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Introduction

SUMMARY

Introduction: SEP-432 is a triple monoamine reuptake inhibitor of norepinephrine (NE),
serotonin (5-HT), and dopamine (DA), based on in vitro binding studies. We sought evi-
dence that SEP-432 engages these monoamine systems by measuring concentrations of
monoamines and/or their main metabolites in cerebrospinal fluid (CSF) and plasma and
comparing results to duloxetine, a dual reuptake inhibitor of NE and 5-HT. Methods: Eigh-
teen healthy normal subjects received either SEP-432 (300 mg/day), duloxetine (60 mg/
day), or placebo for 14 days in-clinic (double blind) with CSF and plasma collections at
baseline (single lumbar puncture) and Day 14 (24-h CSF and plasma collection). Concen-
trations of monoamines and their metabolites, as well as pharmacokinetic concentrations of
SEP-432 and metabolite, were quantified by liquid chromatography-tandem mass
spectrometry. Results: Compared to placebo in the Day 14 area under the curve 24-h
(AUCp 24 1) analysis, SEP-432 significantly (P < 0.05) decreased the NE metabolite dihy-
droxyphenylglycol (DHPG) in CSF and plasma, decreased 5-HT in plasma, and did not affect
DA metabolites, while duloxetine had significant effects on DHPG and 5-HT. Time-matched
baseline to Day 14 biomarker comparisons confirmed these findings. Conclusion: CSF
monoamine biomarkers confirmed central NET activity for SEP-432 and duloxetine’s dual
reuptake inhibition.

compound. Both SEP-432 and its metabolite exert their greatest
potency effect on NE reuptake, followed by reduced effects on

Monoamine biomarkers have been used to elucidate the mecha-
nism of action of antidepressants [1,2]. Previous patient studies
have documented drug-induced effects on CSF concentrations of
5-hydroxyindoleacetic acid (5-HIAA, the primary metabolite of
serotonin, 5-HT), dihydroxyphenylglycol and 3-methoxy-4-
hydroxyphenylglycol (respectively, DHPG and MHPG—nore-
pinephrine [NE] metabolites), and homovanillic acid (HVA,
metabolite of dopamine [DA]) [3-8]. However, with a few excep-
tions, measurement of CSF monoamines has generally not been
applied to early drug development [9].

The drug candidate SEP-432 ((1s,4s)-4-(3,4-dichlorophenyl)-
4-((dimethylamino)methyl)-1-methylcyclohexanol) has
shown in vitro to be an unbalanced triple reuptake inhibitor
[10] and was under development for the potential indications of
depression and neuropathic pain. SEP-432 is extensively metab-
olized to SEP-431 by demethylation. The metabolite is also a
reuptake inhibitor in vitro, although less potent than the parent

been
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5-HT and DA [10]. Increasing activity of all three biogenic
amine neurotransmitters simultaneously through monoamine
transporter inhibition could provide advantages in efficacy and
speed of onset over currently marketed antidepressants. Single
and multiple dose studies were initially conducted to determine
the safety and tolerability of SEP-432. A maximally tolerated
dose (MTD) of 300 mg/day was previously defined in healthy
subjects.

This study was carried out to characterize the monoamine
profile in CSF and plasma of SEP-432 compared to those effects
following duloxetine administration. Duloxetine was selected as
the comparator due to its specificity of action as a norepinephrine
and serotonin reuptake inhibitor [11]. It was hypothesized that
SEP-432 would demonstrate biomarker changes consistent with
NE transporter (NET) and 5-HT transporter inhibition similar to
duloxetine, as well as DA transporter inhibition as evidenced by
modulation of DA metabolites.

© 2016 John Wiley & Sons Ltd
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Materials and Methods

The study was approved by the institutional review board Integ-
Review in Austin, Texas. Each study subject signed an IRB-
approved informed consent form prior to study participation.

Study Design

Up to 30 healthy subjects could be enrolled to receive SEP-432,
duloxetine, or placebo (QD in the morning) for 14 days in an
inpatient research unit, with the goal of completing at least seven
subjects on each of the active treatments and 4 subjects on pla-
cebo. Treatment was given for 14 days to allow sufficient time to
attain steady state in the central nervous system. The study was
conducted on a double-blind basis to subjects and clinical staff; the
pharmacist who prepared study drug was unblinded. The dosing
schedule, which employed a 3-day initial titration for both active
compounds, was as follows:
1. SEP-432 was dosed at 40 mg QD for 3 days, then at 300 mg
QD for 11 days
2. Duloxetine was dosed at 30 mg QD for 3 days, then 60 mg
QD for 11 days
3. Placebo was dosed QD for 14 days

Subjects underwent daily safety and routine psychiatric scale
evaluations at set times during the inpatient period.

Plasma biomarkers were collected in the supine position, pre-
dose, on days 1 and 14, and NE and DHPG were collected in the
standing positions predose on days 1, 7, and 13 to coincide with
postural testing [12]. Postural testing (subjects standing still, as
motionless as possible, for 10 min after being supine for 5 min)
was carried out predose on days 1, 7, and 13. On Day 14, plasma
biomarkers were collected in the supine position only. Blood sam-
ples for SEP-432 and SEP-431 pharmacokinetic (PK) analysis were
drawn predose and 0.25, 0.5, 0.75, 2, 3, 4, 6, 8, 10, 12, 16, 18, 20,
and 24 h postdose on Day 14. Blood samples were collected from
all subjects, but only the samples from subjects dosed with SEP-
432 were analyzed for SEP-432 and SEP-431 PK as duloxetine PK
is well known [13]. The clinic sent all PK samples to an indepen-
dent laboratory, which unblinded samples prior to the analysis.
On Day 0 and Day 14, lumbar puncture was performed and an
indwelling catheter was inserted for repeated CSF sampling on
Day 14 predose and 2, 4, 6, 8, 10, 12, 16, 18, 20, and 24 h postdose
for analysis of CSF PK and CSF biomarkers.

Subjects were discharged from the clinical research unit after
completing a 3-day observation period and safety evaluations.
Subjects later returned to the clinic for three outpatient safety
assessments.

Inclusion and Exclusion Criteria for Subjects

This study was conducted in healthy male and nonpregnant, non-
nursing female subjects between 21 and 50 years old. Subjects
were screened by medical history, physical examination, electro-
cardiogram (ECG), routine laboratory tests, and urine drug screen
and could not have any clinically relevant medical conditions,
psychiatric disorder (including assessment with the C-SSRS;

retrieved from http://www.cssrs.columbia.edu/), or blood
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donation. They were screened to ensure no history of substance
abuse in the past 12 months, and no recent use of prescription or
nonprescription drugs, vitamins, dietary, or herbal supplements.
Subjects were also screened to ensure that they had no conditions
or surgeries that would complicate lumbar puncture; this included
an X-ray of the lumbar spine to rule out any anatomical abnor-
malities, and a careful history for any recent febrile illnesses/in-
flammations near the lumbar puncture site, or a history of
headaches. Subjects were required to refrain from taking alcohol,
acetaminophen, and caffeine within 48 h prior to in-clinic admis-
sion and to refrain from smoking 30 days prior to signing the
informed consent and for the entire duration of participation.
Subjects refrained from exercise from the time of in-clinic admis-
sion until the end of the study. Subjects fasted from 8:00 pm the
night before laboratory sample collections were planned.

Study Drug Materials

The study drug was a solid formulation of SEP-432 (maleate salt)
blended with excipients and filled into a Swedish orange capsule.
Placebo was a matching capsule. Duloxetine was sourced as com-
mercial Cymbalta® 30 mg oral capsules and was over-encapsu-
lated into a dark brown capsule. Each subject received the same
number of orange and brown capsules.

Plasma and CSF Sample Collections
Plasma Monoamine Sample Collection

For each time point, two K2-EDTA Vacutainer tubes (6 and
10 mL) were used to draw whole blood via venipuncture. The
whole blood tubes were kept on wet ice for no more than 30 min
before they were centrifuged at 1100 g for 10 min at 4°C to pro-
duce platelet-poor plasma. The resulting plasma from the 6-mL
tube was removed and stored in a polypropylene cryovial at
—70°C. For each 1 mL of whole blood collected, about 0.4 mL of
plasma was extracted. The resulting plasma from the 10 mL tube
was used for the acid stabilized samples. Four milliliters of plasma
was removed and added to a polypropylene cryovial containing
0.2 mL of 2.4N hydrochloric acid. The sample was capped, mixed
briefly, and stored at —70°C.

CSF Sample Collection

CSF sampling was performed for PK and biomarkers on Day 0 and
Day 14. All subjects underwent PK draws, but only SEP-432 and
its metabolite concentrations were analyzed. Tygon tubing was
used for CSF collection. The total CSF volume collected for each
sample for the biomarker assays was 6 mL (2 mL of untreated,
4 mL of stabilized CSF). A single lumbar puncture in the L-3 or
L-4 space was performed in the supine position predose on Day 0
after 8 h of IV fluids for the baseline CSF PK and CSF biomarkers.
The IV fluids were discontinued 12 h after completion of CSF col-
lection procedures. On Day 14 in the morning, a CSF catheter was
placed in the L-3 or L-4 space after 8 h of IV fluids overnight, and
CSF sampling was conducted in the supine position at predose
and at 2, 4, 6, 8, 10, 12, 16, 18, 20, and 24 h postdose for PK and
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biomarker samples. The first I mL of CSF fluid was sent to the lab-
oratory for immediate analysis of protein, glucose, and cell count
with differential. For each time point, a 2 mL untreated CSF sam-
ple was collected into a polypropylene cryovial kept on wet ice.
This sample was capped and placed at —70°C within 30 min of
collection. A second 4 mL CSF sample was collected into a
polypropylene cryovial containing 0.2 mL of 2.4N hydrochloric
acid kept on wet ice. This sample was capped, mixed briefly, and
placed at —70°C within 30 min of collection.

Extraction and Analysis of Monoamines and
Monoamine Metabolites

Quantitative analyses employed 10 validated liquid chromatogra-
phy-tandem mass spectrometry (LC-MS-MS) methods: five dis-
tinct methods were used for plasma and CSF biomarker
extraction, including: one method for NE and DHPG extraction
[14-16]; one method for 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) extraction [15-17]; one
method for 5-HIAA extraction [15-17]; and one method for 5-HT
extraction [15,16].

Qualifying quality control (QC) samples from high, medium,
and low pools were processed along with each study sample run.
Samples were extracted and injected onto a Sciex API 5000 LC-
MS-MS equipped with an HPLC column. For the analysis, the
peak areas of each analyte were compared to their corresponding
stable labeled internal standards to provide a normalized instru-
ment response. The concentrations of the calibration standards
were compared with their peak responses and fitted by a weighted
linear least-squares regression analysis. Only data with accuracy
between 85% and 115% of theoretical concentrations for internal
standards and QC were used. Monoamine biomarkers were ana-
lyzed within several weeks of their collection, except in a few
instances when repeats were necessary, and were well within
validated storage stability timeframes (ranging from 15.6 weeks
for 5-HIAA in CSF to 164.6 weeks for DOPAC and HVA in CSF).

LC-MS/MS Method for Measurement of SEP-432
and SEP-431 in Human Plasma and CSF

An LC-MS/MS method (API 4000; SCIEX, AB Sciex LLC, Fra-
mingham, MA, USA) for simultaneously determining SEP-432
and SEP-431 concentrations in lithium heparin-anticoagulated
human plasma was developed and validated for a range of
0.05-50 ng/mL. The peak area ratio of the compound to the
corresponding internal standard was used in calculating analyte
concentrations in plasma using a concentration-inverted linear
least-squares regression algorithm. Analyst software 1.4.2 (AB
Sciex LLC, Framingham, MA, USA)was used for data acquisition,
peak integration, and concentration calculation. Human CSF sam-
ples were measured using a validated curve range of 0.05-25 ng/
mL by LC-MS/MS (API 5000; Sciex) with plasma as surrogate
matrix.

Statistical Analysis

For continuous measures, statistical summaries for absolute value
and change from baseline at each time point included the number
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of subjects, mean, and standard deviation. Change from baseline
values (including plasma NE and DHPG in the postural test) and
changes in AUC »4 1 (ten values per subject on Day 14) biomar-
ker values (comparing active groups to placebo) were calculated
as follow-up value minus baseline value and analyzed by the Wil-
coxon signed rank test (two tailed with significance at P < 0.05
using the GraphPad Prism version 6.0f program for Macintosh,
GraphPad Software, La Jolla, CA, USA, www.graphpad.com). The
Day 14 CSF and plasma AUCy »4 1, analyses were conducted for
subjects who had complete data collections, while the Day 1-14
comparisons utilized all available data, including from subjects
who ended the study early. Hypothesis tests and associated
P-values are considered exploratory and were not adjusted for
multiplicity.

The plasma and CSF PK parameters for SEP-432 were estimated
using a noncompartmental method with WinNonlin software,
version 5.2, Pharsight Corporation (Princeton, NJ, USA).

Results

Twenty-six (26) healthy normal subjects (19 males, 7 females;
mean age 36 years) were randomized in the study. Sixteen
(61.5%) of the 26 subjects were Caucasian, eight (30.8%) were
African American, and 2 (7.7%) were American Indian. The mean
age was 31.3 years (range 21-50 years). Mean BMI was 26 kg/m2
(range 19-31 kg/m?).

Eighteen subjects randomized to 300 mg SEP-432 (7 subjects),
60 mg duloxetine (7 subjects), or placebo (4 subjects), completed
the study through Day 14 collections. Of the 26 randomized sub-
jects, 8 (34.6%) subjects discontinued from the study due to the
following reasons: vomiting (1), lack of CSF flow on Day 14 (4),
voluntary withdrawal from study (1), and other reasons not
related to study drug (2).

Monoamine Biomarkers

The end of treatment (Day 14) CSF and plasma biomarker concen-
trations obtained during the 24-h period were analyzed, and the
area under curve values (AUCy ,4 ) were calculated. Values for
SEP-432 were compared to those for placebo and for duloxetine.
As seen in Table 1, the concentrations of DHPG and of 5-HIAA
were 2- to 4-fold higher in the CSF than in plasma (P < 0.05 &
P < 0.01, respectively). In the case of DOPAC, the results showed
the opposite effect.

In the CSF, both SEP-432 and duloxetine significantly increased
NE and decreased DHPG compared to placebo, with SEP-432 hav-
ing a greater effect than duloxetine. SEP-432 decreased DHPG 39%
compared to placebo, while duloxetine decreased DHPG 28% com-
pared to placebo. The maximal decrease in DHPG for SEP-432
occurred at approximately 6 h postdose on Day 14 in CSF (Fig-
ure 1). Only duloxetine significantly increased 5-HT concentrations
in CSF, with maximal increase in 5-HT concentrations occurring
4 h postdose (Figure 2). Compared to placebo values, mean plasma
DHPG and 5-HT decreased significantly on Day 14 for subjects trea-
ted with SEP-432 (300 mg/day) or duloxetine (60 mg/day).
DOPAC and HVA were unaffected in CSF and plasma.

Comparison of the single CSF time points drawn at the same
time on Day 1 (predose) and Day 14 (just prior to the last dose)

© 2016 John Wiley & Sons Ltd
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Table 1 Day 14 CSF and plasma catecholamine exposure (AUCq 24 1) for DHPG, NE, 5-HIAA, 5-HT, DOPAC, and HVA after steady-state dosing of

placebo, SEP-432 (300 mg), or Duloxetine (60 mg)

CSF Plasma
DHPG AUCq 24 NE AUCo 24 DHPG AUCq 24 NE AUCo 24
(ng x h/mL) (ng x h/mL) (ng x h/mL) (ng x hiL)
Duloxetine (60 mg) Mean 30.9*% 2.92* 16.8% 3.74™
N=7 SD 3.48 0.93 2.9 1.46
Placebo N = 4 Mean 427 1.75 20.9 3.88
SD 1.3 0.36 2.4 1.61
SEP-432 (300 mg) Mean 26.0* 3.81** 14.8** 4.37"™
N=7 SD 6.8 1.54 3.2 1.42
CSF Plasma
5-HIAA AUCo 24 5-HT AUCq 24 5-HIAA AUCo 24 5-HT AUCq 24
(pg x h/mL) (pg x h/mL) (pg x himL) (pg x himL)
Duloxetine (60 mg) Mean 386" 1495%* 117" 87**
N=7 SD 82 534 28 58
Placebo N = 4 Mean 457 302 126 930
SD 95 141 8.2 502
SEP-432 (300 mg) Mean 472" 436" 102" 224*
N=7 SD 173 153 19 107
CSF Plasma
DOPAC AUCq o4 HVA AUCo 24 DOPAC AUCo 24 HVA AUCo 24
(pg x h/mL) (ng x h/mL) (pg x himL) (ng x h/mL)
Duloxetine (60 mg) Mean 15™ 1.42" 35" 190"
N=7 SD 3 0.34 9 43
Placebo N = 4 Mean 13 1.15 35 187
SD 3 0.35 43 52
SEP-432 (300 mg) Mean 15" 1.14" 34" 203"
N=7 SD 53 0.57 6 72
*P < 0.05; **P < 0.01; ns, not significant.
also showed a significant decrease in DHPG for both SEP-432 and 2500 1
duloxetine, and an increase in 5-HT for duloxetine (see Table 2). = %000
Duloxetine also significantly increased CSF DOPAC concentra- _EJ ]
tions between days 1 and 14. The placebo group showed no signif- ‘g 1500 i
icant changes in any CSF biomarkers between days 1 and 14. In E "'E&PBBEEEEQQ—’E'
plasma, SEP-432 significantly decreased DHPG, 5-HT, 5-HIAA, . 1000 1 gk *
and HVA between days 1 and 14. Duloxetine significantly Q 200
decreased plasma DHPG, 5-HT, and HVA between days 1 and 14.
Placebo decreased HVA between days 1 and 14 (see Table 3). 0 .

A significant decrease in the standing plasma DHPG/NE ratio
was seen for SEP-432 on days 7 and 13 compared to baseline (Day
1), but only a trend (P = 0.078) for duloxetine was seen on Day
13. However, standing DHPG alone showed a significant decrease
on both days for SEP-432 and duloxetine.

Pharmacokinetics

Time courses of the mean plasma and CSF SEP-432 concentra-
tion over 24 h on Day 14 are presented in Figure 3. These data
were used to derive values for the pharmacokinetic parameters
for SEP-432 and SEP-431. As seen in Figure 3, maximum

© 2016 John Wiley & Sons Ltd

Day 1 0 6 12 18 24
Hours on Day 14
& DHPG placebo [n = 4]
-* DHPG SEP-432[n=7]P < 0.05
€ DHPG duloxetine [n= 7] P < 0.05
Figure 1 Average Values of Hourly DHPG Concentration in CSF,
Comparing Day 1 (Predose Baseline) to Day 14 (the 0-24 Hour Time Points)
after Treatment with Placebo, Duloxetine (60 mg), or SEP-432 (300 mg).

concentration (Cpax) for SEP-432 in CSF is much lower (ap-

proximately 10-fold) than C,,.x in plasma. The CSF exposure of
SEP-432 was 22% that of plasma, while SEP-431 was 46% of

CNS Neuroscience & Therapeutics 22 (2016) 404-412 407



Biomarker Study of SEP-432

80 o
;ﬁFE =H
— 601 8] B~
E /
g 404 /
':E
in 20+
0 T e
Day 1 0 6 12 18 24
Hours on Day 14

4 5HT placebo [n= 4]
# S5HT SEP432[n=7]P=n.s
£ 5HT duloxetine [n= 7] P <0.0001

Figure 2 Average Values of Hourly 5-HT Concentrations in CSF,
Comparing Day 1 (Predose Baseline) to Day 14 (the 0-24 Hour Time
Points) after Treatment with Duloxetine (60 mg), SEP 432 (300 mg), and
Placebo (n.s., nonsignificant).

plasma (ratio of CSF/plasma AUCy ,4). In CSF, the median SEP-
432 Tpax at the 300 mg dose was 4.0 (2.0-6.0) h and 6 (4.0—
8.0) h for the metabolite SEP-431. In CSF, the apparent t;,, was
approximately 18 h for SEP-432 and 32 h for SEP-431. These
values represent an increase over the previously determined
plasma t;,, for both the parent and metabolite (15.5 and 21.5 h,
respectively).

Safety and Tolerability

There were no serious AEs and no severe AEs that were considered
to be related to study drugs. Overall, no trends or clinically relevant

Table 2 Comparison of day 1 versus day 14 CSF biomarkers

J.J. Sramek et al.

changes were observed in hematology or serum chemistry parame-
ters, and there were no abnormal ECG findings. There were also no
clinically relevant changes in safety tests and psychiatric ratings.
The most common moderate AEs in the SEP-432 group included
headache (50%), nausea (30%), and decreased appetite (30%). In
the duloxetine group, the most common moderate AEs were nau-
sea, headache, and vomiting (all at 44% incidence). In the placebo
group, the most common moderate AE was headache (57%).

Orthostatic hypotension (a decrease of >20 mmHg in SBP or
>10 mmHg in DBP after the subject had been standing for at least
2-4 min compared to the respective values measured in the
supine position) was exhibited by 5 of 10 (50%) SEP-432 subjects,
1 of 9 (11.1%) duloxetine subjects, and 3 of 7 (42.9%) placebo
subjects, but none were clinically significant. Mean heart rate,
comparing values on Day 13 minus Day 1, using all subjects in the
safety data analysis, increased by 22.4 (SD 13.2) beats per minute
(bpm) in SEP-432-treated subjects (n = 9), versus an increase of
2.4 (SD 7.2) bpm in duloxetine-treated subjects (n = 9). Mean
heart rate decreased by 1.1 (SD 10.1) bpm in the placebo group
(n = 7). Following completion of the 24-h CSF collection, four
subjects developed headaches, which were judged to be related to
the sampling procedure.

Discussion

The main goals of this study were to provide evidence of central
engagement of monoamine transporters by measuring monoa-
mine biomarkers in CSF, to evaluate the effect on NET by measur-
ing plasma concentrations of DHPG and NE during postural
testing, and to characterize the PK parameters of SEP-432 in CSF
relative to plasma at steady state. In CSF, both SEP-432 and

CSF Data

Day 1 Day 14
Treatment Biomarker Mean SD N Mean SD n Statistical result
Duloxetine NE (pg/mL) 17 57 9 143 62 7 ns
Placebo NE 109 52 7 80 35 4 ns
SEP-432 NE 101 65 9 147 70 7 ns
Duloxetine DHPG (ng/mL) 1.57 0.25 9 1.32 0.17 7 *
Placebo DHPG 1.50 0.36 7 1.97 0.61 4 ns
SEP-432 DHPG 1.79 0.67 9 1.15 0.34 7 *
Duloxetine 5-HT (pg/mL) 12.8 7.2 9 55.9 17.6 7 *
Placebo 5-HT 14.1 7.2 7 1.1 6.0 4 ns
SEP-432 5-HT 10.0 5.5 9 13.7 4.1 7 ns
Duloxetine 5-HIAA (ng/mL) 21.3 7.0 9 16.8 4.4 6 ns
Placebo 5-HIAA 20.4 9.8 7 18.6 3.5 4 ns
SEP-432 5-HIAA 17.0 6.9 9 18.1 5.7 7 ns
Duloxetine DOPAC (ng/mL) 0.5 0.1 9 0.7 0.2 7 *
Placebo DOPAC 0.6 0.4 7 0.5 0.1 4 ns
SEP-432 DOPAC 0.5 0.2 9 0.5 0.1 7 ns
Duloxetine HVA (ng/mL) 45.4 13.6 9 58.4 24.6 7 ns
Placebo HVA 41.3 225 7 445 7.7 4 ns
SEP-432 HVA 37.5 15.3 9 425 10.8 7 ns

*P < 0.05; ns, not significant.
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Table 3 Comparison of day 1 versus day 14 plasma biomarkers

Biomarker Study of SEP-432

Plasma data
Day 1 Day 14

Treatment Biomarker Mean SD n Mean SD n Statistical result
Duloxetine NE (pg/mL) 205 79 9 193 92 8 ns
Placebo NE 248 83 7 201 122 6 ns
SEP-432 NE 301 185 9 202 121 8 ns
Duloxetine DHPG (ng/mL) 0.908 0.148 9 0.721 0.123 8 i
Placebo DHPG 1.02 0.29 7 0.851 0.085 6 ns
SEP-432 DHPG 0.955 0.394 9 0.613 0.183 8 **
Duloxetine 5-HT (ng/mL) 19.3 7.7 9 6.6 45 8 bk
Placebo 5-HT 21.6 4.6 7 23.7 3.2 6 ns
SEP-432 5-HT 22.5 5.8 9 8.2 9.1 8 *
Duloxetine 5-HIAA (ng/mL) 5.2 1.3 9 4.6 15 8 ns
Placebo 5-HIAA 6.2 1.4 7 5.6 1.1 6 ns
SEP-432 5-HIAA 5.4 1.2 9 4.3 0.9 8 *x
Duloxetine DOPAC (ng/mL) 1.4 0.2 9 13 0.2 8 ns
Placebo DOPAC 1.5 0.3 7 1.4 0.2 6 ns
SEP-432 DOPAC 1.6 0.7 9 1.4 0.2 8 ns
Duloxetine HVA (ng/mL) 10.5 25 9 7.0 1.8 8 *x
Placebo HVA 11.0 2.4 7 8.2 2.5 6 *
SEP-432 HVA 10.6 3.9 9 7.2 2.0 8 o
*P < 0.05; **P < 0.01; ns, not significant.
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Figure 3 Mean Values for SEP-432 Plasma and CSF Concentrations over 24 h (Day 14) after 300 mg Dosing to Steady State (note that the SEP-432

concentrations are displayed on a log10 scale; error bars indicate SEM).

duloxetine significantly decreased DHPG relative to placebo in
both analyses (i.e., Day 14 AUCq »4 n, and comparison of Day 1 to
Day 14 time-matched values), confirming NET inhibition [18, 19].
Both compounds also increased 5-HT in CSF, but only the results
with duloxetine were significant. SEP-432 had no significant
effects on dopamine metabolites. The DHPG/NE ratio in the
postural test also confirmed potent NET inhibition for SEP-432.
Comparison of the Day 14 SEP-432 CSF and plasma PK profiles
confirmed that the compound crosses the blood-brain barrier. Of
interest, the maximal decrease in CSF DHPG occurred close to the
Tmax for both SEP-432 and its metabolite.

Plasma monoamines and their metabolites were measured
to allow comparisons with those obtained in the CSF, but

© 2016 John Wiley & Sons Ltd

CSF concentrations are preferred as they reflect cerebral meta-
bolism of the neurotransmitters [20,21]. Plasma monoamine
results generally confirmed those in CSF, with the exception
that plasma 5-HT showed a decrease as opposed to an
increase found in CSF 5-HT. This occurs as a consequence of
5-HT reuptake inhibition in platelets, with depletion of 5-HT
by Day 14, even in platelet-poor plasma. Also, a decrease in
plasma HVA was seen in the single time point analysis (com-
paring days 1 and 14) for all treatments; interpretation of this
finding is unclear.

SEP-432 300 mg/day is a more potent NET inhibitor than
duloxetine at 60 mg/day, as evidenced by a 36% decrease in CSF
DHPG compared to a 16% decrease for duloxetine in the baseline

CNS Neuroscience & Therapeutics 22 (2016) 404-412 409
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to Day 14 analysis. A 27% decrease in CSF DHPG was reported in
a recent study in which duloxetine was administered at 60 mg/
day for 11 days [22]. Duloxetine was found earlier to decrease
plasma DHPG as predicted by a compound that inhibits NE reup-
take, resulting in decreased NE turnover [12]. Changes in heart
rate from baseline to end of treatment are also consistent with
NET inhibition [23,24].

The effect of SEP-432 on 5-HT was mixed. A significant decrease
in plasma 5-HT was found; however, SEP-432 did not significantly
increase CSF 5-HT and failed to decrease 5-HIAA as well. Dulox-
etine was a useful comparator and demonstrated effects centrally
on both norepinephrine and serotonin. Duloxetine significantly
increased CSF 5-HT but showed only a modest (16%) and non-
significant decrease in CSF 5-HIAA (inhibition of 5-HT reuptake
centrally would have been expected to decrease neuronal conver-
sion of 5-HT to 5-HIAA) [25]. SEP-432 had no effect on DA
metabolites in CSF or plasma.

The monoamine biomarker results in this study suggest that
clinically meaningful central serotonin or dopamine inhibition
by SEP-432 appears unlikely. The lack of translation of the pre-
clinical profile as a triple reuptake inhibitor from in vitro studies
to humans may be due to a disadvantageous ratio of peripheral
to central distribution of SEP-432, consistent with ten-fold
lower Cax found for SEP-432 in CSF than in plasma. It seems
unlikely therefore that SEP-432 can be utilized to increase the
activity of three biogenic amine neurotransmitters simultane-
ously.

In CSF, combining all postdose time points over 24 h was useful
to increase the number of values given the high variability in
monoamine values observed. Also, the 24-h profile controls for
diurnal variation [26,27]. Ideally, a 24-h CSF monoamine profile
would be taken at baseline. However, this was considered unsuit-
able for the evaluation of safety effects in this study. The biomar-
ker analyses in this study were exploratory, given the small
number of subjects in each dose group. While some prior investi-
gations of CSF monoamines used sample sizes that were similar to
our study [28,29], others had larger sample sizes [30]. Although
small numbers of subjects were given placebo, the aggregated
results of the 24-h CSF sampling period were sufficient to demon-
strate activity of the two compounds relative to placebo.

Two different approaches to analysis of the CSF data (i.e., inter-
group changes in the Day 14 AUC, ,4 values, versus intragroup
changes between days 1 and 14) showed similar significant results
for DHPG and 5-HT in CSF, but the AUC, »4 analysis was also able
to demonstrate a significant increase in NE for both SEP-432 and
duloxetine. The days 1-14 analysis also showed a significant
increase in CSF DOPAC with duloxetine, but interpretation of this
finding is unclear, as duloxetine does not interact directly with
dopamine receptors.

Of interest, the apparent t;,, in CSF was longer for both
SEP-432 and SEP-431 than the t;,, in plasma. Prior studies
have shown that the apparent t;,, of marketed CNS drugs in
the CSF is longer than that in plasma [9]. Therefore, to
achieve steady-state concentrations in CSF, one should
administer a compound longer than that necessary to achieve
steady state in plasma, which was carried out in the present
study. For example, in another study, healthy subjects were
given a single dose of paroxetine and CSF measurements of
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5-HIAA were taken 3 h postdose; the unexpected finding of
increased 5-HIAA levels was most likely the result of not dos-
ing to steady state [7]. However, reaching equilibrium in the
brain cannot be precisely predicted currently, as this is
determined by both blood-brain barrier penetration and brain
tissue binding [31,32].

An occupancy study of SEP-432 utilizing SPECT imaging
with the competitive radioligand [1231]-2B-carbomethoxy-3f-
(4-iodophenyl) tropane [33] was conducted in healthy volun-
dosed to steady state with SEP-432
300 mg/day. The mean values for 5-HT and DA transporter
occupancies were 31% and 25%, respectively (L.W. Hardy &
M. Versavel, unpublished data), which are lower than the
approximately 80% occupancy rate associated with efficacious
treatment of depression with SSRIs and SNRIs [34]. As we
found in the present study, a disadvantageous PK (ratio of
peripheral to central distribution) for SEP-432 is likely respon-
sible for the lack of significant central 5-HT and DA reuptake
inhibition. Thus, while SEP-432 may indeed be a triple reup-
take inhibitor based on in vitro data, it seems unlikely to
reach its full potential at doses that are well tolerated in man.

Healthy subjects were evaluated in this study instead of
depressed patients. While differences in tolerability between
healthy subjects and patients have been reported in studies with
antipsychotic and Alzheimer’s disease agents [35-40], no clear dif-
ference has been shown for altered dose tolerability in depression
[9]. Also, using depressed patients could present confounding
effects, such as altered levels of centrally acting monoamines, even
after washout of prior treatments. The highest safe dose of SEP-432
was employed in this study to maximize its central pharm-
acodynamics, as most CNS compounds display dose-proportional
clinical efficacy within the safe dose range. Nortriptyline is an
exception, showing increased efficacy within a narrow plasma
therapeutic window [41-43].

Consistent with a prior safety study in which the MTD had been
defined at 300 mg/day, SEP-432 300 mg/day was found to be well
tolerated in this study, with mild-to-moderate AEs of nausea,
headache, and dizziness. However, the noted increased HR, con-
sisting of an approximately 9-fold greater increase with SEP-432
than duloxetine, could limit the dose range in certain populations,
such as the elderly. Nausea and vomiting may reflect the com-
pound’s activity on serotonin reuptake, as similar effects have
been reported both with SSRIs [44,45] and with SNRIs [46,47].
Dizziness may reflect HR and BP changes associated with NET
inhibition [27,48,49].

In summary, SEP-432 was found to be an effective central NET
reuptake inhibitor and also inhibited the serotonin transporter, but
this effect was seen more in the periphery than centrally. Dulox-
etine’s effects as a centrally active dual uptake inhibitor were sub-
stantiated by biomarker measurements in this study. The results of
this study support the usefulness of monoamine biomarkers in
early drug development of potential antidepressants.

teers who were

Acknowledgments

The authors would like to thank the participants of this study and
Sunovion colleagues who assisted with study design and execu-
tion. Editorial assistance with manuscript preparation was pro-

© 2016 John Wiley & Sons Ltd



J.J. Sramek et al.

vided by Andrew Kuhlman and paid for by Worldwide Clinical
Trials, Inc.

The authors are entirely responsible for the scientific content of
the article.

Biomarker Study of SEP-432

Drs. Hardy, Versavel, Kharidia, Grinnell, and Chen are (or were
at the time the studies described were conducted) employees of
Sunovion Pharmaceuticals Inc. Drs. Sramek, Bieck, Zamora,
Cutler, and Mr. Sullivan and Mr. Ding are employees of World-
wide Clinical Trials, Inc.

Conflict of Interest

This study was sponsored by Sunovion Pharmaceuticals Inc.

References

1. Praag HM. The Harold E. Himwich Memorial Lecture.
Significance of biochemical parameters in the diagnosis,
treatment, and prevention of depressive disorders. Biol
Psychiatry 1977;12:101-131.

2. Aberg-Wistedt A, Jostell KG, Ross SB, Westerlund D.
Effects of zimelidine and desipramine on serotonin and
noradrenaline uptake mechanisms in relation to plasma

concentrations and to therapeutic effects during

treatment of depression. Psychopharmacology 1981;74:297—

305.
Little JT, Ketter TA, Mathe AA, Frye MA, Luckenbaugh

D, Post RM. Venlafaxine but not bupropion decreases

w

cerebrospinal fluid 5-hydroxyindoleacetic acid in unipolar

depression. Biol Psychiatry 1999;45:285-289.

4. Sheline Y, Bardgett ME, Csernansky JG. Correlated
reductions in cerebrospinal fluid 5-HIAA and MHPG
concentrations after treatment with selective serotonin

reuptake inhibitors. J Clin Psychopharmacol 1997;17:11-14.

Drs. Sramek, Bieck, Zamora, Cutler, and Mr. Sullivan and Mr.
Ding, in the past 2 years, have not received any direct research

Thook

Knapp D. F of Analytical Derivatizati

Canada: John Wiley & Sons, 1979.

Lunn G, Hellwig LC. Handbook of Deri

for HPLC. Canada: John Wiley & Sons, 1998.

Cai HL, Zhu RH, Li HD. Determination of dansylated

monoamine and amino acid neurotransmitters and their
metabolites in human plasma by liquid chromatography-
clectrospray ionization tandem mass spectrometry. Anal
Biochem 2010;396:103-111.

Kielbasa W, Pan A, Pereira A. A pharmacokinetic/
pharmacodynamic investigation: Assessment of
edivoxetine and atomoxetine on systemic and central
3,4-dihydroxyphenylglycol, a biochemical marker for
norepinephrine transporter inhibition. Eur
Neuropsychopharmacol 2015;25:377-385.

Kielbasa W, Lobo E. Pharmacodynamics of
norepinephrine reuptake inhibition: Modeling the
peripheral and central effects of atomoxetine, duloxetine,
and edivoxetine on the biomarker 3,4-
dihydroxyphenylglycol in humans. J Clin Psychopharmacol

support and/or consulting fees.

Liu X, Chen C, Smith BJ. Progress in brain penetration
evaluation in drug discovery and development. J
Pharmacol Exp Ther 2008;325:349-356.

Liu X, Smith BJ, Chen C, et al. Use of a physiologically
based pharmacokinetic model to study the time to reach
brain equilibrium: An experimental analysis of the role of
blood-brain barrier permeability, plasma protein binding,
and brain tissue binding. J Pharmacol Exp Ther
2005;313:1254-1262.

Baldwin RM, Zea-Ponce Y, Zoghbi SS, et al. Evaluation of
the monoamine uptake site ligand [1231]methyl 3 beta-
(4-iodophenyl)-tropane-2 beta-carboxylate ([123I]beta-
CIT) in non-human primates. Nucl Med Biol 1993;20:597—
606.

Shang Y, Gibbs MA, Marek GJ, et al. Displacement

of serotonin and dopamine transporters by

venlafaxine extended release capsule at steady state:

A [123I]2beta-carbomethoxy-3beta-(4-iodophenyl)-
tropane single photon emission computed

tomography imaging study. J Clin Psychopharmacol

5. Golden RN, Rudorfer MV, Sherer MA, Linnoila M, Potter 2015;55:1422-1431. 2007;27:71-75.
‘WZ. Bupropion in depression. 1. Biochemical effects and 20. Bianchine J, McConnell H. Cerebrospinal Fluid in Neurology 35. Sramek JJ, Anand R, Wardle TS, Irwin P, Hartman RD,
clinical response. Arch Gen Psychiatry 1988;45:139-143. and Psychiatry. London, UK: CRC Press, 1998. Cutler NR. Safety/tolerability trial of SDZ ENA 713 in
6. Potter WZ, Scheinin M, Golden RN, et al. Selective 21. Eisenhofer G, Kopin 1J, Goldstein DS. Catecholamine patients with probable Alzheimer’s disease. Life Sci
antidepressants and cerebrospinal fluid. Lack of specificity metabolism: A contemporary view with implications for 1996;58:1201-1207.
on norepinephrine and serotonin metabolites. Arch Gen physiology and medicine. Pharmacol Rev 2004;56:331-349. 36. Sramek JJ, Hurley DJ, Wardle TS, et al. The safety and
Psychiatry 1985;42:1171-1177. 22. Chappell JC, Eisenhofer G, Owens MJ, et al. Effects of tolerance of xanomeline tartrate in patients with
7. Carpenter LL, Anderson GM, Siniscalchi JM, Chappell duloxetine on norepinephrine and serotonin transporter Alzheimer’s disease. J Clin Psychopharmacol 1995;35:800—
PB, Price LH. Acute changes in cerebrospinal fluid 5- activity in healthy subjects. J Clin Psychopharmacol 806.
HIAA following oral paroxetine challenge in healthy 2014;34:9-16. 37. Sramek JJ, Kirkesseli S, Paccaly-Moulin A, et al. A
humans. Neuropsychopharmacology 2003;28:339-347. 23. Bonisch H, Bruss M. The norepinephrine transporter in bridging study of fananserin in schizophrenic patients.
8. Kielbasa W, Bingham J, Bieck P, editors. Pharmacokinetic- physiology and disease. Handb Exp Pharmacol. 2006;485— Psychopharmacol Bull 1998;34:811-818.
Pharmacodynamic Modeling of Atomoxetine in Adults: 524. 38. Sramek JJ, Eldon MA, Posvar E, et al. Initial safety,
Characterization of Dihydroxyphenylglycol (DHPG), a 24. Mayer AF, Schroeder C, Heusser K, et al. Influences of tolerability pharmacodynamics, and pharmacokinetics of
Pharmacological Marker of Norepinephrine Transport (NET) norepinephrine transporter function on the distribution of CI-1007 in patients with schizophrenia. Psychopharmacol
Inhibition, in Plasma and Cerebrospinal Fluid. San Antonio, sympathetic activity in humans. Hypertension Bull 1998;34:93-99.
TX: American Association of Pharmaceutical Sciences 2006;48:120-126. 39. Sramek JJ, Sedman AJ, Reece PA, Hourani J,
Annual Meeting, 2006. 25. De Bellis MD, Geracioti TD Jr, Altemus M, Kling MA. Bockbrader H, Cutler NR. Safety and tolerability of CI-
9. Cutler NR, Sramek JJ, Murphy MF, Riordan H, Biek P, Cerebrospinal fluid monoamine metabolites in fluoxetine- 979 in patients with Alzheimer’s disease. Life Sci
Carta A. Critical Pathways to Success in CNS Drug treated patients with major depression and in healthy 1995;57:503-510.
Development. West Sussex, UK: Wiley-Blackwell, 2010. volunteers. Biol Psychiatry 1993;33:636-641. 40. Sramek JJ, Forrest M, Mengel H, Jhee SS, Hourani J,

10. Shao L, Wang F, Malcolm C, et al., inventors; 26. Gold PW, Wong ML, Goldstein DS, et al. Cardiac Cutler NR. A bridging study of LU 25-109 in patients
Cycloalkylamines as Monoamine Reuptake Inhibitors. implications of increased arterial entry and reversible 24- with probable Alzheimer’s disease. Life Sci 1998;62:195—
United States Patent WO2007/081857A2. 2007. h central and peripheral norepinephrine levels in 202.

11. Bymaster FP, Dreshfield-Ahmad LJ, Threlkeld PG, et al. melancholia. Proc Natl Acad Sci 2005;102:8303-8308. 41. Sorensen B, Kragh-Sorensen P, Larsen NE, Hvidberg EF.
Comparative affinity of duloxetine and venlafaxine for 27. Schroeder C, Adams F, Boschmann M, et al. Phenotypical The practical significance of nortriptyline plasma control.
serotonin and norepinephrine transporters in vitro and evidence for a gender difference in cardiac A prospective evaluation under routine conditions in
in vivo, human serotonin receptor subtypes, and other norepinephrine transporter function. Am J Physiol Regul endogenous depression. Psychopharmacology 1978;59:35—
neuronal receptors. Neuropsychopharmacology 2001;25: Integr Comp Physiol 2004;286:R851-R856. 39.

871-880. 28. Martensson B, Nyberg S, Toresson G, Brodin E, Bertilsson 42. Ziegler VE, Clayton PJ, Taylor JR, Tee B, Biggs JT.

12. Vincent S, Bieck PR, Garland EM, et al. Clinical L. Fluoxetine treatment of depression. Clinical effects, Nortriptyline plasma levels and therapeutic response. Clin
assessment of norepinephrine transporter blockade drug concentrations and monoamine metabolites and Pharmacol Ther 1976;20:458-463.
through biochemical and pharmacological profiles. N-terminally extended substance P in cerebrospinal fluid. 43. Corona GL, Cucchi ML, Frattini P, et al. Aspects of
Circulation 2004;109:3202-3207. Acta Psychiatr Scand 1989;79:586-596. amitriptyline and nortriptyline plasma levels

13. Knadler MP, Lobo E, Chappell J, Bergstrom R. 29. Aberg-Wistedt A, Alvariza M, Bertilsson L, Malmgren R, monitoring in depression. Psychopharmacology
Duloxetine: Clinical pharmacokinetics and Wachtmeister H. Alaproclate a novel antidepressant? A 1990;100:334-338.
drug interactions. Clin Pharmacokinet 2011;50: biochemical and clinical comparison with zimeldine. Acta 44. Safer DJ, Zito JM. Treatment-emergent adverse events
281-294. Psychiatr Scand 1985;71:256-268. from selective serotonin reuptake inhibitors by age group:

14. Kushnir MM, Urry FM, Frank EL, Roberts WL, Shushan 30. Bowden CL, Koslow SH, Hanin I, Maas JW, Davis JM, Children versus adolescents. J Child Adolesc
B. Analysis of catecholamines in urine by positive-ion Robins E. Effects of amitriptyline and imipramine on Psychopharmacol 2006;16:159-169.
electrospray tandem mass spectrometry. Clin Chem brain amine neurotransmitter metabolites in cerebrospinal 45. Peretti S, Judge R, Hindmarch 1. Safety and tolerability

2002;48:323-331.

© 2016 John Wiley & Sons Ltd

fluid. Clin Pharmacol Ther 1985;37:316-324.

considerations: Tricyclic antidepressants vs. selective

CNS Neuroscience & Therapeutics 22 (2016) 404-412 411



Biomarker Study of SEP-432 J. ). Sramek et al.

serotonin reuptake inhibitors. Acta Psychiatr Scand Suppl 47. Raskin J, Goldstein DJ, Mallinckrodt CH, Ferguson MB. hemodynamic response to hypergravitation. J Appl Physiol
2000;403:17-25. Duloxetine in the long-term treatment of major (1985) 2008;104:756-760.

46. Mackay FR, Dunn NR, Martin RM, Pearce GL, Freemantle depressive disorder. J Clin Psychopharmacol 2003;64:1237— 49. Schroeder C, Heusser K, Tank J, Diedrich A, Luft FC,
SN, Mann RD. Newer antidepressants: A comparison of 1244. Jordan J. The Valsalva maneuver: Screening for drug-
tolerability in general practice. Br J Gen Pract 48. Strempel S, Schroeder C, Hemmersbach R, et al. induced baroreflex dysfunction. Clin Auton Res
1999;49:892-896. Norepinephrine transporter inhibition alters the 2009;19:32-38.

412 CNS Neuroscience & Therapeutics 22 (2016) 404-412 © 2016 John Wiley & Sons Ltd



