
syndromes.>!® However, in some Asian cohorts, compara-
ble allelic frequencies of SCN5A(R1193Q)) are found in both
the arrhythmic patients and the healthy persons.!!"1? Another
possible explanation is that hERG(G487R) have a protec-
tive effect against the pathogenic action of SCN5A(R1193Q)
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Figure 4. Subcellular distribution of hERG channel subunits. A and
B: Immunostaining of HEK-293T cells transfected with hERG(WT),
hERG(GA487R), ora 1:1 mixture of these genes (WT, GR, and GR/WT, respec-
tively). A: Single confocal image slices of cells stained using the anti-hERG
subunit antibody. Mock: a cell treated with the transfection reagent alone
without hRERG(WT) or hERG(G487R) (the outline of the cell is indicated
by dotted lines). Scale bars: 10 pm. B: Mean ratio of the immunofluores-
cent signal intensity of the membrane to that of the cytoplasm. The data
were taken from 20 WT, 24 GR, 12 GR/WT, and 5 mock cells. As compared
with the ratio of the WT cells, those of the GR and GR/WT cells were not
significantly different (P > 0.05, t-test) whereas that of the mock cells was
significantly different (P < 0.001, t-test;***).

whereas this might not be the case because hERG(G487R)
subunit-containing channels were functionally similar to ho-
momeric hERG(WT) channel (Figs. 2 and 3).

It could be theoretically possible that on a global scale, a
considerable fraction of the population carry hERG(G487R)
because hERG(G487R) was inherited across generations
(Fig. 1A) and its product did not change channel func-
tion (Figs. 2 and 3). For hERG, some examples of
amino acid polymorphism such as K897T, A915V, and
R1047L have been reported.'3"!5 However, to our knowl-
edge, hERG(G487R) has not been reported previously and,
thus, this mutant gene might fall into the category of a
rare variant. One possibility is that hERG(G487R) emerged
through de novo mutation in the subject family or their im-
mediate ancestor. We do not exclude the possibility that
hERG(G487R) is common in an uninvestigated ethnic or re-
gional cohort as suggested by a wide intercohort deviation in
the allelic frequencies of the previously reported amino acid
polymorphisms.!3-1?
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The amino acid substitution examined in this study is lo-
cated in the S2-S3 loop (Fig. 1C). The previous and present
reports show that several amino acid changes in and near
this loop result in various channel phenotypes. For example,
the N470D substitution impairs the surface expression of the
channel protein® and lowers the V.2 The T4741 substi-
tution lowers the threshold and maximal-activation voltages
and hERG subunit with this substitution suppresses chan-
nel current in a dominant-negative manner.?>?* The Y475
deletion lowers the V¢ and accelerates the deactivation.?!
The A490T substitution reduces the current density.?* Fur-
thermore, we have shown that the G487R substitution causes
none of these abnormalities (Figs. 2-4). These findings are
in contrast to the report that several substitutions at different
amino acid residues in the S5/pore domain (G572R, 1593R,
P596R, G601S, Y611H, V612L, and T613M) similarly im-
pair channel protein trafficking (see Ref. 25 for review). The
individual residues in and near the S2-S3 loop may play
distinct physiological and pathogenic roles in a relatively
highly site-specific manner as compared to the residues in
other regions.

The previous studies indicate that the extent of functional
modulation of hERG channel induced by a substitution at
a glycine residue depends on the position of the residue.
For example, the substitution of glycine in the S4-S5 linker
(G546) with another amino acid such as alanine or arginine
markedly lowers the V.26 This could be ascribed to loss
of the conformational flexibility of the linker conferred by
the glycine residue.”® By contrast, alanine substitutions of
glycine residues in the S6 (G648 and G657), which could
increase the local conformational stability, have only a minor
effect on the voltage dependence of activation.?” One possible
explanation is that the S6 helices are inherently flexible even
in the absence of the glycine residues.?’” Our observation
that the G487R substitution little affected the gating kinetics
(Figs. 2 and 3) indicates that the flexibility conferred by
the glycine residue might be less important for the normal
function of the S2-S3 loop.

Conclusion

We found a novel mutation of hERG that results in a
G487R substitution in the S2-S3 loop of hERG channel. In
HEK-293T cells, hERG with this mutation produced func-
tional channels with or without the aid of wild-type hERG.
Both the heteromeric and homomeric mutant hERG channels
displayed similar kinetics of activation, deactivation, inacti-
vation, and recovery from inactivation to wild-type channel.
These results indicate that neither the heterozygous nor ho-
mozygous inheritance of the mutant hERG may cause severe
cardiac disorders. :
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Introduction

Abuse of the psychostimulant methamphetamine (METH) is a
serious and growing worldwide problem. Long-term use of METH
results in addiction, which is characterized by compulsive drug-
seeking and drug use, with accompanying functional and
molecular changes in the brain. Addiction to METH is also a
major public health concern, since chronic use is associated with
major medical, psychiatric, cognitive, socioeconomic and legal
consequence [1,2]. Repeated consumption of METH can induce a
psychotic state (METH psychosis), with symptoms resembling
those of paranoid-type schizophrenia [3-3]. There is currently no
standard pharmacological treatment for the wide range of
symptoms associated with METH abuse [1,6,7]. Moreover, the
precise molecular and cellular mechanisms underlying the long-
term eflects of METH in the brain, remain undetermined [1,8,9].

@ PLoS ONE | www.plosone.org

METH causes neurochemical changes in several areas of the
brain via the dopaminergic system, and consequently via
glutamatergic neurotransmission [10-13]. Repeated administra-
tion of this psychostimulant to rodents, produces long-term
behavioral changes, including behavioral sensitization and depen-
dence [14,15]. The A-methyl-D-aspartate (NMDA) receptor
antagonist MK-801 blocks the development of METH (or
amphetamine)-induced behavioral sensitization [16-20]. It is
therefore likely that the NMDA receptor plays a role in the
mechanisms of behavioral sensitization seen in rodents after
repeated administration of psychostimulants, such as METH and
amphetamine.

D-Serine is an endogenous co-agonist at the glycine-binding site
of the NMDA rcceptor subunit, GluN1 [21-23]. D-Serine is
synthesized from L-serine by the enzyme, serine racemase (SRR),
and shows a similar localization within the brain to D-serine

April 2012 | Volume 7 | Issue 4 | e35494
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[24,25]. Studies using Srr knockout ($7-KO) mice show that SRR
is predominantly localized to forebrain neurons [26] and that
levels of D-serine in the forebrain are 10-20% of wild-type (WT)
mice [27-29], suggesting that SSR provides the main catalysis for
D-serine production in the forebrain. In addition, we reported that
NMDA-induced neurotoxicity is significantly attenuated in the
brains of $7-KO mice, suggesting that D-serine controls the extent
of NMDA receptor-mediated neurotoxic insults [27]. It is
therefore likely that D-serine produced by SSR, plays an
important role in NMDA receptor-mediated neurotransmission
in the brain.

To study the role of SRR in METH-induced behavioral
abnormalities, we evaluated behavioral performances in acute
hyperlocomotion, development of behavioral sensitization, and
conditioned place preference (CPP) in WT and $7-KO mice, after
the administration of METH. Furthermore, we examined the role
of SRR on the dopamine (DA) release in the nucleus accumbens
after administration of METH using iz wuwe microdialysis
technique. In addition, we examined whether METH adminis-
tration altered phosphorylation levels of ERK1/2 in the striatum,
since ERK1/2 phosphorylation contributes to the development of
behavioral sensitization by psychostimulants [30,31].

Results

METH-induced acute hyperlocomotion

A single dose of METH (3 mg/kg, s.c.), but not METH (1 mg/
kg, s.c.), markedly increased locomotion in both WT and $rKO
mice. Two-way ANOVA analysis revealed significant drug
treatment effects for METH-induced locomotor responses [geno-
type: F (1,48)=1.12, p=0.29; drug treatment: F (2,48)=26.97,
p<0.001], with no genotype x drug treatment interaction (F
(2,48)=0.27, p=0.77). Subsequent one-way ANOVA followed
post hoc Bonferroni/Dun test indicated that METH (3 mg/kg)
significantly increased locomotion in both WT and $7-KO mice

160 - %
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(WT: p=0.002; Sr-KO: p<0.001 as compared to saline treated
group) (Figure 1).

Next, we examined whether pretreatment with D-serine
affected METH-induced acute hyperlocomotion in mice. Thirty
minutes alter a single oral dose of D-serine (900 mg/kg) or
vehicle (10 ml/kg), mice were given a s.c dose of METH (3 mg/
kg). Two-way ANOVA analysis revealed that D-serine had no
significant effect on METH-induced acute hyperlocomotion
[genotype: F (1,24)=6.00, p=0.02; drug treatment: F
(1,24)=0.02, p =0.88; interaction: F(1,24)=0.02, p=0.89]. Stu-
dent’s t-test indicated that pretreatment with D-serine (900 mg/
kg) had no eflfect on METH-induced hyperlocomotion in either
WT or §7-KO mice (WT: t=0.26, p =0.80; $~KO: t=0.006,
p = 1.00) (Figure S1).

METH-induced behavioral sensitization

Two-way ANOVA analysis revealed a significant effect for
METH-induced hyperlocomotion [genotype: F (1,34)=7.97,
p =0.008; drug treatment: F (1,34) = 33.46, p<<0.001; interaction:
F (1,34)=11.83, p=0.002]. One-way ANOVA revealed a
significant (F (3,34) = 18.37, p<<0.001) difference among the four
groups. Challenging mice with a low dose of METH (1 mg/kg)

' significantly (p<<0.001) increased METH -induced hyperlocomo-

tion in WT mice previously treated with METH (3 mg/kg/day
over 5 consecutive days), compared with saline treated WT mice
(Figure 2). In contrast, METH (1 mg/kg) -induced hyperlocomo-
tion was comparable between Sr7-KO mice previously treated with
METH (3 mg/kg/day over 5 consecutive days) or saline
(Figure 2), indicating a lack of METH-induced behavioral
sensitization in $7-KO mice. Furthermore, locomotion in WT
mice pretreated with METH (3 mg/kg/day for 5 consecutive
days) was significantly (p = 0.001) higher than seen in $7-KO mice
pretreated with METH (Figure 2). These results indicated that
behavioral sensitization occurred in WT but not $7-KO mice after
repeated administration of METH.
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Figure 1. METH-induced acute hyperlocomotion in WT and Srr-KO mice. METH (1 or 3 mg/kg) or vehicle (saline; 10 ml/kg) was administered
s.c. to WT and Srr-KO mice. Behavior (locomotion) was evaluated as described in the Methods and Materials. Each value is the mean = SEM (n=8-10
per group). **p<<0.01, ¥**p<0.001 as compared with the vehicle treated group.

doi:10.1371/journal.pone.0035494.g001
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Figure 2. The development of behavioral sensitization in mice after repeated administration of METH. Mice were treated daily for 5
consecutive days with vehicle (10 ml/kg) or METH (3 mg/kg). Seven days after the final dosing, mice were given a lower dose of METH (1 mg/kg, s.c.).
Locomotion in mice was evaluated as described in the Methods and Materials. Each value is the mean * SEM (n=9 or 10 per group). **p<0.01,
*#**<0.001 as compared with the vehicle treated group (Bonferroni/Dunn method).

doi:10.1371/journal.pone.0035494.g002

To examine whether pretreatment with D-serine affected
METH-induced behavioral sensitization in $7-KO mice, mice
were administered a single oral dose of D-serine (300 mg/kg/day)
or vehicle (10 ml/kg/day) thirty minutes before dosing with
METH (3 mg/kg/day). Two-way ANOVA analysis revealed a
significant genotypic effect for METH-induced locomotion
[genotype: F (1,24)=27.17, p<0.00l; drug treatment: F
(1,24)=1.31, p=0.26], with no genotype x drug interaction (F
(1,24)=0.21, p=0.65). One-way ANOVA revealed significant (F
(3,24)=9.562, p<0.001) differences among the four groups.
Pretreatment with D-serine (900 mg/kg) showed no effect on
METH (1 mg/kg)-induced locomotion in either WT or Sr-KO
mice. In contrast, locomotion in WT mice pretreated with vehicle
followed by METH (3 mg/kg) was significantly (p = 0.015) higher
than in $7-KO mice treated in the same way (Figure S2),
consistent with results in Figure 2. Furthermore, locomotion in
WT mice pretreated with D-serine (900 mg/kg) followed by a
larger dose of METH (3 mg/kg) was significantly (p=0.003)
higher than in $7~-KO mice treated in the same manner (Figure
$2). These results showed that pretreatment of D-serine (300 mg/
kg) prior to each METH injection had no effect on METH (1 mg/-
kg)-induced locomotion in WT and Sm-KO mice pretreated with
METH.

METH-induced DA release in the nucleus accumbens
To explore how SRR contributes to METH-induced sensitiza-
tion, we measured extracellular DA levels in the nucleus
accumbens after administration of METH (1 mg/kg), using an
in vivo microdialysis technique. A dose of METH (1 mg/kg, s.c.)
caused a marked increase in extracellular DA levels in the nucleus
accumbens of WT, not $m-KO, mice previously treated with
METH (3 mg/kg/day over 5 consecutive days) (Figure 3).
Repeated ANOVA analysis showed a significant difference
between two groups (TimexGroup, F=3.456, p=0.042). The
METH-induced DA release in the nucleus accumbes of $7~-KO
mice previously treated with METH was significantly lower than
that of WT mice previously treated with METH (Figure 3).
These findings suggest that an administration of METH (1 mg/kg)

j:@'. PLoS ONE | www.plosone.org

failed to induce DA release in the nucleus accumbens of Sr-KO
mice previously treated with METH.

METH-induced rewarding effects

Mice that had only received METH spent significantly more
time in the METH assigned compartment relative to the saline
treatment compartment. The mice conditioned with saline did not
show a preference for cither compartment on the CPP test day.
These data showed that a single pairing with METH (1 mg/kg,
s.c.-induced CPP when mice were tested 24 h after conditioning.
Two-way ANOVA analysis revealed a significant drug treatment
effect for the METH-induced CPP score [genotype: F
(1,40)=0.37, p=0.55; drug treatment: F (1,40)=23.11,
p<0.001], with no genotype x drug treatment interaction
(F(1,40)=0.44, p=0.51). Student’s t-test indicated that repeated
administration of METH (1 mg/kg) significantly increased CPP
scores in both WT and $~KO mice (WT: t=3.71, p=0.001; Srr-
KO: t=3.07, p=0.006) (Figure 4). The data indicated that
METH treatment induced rewarding effects in both WT mice and
Srr-K.O mice.

Phosphorylation of ERK1/2

ERK, a component of the mitogen-activated protein kinase
(MAPK) intracellular signaling pathway, interacts with both
dopamine and NMDA receptors in the brain. It has been reported
that the phosphorylation of ERK1/2 plays a role in behavioral
sensitization, after repeated administration of psychostimulants
[30,31]. This study examined whether phosphorylation levels of
ERK1/2 in the striatum of Sr7-KO mice differed from that of WT
mice. Two-way ANOVA analysis revealed a significant eflect for

“METH-induced phosphorylation of ERK1/2 between WT and

Sm-KO mice [ERKI1; genotype: F (1,20)=0.07, p=0.80; drug
treatment: F (1,20)=2.12, p=0.16; iteraction: F (1,20)=6.13,
p=0.02; ERK2; genotype: F (1,20)=0.16, p=0.70; drug
treatment: F (1,20)=0.75, p=0.40; interaction: F (1,20)=12.89,
p=0.002]. Student’s t-test indicated that a single dose of METH
(3 mg/kg) significantly increased the phosphorylation of ERK1/2
in the WT mice [ERK1; WT: t=2.61, p=0.03; ERK2; WT:
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Figure 3. The effects of SRR on METH-induced increase of extracellular DA levels. A dose of METH (1.0 mg/kg, s.c) was injected into mice.
The dialysate was collected in 30-min fractions, and DA levels were measured by HPLC. Basal extracellular DA levels in the nucleus accumbens were
3.841+0.301 nmol/L {(n=12, mean = SEM). The values are the mean * SEM of 6 mice. *p<<0.05, **p<<0.01 as compared with the METH (1 mg/kg)

treated WT group (Student’s t-test).
doi:10.1371/journal.pone.0035494.g003

t=3.41, p=0.006] (Figure 5). In contrast, a single dose of
METH (3 mg/kg) did not increase phosphorylation of ERK1/2 in
Sr-KO mice (ERK1; $mKO: t=0.78, p=0.46; ERK2; $7-KO:
t=1.79, p=0.10) (Figure 5).

In the hippocampus, two-way ANOVA analysis revealed no
significant effect for METH-induced phosphorylation of ERK1/2
between WT and $v-KO mice [ERKI; genotype: F (1,20) = 0.42,
p=0.53; drug treatment: F (1,20)=0.23, p=0.64; interaction: F
(1,20)=2.54, p=10.13; ERK2; genotype: F (1,20)=7.23, p=0.01;

drug treatment: F (1,20)=1.61, p=0.21; interaction: F
(1,20)=0.41, p=0.53](Figure S$3). In the [rontal cortex, the
phosphorylation of ERK1/2 was not detected between WT and
$7-KO mice (data not shown).

Discussion

The major findings of this study are that repeated administra-
tion of METH (3 mg/kg/day for 5 days) induced behavioral
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Figure 4. METH-induced conditioned place preference (CPP) in mice. On days 4, 6, and 8, mice were treated with vehicle (10 mi/kg) or METH
(1 mg/kg), and then confined in either a transparent or black compartment for 30 min. On days 5, 7, and 9, mice were given saline and placed in the
non- METH assigned compartment for 30 min. On day 10, the postconditioning test was performed as described in the Methods and Materials. Each
value is the mean *= SEM (n=11 per group). **p<<0.01 as compared with the vehicle treated group (Student’s t-test).

doi:10.1371/journal.pone.0035494.g004
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Figure 5. Phosphorylation of ERK1/2 in the striatum after a single dose of METH. Mice were sacrificed 15 minutes after a single dose of
either METH (3 mg/kg, s.c.) or vehicle (10 ml/kg, s.c.). Western blot analysis of phospho-ERK1/2 and total ERK1/2 protein was performed as described
in the Methods and Materials. Values are the mean * S.EM. (n=6 per group). *p<<0.05, **p<0.01 as compared with the vehicle treated group

(Student’s t-test).
doi:10.1371/journal.pone.0035494.g005

sensitization in WT' mice, but not $r~KO mice, and that a single
dose of METH (3 mg/kg) produced the same changes in acute
hyperlocomotion between $~-KO and WT mice. From i wivo
microdialysis, we found that METH-induced DA release in the
nucleus accumbens of $7-KO mice previously treated with
METH (3 mg/kg/day over 5 consecutive days) was significantly
attenuated as compared with WT mice previously treated with
METH (3 mg/kg/day over 5 consecutive days). To our
knowledge, this is the first report demonstrating the role of SRR
in the development of METH-induced bchavioral sensitization.
Previously, we reported that levels of D-serine in the forebrain of
S$7-KQ mice were reduced to approximately 10-20% of those
found in WT mice [27,29]. However, pretreatment with D-serine
(900 mg/kg) did not alter hyperlocomotion in WT and $m-KO
mice after a single dose of METH (8 mg/kg), suggesting that
decreased levels of D-serine in the brain do not affect METH-
induced, acute hyperlocomotion in mice. Furthermore, pretreat-
ment with D-serine (900 mg/kg/day) prior to each METH
injection, failed to induce behavioral sensitization in Sr-KO mice.
It is therefore unlikely that pretreatment with D-serine affects
METH-induced behavioral abnormalities in either WT or $~KO
mice. These findings suggest that SRR plays an important role in
the development of behavioral sensitization in mice, following
repeated METH administration.

Behavioral sensitization following the repeated administration of
psychostimulants, including METH, is one manifestation of
sensitization in the brain. The initiation of behavioral sensitization
to psychostimulants is operationally defined as the transient
sequence of cellular and molecular events precipitated by repeated
administration of psychostimulants that leads to the enduring
changes in neural function responsible for behavioral augmenta-
tion [14,15,32,33]. The increase in extracellular DA is augmented
in the nucleus accumbens and striatum following the repeated
administration of psychostimulants. Together, the enhanced

: PLoS ONE | www.plosone.org
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release of DA in the nucleus accumbens plays a role in the
augmentation of behavior in the sensitized animals [14,15,32,33].
In this study, we found that $7-KO mice pretreated with METH
did not show the release of DA in the nucleus accumbens and
behavioral augmentation afier a challenge of METH, indicating a
role of Sr in the development of behavioral sensitization after
repeated administration of METH. .

Accumulating evidence suggests that intracellular signaling
pathways, including that of ERK1/2 play contributes greatly to
the molecular pathophysiology of drug addiction [34-38]. Abused
drugs including amphetamine and cocaine has been shown to
activate ERK in a subset of medium-sized spiny neurons of the
dorsal striatum and nucleus accumbens, through the combined
action of NMDA and DA D, receptors [39-41]. Pretrecatment
with SL327 (30 mg/kg), a selective brain-penetrating inhibitor
of MAP-kinase/ERK kinase, blocks the development of behav-
ioral sensitization after repeated amphetamine treatment [39],
suggesting a role for this pathway in long-lasting behavioral
sensitization by psychostimulants. It has also been shown that
phosphorylation of ERK1/2 in the striatum increascs after
administration of psychostimulants [30,31,40—41]. In this study,
a single dose of METH (3 mg/kg) significantly increased the
phosphorylation of ERK1/2 in the striatum of WT, but not Sn-
KO mice. This suggests that phosphorylation of ERK1/2 in the
striatum following a single dose of METH, is at least in part,
mediated by SRR, although the precise mechanisms are currently
unclear. Previously, we reported that NMDA-induced neurotox-
icity is significantly attenuated in the brains of S7-KO mice,
suggesting that D-serine controls the extent of NMDA receptor-
mediated neurotoxic insults [27]. It is likely that the lack of
behavioral sensitization seen in $7-KO mice may be the result of
decreased DA release and ERK1/2 phosphorylation, due to
NMDA receptor hypofunction, although this will need to be
investigated further.
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The CPP paradigm is a widely used animal model on the
rewarding eflccts of drugs [42]. The NMDA receptor antagonist
MK-801 fails to block amphetaminc-induced place preference in
rats, suggesting that NMDA receptors may not be involved in the
rewarding cflccts of psychostimulants [43]. Miyamoto ct al. [44]
reported that mice with mutant GluN2A, one of four GlulN2
subunits (GIuN2A-D) of the NMDA receptor, developed METH-
induced place preference to the same degree as W' mice, whereas
behavioral sensitization was significantly reduced in these mutants
compared with WT mice. This suggests that the GluN2A subunit
may play a role in the development of behavioral sensitization, but
not rewarding cffects, in mice repeated exposure to METH. In this
study, S7-KO mice developed METH-induced place preference to
the same degree as W' mice. It is therefore unlikely that NMDA
receptors play a major role in the development of METH-induced
rewarding effects in mice.

Along with D-scrine, glycine is also a co-agonist at the glycine
modulatory site of the NMDA receptor [21]. We reported that
brain derived levels of glycine and other amino acids, including,
glutamate and glutamine, were comparable between WL and Srr-
KO mice |27,29], suggesting that glycine may not compensate for
decreased D-serine levels in the brains of $7-KO mice. In
addition, forcbrain levels of the NMDA subunits, GluN2A,
GIluN2B, and GluN1 were comparable between WT and S~
KO mice [27]. No difference was found in [*H](+)-MK-801
binding between brain regions (frontal cortex, hippocampus,
striatum, cerebellum) from WT and $7~-KO mice (Table S1). It
would seem that the expression of NMDA receptors is comparable
between WT and $7-KO mice. It is highly probable that the
reduced D-serine in the forebrain of $7-KO mice may, in part,
contribute to the lack of METH-induced bchavioral sensitization,
although this too needs to be examined in further studies.

In conclusion, this study has pointed to a role for SRR in the
development of behavioral sensitization, but not rewarding effects,
in mice that have been repeatedly exposed to METH. It also
suggests that decreased DA release in the nucleus accumbens and
decreased phosphorylation of the ERK1/2 protein may contribute
to the lack of METH-induced behavioral sensitization in $7-KO
micce.

Materials and Methods

Animals

S7-KO mice were generated [rom C57BL/6- derived embry-
onic stem cells transfected with a gene-targeting vector containing
C57BL/6 mouse genomic DNA, and the colony was expanded by
crossing with C37BL/6 mice [26]. The generation and genotyping
of §r-KO and WT mice with a pure C57BL/6 genetic
background has been reported previously [26]. WT and $m-KO
mice aged 2-3 months were used for all behavioral studies. The
mice were housed in  clear  polycarbonate  cages
(22.5%33.8x14.0 cm) in groups of 5 or 6 per cage, under a
controlled 12/12-h light—dark cycle (lights on from 7:00 AM to
7:00 PM), with a room temperature of 23%=1°C and humidity at
55+5%. The mice were given [ree access to water and food
pellets. The experimental procedure (Permit Number: #23-151)
was approved by the Animal Care and Use Committee of Chiba
University.

Drug Administration

METH (D-mcthamphetamine hydrochloride) was purchased
from Dainippon-Sumitomo Pharmaceutical Ltd., (Osaka, Japan)
and D-scrine from Sigma-Aldrich Corporation (St. Louis, MO).
METH was dissolved in physiological saline and injected
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subcutaneously {s.c.). The dose of METH was expressed as a
hydrochloride salt. D-Serine dissolved in saline was administered
orally at a concentration of 900 mg/kg of body weight. Other
chemicals were purchased from commercial sources.

METH-induced Acute Hyperlocomotion

METH (1 and 3 mg/kg) or a vehicle of physiological saline
(10 ml/kg) was administered s.c. into mice. Locomotor activity
was measured using an animal movement analysis system
(SCANET SV-10, Melquest, Toyama, Japan), as reported
previously [45—47}. The system consisted of a rectangular
enclosure (480x300 mm). The side walls (height, 60 mm) of the
enclosure were equipped with 144 pairs of photosensors located
30 mm from the bottom edge and at 5 mm intervals. Recordings
were taken from single animals. A pair of photoscnsors was
scanned every 0.1's to detect the animal movement. The
intersection of paired photosensors (10 mm apart) in the enclosure
was counted as one unit of locomotor activity. Data was collected
for 180 min (60 min of habituation and for 120 min after the
injection of METH or salinc). To examine the role of D-serine in
METH-induced acute hyperlocomotion, animals were pretreated
with D-serine, before administration of METH. Thirty minutes
after a single oral dose of D-serine (900 mg/kg) or vehicle (10 ml/
kg), mice were administered a dose of METH (3 mg/kg, s.c).
Locomotor activity was mecasured using the animal movement
analysis system (SCANET SV-10, Melquest, Toyama, Japan),
described above.

METH-induced Behavioral Sensitization

Wild type and S$7~KO mice were given a single s.c. dose of
vehicle (10 mi/kg) or METH (3 mg/kg), and returned to their
home cages. This process was repeated for cach animal, over 5
consecutive days. One week afier the (inal treatment, cach mouse
was given a low dose of METH (1 mg/kg, s.c.), and behavioral
changes (locomotion) were measured using the animal movement
analysis system (SCANET SV-10, Mclquest, T'oyama, Japan),
described above.

Next, mice were pretreated with D-serine in order to examine
its role in METH-induced behavioral sensitization. Both WL and
S$m-KO mice were treated with either: vehicle (10 ml/kg) +
METH (3 mg/kg) group or D-serinc (900 mg/kg) + METH
(3 mg/kg) group. Injections were given 30 min apart. Afier the
administration of METH, mice were returned to their home cages
and this treatment was repeated over 5 consccutive days. One
week after the final treatment, all mice were given a low dose of
METH (1 mg/kg, s.c.), and behavioral changes (locomotion) were
measured using the animal movement analysis system (SCANET
SV-10, Mclquest, Toyama, Japan), described above.

Measurement of extracellular DA levels using in vivo
microdialysis

Mice were anesthetized with sodium pentobarbital prior to the
stereotaxic implantation of a probe into the nucleus accumbens
(+1.1 mm anteroposterior, +1.0 mm mediolateral from the
bregma, and —4.0 mm dorsoventral from the dura), according
to the Franklin and Paxinos Atlas [48], as reported previously [49].
Probes were secured onto the skull using stainless-steel screws and
dental acrylic. Twenty-four hours after surgery, #n wizo micro-
dialysis was performed on conscious and free moving mice. Probes
were perfused continuously with artificial CSF (147 mM NaCl,
4 mM KCI, and 2.3 mM CaCl,) at a rate of 2 pl/min. METH
(1 mg/kg, s.c.) was administered into mice. The dialysate was
collected in 30-min fractions. Afier in vive microdialysis experi-
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