International Journal of Neuropsychopharmacology (2018) 21(2): 108-113

doi:10.1093/ijnp/pyx066
Advance Access Publication: July 31, 2017
Regular Research Article

REGULAR RESEARCH ARTICLE

A Positron Emission Tomography Study of
Norepinephrine Transporter Occupancy and Its
Correlation with Symptom Response in Depressed
Patients Treated with Quetiapine XR

Lakshmi N. Yatham, PhD, Vesna Sossi, PhD, Yu-Shin Ding, PhD,
Nasim Vafai, MSc, Shyam Sundar Arumugham, PhD, Taj Dhanoa, BA,
Raymond W. Lam, PhD, David J. Bond, PhD, Joseph H. Puyat, PhD

Department of Psychiatry (Dr Yatham, Dr Arumugham, Ms Dhanoa, and Dr Lam), and TRIUMF Positron Emission
Tomography Program (Dr Sossi and Ms Vafai), The University of British Columbia, Vancouver, British Columbia,
Canada; Departments of Radiology, Psychiatry and Chemistry, New York University School of Medicine, New York,
New York (Dr Ding); Department of Psychiatry, University of Minnesota, Minneapolis, Minnesota (Dr Bond); Center
for Health Evaluation and Outcome Sciences, University of British Columbia, Vancouver, Canada (Dr Puyat).

Correspondence: Lakshmi N. Yatham, MBBS, Professor of Psychiatry, University of British Columbia, UBC Hospital, 2255 Wesbrook Mall, Vancouver, BC
Canada, V6T 2A1 (Lyatham@ubc.ca).

Abstract

Background: Quetiapine is effective in treating depressive symptoms in major depressive disorder and bipolar disorder, but
the mechanisms underlying its antidepressants effects are unknown. Norquetiapine, a metabolite of quetiapine, has high
affinity for norepinephrine transporter, which might account for its therapeutic efficacy.

Methods: In this study, we used positron emission tomography with (S,S)-[*'C]O-methyl reboxetine to estimate norepinephrine
transporter density and assess the relationship between norepinephrine transporter occupancy by quetiapine XR and improvement
in depression in patients with major depressive disorder (n=5) and bipolar disorder (n=5). After the baseline positron emission
tomography scan, patients were treated with quetiapine XR with a target dose of 150 mg in major depressive disorder and 300 mg
in bipolar disorder. Patients had a second positron emission tomography scan at the end of week 2 and a final scan at week 7.
Results: Norepinephrine transporter density was significantly lower in locus ceruleus in patients compared with healthy
subjects. Further, there was a significant positive correlation between quetiapine XR dose and norepinephrine transporter
occupancy in locus ceruleus at week 2. The norepinephrine transporter occupancy at week 2 in hypothalamus but not in other
regions predicted improvement in depression as reflected by reduction in MADRS scores from baseline to week 7. The estimated
dose of quetiapine XR associated with 50% norepinephrine transporter occupancy in hypothalamus at week 2 was 256 mg and
the estimated plasma levels of norquetiapine to achieve 50% norepinephrine transporter occupancy was 36.8 ng/L.
Conclusion: These data provide preliminary support for the hypothesis that norepinephrine transporter occupancy by
norquetiapine may be a contributor to the antidepressant effects of quetiapine.
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Significance Statement

antidepressant actions through its action on NET.

The objective of this study was to examine if antidepressant effects of quetiapine could be explained by the effects of its metab-
olite norquetiapine on brain norepinephrine transporter (NET). To ascertain this, we used positron remission tomography brain
scans to measure NET in depressed patients at baseline and at 2 and 7 weeks after treatment with quetiapine. We found that
the density of NET was lower at baseline in specific regions of the brain in patients with major depressive disorder/bipolar dis-
order. There was a correlation between quetiapine dose and its binding to NET. Further, the NET binding of quetiapine at week
2 predicted improvement in depression at week 7. These findings lend support to the hypothesis that quetiapine may exert its

Introduction

The second-generation antipsychotic quetiapine has robust
antidepressant effects in multiple placebo-controlled clinical
trials in major depressive disorder (MDD) and bipolar disorder
(BD), without clinically significant risk of inducing manic epi-
sodes in BD patients (Weisler et al., 2009; McElroy et al., 2010;
Suppes et al., 2010; Young et al., 2010; Maneeton et al., 2012).
However, the neurochemical mechanisms that underlie the
therapeutic effects of quetiapine in improving depressive symp-
toms in MDD and BD remain unknown.

Norquetiapine, a metabolite of quetiapine, has high affinity
for the norepinephrine transporter (NET), and it has been sug-
gested that NET blockade by norquetiapine accounts for the
antidepressant effects of quetiapine. Positron emission tomog-
raphy (PET) studies in healthy volunteers suggest that NET occu-
pancy with quetiapine 300 mg/d ranges from 15% to 54% (mean
35%) (Nyberg et al., 2013). However, many questions regarding
the relationship between NET occupancy and clinical response
in patients treated for depression with quetiapine remain.
For example, it is unknown if NET occupancy in specific brain
regions predicts therapeutic benefit, and whether a threshold
fraction of NET blockade must be achieved for an antidepres-
sant effect. The dose of quetiapine required to produce a level
of NET blockade for a therapeutic effect also has not been stud-
ied. Further, it is unknown if NET density is altered in depres-
sion and if such alteration in NET has any predictive value for
therapeutic effects of quetiapine and the mechanism of its anti-
depressant effects.

Therefore, in this study, we used PET with the ligand
(S,S)-[**C]O-methyl reboxetine ([*'C](S,S)-MRB), abbreviated as
1C-MRB (Ding et al., 2003, 2010) to examine NET binding and
occupancy in 10 drug-free patients with major depressive epi-
sodes (MDD, BD I, or BD II) and 9 healthy comparison subjects.
After the baseline scan, patients commenced treatment with
quetiapine XR, and the NET occupancy was measured at week
2 and week 7.

The primary objective of this study was to determine the
relationship between NET occupancy by quetiapine XR and
improvement in depressive symptoms as measured by a reduc-
tion in Montgomery Asberg Depression Rating Scale (MADRS).
We hypothesized that NET occupancy at the end of week 2 will
predict reduction in MADRS scores from baseline to the end of
week 7 and that the NET occupancy at week 7 correlates with
improvement in depressive symptoms.

The secondary objectives included:

1. To measure if NET density is altered in depression and
whether such alteration predicts improvement in depres-
sion as measured by change in MADRS score from baseline
to the endpoint

2. To examine the correlation between quetiapine XR dose
and NET occupancy due to quetiapine XR

3. To measure the correlation between the serum levels of
norquetiapine and NET occupancy at the end of week 2 and
week 7.

Methods

The study was approved by the Clinical Research Ethics Board
of the University of British Columbia. All participants provided
written informed consent prior to commencing any study
related procedures.

Subjects

Male and female patients aged 18 to 65 years who met the
DSM-IV TR diagnostic criteria for MDD, BD I, or BD II and
were currently experiencing a major depressive episode as
determined by Structured Clinical Interview for DSM-IV were
recruited. Female patients of childbearing potential were using
a reliable method of contraception and had a negative urine
human chorionic gonadotropin test at enrolment. All subjects
had a MADRS score of 220 and a Young Mania Rating Scale score
of < 8. Patients with MDD must have failed at least one trial of
an antidepressant medication at an adequate dose and for an
adequate duration, in the opinion of the investigator.

Patients who posed an imminent risk of suicide or a dan-
ger to self or others in the opinion of the clinical investigator
and those with a history of intolerance or lack of response to
quetiapine were excluded. Subjects taking any cytochrome P450
3A4 inhibitors or inducers or those taking drugs that affect brain
norepinephrine levels were also excluded. Patients with sub-
stance or alcohol dependence or medical conditions that would
affect absorption, distribution, metabolism, or excretion of que-
tiapine XR or unstable medical conditions were excluded.

Ligand Synthesis and Imaging Protocol

All subjects completed a Magnetic Resonance Imaging (MRI)
scan for exclusion of cerebral pathology and for co-registration
with PET images for data analysis. *C-MRB was synthesized
using the procedure previously described (Ding et al., 2003).
PET images were acquired using a High Resolution Research
Tomograph scanner (Siemens/CTI). After injecting 'C-MRB
(average injected dose of 553.41 megabecquerels) over a 60-sec-
ond period with Harvard pump, dynamic PET imaging was per-
formed for 120 minutes. Data were acquired in list mode and
framed into: 4 x 60seconds, 3 x 120 seconds, 8 x 300 seconds, and
7x600 seconds scans. After correction for detector normaliza-
tion, random and scattered events as well as attenuation and
dead time, data were reconstructed with 3DOSEM-OP, 16 sub-
sets, 6 iterations. Reconstructed images were smoothed with an
isotropic 2-mm Gaussian filter.
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Quetiapine XR Treatment

Following the initial PET scans, patients commenced treatment
with quetiapine XR. Patients received quetiapine XR as mono-
therapy or in conjunction with a stable dose of valproate or lith-
ium for at least 4 weeks. The dose was titrated upwards to reach
the target dose of 150 mg daily in people with MDD and 300 mg
daily in people with BD between day 4 and 7, unless side effects
precluded them from reaching the target dose. Patients who did
not show at least 20% reduction in MADRS scores at week 2 had
the dose of quetiapine XR increased to a maximum of 300 mg
daily in people with MDD and 600 mg daily in people with BD by
week 4, at the discretion of the study psychiatrist.

Patients were seen at screen and weeks 0, 1, 2, 4, 6, and 7,
and during these visits all patients were assessed using stand-
ard clinical rating scales that included MADRS, Young Mania
Rating Scale, and Clinical Global Impression scale. The PET scan
was repeated at week 2 after patients had been taking the study
medication at therapeutic doses for >7 days to determine the
proportion of NETs blocked by quetiapine XR. The final PET scan
was completed at the end of week 7 after patients had been tak-
ing the therapeutic dose of study medication for >21 days.

At both posttreatment scans, treatment response (>50%
improvement in baseline MADRS score) and remission (MADRS
score <8) were assessed. A blood sample was collected at the end
of week 2 and week 7 for measuring serum levels of quetiapine
and norquetiapine.

Image Processing and Analysis

Statistical Parametric Mapping 8 software was used for pro-
cessing PET and MR images. All PET frames for each scan for
each subject were realigned to create a mean PET image for that
subject. The mean PET images for the week 2 and week 7 scans
for each patient were co-registered to the baseline PET scan.
Each subject’'s MRI was co-registered to Montreal Neurological
Institute (MNI) standard coordinate frame used for templates
in Statistical Parametric Mapping 8 using the spatial normal-
ization method. We then used the Atlas-based regions of inter-
est defined in the MNI space to define the regions of interest
(i.e., thalamus, hypothalamus, locus coeruleus, pontine raphe,
midbrain raphe, red nucleus) as previously described (Ding et
al., 2010). Then, each subject’s MRI was co-registered to his/her
PET and applied inverse transformation from MNI—individual
MRI-PET to all regions of interest (all in one step). The PET
images were smoothed using a 3-mm Gaussian filter.

Table 1. Clinical and Demographic Characteristics of Study Patients
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The binding potential (BP) values for NET were estimated
using a Simplified Reference Tissue Model 2 (Wu and Carson,
2002). The occipital cortex was used as reference region. Since
in several cases, the BP, ,  were too low to permit a reliable esti-
mate of k2’, we used a previously validated population-based K2’
value of 0.021 (based on studies by Ding YS, Singhal T, Planeta-
Wilson B, Gallezot JD, Nabulsi N, Labaree D, Ropchan J, Henry S,
Williams W, Carson RE, Neumeister A, Malison RT, private com-
munication). The resulting fits to the time activity curves were
checked to ensure absence of bias. We have added this informa-
tion to the manuscript.

We defined NET occupancy as the percentage change in NET
binding from baseline. The NET occupancy (%) at week 2 was
calculated as follows: [(BP,, ,, — BP,;, )/ BPy, ] x 100, and for
week 7, the occupancy was calculated by substituting BP
with BP ) -

Baseline differences between patients and controls in NET
binding were computed using linear regression with and with-
out adjustment for age and gender. Linear regression was also
used to estimate the association between NET binding at base-
line and the change in depression scores with MADRS. The asso-
ciation between quetiapine XR doses and NET occupancy was
modeled using saturation binding equations. Pearson correl-
ation was used to compute correlations between NET binding
and improvement in depressive symptoms. All statistical analy-
ses and curve-fitting were performed using R version 3.4 and
GraphPad Prism version 7.03.

ND-QTP2

Results

Ten patients and 9 healthy control subjects (4 males and 5
females) completed the study. The clinical and demographic
characteristics of patients are provided in Table 1. The patient
group included 4 males and 6 females with a mean age of
38.3+16.14 years. Two patients had a diagnosis of BD I, 3 had
BD II, and 5 had MDD. There was no significant difference in age
between patients and controls (P=.75).

The mean (+SD) MADRS score at baseline was 29.5 + 6.29
(MDD: 28.6 + 7.86; BD I and BD II: 30.4 + 5.03), indicating that
patients had a moderately severe depression. The MADRS
score improved to 19.3 + 7.32 (MDD: 20.4 + 7.83; BD I and BD
II: 18.2 = 7.5) by the end of week 2 and to 15.5 + 11.75 (MDD:
12.2 + 12.97; BD I and BD II: 18.8 = 10.73) by week 7. By the end
of week 7, 5 of 10 (50%) patients met criteria for response and 4
(40%) patients were in remission. Three of the 5 MDD patients

Previous Previous Previous Duration
mania hypo-mania depression of current MADRS MADRS MADRS
Patients Age Sex Diagnosis (episodes) (episodes) (episodes) episode Baseline Week 2 Week 7
1 60 F MDD 0 0 10 5 years 24 26 16
2 56 M MDD 0 0 1 8 months 42 29 33
3 39 F BD1I 0 5 10 10 months 29 19 4
4 44 M BDII 0 20 20 4 weeks 30 18 26
5 57 F BDII 0 23 25 12 months 34 26 32
6 27 F MDD 0 0 1 6 months 28 15 8
7 41 M MDD 0 0 25 6 months 22 10 2
8 19 F BDI 1 0 2 41 days 36 22 16
9 20 F MDD 0 0 1 9 months 27 22 2
10 20 M BDI 2 2 5 7 weeks 23 6 16

Abbreviations: BP I, Bipolar I Disorder; BP 11, Bipolar II Disorder; F, female; M, male; MADRS, Montgomery Asberg Depression Rating Scale; MDD, major depressive dis-

order.



and one BD II patient of 3 met criteria for response and remis-
sion, while 1 of the 2 BD I patients responded by week 7. The
mean quetiapine XR dose was 195 + 83.16 (MDD: 140 + 54.77;
BD I and BD II: 250 + 70.71) at week 2 and 280 + 187.37 (MDD:
200 + 106.06; BD I and BD II: 360 + 227.48) at week 7.

The NET BP,, at baseline in locus ceruleus and thalamus for
patients with MDD and BD and healthy subjects is presented in
Figure 1 and the means =+ SD in Table 2. The NET BP,, at base-
line was significantly lower in locus ceruleus in patients as a
group compared with healthy subjects (mean difference: 0.16,
CI: 0.02, 0.30; P<.05), and this difference persisted when the BP |
was adjusted for age and sex. The NET BP, at baseline was not
different between the groups in any other brain regions. The
NET BP,, at baseline in patients in any brain regions did not
predict improvement in depression as measured by reduction in
MADRS scores at week 7.

The mean NET occupancy at week 2 for various brain regions
ranged from 22.4% to 33.6% (Table 3). There was a significant
curvilinear association at week 2 between quetiapine XR dose
and NET occupancy in locus ceruleus (R?=0.44, P=.04) and the
thalamus (R?=0.26, P=.06) (Figure 2). These associations did not
remain significant at week 7. There was a significant negative
correlation between week 7 NET binding and week 7 MADRS
scores in hypothalamus (r=-0.71, P=.02) and a trend for signifi-
cance in locus ceruleus (r=-0.59, P=.07) but not in other brain
regions.
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Figure 1. Baseline norepinephrine transporter (NET) binding potential (BP,) in
locus ceruleus and thalamus for healthy controls (HC), patients with bipolar dis-
order (BD), and major depressive disorder (MDD).

Table 2. Mean (SD) NET BP,, at Baseline for Patients with MDD and
BD and HC

All Patients

Brain Region MDD BD (MDD and BD) HC

Locus ceruleus 0.32 (0.08) 0.37 (0.08) 0.35 (0.08) 0.51 (0.19)
Thalamus 0.63(0.10) 0.63(0.08) 0.63 (0.08) 0.65 (0.16)
Hypothalamus 0.49 (0.05) 0.64 (0.12) 0.56 (0.12) 0.59 (0.14)
Pontine raphe  0.73 (0.19) 0.68 (0.16) 0.70 (0.16) 0.78 (0.37)
Midbrain raphe 0.62 (0.12) 0.66 (0.19) 0.64 (0.15) 0.79 (0.26)
Red nucleus 0.60 (0.14) 0.65 (0.15) 0.63 (0.14) 0.59 (0.11)

Abbreviations: BP, Bipolar Disorder; BP, , binding potential; HC, healthy controls;
MDD, major depressive disorder.
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The week 2 NET occupancy in hypothalamus predicted week
7 improvement in depression as reflected by reduction in MADRS
scores from baseline to week 7 (3 -0.28, CI -0.53, —0.04). The
NET occupancy in other brain regions was not associated with
improvement in depression. The estimated dose of quetiapine XR
associated with 50% NET occupancy in hypothalamus at week 2
was 256 mg. The estimated plasma levels of norquetiapine asso-
ciated with 50% NET occupancy in hypothalamus was 36.8 ng/L.

Discussion

This exploratory study examined NET binding in patients with a
major depressive episode compared with healthy subjects, and
the relationship between NET occupancy with quetiapine XR
treatment and the improvement in depressive symptoms. The

Table 3. Mean NET Occupancy for Various Brain Regions in De-
pressed Patients (MDD and BD) at Weeks 2 and 7

NET Occupancy
at Week 2
Mean % (SD)

NET Occupancy
at Week 7

Brain Region Mean % (SD)

Locus ceruleus 23.32 (22.36) 38.49 (40.17)
Thalamus 22.43 (15.77) 19.59 (14.49)
Hypothalamus 33.64 (21.42) 22.43 (31.58)
Pontine raphe 26.09 (19.45) 30.24 (23.84)
Midbrain raphe 26.31(20.11) 10.25 (24.65)
Red nucleus 22.98 (10.73) 33.43 (14.40)

Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; NET, nor-
epinephrine transporter.
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Figure 2. Relationship between norepinephrine transporter (NET) occupancy
and quetiapine XR dose at week 2 in locus ceruleus and thalamus.
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main findings of the study are: (1) NET binding at baseline is
lower in locus ceruleus in patients compared with healthy sub-
jects, but baseline NET binding did not predict clinical outcome
with quetiapine XR; (2) quetiapine XR in clinically relevant doses
is associated with NET occupancies up to 34% at the end of 2
weeks and 38% at the end of 7 weeks; (3) there was a significant
correlation between quetiapine XR dose and NET occupancy at
week 2 in locus ceruleus, and, furthermore, there was a trend
for association between NET binding in this brain region and
improvement in depressive symptoms at the end of 7 weeks;
and (4) the NET occupancy at week 2 in hypothalamus but not
in locus ceruleus predicted improvement in depression at the
end of week 7.

The finding of a reduction in NET binding in locus ceruleus
in depressed patients is consistent with the findings of a previ-
ous study that reported reduction in NET binding in midcaudal
portion of the locus ceruleus in postmortem brains of depressed
subjects (Klimek et al., 1997). NET binding was also reported
to be reduced in locus ceruleus in a rat model of depression
(Kanegawa et al., 2012). There is evidence that the density of NET
is dependent on the availability of synaptic norepinephrine (Lee
etal.,, 1983). Thus, low NET binding observed in the present study
is consistent with the notion that major depression is associ-
ated with lower synaptic norepinephrine levels. Interestingly,
a recent PET study in patients with MDD found no alteration
in NET density in locus ceruleus and increased NET density in
thalamus (Moriguchi et al., 2017). Differences in sample charac-
teristics (e.g., inclusion of patients with BD in the current study,
patients in various stages of illness vs MDD patients only in the
Moriguchi et al. study) might be possible explanations for the
discrepant results. Further, due to the exploratory nature of the
study, we did not employ correction for multiple comparisons.
Hence, the findings of the present study should be considered
preliminary at best.

A previous study that assessed NET occupancy in thalamus
in healthy subjects reported 19% (range 2%-36%) with 150 mg
and 35% (range 15%-54%) with 300 mg of quetiapine XR (Nyberg
et al,, 2013). One-half of the patients enrolled in the present
study had MDD, and hence the mean dose of quetiapine XR
used was lower (195 mg at week 2). Thus, the NET occupancy
of 22.4% to 33.6% observed in the present study in various brain
regions at week 2, and 10.3 to 38.5% at week 7 is consistent with
the previous data. Further, there was a correlation between NET
occupancy and quetiapine XR dose at week 2 in locus ceruleus.
Although previous studies have reported that >80% 5-hydroxy-
tryptamine transporter occupancy is required for the efficacy of
antidepressants (Takano et al., 2006), no such relationship has
been reported for NET occupancy. Milnacipran, a serotonin nor-
epinephrine reuptake inhibitor, has been reported to achieve
25% to 50% NET occupancy in clinically relevant doses (Nogami
et al., 2013), while nortriptyline at minimum therapeutic con-
centration has been estimated to achieve 47% NET occupancy
(Takano et al., 2014). Therefore, the NET occupancy observed
with quetiapine XR in the present study is in similar range as
the occupancy reported with other effective antidepressant
treatments. Further, taken together, these data would suggest
that the therapeutic effect with antidepressant treatments
might be achieved with lower NET occupancy than what would
be required to achieve this effect with 5-hydroxytryptamine
transporter blockade.

The fact that the NET occupancy in hypothalamus but not
in locus ceruleus at week 2 predicted improvement in depres-
sion was unexpected and surprising. However, it is important
to note that this study, consistent with a previous postmortem

study, showed a reduction in NET binding at baseline in patients
with depression. Given that the NET binding is lower in locus
ceruleus in depression, the NET occupancy in this region may
not accurately represent the “real” NET occupancy with quetia-
pine XR. This would suggest that other brain regions that are
not associated with alteration in NET in depression may be
more suitable for estimating NET occupancy more accurately
and to assess whether such occupancy predicts improvement
in depression. In addition to NET occupancy at week 2 in hypo-
thalamus predicting improvement, there was also a significant
correlation between baseline NET binding in hypothalamus and
improvement in depressive symptoms at week 7 as reflected by
reduction in MADRS scores at week 7. These data taken with
other findings from this study and other studies might suggest
that NET occupancy with quetiapine might be relevant to anti-
depressant effects of this medication.

Acknowledgments

This study was funded by Astra Zeneca as an investigator-initi-
ated grant to Dr. Lakshmi N. Yatham.

Statement of Interest

Dr. Yatham has been an advisory board member/consult-
ant for and/or received honoraria and grant/ research support
from Allergan, Alkermes, AstraZeneca, Bristol Myers Squibb, Eli
Lilly, Dainippon Sumitomo Pharma, Forest, GlaxoSmithKline,
Johnson and Johnson, Lundbeck, Otsuka, Pfizer, Sunovian, and
Teva; and has received grant/research support from the Stanley
Foundation, the National Alliance for Research on Schizophrenia
and Depression, Canadian Institutes of Health Research, and
the Canadian Psychiatric Foundation. Dr. Lam has received
speaking honoraria or is a member of advisory boards for
Treatments, Eli Lilly, Litebook Company Ltd (unpaid), Lundbeck,
Lundbeck Institute, Mochida, Pfizer, Servier, and Takeda. He has
received research funds through UBC from Bristol Myers Squibb,
Canadian Institutes of Health Research, Canadian Psychiatric
Association Foundation, Litebook Company, Lundbeck, Merk,
Pfizer, St Jude Medical, and UBC Institute of Mental Health/Coast
Capital Savings. He also receives book royalties from Cambridge
University Press and Oxford University Press and holds a copy-
right on the Lam Employment Absence and Productivity Scale.
Dr. Bond has received speaking fees or sat on advisory boards
for the Canadian Network for Mood and Anxiety Treatments,
the Canadian Psychiatric Association, Pfizer, Sunovion, BMS,
Otsuka, Astra-Zeneca, Janssen-Ortho, and Myriad; and has
received research support from the Canadian Institutes of Health
Research (CIHR), the UBC Institute of Mental Health/Coast Capital
Depression Research Fund, and Pfizer. Drs. Sossi, Ding, Puyat, and
Sundar and Ms. Vafai and Ms. Dhanoa have no conflicts.

References

DingYs, Lin KS, GarzaV, Carter P, Alexoff D, Logan ], Shea C, Xu'Y,
King P. (2003) Evaluation of a new norepinephrine transporter
PET ligand in baboons, both in brain and peripheral organs.
Synapse 50:345-352.

Ding YS, Singhal T, Planeta-Wilson B, Gallezot JD, Nabulsi N,
Labaree D, Ropchan J, Henry S, Williams W, Carson RE, Neu-
meister A, Malison RT. (2010) PET imaging of the effects of age
and cocaine on the norepinephrine transporter in the human
brain using (S,S)-[(11)C]O-methylreboxetine and HRRT. Syn-
apse 64:30-38.



Kanegawa N, Kiyono Y, Sugitaa T, Kuge Y, Fujibayasi Y, Saji H
(2012) Norepinephrine transporter imaging in the brain of a
rat model of depression using radioiodinated (2S, alphaS)-
2-(alpha-(2-iodophenoxy)benzyl)morpholine. Mol Imaging
11:280-285.

Klimek V, Stockmeier C, Overholser ], Meltzer HY, Kalka S, Dilley
G, Ordway GA. (1997) Reduced levels of norepinephrine trans-
porters in the locus coeruleus in major depression. ] Neurosci
17:8451-8458.

Lee CM, Javitch JA, Snyder SH (1983) Recognition sites for nor-
epinephrine uptake: regulation by neurotransmitter. Science
220:626-629.

Maneeton N, Maneeton B, Srisurapanont M, Martin SD (2012)
Quetiapine monotherapy in acute phase for major depressive
disorder: a meta-analysis of randomized, placebo-controlled
trials. BMC.Psychiatry 12:160.

McElroy SL, Weisler RH, Chang W, Olausson B, Paulsson B,
Brecher M, Agambaram V, Merideth C, Nordenhem A, Young
AH; EMBOLDEN II (Trial D1447C00134) Investigators. (2010)
A double-blind, placebo-controlled study of quetiapine and
paroxetine as monotherapy in adults with bipolar depression
(EMBOLDEN II). J Clin Psychiatry 71:163-174.

Moriguchi S, Yamada M, Takano H, Nagashima T, Tkahata K,
Yokokawa K, iTO t, Ishii T, Kimura Y, Zhang MR, Mimura M,
Suhara T (2017) Norepinephrine Transporter in Major Depres-
sive Disorder: A PET Study. Am ] Psychiatry 17:35-41.

Nogami T, Takano H, Arakawa R, Ichimiya T, Fujiwara H, Kimura
Y, Kodaka F, Sasaki T, Takahata K, Suzuki M, Nagashima T,
Mori T, Shimada H, Fukuda H, Sekine M, Tateno A, Takahashi
H, Ito H, Okubo Y, Suhara T. (2013) Occupancy of serotonin
and norepinephrine transporter by milnacipran in patients
with major depressive disorder: a positron emission tomog-
raphy study with [(11)C]DASB and (S,S)-[(18)F[FMeNER-D(2).
Int J] Neuropsychopharmacol 16:937-943.

Yathametal. | 113

Nyberg S, Jucaite A, Takano A, Kagedal M, Cselényi Z, Halldin C,
Farde L. (2013) Norepinephrine transporter occupancy in the
human brain after oral administration of quetiapine XR. Int ]
Neuropsychopharmacol 16:2235-2244.

Suppes T, Datto C, Minkwitz M, Nordenhem A, Walker C, Darko
D (2010) Effectiveness of the extended release formulation of
quetiapine as monotherapy for the treatment of acute bipo-
lar depression. J Affect Disord 121:106-115.

Takano A, Suzuki K, Kosaka J, Ota M, Nozaki S, Ikoma Y, Tanada S,
Suhara T. (2006) A dose-finding study of duloxetine based on
serotonin transporter occupancy. Psychopharmacology (Berl)
185:395-399.

Takano H, Arakawa R, Nogami T, Suzuki M, Nagashima T,
Fujiwara H, Kimura Y, Kodaka F, Takahata K, Shimada H,
Murakami Y, Tateno A, Yamada M, Ito H, Kawamura K, Zhang
MR, Takahashi H, Kato M, Okubo Y, Suhara T. (2014) Norepin-
ephrine transporter occupancy by nortriptyline in patients
with depression: a positron emission tomography study
with (S,5)-[(1)(8)F]JFMeNER-D(2). Int ] Neuropsychopharmacol
17:553-560.

Weisler R, Joyce M, McGill L, Lazarus A, Szamosi J, Eriksson H
(2009) Extended release quetiapine fumarate monotherapy
for major depressive disorder: results of a double-blind,
randomized, placebo-controlled study. CNS Spectr 14:299-
313.

Wu'Y, Carson RE (2002) Noise reduction in the simplified refer-
ence tissue model for neuroreceptor functional imaging. J
Cereb Blood Flow Metab 22:1440-1452.

Young AH, McElroy SL, Bauer M, Philips N, Chang W, Olausson
B, Paulsson B, Brecher M; EMBOLDEN I (Trial 001) Investi-
gators. (2010) A double-blind, placebo-controlled study of
quetiapine and lithium monotherapy in adults in the acute
phase of bipolar depression (EMBOLDEN I). J Clin Psychiatry
71:150-162.



