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Abstract

Bipolar Disorder is a major cause of disability and a high risk for suicide. The pathophysiology of
the disorder remains largely unknown. Medication choice for bipolar depression patients involves
trial and error. Our group reported previously that brain serotonin 1A (5HT1) receptor binding
measured by positron emission tomography (PET) is higher in bipolar depression. We now
investigated whether pretreatment 5HTq A levels correlates with antidepressant medication
outcome. 41 medication-free DSM-IV diagnosed, bipolar patients in a major depressive episode
(MDE) had brain PET scans performed using [11C]WAY-100635 and a metabolite corrected
arterial input function. The patients then received naturalistic psychopharmacologic treatment as
outpatients and a follow up Hamilton Depression Rating Scale (HDRS) after 3 months of
treatment. Patients with 24 item HDRS scores less than 10 were considered to have remitted. A
linear mixed effects model was used to compare BPg (binding potential, proportional to the total
number of available receptors) in 13 brain regions of interest between remitters and non-remitters.
34 patients completed 3 months of treatment and ratings; 9 had remitted. Remitters and non-
remitters did not differ in age, sex or recent medication history with serotonergic medications.
Remitters had higher [11C]WAY-100635 BPf across all brain regions compared with non-
remitters (p=0.02). Higher pre-treatment brain 5HTq 4 receptor binding was associated with
remission after 3 months of pharmacological treatment in bipolar depression. Prospective
treatment studies are warranted to determine whether this test predicts outcome of specific types
of treatment.
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Introduction

Bipolar disorder is the sixth leading cause of disability-adjusted-life-years of all diseases
according to the World Health Organization (2002). About 1% of the population meets
lifetime criteria for bipolar | disorder and 1.2% for bipolar Il disorder (Bauer & Pfennig,
2005; Weissman et al, 1996). It carries an increased risk for suicide, which accounts for
approximately 10% of deaths in those with this diagnosis (Harris & Barraclough, 1997). The
risk of suicide is elevated during episodes of major depression and mixed mood states,
making depression a key risk factor. There is debate about the medication options for
treatment of depression, and no laboratory or clinical tools exist for treatment selection.
Progress in developing such a laboratory tool is handicapped by the fact that the disease
pathophysiology remains largely unknown, and the mechanisms of action of the medications
effective as either mood stabilizers or antidepressants in bipolar depression have not been
fully elucidated (Belmaker, 2004).

Only two medications are currently approved by the Food and Drug Administration (FDA)
for the treatment of bipolar depression, quetiapine and the olanzapine-fluoxetine
combination pill. Other medications are used off label. Antidepressants, such as selective
serotonin reuptake inhibitors (SSRIs), used alone may increase the rate of switching to
hypomania or mania, although this is debated. The main cause of disability in bipolar
disorder is arguably due to the depressed state, and this state is most associated with suicide.
Bipolar patients also spend the most symptomatic periods in the depressed state. A better
understanding of bipolar depression's pathophysiology and treatment mechanism is therefore
particularly needed (Baldessarini et al, 2010; Salvi et al, 2008).

Our group previously reported higher brain binding potential (BPg) of [11C]WAY-100635 in
unmedicated male bipolar depressed subjects compared with healthy volunteers (Sullivan et
al, 2009). This result likely reflects higher levels of serotonin 1A (5-HT1 ) receptors in the
brain, including autoreceptors in the midbrain serotonin raphe nuclei. In this analysis,
patients' history of suicide attempts and depression severity did not correlate with BPg. Our
group also previously found that subjects with major depressive disorder who remitted after
naturalistic treatment had altered pre-treatment BPg of [11C]WAY-100635 compared with
nonremitters (Parsey et al, 2006a). Bipolar depression cannot be readily distinguished from
depressive episodes of major depressive disorder, raising the question whether pre-treatment
[11CJWAY-100635 binding can predict antidepressant response of bipolar depression.
Therefore, in the current study, we sought to determine whether pre-treatment
[11C]WAY-100635 BPg is associated with clinical response after three months of
antidepressant medication treatment of bipolar depression. This is a secondary analysis of
PET data that has been previously published combined with never previously reported
clinical outcome data.

Materials and Methods

Subjects

Forty-one patients who met DSM-IV criteria for a major depressive episode and criteria for
either bipolar I or bipolar Il disorder were included in the study as assessed with Structured
Clinical Interview for Axis | disorders (SCID-1/P) (First, 1994), psychiatric interview and

chart review. Thirty-two of these subjects had been included in the previous study from our
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group on bipolar disorder (Sullivan et al, 2009). Fifty-one healthy volunteers were enrolled
after assessment with SCID-I-NP detected no axis | diagnosis; they also had no history of
mood disorders, psychotic disorders or suicide in first-degree relatives. SCID interviews and
diagnostic assessments were performed by MA or PhD level psychologists, and the
diagnosis was confirmed by a research psychiatrist. Forty-seven of the control subjects had
been included in a previous study (Sullivan et al, 2009). Bipolar subjects were aged between
18-65 years old and had scores of =16 on the 17 item Hamilton Depression Rating Scale.
Patients were off antidepressant and mood stabilizer treatment for at least 14 days (42 days
if on fluoxetine, and 21 days without oral antipsychotics) before PET scanning. No patients
received injectable antipsychotics. Small doses of benzodiazepines were permitted until 72
hours before PET scans. Exclusion criteria included significant medical conditions, positive
urine toxicology, positive pregnancy test, planned pregnancy, lifetime exposure to 3,4-
methylenedioxymethamphetamine (MDMA), or history of alcohol or substance use disorder
in lifetime for controls or within the previous 6 months for bipolar disorder patients. Written
informed consent was obtained for all participants after a description of the study. The study
was approved by the Institutional Review Board of the New York State Psychiatric Institute
and Columbia University Medical Center, and in accordance with the Helsinki Declaration
of 1975. Control subjects were scanned between 1999 and 2007 and bipolar patients were
scanned between 1999 and 2008.

Clinical assessments were performed at baseline and after 3 months using both the
HDRS-24 (Hamilton, 1960) and the Beck Depression Inventory (BDI) (Beck et al, 1961) to
assess depression, the Young Mania Rating Scale (Young et al, 1978) to assess mania and
the Global Assessment Scale (Endicott et al, 1976) to assess functional impairment. After
PET scanning, the patients received outpatient psychiatric care and received a range of
different medications. Remission was defined by a 24 item HDRS score of < 10 after three
months of treatment.

The 5-HT1 5 promotor allele C(-1019)G was genotyped for each subject as previously
described (Huang et al, 2004; Wu & Comings, 1999)

Chemistry and Input Function Measurement

[Carbonyl-C-11]WAY100635 [N-(2-(4-(2-methoxyphenyl)-1-piperazinyl)ethyl)-N-(2-
pyridinyl) cyclohexane carboxamide] was prepared as previously described (Parsey et al,
2000). Arterial input function, metabolites, and free plasma fraction (/) were measured as
previously described (Parsey et al, 2005; Parsey et al, 2000).

Acquisition and analysis

MRI and PET data were acquired as previously described (Parsey et al, 2005). Subject
motion correction and de-noising were applied as previously described (Sullivan et al,
2009). Regions of interest (ROI's), including the ventral prefrontal cortex (VPFC), anterior
cingulate cortex (ACN), posterior cingulate cortex (CIN), amygdala (AMY), hippocampus
(HIP), parahippocampal gyrus (PHG), insular cortex (INS), temporal cortex (TEM), parietal
cortex (PAR) and occipital cortex (OCC), were drawn on the MRI of each subject as
previously described (Parsey et al, 2000). Cylindrical areas were drawn in the cerebellar
white matter as a reference region and in the approximate area of the raphe nucleus as an
additional region of interest (RN) as previously described (Parsey et al, 2005). Regional
volumes of distribution of [C-11]WAY 100635 were calculated and a two-tissue
compartment (2T) model using arterial input function as previously described to estimate the
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outcome measure, BPg = Bgy4il/ Kp Where Bgyaqil is the total number of available receptors
and 1/Kp is the affinity of the tracer for the receptor (Parsey et al, 2000).

Group differences of BPg were determined using a linear mixed models analysis with
subject as the random effect and fixed effects including region, sex (Parsey et al, 2005;
Parsey et al, 2006b; Parsey et al, 2002; Sullivan et al, 2009) and genotype of the 5-HT1a
receptor C-1019G polymorphism (Parsey et al, 2006b). When multiple regions were
considered in a single analysis, the analysis was performed on the natural log of BPg to
remedy some slight skewness in the outcome measure, to stabilize the variance across
regions, and to allow for proportional differences in binding levels. Standard errors (SE)
were computed for each BPg value using a bootstrap algorithm that takes into account errors
in metabolite, plasma and brain data; observations were weighted accordingly (Ogden &
Tarpey, 2006). Statistical differences of continuous demographic or clinical measures were
calculated using Student's t-test, and categorical data were analyzed using Fisher's exact test.
Significance was defined as p less than 0.05 and all tests were two sided. SPSS 11 for Mac
OSX (www.spss.com) and R (www.R-project.org) were used for calculations.

After three months of naturalistic treatment, 34 out of 41 patients followed up with a clinical
assessment. Of the 34, nine had remitted. Remitters had higher pre-treatment
[11C]WAY-100635 BP compared with non-remitters across all brain regions, (Figure 1;
F=5.96; df=1,32; p=0.020). There was no brain region by remitter status interaction (F=0.81;
df=12,382; p=0.641). Post-hoc analyses without adjustment for multiple comparisons found
significant remitter differences from non-remitters in all brain regions except amygdala and
raphe nucleus. A linear mixed model of change in HAM-D score from baseline to the three
month time points showed a trend correlation with BPg values (F=4.03; df=1,32; p=0.053)
such that higher binding was associated with better antidepressant response.

Several analyses were undertaken to assess possible confounds in the binding difference
between groups. When the sex of the subjects and the genotype of 5-HT; 5 receptor
C-1019G polymorphism were included in the model, the effect of remission status on BPg
remained significant and the effect of neither sex nor genotype was significant in this model.
Pre-treatment clinical symptomatology as assessed by scores on the YMRS and HAM-D did
not differ between remitters and nonremitters. The remitted patients did not differ from non-
remitted patients in age, sex, percentage of bipolar | patients, 5-HTq receptor C-1019G
genotype, percentage of patients with a history of past substance use disorder, or recent
antidepressant exposure (Tablel). There were also no significant differences in injected
mass (p=0.43), injected dose (p=0.95) or specific activity (p=0.36) of the radiotracer
between remitter and non-remitter groups. The patients reported taking a variety of
medications during the three-month interval after their PET scans. Remitters and non-
remitters had received similar proportions of medication classes: antidepressants (4/9
remitters, 14/25 non-remitters, p=0.73), serotonin based antidepressants (2/9 remitters and
13/25, non-remitters, p=0.24), mood stabilizers (7/9 remitters, 22/25 non-remitters, p=0.59)
and atypical antipsychotics (5/9 remitters, 7/25 non-remitters, p=0.22). No significant
differences between remitters and non-remitter groups of lifetime exposure to medications
were found for any of these medication classes. Remitter and non-remitter groups also had
similar percentages of patients who received psychotherapy (4/9 remitters, 14/25 non-
remitters, p=0.73)

The bipolar patient cohort discussed here (remitter and non-remitter) only had an additional
8 subjects and the healthy control group included an additional 4 subjects that were not
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published in our previous published bipolar disorder study (Sullivan et al, 2009). The
addition of these subjects supports our initial publication in that the expanded cohort of all
bipolar depressed subjects has higher [11C]WAY-100635 BP than healthy control subjects.
There was a significant effect of diagnosis confirming higher binding in the bipolar group
(F=10.33; df=1,83; p=0.002) and a significant interaction between diagnosis and region
(F=1011.24; df=12,1008; p<0.001). There was a significant effect of sex of the patients on
the model (F=4.17; df=1,79; p=0.045), but no effect of age, injected dose or injected mass.
Male patients had higher binding compared with healthy control subjects in BPg, adjusting
for region (F=9.37; df=1,34; p=0.004), but females only showed a trend adjusting for region
(F=2.74; df=1,47; p=0.104). These sex specific differences were consistent with those
previously reported (Sullivan et al, 2009).

Discussion

Unmedicated bipolar depressed patients that remitted after three months of treatment had
higher pre-treatment BPg of [11C]WAY-100635 compared to bipolar depressed non-
remitters. To our knowledge, this is the first molecular neuroimaging finding that is
associated with clinical response of bipolar depression. These results are from a pilot,
naturalistic treatment study and require a prospective study for confirmation. A prospective
study would also control for variance in treatment the patients received after their PET scan.

Serotonin neurotransmission is abnormal in both depression and mania. Medications that
increase serotonin intra-synaptically, such as SSRIs, have been effective in treating bipolar
depression when used in conjunction with mood stabilizers (Baldessarini et al, 2010).
Serotonin based antidepressants may precipitate mania in bipolar disorder, especially in the
absence of a mood stabilizer. The 5-HT 4 receptors are central to regulating the serotonin
system in the brain. They are inhibitory somatodendritic autoreceptors in the raphe nucleus.
They are also postsynaptic receptors on non-serotonergic neurons throughout serotonin
neuron projection areas in other brain regions. Administration of SSRIs desensitizes and
downregulates the autoreceptors in rodent studies, increasing serotoninergic firing in a time
course of weeks that is comparable to that required for clinical medication response (Blier et
al, 1998). We recently confirmed this effect in major depressive disorder treated with SSRI's
(Gray et al, 2013).

The fact that bipolar patients who remitted from treatment had higher 5HT1 5 receptors in
the brain tissue than patients who did not remit indicates that the serotonin
neurotransmission system is important to the antidepressant response. Patients who remitted
had 5HT; A receptor levels that were more different (higher) than healthy volunteer subjects
than patients who did not remit. This result can be explained by two potential models.. The
first model proposes that higher 5HTq A receptor density allows for a greater response to
treatment within the serotoninergic system. More 5HT; 5 autoreceptors may mean greater
capacity for downregulation and therefore greater increase in serotonin neuron firing after
several weeks of medication treatment. The second mechanism posits that upregulation of
post-synaptic 5SHT1 4 receptors on postsynaptic target neurons is a compensatory mechanism
in depressed bipolar patients in response to insufficient firing and serotonin release by
serotonergic neurons. Therefore, those with greater upregulation of 5-HTq 4 receptors,
receive greater clinical benefit from a medication-induced increase in serotonin release
because of greater post-synaptic signaling capacity.

Our approach to quantifying the binding potential of the PET radiotracer uses a metabolite
and free fraction corrected arterial input function to calculate BPg values using cerebellar
white matter as a reference region. In contrast other groups use a different outcome measure,
BPnp, and a different reference region, the cerebellar gray matter. Our approach offers
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advantages as it avoids the complication of nonspecific binding of the radiotracer in the
cerebellum and the susceptibility of the cerebellum to signal artifacts. We previously
reported higher 5HT; 4 binding in depressed bipolar patients than healthy control subjects,
as confirmed here (Sullivan et al, 2009). We have also reported higher binding potential in
not recently medicated patients with major depressive disorder when compared to healthy
control subjects (Parsey et al, 2010; Parsey et al, 2006b). Thus, we find a comparable
biochemical change in both bipolar and unipolar depressions. Other groups have reported
both lower (Drevets et al, 1999; Drevets et al, 2007; Sargent et al, 2000) and no difference in
binding of the radiotracer in major depressive disorder (Mickey et al, 2008). We have
proposed that a major reason for disagreement in the results is likely is due to the outcome
measure and choice of reference region as discussed elsewhere (Parsey et al, 2010; Shrestha
et al, 2011).

Only two published studies have found clinical outcomes in bipolar disorder that correlate
with neuroimaging findings in bipolar disorder. One study reported that bipolar disorder
with a history of poor clinical course in the five years before the scan had larger volume of
white matter hyperintensities than patients who had had a better clinical course in that time
(Regenold et al, 2008). A second reported that worse clinical course for two years before the
scan was associated with higher rate of subcortical punctate white matter hyperintensities,
but not periventricular white matter hyperintensities (Moore et al, 2001). Our results are the
first molecular neuroimaging finding that correlates with clinical remission of bipolar
depression after three months of treatment.

This study has limitations inherent in being a pilot study of naturalistic treatment. Sample
size is modest, treatment medication and dosage pattern are variable and not fully
characterized, and the relationship of imaging outcome to clinical response was a post hoc
analysis. The small sample size makes it difficult to know if the effect is due to a small
subsample of remitters with high binding or if binding across the full range contributes to
treatment outcome. If higher [11CJWAY-100635 BPg in the brain does prove to be
predictive of clinical outcome for bipolar depression, it may have clinical utility if future
studies can show that it predicts preferentially better outcome with specific types of
treatment and thereby aid in treatment selection. Such data may prove to be the first step in
identifying a neuroimaging signature that can predict which patients will respond to a
particular treatment type. The next step would be to determine if these findings hold for both
serotonergic and nonserotonergic treatments. Thus, these data could prove to be the first step
in designing a brain imaging test to determine a personalized treatment plan with greatest
likelihood of inducing remission.
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Bipolar Patients who remitted after 3 months of treatment for depression have higher
binding potential of [L1C]JWAY-100635 in the brain than patients who did not remit (p =
0.02), likely reflecting higher 5HT 4 receptor levels. Healthy control subjects are included
here as a reference. VPFC = ventral prefrontal cortex, ACN = anterior cingulate cortex, CIN
= posterior cingulate cortex, AMY = amygdala, HIP = hippocampus, PHG =
parahippocampal gyrus, INS = insular cortex, TEM = temporal cortex, PAR = parietal
cortex and OCC = occipital cortex. Standard errors (SE) were computed for each BPg value
using a bootstrap algorithm that takes into account errors in metabolite, plasma and brain

data; observations were weighted accordingly.
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Figure 2.

Scatter plots of BPg values within two representative regions of interest, the raphe nucleus
(A) and the hippocampus (B). Data are divided into remitter and non-remitter groups. Error
bars indicate weights that reflect the level of uncertainty for each value. Horizontal lines
mark the weighted mean values for each group. X values are computer generated random
numbers for each subject.
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Clinical and demographic variablesfor remitter and non-remitter bipolar depressed

Lanetal.
Table 1
groups

Remitters  Non-remitters P value
Age in years 41.0(10.1) 36.9(8.0) 0.144
Sex (% female) 66.7 56.0 0.700
HAMD baseline 289 (7.4) 27.2(6.9) 05342
HAMD 3 month 5.8 (2.8) 20.6 (7.3) 1.71e-6
YMRS baseline 5.9 (7.5) 8.0 (8.5) 0.524
YMRS 3 month 19(34)  31(34) 0.404
Medication Status (%AE) 77.8 64.0 0.680
Bipolar subtype (% Bipolar I) 44.4 76.0 0.40
5HT1AR CC polymorphism (%)  33.3 24.0
5HT1AR CG polymorphism (%) 44.4 48.0
5HT1AR GG polymorphism (%) 22.2 28.0 0.31€

Values for age, HAMD and YMRS are listed as group means with standard deviations in parentheses. HAMD: Hamilton Depression Rating Scale
value. YMRS: Young Mania Rating Scale value. SHT1AR polymorphism: Serotonin 1A receptor promoter C(-1019)G biallelic genotype. Bipolar
Subtype: Percentage of bipolar patients with a bipolar I subtype diagnosis. AE: Percentage of patients who have been exposed to antidepressants

recently (see methods).

a . .
Calculated with two tailed t test,

b T
Calculated with Fisher's exact test.

c A . .
Calculated using Fisher's exact test comparing count data for the three polymorphisms between the two groups
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