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0.954, P = 0.3443), but not effects of group, on latency,
without a significant interaction (Figure 2a-c). The subse-
quent Student t test on the changes of P300 latency
revealed no significant difference between two drugs
(Figure 2g-i). With regard to amplitude, two-way
repeated ANOVA indicated no significant effects of treat-
ment without a significant interaction (Figure 2d-f, j-1).

Effects of treatments with etizolam and ethyl loflazepate
on neuropsychological tests

For acute effects of drug treatment on neuropsychologi-
cal tests, two-way repeated ANOVA showed significant
practice effects of repeated testing, but not effects of
drug group, on test scoring without a significant interac-
tion in some tests including trail making A (F (1,16) =
7.399, P = 0.0151, Figure 3a), trail making B (F (1,16) =
8.409, P = 0.0104, Figure 3b), digit span forward (F
(1,16) = 8.696, P = 0.0094, Figure 3c), verbal paired
associates immediate memory (F(1,16) = 6.485, P =
0.0215, Figure 3e) and digit symbol (F(1,16) = 24.209, P
= 0.0002, Figure 3g), and no significant effects of
repeated testing and drugs on test scoring without a sig-
nificant interaction in other tests such as digit span
backward (Figure 3d) and verbal paired associates
delayed recall (Figure 3f).
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For subchronic effects of drug treatment on neuropsy-
chological tests, two-way repeated ANOVA indicated
significant practice effects of repeated testing, but not
effects of drug group, on test scoring without a signifi-
cant interaction, in some tests including trail making
test A (F (1,15) = 12.472, P = 0.0030, Figure 3h), trail
making test B (F {1,15) = 5.426, P = 0.0342, Figure 3i),
digit span forward (F (1,15) = 7.092, P = 0.0177, Figure
3j), verbal paired associates immediate memory (F (1,15)
= 16.449, P = 0.0010, Figure 3I), verbal paired associates
delayed recall (F (1,15) = 5.773, P = 0.0297, Figure 3m)
and digit symbol (F (1,15) = 6.075, P = 0.0236, Figure
3n), and no significant effects of repeated testing and
drug group on test scoring without a significant interac-
tion in digit span backward test (Figure 3k).

Discussion

Our results show acute drug treatment induced prolon-
gation in P300 latency. This is consistent with previous
studies demonstrating. that benzodiazepines such as
alprazolam, lorazepam, clonazepam and triazolam
induce prolongation in P300 latency [6,16,18,19]. How-
ever, subsequent ANOVA revealed that etizolam (1 and
2 mg) induced significant prolongation in P300 latency
compared to ethyl loflazepate (1 mg). The difference
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analysis of variance (ANOVA)).

—360—



Fukami et al. Annals of General Psychiatry 2010, 9:37
http://www.annals-general-psychiatry.com/content/9/1/37

Page 5 of 7

Acute treatment

Trail making test A Trail making test B

B
60

A
k]

20 40

10 20

Pre Post
Verbal paired associates Verbal paired associates
E Immediate memory F Delgyed memory

Figure 3 Effects of acute and subchronic treatment with etizolam and ethyl loflazepate on neuropsychological tests.

Subchronic treatment

Trail making test B

Trail making test A I
60

40

20

Pre Post Pre Post
g Digit span forward K  Digit span backward
12 12
9 9
L[ E3 LR [
Pre Post Pre Post

Verbal paired associates
L  Immediate memory M

25 %
1

Verbal paired associates
Delayed memory

20

15

Pre Post Post
N Digit symbol
120
% D Etisslam Img
o Edylbfavgate Ing

Post

between the acute effects of etizolam and ethyl loflaze-
pate could contribute to the potent sedative effects of
etizolam, although equivalent doses of these two drugs
to diazepam are clinically almost the same. P300 latency
is suggested to reflect the stimulus evaluation time, and
is relatively independent of response selection and
execution [28-30]. Therefore, it is conceivable that ethyl
loflazepate has less effect on P300-related information
processing, although the subjects did not exhibit any
harmful effects on motor skills, visuomotor tracking
speed, and delayed memory in the neuropsychological
tests.

Secondly, subchronic treatment with drugs produced
prolongation in P300 latency only in the Fz regions.
Weak prolongation in P300 latency was seen in the eti-
zolam-treated subjects (although this was not statisti-
cally significant). The magnitude of prolongation by
subchronic ethizolam treatment was reduced when com-
pared to the acute administration of etizolam. In sup-
port of this finding, previous studies reported that
people develop tolerance to the sedative and cognitive

effects of benzodiazepines after subchronic treatments
[1]. Interestingly, subchronic treatment of ethyl loflaze-
pate did not prolong the latency in spite of its long
elimination rate.

Finally, acute but not subchronic treatment with ben-
zodiazepine reduced P300 amplitude. Based on the mag-
nitude of changes, the main effects on the reduction of
P300 amplitude were produced by etizolam (2 mg). This
result replicated previous studies that benzodiazepine
anxiolytic drugs (lorazepam, clonazepam and alprazo-
lam) induced reductions in P300 amplitude [15,17].
Recent studies demonstrated that reduction in auditory
P300 amplitude correlated with the severity of thought
disorders [31,32]. Previous studies reported that a single
administration of a benzodiazepine drug produced
impairment of learning and memory [1-3]. However, the
present study showed no aversive effects of the exam-
ined drugs on neuropsychological tasks such as atten-
tion-needed tasks (trails making test, digit span) and
memory (verbal paired associates, digit symbol). Since
the subjects were free from abnormal pathological
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process, alterations in the P300 may be induced by eti-
zolam, not by symptom alleviation due to etizolam.

Differences in the effects on P300 latency between eti-
zolam and ethyl loflazepate could be attributed to their
pharmacological properties, such as sedative effects, and
affinities for ©-1 and ®-2 sites. Etizolam is short acting
(EH of 6 h) whereas ethyl loflazepate is long acting (EH
of 122 h).

With regard to limitations of the present study, the
sample size was small.

Conclusions

Acute administration of etizolam induced significant
prolongation in P300 latency whereas low dose ethyl
loflazepate induced fewer effects on P300 latency in the
Fz, Cz and Pz regions than low-dose etizolam. For a
while, subchronic administration of etizolam, but not
ethyl loflazepate, caused weak prolongation in P300
latency in the Fz but not Cz and Pz regions. In contrast,
acute and chronic administrations of etizolam and ethyl
loflazepate showed no deficits in motor skills, visuomo-
tor tracking speed, and delayed memory on neuropsy-
chological testing.
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Introduction

Phencyclidine (PCP) is a drug of abuse that causes psychosis
resembling both the positive (e.g., hallucinations, paranoia) and
negative (e.g., emotional withdrawal, motor retardation) signs of
schizophrenia in humans [1]. Acute administration of PCP to
rodents produces increases in locomotor activity, stereotypy, and
ataxia [2,3]. Repeated PCP administration produces sensitization of
locomotor activity, rearing, and stereotypy but tolerance to ataxia
[3-5]. PCP acts as a noncompetitive antagonist of the A-methyl-D-
aspartate (NMDA) excitatory amino acid receptor [6-8]. Addition-
ally, high doses of PCP block dopamine (DA) reuptake [1,9-11].
Similar to PCP, amphetamine (AMPH) and its derivative
methamphetamine (METH) produce behavioral sensitization to
locomotor activity, rearing, and stereotypy when they are repeatedly
administered [12,13]. Amphetamine and METH facilitate dopa-
minergic neurotransmission via a number of mechanisms [14],
including DA efflux by reverse transport through the dopamine
transporter (DAT) [15-18], inhibition of DA uptake [19-21], and
inhibition of monoamine oxidase (MAO) activity [22-24].

The NMDA receptor channel subunit family is composed of
seven subunits—GluR{ (GluN1), GluRel-4 (GluN2A-D), and
GluRy 1, 2 (GluN3A, By—which are all products of separate genes
[25]. In the rodent and human brains, GluRel and GluRe2 are
predominant subunits expressed in the forebrain. GluRe3 is

'@ PLoS ONE | www.plosone.org

expressed largely in cerebellar granule cells and selectively in
several other brain regions. GluRe4 is expressed in the
diencephalon and midbrain and is more prominent during early
development [26]. Highly active NMDA receptor channels are
produced when the GluR{ subunit is expressed together with one
of the four GluRe subunits in Xenopus oocytes and mammalian
cells [27-30]. Four GluRe subunits are major determinants of the
functional properties of NMDA receptor channels [31]. Noncom-
petitive NMDA receptor antagonists (i.e., PCP, ketamine, and
SKF-10,047) block the four GluRe/GluR{ channels to similar
extents in Xenopus oocytes [32]. Gene-targeting techniques provide
an efficient method for clarifying the distinct functions of these
NMDA receptor channel subunits. GluRe1 knockout mice display
increased locomotor activity, whereas GluRe4 knockout mice
exhibit reduced locomotor activity in a novel environment [33—
36]. GluRe3 knockout mice show few apparent deficits [37-39].
Investigating the physiological functions of GluR{ or GluRe2
knockout mice, in contrast, is nearly impossible because these two
mutants die shortly after birth [40—42].

To clarify the contributions of NMDA receptor channel subunits
in the PCP-induced increases in extracellular levels of dopamine
(DA.,) and locomotor responses, we investigated the effects of METH
and PCP on DA, in the striatum and prefrontal cortex (PFC) using i
vivo microdialysis and measuring locomotor activity in GluRel
knockout (GluRel™7) and GluRe4 knockout (GluRe4 ™ ™) mice.

October 2010 | Volume 5 | Issue 10 | e13722
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Baseline DA, in the striatum and PFC in GluRe1™~ and
GluRe4 ™™ mice

Baseline DA,, was not different between wildtype, GluRel™~,
and GluRe4 ™~ mice in the striatum {one-way analysis of variance
[ANOVA]: Fy 57 =0.412, p=0.664) and PFC (one-way ANOVA:
F,59=1.025, p=0.365). Mean bascline DA, in the striatum was
51.89%3.57 fmol/10 pl (n=27) for wildtype, 49.35:+5.35 fmol/
10 =19 for GluRel™", and 46.75+3.93 fmol/10 pl
(n=24) for GluRe4™’™ mice. Mean baseline DA, in the PFC
was 1.20+0.20 fmol/10 pl (»=23) for wildtype, 1.59+0.30 fmol/
10 pl (n=20) for GluRel ™/~ and 1.10+0.21 fnol/10 ul (n=19)
for GluRe4™ ™ mice.

Effects of acute METH administration on DA, in the

striatum and PFC in GluRe1 ™"~ and GluRed ™"~ mice

Methamphetamine {1 mg/kg) markedly increased DA, in the
striatum and PFC in wildtype, GluRel ™/~ and GluRe4 ™~ mice
(Fig. 1A, Q). Two-way ANOVA (drug X genotype) of DA,
measured as the area-under-the-curve (AUC) calculated during a
180 min posttreatment period, revealed a significant effect of drug
(Fi39=47418, $<0.001) but not genotype (Fo3o= 0.889,
»=0.419) and no significant drug x genotype interaction
(F,30=0.739, p=0.484) in the striatum (Fig. 1B). Similarly, in
the PFC, two-way ANOVA (drug x genotype) of AUC values
revealed a significant effect of drug (F 3, =48.784, p<<0.001) but
not genotype (Fy 3; =0.320, p=0.728) and no significant drug X
genotype interaction (F; 3, =0.201, p=0.819) (Fig. 1B).

Effects of acute PCP administration on DA, in the
striatum and PFC in GluRe1™"~ and GluRed™"~ mice
Phencyclidine (3 mg/kg) markedly increased DA, in wildtype
and GluRel ™~ mice, but not in GluRe4™~ mice, in the
striatum and PFC (Fig. 2A, C). Two-way ANOVA (drug x

PCP Effects via GluR &4

genotype) of AUC values revealed a significant effect of drug
(Fi,39=17.201, p<0.001) but not genotype (F330=2.012,
$=0.147) in the striatum and a significant drug X genotype
interaction (Fy 39 = 3.314, p=0.047) (Fig. 2B). Post hoc comparisons
revealed that the effect of PCP on DA in GluRe4 ™/~ mice was
significantly less compared with wildtype and GluRel ™~ mice
(p=0.002 and 0.03, respectively; Fisher's Protected Least
Significant Difference [PLSD] post hoc test) in the striatum
(Fig. 2B). In the PFC, two-way ANOVA (drug X genotype) of
AUC values revealed a significant effect of drug (F 37 = 35.215,
$<0.001) but not genotype (F53;=1.969, p=0.154) and a
significant drug x genotype interaction (/, 3; = 3.326, p=0.047)
(Fig. 2D). Post hoc comparisons revealed that the effect of PCP on
DA, in GluRe4™ ™ mice was significantly less compared with
wildtype and GluRel ™~ mice (=0.007 and 0,003, respectively;
Fisher’s PLSD post hoc test) in the PFC (Fig. 2D).

Locomotor activity in GluRe1 ™~ and GluRe4 ™"~ mice in
a novel environment

Locomotor activity in a novel environment was different
between wildtype, GluRel ™™, and GluRe4™’~ mice during the
habitmation period (mixed-design ANOVA: genotype,
Fy )93 =35.423, p<0.0001; time, F,)o3=486.554, #<0.0001;
genotype X time, Fy 153 = 15.337, $<<0.0001) (Fig. 3). Locomotor
activity in a novel environment during the 60 min period
increased in GluRe1™’~ mice (p=0.0002, unpaired ttest) but
decreased in GluRe4™ ™ mice (»<<0.0001, Student’s Atest)
compared with wildtype mice. GluRel ™/~ mice did not habituate
during the 180 min period compared with wildtype mice
(»<<0.0001, Student’s #test).

Effects of acute administration of METH and PCP on

locomotor activity in GluRe1™~ and GluRe4™~ mice
Two-way ANOVA (drug X genotype) of locomotor activity data

during the 60 min period revealed significant effects of drug
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Figure 1, Effects of acute METH on DA,, in the striatum and PFC in wildtype, GluRe17/~, and GluRz4™~ mice. (A, C) Temporal pattern
of DA, before and after s.c. saline (Sal) or METH (1 mg/kg) injection. The arrows indicate the drug injection time. Each point represents the mean =
SEM of the percentage of DA, baseline. (B, D) Histogram representing the mean AUC =+ SEM of DA,, during the 180 min period after saline or METH
injection (n=>5-9). *p<<0.01, ***p<0.001, compared with saline group of the same genotype (two-way ANOVA followed by Fisher's PLSD post hoc

test).
doi:10.1371/journal.pone.0013722.g001
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injection (n=5-11). ***p<0.001, compared with saline group of the same genotype; #p<0.05, #

p<0.01, comparisons between genotypes in the

same drug treatment (two-way ANOVA followed by Fisher's PLSD post hoc test).

doi:10.1371/journal.pone.0013722.g002

(Fa155=8.646, $=0.0002) and genotype (Fpis5=11.769,
£<<0.0001) and a significant drug x genotype interaction
(Fa,155 =5.734, p=0.0002) (Fig. 4). Methamphetamine (1 mg/kg)
significantly increased locomotor activity during the 60 min period
after the METH injection in wildtype mice (p=0.002, Student’s ¢
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Figure 3. Locomotor activity in wildtype, GluRe1™'~, and
GluRs4 ™"~ mice in a novel environment. Locomoator activity was
measured for 180 min. Each point represents the mean + SEM {n = 34~
50). *p<0.05, **p<0.01, ***p<<0,001, compared with wildtype mice
(one-way ANOVA followed by Fisher's PLSD post hoc test).
doi:10.1371/journal.pone.0013722.g003
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test) and GluRe4 ™~ mice (p = 0.0004, Student’s &test) compared
with saline. However, METH (1 mg/kg) did not increase
locomotor activity during the 60 min period after the METH
injection in GluRel™ ™ mice (p=0.411, Student’s +test) com-
pared with saline.

Phencyclidine (3 mg/kg) significantly increased locomotor
activity during the 60 min period after the PCP injection in
wildtype mice (p=0.008, Student’s #test) and GluRel™~ mice
(#=0.045, Student’s #test) compared with saline treatment.
However, PCP (3 mg/kg) did not increase locomotor activity in
GluRe4™"™ mice (p=0.142, unpaired ~test) compared with saline
treatment.

Effects of repeated administration of METH and PCP on
locomotor activity in GluRe1™~ and GluRe4™~ mice

Mixed-design ANOVA of locomotor activity data during the
60 min period after the METH injection from Session 1 to 8
revealed significant effects of genotype (F; g5 = 3.350, p=0.042)
and session (/7 335 = 16.091, $<<0.0001} but no significant genotype
x session interaction (Fi4 335 =0.611, =0.857) (Fig, 5A). Chronic
METH (] mg/kg) injections increased locomotor activity in
wildtype ($<<0.0001, Paired rtest), GluRel ™~ (p=0.0007, paired
i-test), and GluRe4™ "~ mice (p=0.0001, paired Ktest) in Session 1
compared with Session 8.

Mixed-design ANOVA of locomotor activity data during the
60 min period after the PCP injection revealed a significant effect
of genotype (Fo455=11.318, p<C0.0001) but not session
(Fr455=1.443, p=0.186) and a significant genotype X session
interaction (F14455 = 2.368, p=0.0035) (Fig. 5B). Phencyclidine-
induced hyperactivity was significantly greater in Session 8 than
Session | in wildtype mice ( =0.006, paired ttest). Repeated PCP
(3 mg/kg) administration did not increase locomotor activity in
GluRel ™~ mice (p=0.121, paired ~test) and GluRe4 ™/~ mice
(p=10.605, paired #-test) in Session 1 compared with Session 8.
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Figure 4. Effects of acute METH and PCP on the locomotor
activity in GluRe1 ™'~ and GluRe4™'~ mice. Locomotor activity after
acute saline, METH (1 mg/kg), or PCP (3 mg/kg) administration (n =10~
25), *p<0.,05, **p<0.01, compared with saline (Student’s t-test);
#p<0.05, ##p<0.01, compared with wildtype (Student’s t-test).
doi:10.1371/journal.pone.0013722.g004

Discussion

The present study showed that PCP-induced increases in DA,
in the striatum and PFC and locomotor activity were absent in
GluRe4~’~, but present in GluRel™’”, mice, indicating that
GluRe4 plays an important role in PCP-increased DA, and
locomotor activity. Phencyclidine exerts psychotomimetic effects,
whereas another NMDA receptor antagonist, MK-801, exerts no
clear psychotomimetic effects in humans [43]. Interestingly,
whereas MK-801 suppresses GluRe3/GluR{l and GluRe4/
GIuR({]l channels more weakly than GluRel/GluR{l and
GluRe2/GluR{] channels, PCP blocks the four GluRe/GluR{
channels to similar extents in Xenopus oocytes [32]. The absence of
psychotomimetic effects of MK-801 may be attributable to its
weak ability of blocking the GluRe4/GluR{]1 channel.

Systemic administration of PCP reportedly increases DA . in
the striatum and PFC [44-49]. Similarly, PCP (3 mg/kg)
increased DA,, in wildtype and GluRel =/~ mice in the present
study. However, PCP failed to increase DA,, in the striatum and
PFC in GluRe4™"~ mice. Phencyclidine is known to be a DA
reuptake blocker and a noncompetitive NMDA antagonist [9-11].
It inhibits DA uptake by binding to the DAT at doses
approximately 10-fold greater than those at which it binds to
NMDA receptor channels [1]. Phencyclidine at the low dose used
in the present study appears to have few effects on the DAT.
Furthermore, no PCP-induced increases in DA, in GluRe4 ™"~
mice that possess an intact DAT gene indicates that PCP increases
DA, not via DAT inhibition but via blockade of NMDA receptor
channels. The present results support the hypothesis that GluRe4
is an important determinant of increased DA, induced by PCP.
Acute administration of METH increased DA, in the striatum
and PFC in wildtype, GluRel ™™, and GluRe4™’~ mice. No
differences in DA, increases were found between genotypes. The
similar DA, increases among these mice in response to acute
METH challenge suggest that increased DA, occurs indepen-
dently of GluRel ™'~ and GluRed ™"~

Locomotor activity in a novel environment is reportedly high in
GluRel ™~ mice [34,36] and low in GluRe4™"™ mice [33,35].
Consistent with these findings, increased locomotor activity in
GluRel™~ mice and reduced locomotor activity in GluRe4™’~
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Figure 5. Effacts of repeated METH and PCP on the locomotor
activity in GluRe1™/~ and GluRe4 ™'~ mice. Changes in response to
repeated administration of (A) METH (1 mg/kg) or (B) PCP (3 mg/kg)
{n=15-25), *p<0.05, *p<0.01, ***p<<0.001, compared with Session 1
of the same genotype (paired t-test). Each point represents total
locomotor activity {(mean = SEM) during the 60 min period after METH
or PCP injection.

doi:10.1371/journal.pone.0013722.g005

mice were observed in the present study. GluRel ™"~ mice did not

habituate during the 180 min period compared with wildtype
mice. Interestingly, acute METH administration decreased
locomotor activity in GluRel ™~ mice. Hyperactivity and a
paradoxical response to METH suggest that GluRel ™™ mice
may be an animal model of attention-deficit/hyperactivity
disorder.

Psychostimulants, such as METH and PCP, increase locomotor
activity [2,3,12,13]. In GluRe4™"™ mice, acute METH adminis-
tration increased locomotor activity, but PCP did not. Acute PCP
administration increased locomotor activity in wildtype and
GluRel ™~ mice, but not in GluRe4™’~ mice. The absence of
locomotor-stimulating effects of PCP in GluRe4 ™/~ mice indicates
that locomotor responses to PCP require the GluR&4 subunit.

Repeated administration of PCP produces sensitization to its
locomotor-stimulating effects in wildtype mice. In GluRet ™/~
mice, locomotor activity did not increase after repeated PCP
treatment. Acute PCP did not increase locomotor activity, and
repeated PCP did not produce sensitization to the locomotor-
stimulating effects of PCP in GluRe4™’~ mice. The GluRe4
subunit appears to be necessary for behavioral sensitization to
occur in response to repeated PCP administration. A previous
study demonstrated that acute PCP treatment increased locomotor
activity in wildtype and GluRel ™"~ mice. Chronic PCP treatment
at a low dose (3 mg/kg/day) for 7 days produced sensitization to
the locomotor-stirnulating effects of PCP in wildtype mice, but not
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in GluRe!™” mice [50]. The present study confirmed that
repeated PCP administration (3 mg/kg/day) did not produce
sensitization during Session 8 in GluRe! ™™ mice. Repeated
METH administration produced behavioral sensitization in wild-
type, GluRel™ ™, and GluRe4™ "~ mice. The development of
sensitization in GluRel™~ and GluRe4™’~ mice was delayed
compared with wildtype mice. The noncompetitive NMDA
receptor antagonist MK-801 has been shown to block the
development of behavioral sensitization to AMPH and METH
[51-54]. Molecular and cellular adaptive changes during chronic
drug exposure are hypothesized to lead to the development of
sensitization. Our findings support the hypothesis that adaptive
changes through NMDA receptor channels play a role in the
development of locomotor sensitization to METH.

Schizophrenia is a disease that has been hypothesized to be
associated with hyperfunction of the dopaminergic neuronal
system and dysfunction of glutamatergic transmission [53,56).
Administration of PGP to normal humans induces symptoms
similar to those of schizophrenia [57]. This finding has been
replicated over the years, and PCP has been shown to exacerbate
the primary symptoms of schizophrenic patients [56]. Phencycli-
dine-treated animals have been used as an animal model of
schizophrenia, and the amelioration of hyperlocomotion in these
animals has been used as a screening test to assess the efficacy of
antipsychotic drugs [58,59]. GluRe4 immunoreactivity and
protein expression increase in the frontal cortex following repeated
PCP treatment, whereas GluRel immunoreactivity and protein
expression are not altered in rats [60]. Furthermore, polymor-
phisms of several genes known to interact with NMDA receptor
channels are related to altered risk for schizophrenia, and
psychotic patients display changes in the levels of mRNA encoding
NMDA receptors [61]. Interestingly, Makino et al. reported that
the GluRe4 gene locus is a possible genomic region that
contributes to schizophrenia susceptibility in a Japanese popula-
tion [62]. In the present study, we first demonstrated that deletion
of GluRe4 abolished PCP-induced hyperlocomotion and poten-
tiated the increases in DA, in mice. Our data and previous
findings suggest that GluRe4 might be a potential target for
antipsychotic drug development.

Although NMDA receptor channels are highly expressed in
adult brains, adult GluRe4 expression is very limited [26]. GluRe4
is expressed in the substantia nigra compacta (SNc), subthalamic
nucleus, globus pallidus, and ventral pallidum in adult rats [63].
Jones and Gibb reported that functional GluRe2 and GluRe4
subunits form somatic NMDA receptors, possibly as trihetero-
meric receptors, whereas no somatic GluRel subunits are present
in SNc¢ dopaminergic neurons in rats aged postnatal day 14 [64]. A
small subset of NMDA receptor channels (i.e., channels containing
GluRe4) may be implicated in the effects of PCP on DA, and
locomotor activity. This possibility is consistent with the lack of
psychotic effects of ifenprodil, a selective blocker of NMDA
receptor channels containing GluRe2, which is highly expressed in
adult brains. Additionally, GluRe4 is highly expressed in the brain
during development [26], suggesting that GluRe4 knockout during
the developmental stage may alter neuronal function in the adult
brain. Although the expression of the genes related to dopami-
nergic signaling pathways are not altered in GluRe4™’~ mice
during adulthood (see Table S1), other developmental changes
may alter the effects of PCP in GluRe4 ™"~ mice. Further studies
of synapses, neurons, and neuronal networks regulated by GluRe4
and developmental changes in neuronal function in GluRe4™"~
mice may lead to a better understanding of the mechanisms
underlying PCP-induced psychosis and schizophrenia.
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Materials and Methods

Ethics statement

The experimental procedures and housing conditions were
approved by the Institutional Animal Care and Use Committee
(Animal Experimentation Ethics Committee of Tokyo Institute of
Psychiatry, Approval ID: 22-2), and all animal were cared for and
treated humanely in accordance with our institutional animal
experimentation guidelines.

Animals

Wildtype and GluRel™ ™ or GluRe4™’~ mouse littermates
from crosses of heterozygous/heterozygous GluRel or GluRe4
knockout mice, respectively, on 2 G57BL/6 genetic background
[33,65] served as subjects. Naive adult mice were housed in an
animal facility maintained at 22#2°C and 55%5% relative
humidity under a 12 h/12 h light/dark cycle with lights on at
8:00 am and off at 8:00 pm. Food and water were available ad
kibitum. In the behavioral experiments, 13- to 23-week-old male
mice were used. In the microdialysis experiments, 10- to 24-week-
old male and female mice were used.

Surgery

Microdialysis probes were stereotaxically implanted in mice
under sodium pentobarbital anesthesia (50 mg/kg, intraperitone~
ally) in the striatum (anterior, +0.6 mm; lateral, +1.8 mm; ventral,
—4.0 mm from bregma) or PFC (anterior, +2.0 mm; lateral,
+0.5 mm; ventral —3.0 mm from bregma), according to the atlas
of Franklin and Paxinos [66]. The probe tip was constructed with
a regenerated cellulose membrane (outer diameter, 0.22 mm;
membrane length, 2 mm; Eicom, Kyoto, Japan). All dialysis probe
placements were verified histologically at the completion of the
experiment.

Microdialysis and analytical procedures

Twenty-four hours after implantation, the dialysis experiments
were performed in freely moving animals. Ringer’s solution
(145 mM NaCl, 3 mM KCl, 1.26 mM CaCl,, and 1 mM MgCl,, -
pH 6.5) was perfused at a constant flow rate of 1 pl/min.
Perfusates were directly injected into the high-performance liquid
chromatography system every 10 min using an autoinjector (EAS-
20; Eicom). Dialysate DA was separated using a reverse-phase
ODS column (PP-ODS; Eicom) and detected with a graphite
electrode (HTEC-500; Eicom). The mobile phase consisted of
0.1 M phosphate buffer (pH 5.5) containing 500 mg/] sodium
decanesulfonate, 50 mg/l EDTA, and 1% methanol. Perfusion
was initiated 180 min prior to the collection of baseline samples.
Baseline levels of DA,, were obtained from the average
concentrations of three consecutive samples when they were
stable. The DA detection limit of the assay was 0.3 fmol/sample
with a signal-to-noise ratio of 2.

Locomotor activity measurements

Each mouse were exposed to an illuminated chamber
{30x40x25 cm) at an ambient temperature of 222+2°C, and
locomotor activity was measured with Supermex (Muromachi
Kikai, Tokyo, Japan), a sensor monitor mounted above the
chamber. In this system, a sensor detects the radiated body heat of
an animal [67]. This measurement system can detect changes in
heat across multiple zones of the chamber and count all horizontal
movements. All counts were automatically summed and recorded
every 5 min. After a 180 min habituation period, METH or PCP
was administered subcutaneously (s.c.), and locomotor activity was
monitored continuously for 180 min.
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Drugs

Drugs were dissolved in saline and administered s.c. in a volume
of 10 ml/kg. In the microdialysis experiment, saline, METH
(1 mg/kg), or PCP (3 mg/kg) was administered after establishing a
stable baseline, and the dialysate was continuously collected for
180 min. In the acute behavioral experiments, saline, freshly
prepared METH (I mg/kg; Dainippon Sumitomno Pharma,
Osaka, Japan), or PCP (3 mg/kg; Shionogi Pharmaceutical Co.
Ltd., Osaka, Japan) was administered. In the repeated behavioral
experiments, METH (1 mg/kg) or PGP (3 mg/kg) was adminis-
tered repeatedly at 2 or 3 day intervals for a total of seven
injections. One week after withdrawal, METH or PCP challenge
injections were administered as described above.

Statistical analysis

DA, responses to drugs are expressed as a percentage of
baseline. The AUC of DA, during the 180 min period after drug
administration was calculated as the effects of the drugs. Area-
under-the-curve values of all groups were analyzed using two-way
ANOVA. Individual post koc comparisons were performed with
Fisher’s PLSD test. The responses to acute administration were
analyzed using Student’s ttest, one-way ANOVA, or two-way
ANOVA, To evaluate behavioral sensitization, the response to
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drugs in Session 8 was compared with the response to the first drug
injection (Session 1) in the same animal using a paired #est or
mixed-design  ANOVA. Values of p<0.05 were considered
statistically significant. Data were analyzed using Statview J5.0
software (SAS Institute, Cary, NC, USA).
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Inhibition of G-Protein-Activated Inwardly Rectifying
K™ Channels by the Selective Norepmephrme Reuptake
Inhibitors Atomoxetine and Reboxetine

Toru Kobayashi*', Kazuo Washiyama' and Kazutaka lkeda®
'Department of Molecular Neuropathology, Brain Research Institute, Niigata University, Chuo-ku, Niigata, Niigata, japan; “Division of
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Atormoxetine and reboxetine are commonly used as selective norepinephrine reuptake inhibitors (NRIs) for the treatment of attention-
deficit/hyperactivity disorder and depression, respectively. Furthermore, recent studies have suggested that NRls may be useful for the
treatment of several other psychiatric disorders. However, the molecular mechanisms underlying the various effects of NRIs have not yet
been sufficiently clarified. G-protein-activated inwardly rectifying K* (GIRK or Kir3) channels have an important function in regulating
neuronal excitability and heart rate, and GIRK channel modulation has been suggested to be a potential treatment for several
neuropsychiatric disorders and cardiac arrhythmias. In this study, we investigated the effects of atomoxetine and reboxetine on GIRK
channels using the Xenopus oocyte expression assay. In cocytes injected with mRNA for GIRKI/GIRK2, GIRK2, or GIRK | /GIRK4 subunits,
extracellular application of atomoxetine or reboxetine reversibly reduced GIRK currents. The inhibitory effects were concentration-
dependent, but voftage-independent, and time-independent during each voltage pulse. However, Kirl.l and Kir2.] channels were
insensitive to atomoxetine and reboxetine. Atomoxetine and reboxetine also inhibited GIRK currents induced by activation of cloned A,
adenosine receptors or by intracellularly applied GTPyS, a nonhydrolyzable GTP analogue. Furthermore, the GIRK currents induced by
ethanol were concentration-dependently inhibited by extracellularly applied atomoxetine but not by intracellulardy applied atomoxetine.
The present results suggest that atomoxetine and reboxetine inhibit brain- and cardiac-type GIRK channels, revealing a novel
characteristic of clinically used NRIs. GIRK channel inhibition may contribute to some of the therapeutic effects of NRIs and adverse side

effects related to nervous system and heart functicon.

INTRODUCTION

Atomozxetine (originally named tomoxetine) and reboxetine
are commonly used as selective norepinephrine reuptake
inhibitors (NRIs) for the treatment of attention-deficit/
hyperactivity disorder and depression, respectively (Hajds
et al, 2004; Garland and Kirkpatrick 2004; Simpson and
Plosker, 2004; Supplementary Figure S1). Their clinical
efficacy is hypothesized to be linked mainly with potent
inhibition of presynaptic norepinephrine transporters
(Wong et al, 2000; Hajos et al, 2004; Simpson and Plosker,
2004). Furthermore, recent studies have suggested that the
drugs are potentially useful for the treatment of several
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other psychiatric conditions, including anxiety disorders,
eating disorders, substance use disorders, and narcolepsy
(Kadhe et al, 2003; Hajos et al, 2004; Szerman et al, 2005;
McElroy et al, 2007; Geller et al, 2007; Wilens et al, 2008).
However, the molecular mechanisms underlying the various
effects of NRIs have not yet been sufficiently clarified.
G-protein-activated inwardly rectifying K™ (GIRK) channels
(also known as Kir3 channels) are members of a major
subfamily of inwardly rectifying K™ (Kir) channels that
include seven subfamilies (Reimann and Ashcroft, 1999).
Four GIRK channel subunits have been identified in
mammals (Kubo et al, 1993b; Krapivinsky et al, 1995;
Lesage et al, 1995). Neuronal GIRK channels are predomi-
nantly heteromultimers composed of GIRK1 and GIRK2
subunits in most brain regions or homomultimers com-
posed of GIRK2 subunits in the substantia nigra (Lesage
et al, 1995; Karschin et al, 1996; Liao et al, 1996; Inanobe
et al, 1999), whereas atrial GIRK channels are heteromulti-
mers composed of GIRK1 and GIRK4 subunits (Krapivinsky
et al, 1995). The channels are activated by various



Gj-protein-coupled receptors, such as M, muscarinic, «,
adrenergic, D, dopaminergic, opioid, nociceptin/orphanin
FQ, CB; cannabinoid, and A, adenosine receptors, through
the direct action of G-protein By subunits (North, 1989;
Dascal, 1997; Kobayashi and Ikeda, 2006). Additionally,
ethanol activates GIRK channels independently of
G-protein-coupled signaling pathways (Kobayashi et al,
1999; Lewohl et al, 1999). GIRK channels have an important
function in regulating neuronal excitability, synaptic
transmission, and heart rate (North, 1989; Liischer ef al,
1997; Signorini et al, 1997; Kuzhikandathil and Oxford,
2002; Kovoor et al, 2001). Furthermore, recent studies have
suggested that GIRK channel modulation has the potential
for treating several neuropsychiatric disorders and cardiac
arrhythmias (Hashimoto ef al, 2006; Kobayashi and lkeda
2006; Cruz ef al, 2008). Therefore, GIRK channel modula-
tors may affect various brain and cardiac functions. In this
study, the effects of atomoxetine and reboxetine on
GIRK channels were examined using the Xenopus oocyte
expression assay.

MATERIALS AND METHODS
Preparation of Specific mRNAs

Plasmids containing the entire coding sequences for the
mouse GIRK1, GIRK2, and GIRK4 channel subunits and
the Xenopus A, adenosine receptor (A;R) were obtained
previously (Kobayashi et al, 1995, 1999, 2000, 2002}. cDNAs
for rat Kirl.1 in pSPORT (Ho et al, 1993) and mouse Kir2.1
in pcDNAL (Kubo et al, 1993a) were generously provided
by Dr Steven C Hebert (Yale University) and Dr Lily Y Jan
(University of California, San Francisco), respectively.
These plasmids were linearized by digestion with the
appropriate enzymes as described previously (Ho et al,
1993; Kubo ef al, 1993a; Kobayashi et al, 2000). The specific
mRNAs were synthesized in vitro using the mMESSAGE
mMACHINE in vitro transcription kit (Ambion, Austin,
TX, USA).

Electrophysiological Analysis

Adult female Xenopus laevis frogs (Copacetic, Soma, Aomori,
Japan) were anesthetized by immersion in water containing
0.15% tricaine (Sigma-Aldrich, St Lounis, MO, USA). A small
incision was made on the abdomen to remove several
ovarian lobes from the frogs, which were humanely killed
after the final collection. All procedures for the care and
treatment of animals were carried out in accordance with
National Institutes of Health guidelines and were approved
by our Institutional Animal Care and Use Committee.
Xenopus oocytes (Stages V and VI) were manually isolated
from the ovary and maintained in Barth’s solution
(Kobayashi et al, 2002). Oocytes were injected with mRNA
for GIRK1/GIRK2 or GIRK1/GIRK4 combinations (each
0.15 ng), GIRK2 (1 ng), Kirl.1 (2 ng), Kir2.1 (0.3 ng), or A;R
(5ng). The oocytes were incubated at 19°C in Barth’s
solution and manually defolliculated after treatment with
0.8 mgml ™' collagenase (Wako Pure Chemical Industries,
Osaka, Japan) for 1h. Whole-cell currents of the oocytes
were recorded 3-8 days after injection with a conven-
tional two-electrode voltage clamp (Kobayashi et al, 1999;
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Tkeda et al, 2003). All recordings were carried out at room
temperature (19°C) to avoid damage to Xenopus oocytes
and the effects of temperature (Fraser and Djamgoz, 1992;
Weber, 1999). The membrane potential was held at —70 mV
unless otherwise specified. Microelectrodes were filled with
3M KCl. The oocytes were placed in a 0.05ml narrow
chamber and continuously superfused with a high-potas-
sium (hK) solution (96 mM KCl, 2mM NaCl, 1 mM MgCl,,
1.5mM CaCly, and 5mM HEPES, pH 7.4 with KOH) or a
K™ -free high-sodium (ND98) solution (98 mM NaCl, 1 mM
MgCl,, 1.5mM CaCl,, and 5 mM HEPES, pH 7.4 with NaOH)
at a flow rate of 2.5ml/min. In the hK solution, the K™
equilibrium potential was close to 0mV, and the inward K*
current flow through the Kir channels was observed at
negative holding potentials as shown earlier (Ho et al, 1993;
Kubo et al, 1993a; Lesage et al, 1995; Kobayashi et al, 2006).
Additionally, to examine the effects of the NRIs on outward
K™ currents, a perfusion solution containing 4mM K*
(K4 solution) was made by substituting NaCl with KCl in
the ND98 solution. To examine the effects of the drugs on
GIRK channels activated by G-protein activation, 13.8 nl of
100mM Lis-guanosine-5'-0-(3-thiotriphosphate) (GTPyS;
Sigma-Aldrich), a nonhydrolyzable G-protein activator,
dissolved in distilled water was injected into an oocyte
using a nanoliter injector (World Precision Instruments,
Sarasota, FL, USA) as described earlier (Kovoor et al, 1995).
Furthermore, to examine the effects of intracellular
atomoxetine, 23nl of 10mM atomoxetine dissolved in
distilled water was injected into an oocyte using a nanoliter
injector (Kobayashi et al, 2003), and the oocyte currents
were then continuously recorded for ~30-40min. As the
volume of the Xenopus oocytes used was ~ 1pl, the intra-
cellular concentration of atomoxetine was presumed to be
~225 uM. For analysis of concentration-response relation-
ships, data were fitted to the following logistic equation:
drug inhibition = max/1 + (ECSOI[drug])"H, with max being
the maximal inhibition attainable, ECs, being the concen-
tration of a drug that produces 50% of the maximal current
response for that drug, [drug] being the concentration of an
NRI and ny being the Hill coefficient, using KaleidaGraph
(Synergy Software, Reading, PA, USA). The concentrations
required to reduce control currents, by 25 and 50% (ICys
and ICsq, respectively), were calculated from the concentra-
tion-response relationships.

Statistical Analysis

Data are expressed as mean + SEM, and n is the number of
oocytes tested. Statistical analysis of the differences between
groups was performed using Student’s t-test, paired t-test,
one-way analysis of variance (ANOVA), or two-way
ANOVA followed by Tukey-Kramer post hoc test. Values
of P<0.05 were considered statistically significant.

Compounds

Tomoxetine hydrochloride (recently renamed atomoxetine
hydrochloride) and reboxetine mesylate were purchased
from Tocris Cookson (Bristol, UK) and dissolved in dimethyl
sulfoxide (DMSQ) or distilled water. The stock solution
of each compound was stored at —30°C until use. Ethanol
was purchased from Wako Pure Chemical Industries.
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Each compound was added to the perfusion solution in
appropriate amounts immediately before the experiments.

RESULTS

Inhibition of GIRK Channels by Atomoxetine and
Reboxetine

In Xenopus oocytes injected with GIRK1 and GIRK2
mRNAs, basal GIRK currents, which depend on free
G-protein fy subunits present in the oocytes because of
the inherent activity of G-proteins (Dascal, 1997), were
observed at a holding potential of —70 mV in an hK solution
containing 96 mM K™ (Figure 1a). Extracellular application
of 30 uM atomoxetine or reboxetine reversibly reduced the
inward currents through the expressed GIRK channels
(Figure 1a). The current responses to an additional 100 uM
atomoxetine during the application of 3mM Ba’*, which
blocks Kir channels, were not significant (reduction of
inward currents by 5.5+5.0nA; <1% inhibition of the
Ba’™ -sensitive current components; 7 =4). The 3 mM Ba’*-
sensitive current components (910.5+65.7nA, n=14) are
considered to correspond to the magnitude of GIRK currents
in oocytes expressing GIRK channels (Kobayashi et al,
1999). Atomoxetine and reboxetine produced no significant
response in a K*-free ND98 perfusion solution containing
98mM Na™ instead of the hK solution (n=4; data not
shown), suggesting that the NRI-sensitive current compo-
nents show K™ selectivity. Additionally, application of
DMSO or distilled water, the solvent vehicle, at the highest
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Figure | Inhibitory effects of atomoxetine and reboxetine on GIRK

channels expressed in Xenopus oocytes. (a) In an oocyte injected with
GIRKI and GIRK2 mRNAs, current responses to 10uM atomoxetine,
I0puM reboxetine, and 3mM Ba®* are shown. (b) In an cocyte injected
with Kir2.| mRNA, current responses to 100 uM atomoxetine, 100 M
reboxetine, and 3mM Ba®" are shown. (¢} In an uninjected cocyte, no
significant current responses to 300 M atomoxetine, 300 pM reboxetine,
or 3mM Ba?* are shown. Current responses were measured at a
membrane potential of —70mV in an hK solution containing 96 mM K*.
Asterisks show the zero current level. Horizontal bars indicate the duration
of application.
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concentration (0.3%) induced no significant current
response in the hK or ND98 solutions (n=35; data not
shown). However, in oocytes injected with mRNA for Kirl.1,
an ATP-regulated Kir channel (Ho et al, 1993), or Kir2.1,
a constitutively active Kir channel (Kubo et al, 1993a),
extracellular application of 300 uM atomoxetine or rebox-
etine had no significant effects on the inward currents
through the channels in the hK solution (<3% change of
the Ba®" -sensitive current components; 583.3 £ 59.7 nA for
Kirl.1, n=4; 1306.7 + 179.8 nA for Kir2.1, n=4; Figure 1b).
In uninjected oocytes, 300 uM atomoxetine and reboxetine
as well as 3mM Ba’* caused no significant response
(3.8+2.9, 0+ 0, and 6.8 £ 0.7 nA, respectively; n=4, 4, and
7, respectively; Figure 1c) compared with oocytes injected
with GIRK mRNA, suggesting no significant effects
of atomoxetine, reboxetine, or Ba’* on intrinsic oocyte
channels. Furthermore, in oocytes injected with GIRK1 and
GIRK2 mRNAs, outward currents observed at a holding
potential of —30mV in a K4 solution containing 4 mM
K™ were reversibly reduced by 30 pM atomoxetine (n=4),
30 uM reboxetine (1= 4), or 3mM Ba’* (the Ba’* -sensitive
current components, 852+ 32.8nA, n=_§; Supplementary
Figure S2), whereas in uninjected oocytes, the NRIs at
100uM and 3mM Ba’* caused no significant response
(3.0 0.9nA for atomoxetine, 0 £ 0nA for reboxetine, and
7.6+ 1.3nA for Ba®*; n=4, 4, and 8, respectively). The
results suggest that the NRIs also inhibited outward GIRK
currents. Similarly, in oocytes injected with either GIRKI
and GIRK4 mRNAs or GIRK2 mRNA, atomoxetine and
reboxetine inhibited basal GIRK currents under the same
conditions (3mM Ba®* -sensitive current comgonents for
GIRK1/4, 1027.5+112.6nA, n=10; 3mM Ba®"-sensitive
current components for GIRK2, 757.0151.5nA, n=12;
Figure 2). The results suggest that atomoxetine and reboxetine
inhibited GIRK channels, but not Kirl.1 and Kir2.1 channels.

Characteristics of Inhibition of GIRK Channels by
Atomoxetine and Reboxetine

The concentration-response relationships of the inhibitory
effects of atomoxetine and reboxetine on GIRK1/2, GIRK2,
and GIRK1/4 channels were investigated. Figure 2 shows
that inhibition of these types of GIRK channels by
atomoxetine and reboxetine was concentration-dependent.
Table t shows the ECsy and ny values obtained from the
concentration-response relationships and the percentage
inhibition of the GIRK currents by the NRIs at the highest
concentrations tested. Additionally, because the drugs could
not completely block these types of GIRK channels, even at
the highest concentrations tested, the IC,5 and ICs, values
were also calculated to further compare the effects of the
drugs (Table 1). The inhibition of GIRK1/4 channels by
atomoxetine was more effective at 10 and 30pM than
inhibition of GIRK2 channels (P<0.05, Tukey-Kramer post
hoc test), although the effects of atomoxetine at the highest
concentration on three types of channels were similar
(P>0.05, Tukey-Kramer post hoc test; Figure 2a; Table 1).
In contrast, the inhibitory effects of reboxetine on these
types of channels were statistically similar (P> 0.05 at each
concentration, Tukey-Kramer post hoc test), although the
inhibition of GIRK2 channels by 100 and 300 pM reboxetine
was slightly less effective than inhibition of the other
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Figure 2 Concentration-response relationships for the inhibitory effects
of atomoxetine and reboxetine on GIRK1/2, GIRK2, and GIRK /4 channels.
The magnitudes of inhibition of GIRK currents by the drugs were compared
with the 3mM Ba?* -sensitive current components in oocytes expressing
GIRK/72, GIRK2, and GIRK1/4 channels (910.5£65.7nA, n=14; 7570+
51.5nA, n=12;and {0275 % 1 126 nA, n= 0, respectively). Each point and
error bar represents the mean £ SEM of the percentage responses.

Table | Inhibitory Effects of Atomoxetine and Reboxetine on
GIRK Channels

Atomoxetine Reboxetine
GIRKI/2 GIRK2 GIRKN4 GIRKI/2 GIRK2 GIRKI/4
ECso (uM) 109£1.3 12415 65%04 137+13 I155+21 19417
Cos (uM) 54404 61205 29+02 78x1.0 8814 90404

1Cso (MM) 33349 522%102 143116 482%11.1 640183 41.0+49
% Max 69.3+25 670x13 731108 6831106 63.1%9] 7l.1+42
(") ® © ® ® ® ©

Ny 0961009 0891009 0881007 094+£003 091 +004 093004

Mean * SEM of the concentration of a drug that produces 50% of the maximal
effect (ECsq) and the concentrations required to reduce basal GIRK currents by
25 and 50% (ICy5 and ICsp, respectively) are shown in pM. The values of % max
indicate the mean + SEM percentage inhibition of basal GIRK currents by a drug
at the highest concentrations tested {300 pM). The number of Xenopus ococytes
tested (n) is indicated in parentheses. The ny values indicate the mean £ SEM of
Hill coefficients.
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channel types (Figure 2b). Furthermore, inhibition of
GIRK1/4 channels by 10 pM atomoxetine was more effective
than 10 M reboxetine (P<0.05, Tukey-Kramer post hoc
test), whereas the effects of atomoxetine on GIRK1/2 and
GIRK2 channels were similar to reboxetine (P> 0.05 at each
concentration, Tukey-Kramer post hoc test).

Instantaneous GIRK1/2 currents elicited by the voltage
step to —100mV from a holding potential of 0mV were
diminished in the presence of 30 uM atomoxetine applied for
3 min (Figure 3a). The percentage inhibition of the steady-state
GIRK current at the end of the voltage step by atomoxetine
was not significantly different from that of the instantaneous
current (P> 0.05, paired t-test; n =9 at —40, —60, —80, —100,
and —120mV, respectively). For reboxetine, similar results
were observed (n = 7). These results suggest that the channels
were inhibited by atomoxetine and reboxetine primarily at the
holding potential of 0 mV and time-independently during each
voltage pulse. Similar to the 3mM Ba®*-sensitive current
components corresponding to the magnitudes of basal GIRK
currents, the magnitudes of currents reduced by 30pM
atomoxetine in oocytes expressing GIRK1/2 channels in-
creased with negative membrane potentials, and the current-
voltage relationships showed strong inward rectification
(n=09; Figure 3b), indicating a characteristic of GIRK currents.
The percentage inhibition of GIRK1/2 currents by 30uM
atomoxetine showed no significant difference across voltages
between —120 and -40mV (no significant atomoxetine
effect x membrane potential effect interaction, P>0.1, one-
way ANOVA; P>0.1 across voltages, Tukey-Kramer post hoc
test; Figure 3c). For reboxetine, similar results were observed
(n=7; Figure 3b and c). The results suggest that the inhibition
of GIRK channels by atomoxetine and reboxetine was voltage-
independent. Furthermore, similar resuits were obtained in
oocytes expressing GIRK1/4 channels (n=>5 for atomoxetine
and n—=4 for reboxetine; data not shown). Therefore,
atomoxetine and reboxetine may have similar actions as
GIRK channel inhibitors.

Atomoxetine possesses a secondary amine group with a
pK, value of 9.23 (Eli Lilly and Company Data Sheet;
Supplementary Figure S1). At physiological pH or below,
atomoxetine exists mainly in a protonated form, ~ 98.5% at
pH 7.4, and the proportion of the uncharged form increases
with an increase in pH. We examined whether changes in
extracellular pH would affect GIRK channe} inhibition by
atomoxetine. However, in oocytes expressing GIRK1/2
channels, the percentage inhibition of GIRK channels
by atomoxetine at the same concentrations was not signi-
ficantly affected by extracellular pH 7.4 and 9.2 (no
significant pH x atomoxetine interaction, P> 0.5, two-way
ANOVA; P> 0.1 at each concentration, Tukey-Kramer post
hoc test; Figure 4). The results indicate that a marked
increase in the proportion of the uncharged form may not
significantly affect all of the effects on GIRK channels,
suggesting that GIRK channel inhibition may be mediated
by both forms of atomoxetine with similar effectiveness.

Effects of Atomoxetine and Reboxetine on GIRK
Channels Activated by a G-Protein-Coupled Receptor
or GTPyS

We examined the effects of atomoxetine and reboxetine on
GIRK channels activated by a G-protein-coupled receptor.
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Figure 3 Characteristics of the inhibitory effects of atomoxetine and reboxetine on GIRK currents. (a) Representative GIRKI/2 currents elicited by a
voltage step to — 100 mV for 2s from a holding potential of OmV in the presence or absence of 30 uM atomoxetine applied for 3 min. Current responses
were recorded in an hK solution containing 96 mM K. Arrow indicates the zerc current level. (b) Current-voltage relationships of the magnitudes of the
current component sensitive to 3mM Ba?™ and the magnitudes of currents reduced by 30 pM atomoxetine (left) or 30 M reboxetine (right) in oocytes
expressing GIRK /2 channels. Current responses to a drug were normalized to the 3mM Ba® " -sensitive current component measured at a membrane
potential of —100mV (12197 £72.2nA, n= |4). (c) Percentage inhibition of GIRK /2 channels by atomoxetine or reboxetine over the voltage range of
—120 to —40mV. The magnitudes of inhibition of GIRK currents by 30 uM atomoxetine (left, n =8) or 30 uM reboxetine (right, n = 6) at the end of the
voltage pulses were compared with the 3mM Ba’* -sensitive current components. All values are expressed as mean + SEM.

In oocytes co-expressing GIRK1/2 channels and A;Rs
(Kobayashi et al, 2002), 100nM adenosine significantly
induced inward GIRK currents (1000.7 £76.9nA, n=10;
Figure 5a), and 300 pM atomoxetine or reboxetine alone
consistently inhibited basal GIRK currents (3mM Ba®*-
sensitive current components, 157.2 1 31.3nA, n=10). The
current responses to 100 nM adenosine were reduced by the
addition of atomoxetine or reboxetine (n=>5 for each NRI;
Figure 5a). These results suggest that atomoxetine and
reboxetine inhibited total GIRK currents through the GIRK
channels activated by the AR and the basally active GIRK
channels. The percentage inhibition of total GIRK currents
by atomoxetine or reboxetine (IC,;=4.5%+1.6 and 8.6+
L.7uM; ICs0=42.7+12.3 and 55.1+16.4uM; ny=0.93 1
0.04 and 0.79 +0.13; n=>5, respectively; Figure 5b) was not
significantly different from that of basal GIRK currents in
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oocytes injected with GIRK1 and GIRK2 mRNAs (P> 0.05,
1C,5 and ICs, values for each NRI, Student’s t-test; P>0.05
at each concentration, Tukey-Kramer post hoc test),
suggesting that the effects of the NRIs on A;R-activated
GIRK channels were similar to those on GIRK channels
activated by basally free G-protein fy subunits present in
oocytes.

GIRK channels are activated by various G-protein-
coupled receptors through the direct action of G-protein
By subunits released from the heterotrimeric G-protein
complex (Dascal, 1997; Kobayashi and Ikeda, 2006). The
effects of the NRIs on GIRK channels activated by
G-protein-coupled signaling mechanisms were further
examined using GTPyS, a nonhydrolyzable GTP analogue
that maintains G-proteins in an activated state. Injection
of GTPyS into Xenopus oocytes injected with GIRK1 and
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Figure 5 Effects of atomoxetine and reboxetine on GIRK channels
activated by a G-protein-coupled receptor. (a) Current responses to
100 nM adenosine (Ado), 30 uM atomoxetine during application of 100nM
Ado, and 3mM Ba?™ in an cocyte co-injected with mRNAs for GIRK] and
GIRK2 chanrels and the A, adenosine receptor (AR) are shown. Bars
show the duration of application. Asterisk indicates the zero current level,
(b) Concentration—response relationships for the inhibitory effects of
atomoxetine and reboxetine on total GIRK currents composed of Ado-
induced GIRK currents and basal GIRK currents. Each point and error bar
represents the mean* SEM of the percentage responses. Current
responses were measured at a membrane potential of —70mV in an hK
solution containing 96 mM K™ .

GIRK2 mRNAs increased inward currents with time and
reached a steady-state level (938.91+119.2nA, n=18) as
reported earlier (Kovoor et al, 1995). The increased inward
currents were completely blocked by 3mM Ba®*, whereas
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GTPyS injection into uninjected oocytes had no significant
effect on current responses to 3mM Ba’* (3.9+2.1nA,
n=9). Increased GIRK currents composed of basal GIRK
currents and GTPyS-induced GIRK currents were inhibited
by atomoxetine or reboxetine (IC5,=29.0+6.2 and 52.3 %
10.1 uM; ny=1.28+0.04 and 1.141+0.06; n=6 and 12,
respectively). The percentage inhibition of total GIRK
currents by atomoxetine or reboxetine was not significantly
different from that of basal GIRK currents in GTPyS-
untreated oocytes injected with GIRK1 and GIRK2 mRNAs
(P>0.05, IC5, value for each NRI, Student’s t-test; P> 0.05
at each concentration, Tukey-Kramer post hoc test),
suggesting that the effects of the NRIs on basally active
GIRK channels and GIRK channels activated by G-protein
activation induced by GTPyS were similar.

Atomoxetine Inhibits Ethanol-Induced GIRK Currents

GIRK channels are also activated by ethanol independent of
G-protein signaling pathways (Kobayashi et al, 1999).
Atomoxetine was shown to reduce cumulative heavy
drinking days in the treatment of psychiatric patients with
comorbid alcchol use disorders (Wilens et al, 2008).
Therefore, we also examined the effects of atomoxetine on
GIRK channel activation induced by ethanol. The effects of
atomoxetine were evaluated by measuring the amplitude of
the ethanol-induced current response during extracellular
application of atomoxetine at different concentrations.
In oocytes injected with GIRK1 and GIRK2 mRNAs, the
GIRK currents induced by 100 mM ethanol (420.0 + 32.5 nA,
n=>5) were reversibly attenuated in the presence of
atomoxetine (IC;;=5.8% 1.1uM; ICso=15.4+3.1uM;
ng=122+%0.22; n=5; Figure 6a and b). However,
100 mM ethanol-induced GIRK currents were not signifi-
cantly affected by intracellularly applied atomoxetine
(104.3 £2.8% of untreated control current, paired t-test,
P>0.1, n=>5; Figure 6¢). Moreover, in oocytes expressing
GIRK channels, the basal currents were not significantly
affected by intracellularly applied atomoxetine (103.0%
2.2% of untreated control current, paired t-test, P>0.1,
n=>5). The results indicate that intracellular atomoxetine
could not inhibit GIRK channels. In contrast, GIRK channel
inhibition induced by extracellularly applied atomoxetine,
which is mainly protonated at pH 7.4, was reversible with
washout (Figures 1a and 6a). As the protonated form may
not readily permeate the cell membrane, extracellularly
applied atomoxetine may exist mainly on the extraceltular
side. Altogether, extracellular atomoxetine may inhibit
GIRK channels activated by ethanol.

DISCUSSION

In this study, we showed that atomoxetine and structurally
related reboxetine, clinically used selective NRls, inhibited
brain-type GIRK1/2 and GIRK2 channels and cardiac-type
GIRK1/4 channels expressed in Xenopus oocytes. However,
Kirl.1 and Kir2.1 channels in other Kir channel subfamilies
were insensitive to both NRIs. The inhibitory effects on
GIRK channels were concentration-dependent, but voltage-
independent, and time-independent during each voltage
pulse. The present results suggest that the site of action on
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the channels may be extracellular. In contrast, blockade
of GIRK channels by extracellular Ba®* and Cs”*, which
occlude the pore of the open channel, shows a concentration-
dependence, a voltage-dependence, and a time-dependence
with a comparatively small effect on the instantaneous
current but a marked inhibition of the steady-state current
at the end of the voltage pulses (Lesage et al, 1995). These
observations suggest that atomoxetine and reboxetine may
cause an allosteric conformational change in GIRK channels
even before the voltage pulses, rather than simple occlusion
of the open channel. Interestingly, GIRK channels are also
inhibited by the selective serotonin reuptake inhibitor
(SSRI) fluoxetine (Kobayashi et al, 2003; Takahashi et al,
2006), despite a great difference in the pharmacological
profiles for monoamine transporters between the two NRIs
and fluoxetine. The chemical structures of atomoxetine and
reboxetine are related to fluoxetine (Boot et al, 2005;
Supplementary Figure S1), suggesting that the common
moiety of the structures may play a key role in interacting
with GIRK channels. Additionally, the Xemopus oocyte
expression assay with a conventional two-electrode voltage
clamp is generally conducted using defolliculated oocytes,
which are still covered over the plasma membrane with the
vitelline membrane, at room temperature (Fraser and
Djamgoz, 1992; Weber, 1999; Ikeda et al, 2003). Further
studies using mammalian cells, including neurons and
cardiac myocytes, at physiological temperature may be
useful for advancing our understanding of the effects of
NRIs on GIRK channels.
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Atomoxetine is predominantly metabolized by the
genetically polymorphic cytochrome P450 2D6 (CYP2D6)
pathway, and its pharmacokinetics and metabolism are
characterized by two distinct activities of CYP2D6: active or
poor metabolic capability (Witcher et al, 2003; Simpson and
Plosker, 2004). The maximum plasma concentrations
during treatment with atomoxetine at therapeutic doses
ranged from ~0.7-4.8pM in CYP2D6 active metabolizers
(Witcher et al, 2003), whereas those in CYP2D6 poor
metabolizers (~7% of the Caucasian population) were
six-fold higher than those in CYP2D6 active metabolizers
(Simpson and Plosker, 2004). Additionally, co-administra-
tion of the SSRI paroxetine, a potent inhibitor of CYP2D6,

- increased the plasma concentrations of atomoxetine by

3.5-fold, with a pharmacokinetic profile similar to CYP2D6
poor metabolizers (Belle et al, 2002), suggesting a signi-
ficant increase in atomoxetine concentrations with con-
comitant treatment with CYP2D6 inhibitors. The maximum
plasma concentrations of reboxetine at therapeutic doses in
depressed patients ranged from 0.5 to 2.1 uM (Poggesi et al,
2000). Additionally, increases in doses of the NRIs are
associated with increases in plasma concentrations (Ohman
et al, 2001; Witcher et al, 2003), and the concentration in a
fatal case of atomoxetine overdose was reported to be up to
32.5uM (Garside et al, 2006). Recent studies using
radiolabeled NRI ligands have indicated that NRIs are
extensively distributed in most tissues (Kiyono et al, 2004,
2008; Kanegawa et al, 2006). Indeed, brain and heart levels
of NRIs were ~ 4.7- to 6.5-fold and 9- to 12-fold higher for



atomoxetine (Kiyono et al, 2004) and ~ 15- to 16-fold and
21- to 32-fold higher for reboxetine than corresponding
blood levels, respectively (Kanegawa et al, 2006; Kiyono
et al, 2008). Therefore, brain and heart concentrations
during treatment with therapeutic doses of atomoxetine and
reboxetine, as well as after overdose, overlap with their
effective concentrations in inhibiting brain- and cardiac-
type GIRK channels (Figure 2). GIRK channels in the brain
and heart may be inhibited by atomoxetine and reboxetine,
particularly with the use of atomoxetine with CYP2D6 poor
metabolizers or co-administration of CYP2D6 inhibitors.
Inhibition of GIRK channels causes a depolarization of
membrane potential, resulting in an increase in cell
excitability (Kuzhikandathil and Oxford, 2002). GIRK
channels have an important function in regulating neuronal
excitability, synaptic transmission, and heart rate (Liischer
et al, 1997; Kovoor et al, 2001). Therefore, even partial
inhibition of GIRK channels by atomoxetine and reboxetine
may affect certain brain and heart functions.

Interestingly, GIRK2 knockout mice exhibit reduced
anxiety-related behavior (Blednov et al, 2001). In clinical
studies, reboxetine and atomoxetine were effective in the
treatment of panic disorder and comorbid anxiety disorder,
respectively (Versiani et al, 2002; Geller et al, 2007),
suggesting their anxiolytic properties. Although their
therapeutic effects are generally thought to be primarily
attributable to inhibition of norepinephrine reuptake in the
brain (Hajds et al, 2004; Simpson and Plosker, 2004),

inhibition of GIRK channels may also contribute to ’

improvement of anxiety symptoms.

GIRK2 knockout mice exhibit spontaneous seizures and
are more susceptible to seizures induced by pentylenete-
trazol than wild-type mice (Signorini et al, 1997). In animal
studies using atomoxetine or reboxetine, convulsions were
observed only at extremely high doses (Wong et al, 2000;
" Wernicke et al, 2007). The incidence of seizures during
treatment with NRIs has been reportedly rare (Montgomery,
2005; Wernicke et al, 2007). Brain levels of the drugs in
overdose cases may be considerably higher than levels
during treatment at therapeutic doses (Poggesi et al, 2000;
Kiyono et al, 2004, 2008; Garside et al, 2006; Kanegawa et al,
2006), suggesting that potent inhibition of neuronal GIRK
channels by atomoxetine and reboxetine after overdose
may contribute to increased seizure activity. However, the
NRIs simultaneously increase extracellular levels of nor-
epinephrine in the brain (Hajos et al, 2004; Simpson and
Plosker, 2004), and norepinephrine has anticonvulsant
effects (Ahern et al, 2006). The enhancement of norepi-
nephrine by NRIs may be involved in the rare incidence
of seizures. Although atomoxetine and reboxetine are
generally well tolerated and have a benign side effect profile
(Hajos et al, 2004; Simpson and Plosker, 2004), the
inhibitory effects on GIRK channels may be partly related
to the occurrence of other neurological side effects, such as
insomnia and dizziness.

In the heart, GIRK channels cause slowing of heart rate in
response to activation of M, muscarinic receptors through
acetylcholine release from the stimulated vagus nerve
(Kubo et al, 1993b; Krapivinsky et al, 1995). GIRKI or
GIRK4 knockout mice exhibit slightly elevated resting heart
rates (Bettahi et al, 2002). Atomoxetine and reboxetine are
associated with modest increases in heart rate (Hajés et al,
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2004; Simpson and Plosker, 2004) and tachycardia in cases
of toxicity (LoVecchio and Kashani, 2006). The binding
affinities of atomoxetine and reboxetine for the muscarinic
receptor are in the low micromolar range (Cusack et al,
1994; Wong et al, 2000; Hajos et al, 2004). Inhibition
of norepinephrine reuptake enhances sympathetic nerve
activity (Keller et al, 2004). The present results indicate that
atomoxetine and reboxetine inhibit cardiac-type GIRK1/4
channels at clinically relevant heart concentrations.
Altogether, an increase in heart rate during treatment with
the drugs may be related to not only enhancement of
sympathetic nerve activity and antagonism of the muscari-
nic receptor but also inhibition of atrial GIRK channels.
Additionally, QT interval prolongation in two cases with
atomoxetine overdose was reported (Barker et al, 2004;
Sawant and Daviss, 2004). Recently, atomoxetine at micro-
molar concentrations was shown to inhibit cloned human
ether-a-go-go-related gene (hERG) channels underlying
rapidly activating delayed rectifier K™ currents using the
Xenopus oocyte expression assay (Scherer et al, 2009).
Inhibition of delayed rectifier K* currents induces QT
prolongation (Scherer et al, 2009), and QT prolongation
after atomoxetine overdose may be related to inhibition of
hERG channels but not GIRK channels among cardiac K*
channels. Furthermore, GIRK4 knockout mice are resistant
to atrial fibrillation caused by vagal stimulation without
showing any changes in atrioventricular nodal function and
ventricular arrhythmias (Kovoor et al, 2001). Tertiapine, a
selective GIRK blocker in the heart, terminates atrial
fibrillation, the most common arrhythmia (Hashimoto
et al, 2006). Atomoxetine and reboxetine may therefore
have an advantage in treating psychiatric patients with
comorbid atrial fibrillation.

Atomoxetine was shown to reduce cumulative heavy
drinking days in the treatment of psychiatric patients with
comorbid alcohol use disorders (Wilens et al, 2008).
Interestingly, GIRK2 knockout mice show reduced etha-
nol-induced conditioned taste aversion and conditioned
place preference and are less sensitive than wild-type mice
to some of the acute effects of ethanol, including anxiolysis,
habituated locomotor stimulation, and acute handling-
induced convulsions (Hill et al, 2003). In the present study,
atomoxetine inhibited ethanol-induced GIRK1/2 currents,
suggesting that it may suppress some GIRK-related effects
of ethanol. Furthermore, GIRK knockout mice also show
reduced cocaine self-administration (Morgan et al, 2003)
and attenuation of the morphine withdrawal syndrome
(Cruz et al, 2008). In the nervous system, GIRK channels are
activated by p-opioid and CB; cannabinoid receptors
(North, 1989; Dascal, 1997; Kobayashi and Ikeda, 2006).
Reboxetine and atomoxetine have also been shown to be
useful in the treatment of cocaine dependence and
marijuana users, respectively (Tirado et al, 2008; Szerman
et al, 2005). Inhibition of GIRK channels by atomoxetine
and reboxetine may have a role in the treatment of drug
addiction.
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