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Abstract
Rationale BMS-820836 is a novel antidepressant that selec-
tively inhibits the reuptake of serotonin, norepinephrine, and
dopamine.
Objective This Phase I study assessed safety, tolerability, and
pharmacokinetics of multiple daily doses of BMS-820836 in
healthy subjects. Central serotonin transporter (SERT) and
dopamine transporter (DAT) occupancy were assessed using
positron emission tomography and [11C]MADAM or
[11C]PE2I, respectively.
Methods Fifty-seven healthy volunteers were enrolled in this
double-blind, placebo-controlled, ascending multiple-dose

study (ClincalTrials.gov identifier: NCT00892840). Eight
participants in seven dose cohorts received oral doses of
BMS-820836 (0.1–4 mg) or placebo for 14 days to assess
safety, tolerability, and pharmacokinetics. Additionally, SERT
andDAToccupancies were evaluated in 4–8 subjects per cohort
at 8 h post-dose on Day 10 and 24 h post-dose on Day 15 at
anticipated steady-state conditions.
Results Most adverse events were mild to moderate; there
were no serious safety concerns. Median maximum concen-
trations of BMS-820836 were observed at 4.0–5.5 h post-
dose; estimated elimination half-life was 44–74 h. About
80 % striatal SERT occupancy was achieved after multiple
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doses of 0.5 mg BMS-820836 at both 8 and 24 h post-dose.
Striatal DAToccupancy ranged between 14% and 35% at 8 h
post-dose with a slight decline at 24 h post-dose.
Conclusions Multiple daily doses of up to 4 mg BMS-820836
appeared to be generally safe and well tolerated in a healthy
population. SERT and DAT occupancies were in a range
associated with therapeutic efficacy of antidepressants. To-
gether with the pharmacokinetic profile of BMS-820836, the
occupancy data support once-daily administration.
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Introduction

Converging lines of evidence indicate that depression and
other mood disorders may be associated with a heterogeneous
dysregulation ofmonoaminergic systems (i.e., those involving
dopamine [DA], norepinephrine [NE], and serotonin [5-HT])
(Garlow and Nemeroff 2004; Millan 2009; Nikolaus et al.
2012). However, current antidepressants, such as the selective
serotonin reuptake inhibitors (SSRIs) or serotonin and norepi-
nephrine reuptake inhibitors (SNRIs), modulate primarily 5-
HT and NE pathways. While these currently available thera-
pies demonstrate efficacy, almost 50 % of depressed patients
may not achieve a full response to therapy (Fava 2003;
Nemeroff 2007; Trivedi et al. 2006b), suggesting that alterna-
tive approaches are needed.

The triple reuptake inhibitor BMS-820836 has been shown
to be an inhibitor of 5-HT, NE, and DA neuronal reuptake
transporters, SERT, NET, and DAT, respectively (Li et al.
2012; Risinger et al. 2014). Compared with the already
established therapy of combined SERT and NET inhibition
in the form of SNRIs, BMS-820836 adds the component of
DAT inhibition. Dopamine neurotransmission is involved in
motivation, pleasure, and reward, all of which can be impact-
ed inmajor depression (Dunlop and Nemeroff 2007).Multiple
studies have suggested that there may be benefits to combin-
ing drugs that have DAT inhibition properties — such as
bupropion (Bodkin et al. 1997; Hirschfeld et al. 2002;
Marshall and Liebowitz 1996; Trivedi et al. 2006a) or meth-
ylphenidate (Lavretsky et al. 2003) — with established ther-
apies like SSRIs or SNRIs. Beneficial effects were observed
across a number of efficacy parameters, including onset of
action (Lavretsky et al. 2003) and response rates (Bodkin et al.
1997; Marshall and Liebowitz 1996; Trivedi et al. 2006a) in
ordinary and treatment-resistant patients. Although a mini-
mum SERT blockade of 80 % has been indicated as a condi-
tion in order to achieve clinical efficacy for SSRI treatment
(Meyer et al. 2001, 2004; Meyer 2007; Voineskos et al. 2007),
the most favorable occupancy levels at NET and DAT need

still to be further evaluated. Moreover, due to extensive inter-
action between monoaminergic pathways (Damsa et al. 2004;
Lane 1998; Morelli et al. 2011; Nikolaus et al. 2012), it is
unknown whether the ranges or threshold occupancies re-
quired for efficacy differ between mono-, dual-, and triple-
reuptake inhibiting drugs. In preclinical testing, BMS-820836
demonstrated a dose-dependent reduction of immobility in the
mouse tail suspension test at the minimum effective dose of
0.3 mg/kg, which yielded SERT, NET, and DAT occupancies
of 86 %, 76 %, and 28 % measured ex vivo, respectively (Li
et al. 2012). In a Phase I single ascending-dose study of BMS-
820836 in healthy subjects, mean striatal SERT occupancies
were 19±9 % and 82±8 % between 7 and 48 h after single
oral doses of 0.5 and 3 mg BMS-820836, respectively; simi-
larly, the mean striatal DAT occupancy was 19±9 % for 3 mg
BMS-820836 (Risinger et al. 2014).

This Phase I study was primarily designed to assess the
safety, tolerability, and pharmacokinetics of BMS-820836
following multiple oral doses of BMS-820836 in healthy
subjects. Further, use of positron emission tomography
(PET) was incorporated in order to provide an early assess-
ment of therapeutic potential of BMS-820836 and to guide
future dose selection. The PET radioligands [11C]MADAM
(Chalon et al. 2003; Halldin et al. 2005; Larsen et al. 2004;
Lundberg et al. 2007) and [11C]PE2I (Chalon et al. 1999;
Emond et al. 1997; Guilloteau et al. 1998; Halldin et al.
2003) were selected to determine the occupancy of BMS-
820836 at SERT and DAT, respectively. NET occupancy
was not determined due to the lack of a validated PET-
radioligand at the time of study initiation. Finally, the relation-
ship between the plasma BMS-820836 concentrations and
estimated transporter occupancies was also explored.

Methods

Study design

This was a randomized, placebo-controlled, double-blind,
multiple ascending-dose study in healthy subjects. Eight sub-
jects were assigned to each of seven independent cohorts.
Each dose cohort was randomized 6:2 to receive BMS-
820836 or matching placebo. BMS-820836 was dosed at
<0.5, 0.5, 1, 2, 3, and 4 mg for males (cohorts 1–6) and at
1 mg for females (cohort 7) as an oral daily dose for 14 days.

The starting dose of 0.5 mg BMS-820836 was based on the
results of the Phase I single ascending-dose study of BMS-
820836 in healthy subjects (Risinger et al. 2014). The design
allowed for the investigation of doses <0.5 mg in cases of
safety or tolerability issues at higher doses and/or relatively
high occupancies at SERTor DAT for the 0.5-mg dose. At this
early stage of drug development, the study was restricted
mainly to males; however, to explore differences between
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the sexes, one dose cohort was assigned to females. For the
female cohort, the BMS-820836 dose used was in the range of
doses previously identified as being safe and well tolerated, as
well as having demonstrated adequate central occupancies in
male subjects.

SERTand DAToccupancies were assessed in subsets of the
male cohorts through the use of PET, and subjects received
either the radioligand [11C]MADAM or [11C]PE2I for SERT
and DAT investigations, respectively. Subjects were randomly
assigned to the PET cohorts, with the restriction that only one
placebo-dosed subject was included per PET cohort. The
active treatment/placebo ratios varied by PETcohorts depend-
ing on the radioligand used and the number of subjects
(Table 1).

Subjects were admitted to the clinical facility on Day −2
and remained in the clinical facility until furlough on Day 20.
Subjects returned to the clinical facility on Day 27 (±2 days)
for study discharge.

Titration was implemented in the 3- and 4-mg dose cohorts
to improve tolerability. Dosing was initiated at 1 mg once
daily with dose up-titration by 1 mg every 3 days up to the
target doses of 3 and 4 mg, respectively. Based on pharmaco-
kinetic simulations, it was projected that with use of this
titration scheme, subjects in the 3-mg dose cohort would attain
97 % of plasma steady-state of BMS-820836 by Day 10.
Subjects in the 4-mg dose cohort were projected to reach
76 % and 93 % of steady-state of BMS-820836 on Days 10
and 14, respectively.

The study was conducted in accordance with the ethical
principles that have their origin in the current Declaration of
Helsinki, and was consistent with International Conference on
Harmonisation Good Clinical Practice and applicable regula-
tory requirements. The study was performed with approval
from the Swedish Medical Products Agency, the local Inde-
pendent Ethics Committee, and the local Radiation Protection
Committee. After complete description of the study to the
subjects, written informed consent was obtained. This trial is
registered with ClinicalTrials.gov (ID: NCT00892840).

Participants: inclusion/exclusion criteria

The study included 49 men (cohorts 1–6) and 8 women
(cohort 7) aged 21–55 years, with a body mass index of 18–
32 kg/m2. In the study population, the mean age ± standard
deviation was 25±3 and 47±12 years at screening for males
and females, respectively. Subjects were screened within
30 days of dosing to determine study eligibility. Main exclu-
sion criteria included a history of or current treatment for
psychiatric disorders or drug abuse, and a recent history of
gastrointestinal disease, cholecystectomy, and any significant
acute or chronic mental illness. Based on a screening visit,
subjects were excluded if there was any evidence of organ
dysfunction or any significant deviation from normal for vital

signs, electrocardiogram (ECG), and clinical laboratory deter-
minations (blood and urine). Women who were pregnant or
breastfeeding were not eligible. Female subjects of childbear-
ing potential were required to use an adequate method of
contraception throughout the study and for 8 weeks after the
last dose of study drug. The progress of eligible subjects from
screening to study completion and analysis is described in
Online Resource 1 (Fig. S1).

Prior to dosing, all eligible subjects had brain magnetic
resonance imaging (MRI) examinations (T1-IR, T2-weighted,
and FLAIR) using a 1.5-Tesla scanner (Philips Healthcare,
Best, The Netherlands) for anatomical information and to
exclude subjects with clinically significant structural brain
abnormalities or abnormalities impairing the ability to inter-
pret the PET data.

Safety and tolerability

During the in-clinic stay, subjects had physical examinations,
vital sign measurements, ECGs, and clinical laboratory evalu-
ations at pre-specified times pre- and post-dose. Subjects were
closely monitored for adverse events (AEs) throughout the
study, and were not discharged until the investigator deter-
mined that ongoing AEs were resolved. Blood and urine
samples were obtained at screening, Day −2 (baseline), post-
dose on Days 2, 8, 14, and 20, and at study discharge. Physical
examinations were performed at the screening visit, pre-dose
on Day 1, and prior to discharge. On Days 1–14, vital sign
measurements, including supine and orthostatic blood pressure

Table 1 Design and randomization of subjects in the PET study

DAT occupancy — PET-radioligand [11C]PE2I

Dose cohort No. of subjects

BMS-820836 Placebo

0.5 mg 3a 1a

1 mg 5 1

2 mg 5 1

3 mg 5 1

4 mg 6 2

Total 24 6

SERT occupancy — PET-radioligand [11C]MADAM

Dose cohort No. of subjects

BMS-820836 Placebo

0.1 mg 3 1

0.25 mg 3 1

0.5 mg 3 1

Total 9 3

DAT dopamine transporter, PET positron emission tomography, SERT
serotonin transporter
a For this dose cohort only one post-dose PET scan was scheduled (Day
10, 8 h post-dose)
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and heart rate, respiratory rate, and temperature, were assessed
at approximately 6 h post-dose, which was expected to coin-
cide with maximum plasma BMS-820836 concentrations.

Additional vital sign measurements were required on Days
15–20 and on Day 27. Blood pressure and heart rate were
recorded continually at 30-min intervals from approximately
30 min pre-dose to 15 h post-dose on Days −1, 1, 5, and 14 by
an automated ambulatory monitor (ABPM; Spacelabs
Healthcare; Snoqualmie, WA, USA).

Pharmacokinetics

BMS-820836 exerts its mechanism of action on DAT, SERT,
and NET as the parent compound and through its major N-
desmethyl metabolite, BMS-821007, which also has substan-
tial affinity with the same monoamine systems (Li et al. 2012;
Risinger et al. 2014). Therefore, serial venous blood samples
were collected on Days 1 and 14, and trough venous blood
samples (minimum concentration [Cmin]) were collected pre-
dose on Days 5, 8, 10, and 12 to characterize the pharmaco-
kinetics of BMS-820836 and its pharmacologically active
metabolite BMS-821007. Venous blood samples were also
collected immediately before and after each PET scan to
determine the mean plasma BMS-820836 and BMS-821007
concentrations during scanning. Plasma samples were ana-
lyzed for BMS-820836 and BMS-821007 by validated liquid
chromatography–tandem mass spectrometric (LC-MS/MS)
assays.

The maximum observed plasma concentration (Cmax)
and time of maximum observed plasma concentration
(Tmax) were directly recorded from the observed pharma-
cokinetic data. Steady-state conditions were checked by
visual inspection of the trough plasma concentrations
obtained pre-dose on various study days. The area under
the concentration–time curve (AUC) in one dosing inter-
val (AUC[TAU]) and plasma half-life (T1/2) were calcu-
lated for Days 1 and 14 using non-compartmental analysis
in Kinetica version 5.0 (Thermo Electron Corporation,
Philadelphia, PA, USA). The accumulation index was
determined as the ratio of AUC(TAU) at steady-state
(Day 14) to AUC(TAU) after the first dose (Day 1). The
dose proportionality of the pharmacokinetic parameters
BMS-820836 Cmax and AUC(TAU) on study Day 14
was assessed by a power model: y = A × Doseβ (Gough
et al. 1995), where y is either Cmax or AUC(TAU). Fol-
lowing logarithmic transformation, A is the intercept and
β is the slope, where β=1 indicates perfect dose propor-
tionality. The dose proportionality assessment only in-
cluded dose panels from 0.1 to 2 mg once daily in the
male subjects; the 1-mg female cohort and the 3- and 4-
mg titration cohorts were excluded to avoid confounding
factors of sex and titration. A simple Emax model was
used to estimate the relationships between BMS-820836

plasma concentrations and SERT or DAT occupancy
(Phoenix WinNonlin 6.2; Pharsight, Cary, NC, USA).

Positron emission tomography

Assigned participants underwent three PET scans: one scan 4
to 6 days prior to dosing and two scans at anticipated plasma
steady-state conditions following daily dosing of BMS-
820836. For logistical reasons, the first post-dosing scan was
conducted on Day 10 or 11 (8 h post-dose) and the second
post-dose scan was performed on Day 15 (24 h post-dose).

Radioligands were synthesized following reported
methods for [11C]MADAM (Tarkiainen et al. 2001) and
[11C]PE2I (Halldin et al. 2003; Hirvonen et al. 2008). The
mean specific radioactivity of the delivered tracer batches was
95 and 75 GBq/μmol for [11C]MADAM and [11C]PE2I,
respectively. The PET investigations were performed on an
ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, TN,
USA), enabling the acquisition of 63 contiguous planes of
data with a size of 2.46 mm each. A 10-min transmission scan
was performed in two-dimensional mode prior to tracer injec-
tion for attenuation correction. Following the transmission
scan, either [11C]MADAM or [11C]PE2I (in both cases about
250–350 MBq) was administered intravenously as a bolus
injection via a venous cannula in the arm of the subject.
Simultaneously, a dynamic emission scan sequence was
started in three-dimensional mode. The emission scans
consisted of 22 time-frames with progressive frame duration
(4×60, 2×120, 4×180, and 12×300 s) and total duration of
80 min. Dynamic images were reconstructed using ordered
subset expectation maximization, using six iterations and
eight subsets, a 4-mm Hanning post-filter, and application of
corrections for deadtime, tissue attenuation, decay, scatter, and
randoms.

The PET data analyses were performed by two experienced
raters who were blinded to the treatment allocation, following
a standard protocol and cross-checking the results. For each
subject, the dynamic PET images were realigned (1) within
scans to adjust for subject movements during scanning, and
(2) between scans to adjust for different positions in the
scanner on the three occasions. The T1-IR MRI scan, which
provided anatomical information, was co-registered with the
realigned PET scans using a summation image to enable a
proper delineation of the regions of interest (ROIs) in the PET
data.

The considered ROIs were cerebellum and striatum,
comprising putamen and nucleus caudatus, which were
all delineated bilaterally, in four consecutive slices, for
both [11C]MADAM and [11C]PE2I examinations. In
contrast to DAT, SERT is widely distributed throughout
the brain, and the single ascending-dose study of BMS-
820836 (Risinger et al. 2014) demonstrated that the
approximate 80 % SERT occupancy observed in the
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striatum, as the primary ROI, was also obtained in
cortical and subcortical regions. Based on those results,
it was decided to focus on striatal SERT occupancy,
which would also be a marker for levels of SERT
occupancy throughout the brain.

After outlining of the ROIs, regional time–activity (TAC)
data were generated in each dynamic scan representing the
levels of radioactivity over time, and were adjusted for the
subject’s body weight and administered dose of radioactivity.
These steps were conducted using VOIager software (GE
Healthcare, Uppsala, Sweden).

Tracer kinetic analyses of the TAC data were implemented
using a simplified reference tissue model (Hirvonen et al.
2008; Lammertsma and Hume 1996; Lundberg et al. 2005),
with striatum as target region and cerebellum as reference
region. Previous studies have shown that cerebellum does
not have specific binding of [11C]MADAM (Halldin et al.
2005; Lundberg et al. 2005) or [11C]PE2I (Hall et al. 1999;
Halldin et al. 2003). The model parameters were estimated by
a nonlinear least squares method using in-house MATLAB
routines. The percentage of striatal SERT and DAT occupan-
cies was calculated as the relative difference between the
estimated binding potential in the baseline scan (BPbase) and
the post-dose scans (BPpd):

DAT or SERT occupancy ¼ BPbase−BPpd
BPbase

� 100%:

Results

Safety and tolerability

The most common AEs are listed in Table 2. Most reported
AEs were mild to moderate in intensity (95 %) as judged by
the investigator. However, three out of 57 subjects did not
complete the protocol due to severe AEs; one subject was
replaced. In the 3-mg titration cohort, one subject, who re-
ceived 1 mg BMS-820836 as part of the dose titration,
discontinued on Day 2 due to persistent dry mouth, tremor,
and cold sweat. The subject was replaced, as termination
occurred at an early stage and there were no significant safety
issues in a prior 1-mg cohort. In the same dose cohort, a
placebo-treated subject terminated the study on Day 14 due
to suicidal ideation. Finally, in the 4-mg titration cohort, one
subject discontinued on Day 7 (after the first dose of 3 mg
BMS-820836) due to persistent oropharyngeal discomfort and
hypersensitivity.

The mean differences in supine blood pressure and heart
rate between baseline and Day 14 are depicted in Fig. 1.
Generally, supine blood pressure increased during BMS-
820836 treatment, but no consistent dose–response pattern

was observed. A dose–response relationship was observed in
the mean change from baseline in supine heart rate, with the
greatest increases noticed for 1–4 mg BMS-820836. A similar
result, although less distinct, was observed in orthostatic
change in heart rate for 2–4 mg doses, but without any
substantial change in orthostatic blood pressure compared
with placebo (Online Resource 2 [Fig. S2]). Similar effects
were observed with the ABPM data. No dose-related patterns
were observed in heart rate adjusted QT interval.

There were no AEs related to laboratory evaluations during
the study. There were no clinically meaningful changes over
time in any hematology, serum chemistry, or urinalysis
parameters.

Pharmacokinetics

A summary of the pharmacokinetic parameters for BMS-
820836, on Days 1 and 14, is presented in Table 3. Median
Tmax values ranged from 4.0 to 5.5 h among dose cohorts on
Days 1 and 14. Cmax and AUC(TAU) were slightly less than
dose-proportional in the male subjects following 0.1–2 mg
once daily. There was approximately a 2.7- to 4.6-fold accu-
mulation, determined by AUC(TAU), by Day 14, following
0.1–2 mg once daily. The mean apparent elimination T1/2
ranged from 44 to 74 h. There were no apparent sex differ-
ences in the pharmacokinetics of 1 mg BMS-820836 in the
study. BMS-820836 reached steady-state around Day 10 fol-
lowing 0.1–2 mg once daily and for 50 % of the subjects
following 3-mg titration. For the 4-mg dose cohort, steady-
state was not attained on Day 10, but was nearly achieved on
Day 14 (Online Resource 3 [Fig. S3]).

The AUC(TAU) of the pharmacologically active metabo-
lite BMS-821007 was approximately 12 % of BMS-820836
AUC(TAU) by Day 14. A similar result was found for all
investigated doses, and for male and female subjects in the 1-
mg dose cohorts (data not shown). The Cmax and AUC(TAU)
of BMS-821007 increased slightly less than proportionally to
dose, and the median Tmax ranged from 5.1 to 9.0 h for the
different dose cohorts. The mean T1/2 ranged between 157 and
276 h, which was approximately 3- to 4-fold longer than that
of the parent compound. In all dose cohorts, BMS-821007 did
not appear to have attained steady-state by Day 14. Based on
simulation, steady-state is projected to be achieved around
Day 30 of daily dosing and not to exceed 20 % of the parent
compound.

SERT and DAT occupancies

In total, 43 male subjects were enrolled in various PET
cohorts; 41 of these subjects were included in the data
presented. The replaced subject (from the 3-mg dose
cohort), as indicated previously, was not considered, as
this subject had no post-dosing scans. In the 4-mg dose

Psychopharmacology (2015) 232:529–540 533



cohort, one subject was excluded because drug adminis-
tration was terminated on Day 7, which made the sub-
ject’s final PET scan on Day 10 not comparable with
those from other subjects. Further, in the 2-mg dose
cohort two subjects had no 24-h PET assessment due to
technical issues in tracer production.

PET images illustrating [11C]MADAM uptake (prior to
dosing and at expected steady-state conditions after multiple
doses of 0.5 mg BMS-820836), mean striatal SERT occupan-
cies for various dose cohorts, and the relationship between
BMS-820836 plasma concentrations and striatal SERT occu-
pancies are depicted in Fig. 2. The mean striatal SERT occu-
pancy was 79 % for 0.5 mg BMS-820836 at both 8 and 24 h

post-dosing. Having achieved a SERT occupancy around
80 %, we decided to investigate doses of 0.25 and 0.1 mg
BMS-820836 in one dose cohort. For these doses, the mean
striatal SERToccupancies ranged between 65% and 70% and
also remained at a similar level at 24 h post-dosing (Online
Resource 4 [Table S1]). The relationship between plasma
BMS-820836 concentrations and striatal SERT occupancies
indicated that occupancies were approaching a plateau at the
doses tested, with an estimated maximum SERToccupancy of
79 % at steady-state conditions.

Similar results are presented for DAT in Fig. 3. The mean
striatal DAT occupancies ranged between 14 % and 35 %
following multiple doses of 0.5–4.0 mg BMS-820836 (Online

Table 2 Summary of adverse events reported per dose cohort or placebo treatment

BMS-820836 dose cohorts

Males Females Both genders Total no. per
event

Eventa 0.1 mg
(n=3)

0.25 mg
(n=3)

0.5 mg
(n=6)

1 mg
(n=6)

2 mg
(n=6)

3 mg
(n=7)b

4 mg
(n=6)

1 mg
(n=6)

Placebo
(n=14)

Headache 1 1 0 1 1 3 4 3 6 20

Fatigue 1 0 0 3 4 5 1 2 2 18

Decreased
appetite

0 0 0 1 3 3 3 4 1 15

Dizziness 1 0 0 3 1 3 2 2 1 13

Dry mouth 0 0 0 0 2 4 0 3 0 9

Euphoric mood 0 0 0 1 5 0 1 2 0 9

Restlessness 0 0 0 0 4 3 1 0 0 8

Tremor 0 0 0 1 1 3 2 0 0 7

Insomnia 0 0 0 0 2 3 1 0 1 7

Muscle
tightness

1 0 0 1 2 1 1 0 0 6

Nausea 0 0 0 1 0 0 4 0 1 6

aData are number of reported adverse events. Events included had an occurrence of ≥10 % in all subjects treated with BMS-820836
bOne subject discontinued on Day 1 and was replaced
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Resource 5 [Table S2]). Mean striatal DAToccupancy of 35%
was obtained for both 3 and 4 mg BMS-820836 at 8 h post-
dose, which declined to approximately 30% at 24 h post-dose.
Based on modeling of the relationship between BMS-820836
plasma concentrations and DAT occupancies, the maximum
DAT occupancy was estimated to be 68 % at steady-state
conditions.

Discussion

This paper describes the first clinical study in which multiple
doses of the novel triple reuptake inhibitor BMS-820836 were
evaluated simultaneously with respect to safety, tolerability,
and pharmacokinetics, as well as DAT and SERT occupancy.
Overall, there were no major safety concerns for doses up to
4 mg BMS-820836 in these healthy subjects. The SERT and
DAT occupancy results were consistent with the preclinical
occupancy profile of BMS-820836 (Li et al. 2012) and the
SERT occupancy was in the range associated with efficacious
antidepressants (Meyer et al. 2004). Relatively low doses of
BMS-820836 (≤0.5 mg/day) appeared to saturate SERT at a
level of approximately 70–80 %. Previously, it was

demonstrated in the single-dose study that approximate
80 % striatal SERT occupancy corresponded well with SERT
occupancies achieved for cortical and other subcortical re-
gions (Risinger et al. 2014). Hence, it is anticipated that in
the current study, close to 80 % SERT occupancy was
achieved throughout the brain after multiple doses of 0.5 mg
BMS-820836 at both 8 and 24 h post-dose. A near-linear
relationship between dose level and mean DAT occupancy
was observed for BMS-820836 doses of 1–3 mg at both 8 and
24 h post-dose, comprising occupancy values of 20–35 %.
The pharmacokinetic and occupancy profiles of BMS-820836
revealed a long plasma half-life for BMS-820836 and its
pharmacologically active metabolite BMS-821007, as well
as a long duration of brain occupancies, which supported
once-daily dosing. Altogether, these results demonstrated an
important mechanism of action of BMS-820836 in humans
and justified further investigation of BMS-820836 in Phase II
clinical studies.

One of the primary aims was to evaluate the safety profile
in healthy subjects after multiple doses of BMS-820836. Only
three out of 57 subjects terminated drug administration pre-
maturely, and one of these three was treated with placebo.
Most AEs were mild to moderate in intensity and were con-
sistent with those of current antidepressants. Several of the
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Fig. 2 Serotonin transporter
occupancy. Left: uptake of
[11C]MADAM at the level of
basal ganglia, expressed relative
to uptake in cerebellum, for a
single subject prior to dosing
(baseline) as well as at 8 and 24 h
post-dose at anticipated steady-
state conditions following
multiple doses of 0.5 mg BMS-
820836. Right: striatal SERT
occupancy following once-daily
dosing of 0.1–0.5 mg BMS-
820836. Top: SERT occupancy at
8 and 24 h post-dose. Bottom:
BMS-820836 plasma
concentration versus SERT
occupancy using the individual
data and a simple Emax model.
Note: the estimated parameters
(CV) were: Emax=79 % (7),
EC50=105 pg/ml (54), and E0=
8 % (39). CV coefficient of
variation, E0 the effect of the
concurrent therapy based on
placebo treatment, EC50 the
BMS-820836 concentration at the
half of maximum SERT
occupancy, Emaxmaximum SERT
occupancy at steady-state
conditions, SD standard
deviation, SERT serotonin
transporter
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observed AEs, such as decreased appetite, euphoric mood,
restlessness, insomnia, and tremor, could potentially be related
to a substantial blockade of DAT and consequently enhanced
amounts of endogenous DA. However, we cannot attribute
these AEs entirely to alterations of the dopaminergic system,
as BMS-820836 is a triple reuptake inhibitor and there is
broad evidence of interdependency between monoaminergic
systems (Damsa et al. 2004; Lane 1998; Morelli et al. 2011;
Nikolaus et al. 2012). Nonetheless, the apparent marked dose-
related increase in euphoria, when starting doses were in-
creased from 0.5 to 2 mg BMS-820836, is not usually seen
with SERT and/or NET inhibitors.

The descriptive heart and blood pressure data showed
an increase in heart rate proportional to doses of BMS-
820836, which is consistent with the mechanism of ac-
tion of the drug, whereas no dose-response relationship
was observed for blood pressure. Cardiovascular effects
have been previously associated with inhibition of NET.
Sibutramine, an anti-obesity agent mainly acting on
SERT and NET, showed an increased risk of cardiovas-
cular side effects (James et al. 2010) and was recently
withdrawn from the US and Canadian markets. Although
NET occupancy was not assessed in this study, in vitro
and in vivo preclinical experiments show substantial

inhibition of NET (Li et al. 2012). This Phase I study
was not powered to detect significant differences in heart
rate and blood pressure, and the current findings need to
be investigated further.

The pharmacokinetics following 3- and 4-mg titration
schemes confirmed that plasma steady-state conditions were
not attained by Day 10 for the 4-mg dose cohort and were
accomplished only in part for the 3-mg cohort. As a conse-
quence, for these doses, the DAToccupancies at 8 h post-dose
may have been underestimated. Based on Day 14 pharmaco-
kinetics and the assessed relationship between plasma BMS-
820836 concentrations and DAT occupancy, we projected an
underestimation of approximately 5–10% and 15–20% of the
mean occupancy at 8 h post-dose for the 3- and 4-mg dose
cohorts, respectively. Although near steady-state conditions
were reached for BMS-820836, these conditions were not
reached for the active metabolite BMS-821007 due to its
estimated long plasma half-life. Further, steady-state of plas-
ma pharmacokinetics does not necessarily imply similar con-
ditions for brain kinetics. It was expected that half-life of
BMS-820836 would be greater in the brain than in plasma,
as BMS-820836 is a typical lipophilic compound (data on
file), which tends to persist in the brain. This was consistent
with the relative slow decline in occupancy, especially SERT

Fig. 3 Dopamine transporter
occupancy. Left: uptake of
[11C]PE2I at the level of basal
ganglia, expressed relative to
uptake in cerebellum, for a single
subject prior to dosing (baseline)
as well as at 8 and 24 h post-dose
at anticipated steady-state
conditions following multiple
doses of 3 mg BMS-820836.
Right: striatal DAT occupancy
following once-daily dosing of
0.5–4 mg BMS-820836. Top:
DAT occupancy at 8 and 24 h
post-dose. Bottom: BMS-820836
plasma concentration versus DAT
occupancy using the individual
data and a simple Emax model.
Note: the estimated parameters
(CV) were: Emax (CV%)=68 %
(43), EC50=20,639 pg/ml (72),
and E0=12% (16).CV coefficient
of variation, DAT dopamine
transporter, E0 effect of the
concurrent therapy based on
placebo treatment, EC50 the
BMS-820836 concentration at the
half of maximum DAT
occupancy, Emax maximum DAT
occupancy at steady-state
conditions, SD standard deviation
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occupancy, from 8 to 24 h post-dose. Brain penetration of
triple monoamine inhibitors may also provoke a cascade of
neurochemical events that affect monoamine transporter avail-
abilities. Altogether, this may have consequences for the
occupancy levels (especially DAT) in subsequent patient stud-
ies of longer duration.

There is an emerging consensus that after SSRI or SNRI
treatment, SERToccupancy of approximately 80% is required
to increase central serotonin levels to the degree that most
therapeutic effects can occur (Meyer et al. 2001, 2004; Meyer
2007; Voineskos et al. 2007). In clinical treatment studies,
Meyer and co-workers demonstrated that for five established
SSRIs and SNRIs (citalopram, fluoxetine, paroxetine, sertra-
line, and venlafaxine), the striatal SERT occupancy was near
80 %. This level was already accomplished at minimum
therapeutic doses (Meyer et al. 2001, 2004; Meyer 2007),
which was consistent with our findings. For DAT, therapeutic
effects are expected at relatively low levels of DAT inhibition.
For bupropion, a DA-NE reuptake inhibitor that has been used
favorably in pharmacotherapy with SSRIs or SNRIs, striatal
DAT occupancies were generally low, varying from 14 % to
26 %, after repeated therapeutic doses in healthy volunteers
(Learned-Coughlin et al. 2003) and depressed patients
(Argyelan et al. 2005; Meyer et al. 2002). Knowledge is
limited regarding an optimum NET inhibition in humans, in
part due to lack of a generally accepted PET radioligand.
However, the optimal occupancy profile required for a triple
reuptake inhibitor might be different from mono- and dual
reuptake-inhibiting drugs, such as SSRIs and SNRIs.

The occupancy results can be compared with the Phase I
single-ascending dose study of BMS-830836 (Risinger et al.
2014) and with clinical reports from at least two other triple
reuptake inhibitors in early drug development (Comley et al.
2013; DeLorenzo et al. 2011). In these studies, DAT and
SERT occupancies were assessed using PET and the
radioligands [11C]PE2I and [11C]DASB, respectively, in
healthy volunteers, following single doses of the novel com-
pounds. After single oral doses of 3 mg BMS-820836, the
estimated DAT and SERT occupancies were in the range
where therapeutic effects are expected to occur (Risinger
et al. 2014), whereas the current study demonstrated that these
occupancy levels can be achieved for relatively low multiple
oral doses of BMS-830836. For the novel compound SEP-
255289 (DeLorenzo et al. 2011), mean DAT occupancies
ranged between 33% and 49% for three different single doses
of SEP-255289, resulting in an estimated maximum DAT
occupancy of 85 %, whereas the SERT occupancies were
generally below 20 %, despite in vitro potencies similar to
DAT. For another novel compound (Comley et al. 2013), well-
tolerated single doses of GSK1360707 were able to produce
high SERToccupancies and moderate DAToccupancies, up to
approximately 70 % and 60 %, respectively. Both SERT and
DAToccupancies showed a similar linear proportionality with

GSK1360707 plasma concentrations, whereas a level of sat-
uration was not reached.

This Phase I study was an important step in the drug
development process of BMS-820836. Certainly, the current
study has some limitations, but due to the nature of the drug
development process, questions need to be answered in con-
secutive Phase II studies, in male and female patients, using
adequately powered samples of the target population, and
having longer durations of treatment. One limitation was that
this study was performed mainly in males, whereas safety and
tolerability may differ between the sexes. Hospitalization of
subjects was determined as necessary, but it may have affected
some outcome parameters as a result of continuous care and
social processes. In the 3- and 4-mg dose cohorts, titration was
implemented to extend tolerability, which interfered with the
establishment of steady-state conditions. As a consequence,
the maximum tolerable dose and DAT occupancy were not
established. Further, there was no clinical interview by a
psychiatrist to confirm that the enrolled subjects were free
from any psychiatric disorder. However, during the screening
procedure, subjects were interviewed with regard to their
medical history; subjects could be excluded on the basis of
any sound medical, psychiatric, and/or social reason as deter-
mined by the investigator. Despite these minor limitations, the
study design allowed consistent data acquisition for all dose
cohorts.

In conclusion, the results of this Phase I study demonstrate
an important mechanism of action of BMS-820836, a triple
reuptake inhibitor, on the monoamine targets in healthy sub-
jects. Levels of SERT and DAT occupancy were in a range
associated with therapeutic efficacy of current antidepressants,
following generally safe and well-tolerated multiple doses of
up to 4 mg BMS-820836. Further evaluation is required in
Phase II trials to determine overall antidepressant efficacy,
safety, tolerability, and occurrence of side effects, in large
cohorts of patients with major depressive disorder.
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