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A positron emission tomography occupancy study of

brexpiprazole at dopamine D, and D5 and serotonin 5-HT 5
and 5-HT, receptors, and serotonin reuptake transporters
in subjects with schizophrenia

Ragy R. Girgis', Andy Forbes? Anissa Abi-Dargham® and Mark Slifstein®

The objective of this study (NCT01854944) was to assess D,/Ds, 5-HT;a, 5-HT,4 and serotonin transporter (SERT) occupancies of
brexpiprazole in adult subjects with schizophrenia in order to identify the in vivo pharmacologic profile that may be relevant to the
antipsychotic, antidepressant, and side effect profiles of the drug. Subjects were grouped into three independent cohorts of
four subjects each. All subjects underwent positron emission tomography (PET) scans with two different radiotracers at baseline
prior to brexpiprazole administration, and again on Day 10 after daily doses of either 4 mg (Cohorts 1 and 2), or 1 mg (Cohort 3).
Cohort 1 received scans with [''C]-(+)-PHNO to measure D, and D5 receptor occupancy and [''CICUMIT01 to measure 5-HT; 4
occupancy; Cohort 2 received [''CIMDL100907 for 5-HT,4 occupancy and [''CIDASB for SERT occupancy; Cohort 3 underwent
scanning with [''C]-(+)-PHNO and [''CIMDL100907. Five female and seven male subjects, aged 42 + 8 years (range, 28-55 years),
participated in this study. Dose dependency was observed at D, receptors, with occupancies reaching 64 + 8% (mean +/— SD)
following 1 mg/day and 80 + 12% following 4 mg/day. D3 receptor availability increased following 1 mg brexpiprazole treatment
and did not change with 4 mg. Robust and dose-related occupancy was also observed at 5-HT,, receptors. Negligible occupancy
(<5%) was observed at 5-HT;, and SERT at 4 mg/day. In summary, brexpiprazole demonstrated in vivo binding to D, receptors and
5-HT,4 receptors at steady state after 10 days of daily administration in a dose dependent manner, while binding to Ds, 5-HT;
receptors and SERT was not detectable with the radiotracers used for these targets. This pharmacologic profile is consistent with

the observed antipsychotic and antidepressant effects.
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INTRODUCTION

Brexpiprazole is a serotonin-dopamine activity modulator (SDAM)
recently approved for the treatment of schizophrenia and as
adjunctive treatment for major depressive disorder (MDD) in the
US. In vitro preparations and rodent studies have shown that
brexpiprazole exhibits high binding affinities for the dopamine D,
and Ds, serotonin 5-hydroxytryptamine-1A (5-HT;,), as well as
5-HT,, receptors, acting as a partial agonist at the D,/D; and
5-HT; receptors and as an antagonist at the 5-HT,, receptor [1].
This pharmacologic profile, characterized by equipotent activity at
target dopaminergic and serotonergic receptors, is thought to be
the basis for its utility as an antipsychotic and as an antidepres-
sant. Nevertheless, in vivo confirmation in humans of binding to
specific targets in the brain is necessary as in vitro affinity is not
sufficient on its own to predict in vivo occupancy. Peripheral
metabolism, clearance, binding to plasma proteins and blood-
brain barrier permeability may all affect exposure to brain tissue.
Additionally, sometimes affinity and relative selectivity predictions
based on in vitro measures of affinity do not reflect the in vivo
situation [2-5]

Thus, in vivo positron emission tomography (PET) occupancy
studies are a critical step in drug development. They are necessary
to demonstrate target engagement and to link the pharmacolo-
gical profile of a drug to its behavioral effects. In schizophrenia,
occupancy studies have contributed to our knowledge that the
threshold of D, receptor occupancy associated with clinical
effectiveness of many antipsychotics is around 60-70% [6, 7] and
the threshold associated with extrapyramidal side effects (EPS) for
D, antagonists is around 80% [7], while the clinically effective
doses for clozapine [8] and aripiprazole [9] are associated with
lower and higher occupancies, respectively. Occupancy studies
[10-12] were also required to confirm in vitro data [13-17] that all
current treatments for schizophrenia, including both first- and
second-generation antipsychotic medications, bind to D3, and not
only D,, receptors. These findings substantively affected both
clinical care and drug discovery by informing target engagement
and dosing thresholds.

Therefore, the objective of the present study (NCT01854944)
was to use PET imaging to assess dopamine D,/Ds, 5-HT;, and
5-HT,A receptor, and serotonin transporter (SERT) occupancies at
steady state for low (1 mg/day) and high (4 mg/day) doses of
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brexpiprazole in adult subjects with a diagnosis of schizophrenia.
The radioligands used included [''C]-(+)-PHNO for D,/D; recep-
tors [18], [''CIMDL100907 for 5-HT,, receptors [19], [''CICUMI101
for 5-HT; A receptors [20, 21], and [''CIDASB for SERT [22]. Each of
these tracers has been well established as specific and selective
for its targets of interest and has been reported widely in the PET
literature to provide reliable and reproducible outcome measures
[23-26]. Additionally, [''C]-(+)-PHNO imaging can be used to
distinguish D, receptor occupancy from D3 receptor occupancy
[10, 27, 28], which is important given the distinct pharmacological
properties of the two subtypes [17].

SERT occupancy was tested only at the high dose in a small
number of subjects. Since this target is potentially important to
support observed clinical outcomes, it was important to investi-
gate SERT occupancy in vivo, despite the expectation of low
occupancy based on in vitro data.

PATIENTS AND METHODS

Study design

This was a single-center, open-label trial of 12 adult subjects with
schizophrenia. Subjects were admitted to the inpatient unit at the
New York Psychiatric Institute. Medically healthy, non substance
using, male and female subjects with stable schizophrenia (as
defined by the Structured Clinical Interview for DSM Disorders
[29]) and of non-childbearing potential, between 18 and 55 years
of age, with a body mass index from 19 to 35kg/m? were
considered for participation. Subjects were recruited from the
Lieber Schizophrenia Research Clinic at the New York State
Psychiatric Institute/Columbia University. Inclusion criteria were: a
Clinical Global Impression Severity (CGI-S) score <4 (moderately
ill) [30], and a Positive and Negative Syndrome Scale (PANSS) total
score < 60 [31], including a score of <4 on the P7 (hostility) and G8
(uncooperativeness) items. Subjects with use of or dependence on
recreational drugs and/or alcohol were excluded from participa-
tion. Subjects in the first episode of schizophrenia were excluded,
as were those who received <6 months of continuous medical
therapy before their drug-free interval. Subjects were drug free for
at least 3 weeks for reasons unrelated to the study.

Prior to participation, all subjects provided written informed
consent after receiving oral and written descriptions of the study
procedures and aims. The protocol and informed consent form
were approved by the New York State Psychiatric Institute
Institutional Review Board (New York, NY). Twelve subjects
provided consent and completed all procedures. Three subjects
provided consent but were withdrawn from the protocol before
any study procedures took place (Consort Figure). The Clinical-
Trials.gov registry number was NCT01854944.

Brexpiprazole administration and PK/PD plasma samples
The design for this study is in Supplementary Table 1.
Brexpiprazole was administered at 9 am daily. To determine
plasma concentrations of brexpiprazole, venous blood samples
were collected on Days 1 and 9 (predose) and, on Day 10 (the day
that PET scans were performed), PK blood samples were collected
predose (within 15 min prior to dosing) and at 1, 2, 3,4, 5, 6, 8, 12,
and 24 h post-last dose or at the end of treatment. Within 90 min
of collection, plasma samples were stored at —70 °C until shipment
to the bioanalytical laboratory (Covance Laboratories, Madison,
WI) for analysis of brexpiprazole and DM-3411 concentrations. The
plasma sample storage facility was Fisher BioServices
(Rockville, MD).

PET and magnetic resonance imaging (MRI) scanning procedures
PET studies were performed on a Siemens mCT hybrid PET/
computed tomography (CT) scanner (Siemens, Knoxville, TN). An
intravenous catheter was inserted in the antecubital vein for tracer
injection. After being properly positioned on the scanner bed,
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each subject was fitted with a polyurethane head immobilizer
system molded around the subject’s head (Soule Medical, Tampa,
FL) to reduce head motion during the PET scan. Fifteen minutes
before ligand injection, a 7s CT scan was performed for
attenuation correction.

PET scans were performed at baseline one day prior to the start
of brexpiprazole administration and on day 10 of treatment
following administration. Baseline PET scans on Day -1 occurred at
approximately the same times as the PET scans on Day 10.
Radiotracer was administered via a 1min intravenous bolus.
Following tracer administration, emission data were collected for
120 min. Day 10 [''C]-(+)-PHNO scans were performed 3.17 +0.16
h and 4.50 £ 2.29 h after brexpirazole administration in the 4 mg
and 1 mg cohorts, respectively. The longer interval and additional
variance in the 1 mg cohort was due to a chemistry delay on one
day. [''"CIMDL100907 scans were performed 3.98+1.45h and
7.53+£2.19 h post-administration in the 4mg and 1 mg cohorts
respectively, with the same chemistry delay on one day in the 1
mg cohort. [''C] CUMI and [''CIDASB scans (both 4mg) were
performed 6.32 + 0.22 and 5.28 + 1.47 h, respectively, after brexpi-
prazole administration. All scans were 2h in duration. Three-
dimensional data were acquired in list mode, rebinned into a
sequence of 21 frames of increasing duration (3 x 20s, 3 x 1 min,
3 X2 min, 2x5min and 10 X 10 min), and, following correction for
scatter, random coincidences, dead-time and attenuation, were
reconstructed by filtered backprojection using software provided
by the scanner manufacturer.

Data analysis

PET data analyses. Decay-corrected PET data were analyzed with
a combination of SPM8 (Wellcome Trust), MEDx (Medical
Numerics, Germantown MD) and in house-developed software
using Matlab (Mathworks, Natick, MA). High resolution T;-
weighted MRI scans (Spoiled Gradient Recall, SPGR) were acquired
for each subject for purposes of image co-registration and region
of interest delineation. PET frames were realigned and co-
registered to individual subjects’ structural MRIs with SPM8.
Regions of interest (ROIls) were drawn manually on individuals’
MRIs in MEDx and transferred to the coregistered PET. Included
regions are listed in Supplementary Table 2. Cerebellum (CER) was
included as a reference tissue for all four tracers as target molecule
availability of all four target molecules is negligible there. Gray/
white matter segmentation was performed in SPM8, and only the
gray matter portion of ROIs was used for further analysis in cortex.
The complete ROIs as drawn were used in subcortical regions.
Operational definitions for all ROls have been published previously
[32, 33]. After transfer of ROIs to PET data, the average activity in
each ROI in each frame of data was computed, and ROI time-
activity curves were formed.

Kinetic analysis. The primary outcome measure was the binding
potential with respect to the nondisplaceable compartment (BPyp)
[34] in each ROL. All time-activity curve data were analyzed using
the simplified reference tissue model (SRTM) [35] with CER as
reference region. The relative change in BPyp following brexpi-
prazole, ABPyp was computed as

ABPnp = 100% * [BPnp(baseline) — BPyp(post — dose)]/
BPnp(baseline).

[''Cl-(+)-PHNO BPyp contains a mixture of D, and D5 receptor
binding and is Ds-preferring. Generally, substantia nigra/ventral
tegmental area BPyp is thought to primarily represent Ds binding,
whereas dorsal striatum BPyp is thought to primarily represent D,
binding, with other regions where BPyp is non-negligible (globus
pallidus, ventral striatum, and thalamus) having mixed D,/
Ds; binding [27, 36]. To assess brexpiprazole occupancy at D,
and Dj receptors, several models were applied. The primary
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analysis was a nonlinear regression model to obtain separate
estimates of D, and Ds receptor occupancy [28] according to:

ABPyp[region, subject] = fps[region] x (Dsoccupancy[subject])
+ (1 — fps[region]) x (Dyoccupancy|subject])
)
where fp; is the fraction of the regional baseline BPyp attributable
to Ds receptor binding. In this analysis, fp3, D3 occupancy and D,
occupancy were all treated as fitted parameters. The fraction fps
was allowed to vary across regions but fitted to the same values
across all sample subjects, whereas occupancy at D, and Ds; were
fitted separately for each subject, as indicated in Eq. 2. The data
entered into the model were the regional ABPyps for all subjects in
Cohort 1 (4 mg) and Cohort 3 (1 mg). Data fitting was performed
by nonlinear least squares minimization in Matlab using in-house
developed software. In addition, several other models were tested.
In a second version of the regression model, regional fpz was fixed
at literature values and occupancy estimates were performed
using ordinary linear regression. Two sets of literature values were
tested. The first used the fpz values from Searle et al. [36]. As that
study only reported whole caudate and putamen fps, the values
estimated from the nonlinear model were used for pre- and post-
commissural caudate and putamen fps. A second version used the
values reported in Tziortzi et al. [37] which included all the regions
reported here. Finally, the simplest model used ABPyp in
substantia nigra/ventral tegmental area as an estimate of D;
receptor occupancy and ABPyp in post-commissural striatum
(post-ca, post-pu) as an estimate of D, receptor binding.

Because [''CIMDL100907, [''CJCUMI101, and [''CIDASB are
selective for their respective targets (5-HT,a, 5-HT;a, and SERT),
ABP\p can be taken as a direct estimate of target occupancy by
brexpiprazole for these targets and tracers.

Receptor occupancies (mean+SD) were generated for each
subject at approximately 4 h post-dose for D,/Ds; and ~7-8 h for
5-HT,a and 5-HT;4 post-last dose on Day 10 as these are the time
points when the scans were performed. These data were used in
combination with plasma levels of brexpiprazole, at the sampling
time closest to the scan time, to estimate ECso, the estimated
plasma concentration of brexpiprazole associated with 50% target
occupancy. For each receptor subtype, four models were compared:

1. Occupancy = 100%*C/(C + ECsp), where C is the measured
plasma concentration of brexpiprazole from the sample
taken closest to the starting time of the scan

2. Occupancy = 100%*E . *C/(C + ECsg) where E, . (the max-
imum attainable occupancy) and ECs, are fitted parameters

3. Occupancy = 100%*C"/(CY + ECso™) where ECso and N (Hill
slope) are fitted parameters

4. Occupancy = 100%*Ema*CV/(CY + ECso™) where ECso, Emax
and N are fitted

The most parsimonious model was selected based on a
statistical criterion (AlCc, small sample Akaike information score)
and physical plausibility, i.e., Eqax>> 100% or N values >1 were
rejected. For [''CIMDL100907, the regions entering the occupancy
analysis were those with baseline receptor density high enough to
provide good signal-to-noise ratio, i.e., BPyp > 0.5, and the average
occupancy across reliable regions was entered into the models.
For [''CJ-(4)-PHNO the regression model estimates for D, and Ds
occupancy were used. The occupancy model fits were performed
with in-house software developed on the Matlab platform.

Statistics

For dopamine and 5-HT,, receptors, occupancy and dose effects
of brexpiprazole were tested in the mixed model framework with
ROI as repeated measure and main effect of brexpiprazole, ROI
and dose as fixed effects. For SERT and 5-HT; 5, the model included
ROI as repeated measure and ROl and main effect of brexpiprazole
as fixed effects. The significance level was set at a=0.05 in
all cases.

RESULTS
Demographics and baseline characteristics
Five female subjects and seven male subjects aged 42 + 8 years
(range, 28-55 years) participated in this study. Eleven subjects
were African American and one subject was of more than one
race. One subject was Hispanic, and 11 subjects were non-
Hispanic.

Injected radioactivity and cold tracer mass are included in
Supplementary Table 3.

Occupancy-plasma brexpiprazole concentration relationships

D, and D;. The estimates for [''C]-(+)-PHNO BPyp, and ABPyp by
region are provided in Table 1. A clear dose effect was observed,
with larger ABPyp, on average, in the 4 mg group compared to the
1mg group. There was a significant effect of brexpiprazole
(F(1,6.206) =71, p<0.001) and main effect of dose ((1,6.206)=
8.734, p = 0.024). There was a significant effect of ROI (F(7,13.259) =
31, p<0.001) but dose by ROI interaction was not significant.
Additionally, an anterior to posterior gradient of ABPyp was
observed in the dorsal striatum, with post-commissural regions
showing higher apparent occupancy than pre-commissural regions.
Negative values, corresponding to increased BPyp following
treatment, were observed in midbrain and globus pallidus, regions
with high D3 receptor density.

Table 1. Mean (+SD) ["'C]-(+)-PHNO BPyp by region.

1 mg Brexpiprazole dose (N =4)

4 mg Brexpiprazole dose (N =4)

Region Baseline Postdose ABP\p Baseline Postdose ABP\p
Pre-commissural caudate 1.99+0.35 1.23+£0.18 37+£13% 1.98 £0.27 0.91+0.12 54 +8%
Pre-commissural putamen 2.34+0.37 1.52+0.24 35+4% 244 +0.32 1.19+£0.19 51+6%
Post-commissural caudate 1.01+£0.18 0.40+0.19 60 +22% 1.06 £0.26 0.23 +£0.64 80+ 13%
Post-commissural putamen 2.06 £0.35 1.08+0.12 47 £ 8% 2.17+£0.32 0.73+0.28 67 +12%
Ventral striatum 34+061 2.78+0.19 17 £ 14% 3.84+0.25 245+0.16 36+ 6%
Globus pallidus 4.05 £ 0.95 4.28+0.48 —9+22% 4.76 +1.47 4.31+0.64 6+ 16%
Thalamus 0.50 + 0.04 0.41+0.12 16 +29% 0.70+0.46 0.36+0.25 49+ 12%
Midbrain 0.64+0.14 0.79 £ 0.09 —29+35% 0.89+0.42 0.74+0.24 13+ 15%

Negative values correspond to increased average BPyp
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Supplementary Table 4 shows fp, fractions (1-fp3) across the three
regression models.

Supplementary Table 5 shows average D, and D3 occupancy by
dose across the n =4 subjects who were administered each of the
doses, in each of the analysis methods applied for separating the D,
and D; receptor contribution to [''Cl-(+-PHNO ABPyp. Negative
values at D5 receptors correspond to increased receptor availability
after treatment.

The AICc score favored the 1 parameter ECsq model in four of five
cases and was nearly identical for the 1 parameter and ECs, + hill
slope model in the 5th case (Li-Tziortzi), with nearly identical ECs, for
the 1 and 2 parameter models in that case.

Supplementary Table 6 shows the estimated D, receptor ECsq,
and 95% confidence intervals for the 1 parameter models. Estimated
values ranged from 22 ng/mL, 95% Cl=[17, 29] to 52 ng/mL, 95%
=40, 711.

Figure 1 shows the receptor occupancy fits with parameter
estimates for D, and 5-HT,, receptors.

5-HT>4. [''CIMDL100907 BPyp at baseline, following brexpipra-
zole and estimated occupancy by region (average ABPyp across
subjects) are provided in Table 2. There was a significant effect of
brexpiprazole (F(1,6.027) =18.7, p=0.005). Average occupancy
following 4 mg was greater than following 1 mg (45% vs 28%) but
main effect of dose, ROl and ROI by dose interaction were not
statistically significant. The AlCc score favored the 1 parameter,
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EC50-only model. Estimated EC50 =92 ng/mL, 95% Cl = [42, 188].
The large Cl suggests the estimated value should be interpreted
cautiously, but it is included here for completeness.

5-HT;4. PET results with [''CJCUMI101. The 5-HT,, data for BPyp
and occupancy (ABPyp) are shown in Table 3. Low average
occupancy (<5%) was observed at 5-HT;, receptors following
administration of a 4 mg dose of brexpiprazole. The main effect of
brexpiprazole did not significantly differ from 0. Occupancy
estimates were averaged across brain regions.

SERT. PET results with ['"CIDASB. The SERT data for BPyp and
occupancy (ABPyp) are provided in Table 4. Little or no occupancy
was detectable at SERT following administration of a 4-mg dose of
brexpiprazole. The main effect of brexpiprazole did not signifi-
cantly differ from 0. Occupancy estimates were averaged across
brain regions. There was high between-subject variability of ABPyp
in entorhinal cortex and uncus, possibly due to their small size and
shape. Repeating the statistical test with these regions removed
did not alter the result that the brexpiprazole effect was not
significantly different than 0.

DISCUSSION
The occupancy-plasma brexpiprazole concentration relationships
for dopamine D,/Ds, 5-HTqa, 5-HT,a receptors and SERT were

5-HT,,
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20% |

300 400 500

200
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Fig. 1

Receptor Occupancy Fits With Parameter Estimates. One parameter model fits (EC50 only, model 1). D2 receptor (left), and 5-HT2A

receptor (right) measured occupancy vs measured plasma brexpiprazole concentration from PK analysis. Plasma brexpiprazole levels are the

concentrations closest in time to the PET scan.

Table 2. Mean (£SD) serotonin 5-HTa receptor occupancy by region.
1-mg Brexpiprazole dose (N =4) 4-mg Brexpiprazole dose (N =4)
Region Baseline Postdose Occupancy Baseline Postdose Occupancy
Anterior cingulate 2.09+0.46 1.39+0.49 29 +38% 1.23+£0.3 0.79+0.13 32+ 26%
Dorsolateral prefrontal cortex 1.89+0.12 1.68 +0.53 12+23% 1.69+0.71 0.71+0.24 50 + 26%
Insula 1.79+0.23 1.33+0.59 28 +38% 1.21+0.27 0.68+0.12 40 £ 24%
Medial frontal cortex 23+034 1.45+0.58 37 £22% 1.59+0.3 0.77 £0.08 50+ 14%
Occipital cortex 1.67 £0.25 1.06 +£0.32 35+22% 1.17£0.21 0.63+0.22 44 +£27%
Obitofrontal cortex 1.41+0.88 1.08 +£0.26 12£37% 1.42+0.56 0.64 +0.33 54 +30%
Parietal cortex 1.58+0.36 0.96 + 0.39 36 +30% 1.1+£0.25 0.53+0.31 46 +42%
Temporal cortex 1.67+0.16 1.13+£0.18 32+13% 1.28+0.33 0.62+0.25 46 +32%
1mg 4mg
Mean + SD 28+ 10% 45+27%
5-HT,a: 5-hydroxytryptamine (serotonin) receptor 2A; Means are the averages + SD across subjects of the subjects’ average across regions
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examined for the first time in the brain in patients with
schizophrenia. In this study, significant brexpiprazole occupancy
was detected at dopamine D, and serotonin 5-HT,, receptors
following multiple daily dose brexpiprazole administration of
either 1 mg/day or 4 mg/day for 10 days. For D,/D3 and 5-HT,x
receptors, a dose- and exposure-response effect was observed,
with higher occupancy following 4 mg/day brexpiprazole treat-
ment than following 1mg/day treatment. No measurable
occupancy was observed at SERT while very low to negligible
occupancy was measured at the 5-HT 5 receptors.

Here, we discuss D, and Ds receptor binding results and
comparison of [''Cl-(+)-PHNO results with those obtained in
other studies using the antagonist radiotracer [''C] raclopride.

D, receptor occupancy and affinity. The results using [''Cl-
(+)-PHNO are consistent with preclinical studies showing robust
binding to D, receptors[1].The different methods of assessing D,
receptor occupancy applied here produced a range of ECsg
estimates between approximately 20 ng/mL and 50 ng/mL, but all
showed a dose response, and all indicated mean occupancy
across the n =4 subjects in excess of 60% at the 4 mg dose (range

Table 3. Mean (+SD) [''CICUMI101 BPyp and serotonin 5-HT;
receptor occupancy by region.

4-mg

Brexpiprazole

dose (N=4)
Condition Baseline Postdose  Occupancy
Anterior cingulate 1.92+0.36 1.74+031 9%5%
Dorsolateral 1.41+£0.26 1.28+0.23 9+2%
prefrontal cortex
Insula 2.27+047 221038 2+9%
Medial frontal cortex 1.66 +0.28 1.58+£025 5+7%
Occipital cortex 0.98 £0.27 094+022 4+10%
Orbitofrontal cortex 1.24+£0.31 1.31+£0.23 -9+27%
Parietal cortex 1.17+0.29 1.04+0.22 11+£5%
Temporal cortex 1.93+£0.33 1.86+£029 4+7%
Entorhinal cortex 2.56 + 0.64 229+047 10£7%
Parahippocampal gyrus 1.99+0.38 2+042 0+£11%
Mean (£SD) 5-HT;a 4+ 6%
receptor occupancy

62-80%). The difference between methods was mainly due to the
inclusion or not of a dorsal to caudal gradient of fp; in the dorsal
striatum (Supplement). Future work with additional D, or D;
selective blocking compounds or more selective radiotracers may
clarify the issue of D3 content in the subdivisions of the dorsal
striatum.

Ds receptor occupancy. Occupancy was not detected at Ds
receptors, unlike Maeda et al. [1], where binding was observed in
CHO cells transfected with human Ds, with approximately
threefold lower affinity than for D,. [''Cl-(+)-PHNO BPyp
increased, compared to baseline, following 1 mg treatment, and
decreased minimally following 4 mg, in substantia nigra/ventral
tegmental area and globus pallidus, brain regions with large
contributions of D3 to BPyp. Whereas the current study measured
receptor occupancy in vivo following ten days of daily treatment,
Maeda et al. [1] assessed Ds receptor binding in an in vitro setting.
Our results are consistent with a previous study by Graff-Guerrero
et al. [38] that used both [''C]-(+)-PHNO and [''Clraclopride in the
same patients with schizophrenia medicated with stable doses of
antipsychotics and compared these to scans from demographi-
cally matched healthy control subjects to obtain estimates of
receptor occupancy. They reported that [''C]-(+)-PHNO BPyp in
the D5-rich globus pallidus was increased, whereas [''Clraclopride
BPnp was decreased, in patients compared to controls. In globus
pallidus, D, and Ds receptor densities are similar [39] so that [''C]-
(+)-PHNO BPyp reflects mainly D5 binding, due to its strongly Ds-
preferring nature. [''Clraclopride BPyp binds with similar affinity
to D, and Djs receptors[16], and thus may be less sensitive to D3
differences than [''C]-(+)-PHNO. The authors suggested that
antipsychotics in general may upregulate Dz receptors, an
observation replicated in another study [40]. We cannot rule out
this explanation here, but it is also possible the apparently
“negative” occupancy we observed here is due to low precision
associated with measuring low occupancy in vivo. Longitudinal
studies combining occupancy measurement following acute and
extended treatment in the same subjects would be required to
clarify this issue. We can say with certainty, though, that D3
receptor availability was not appreciably reduced by brexpiprazole
treatment in this study.

Comparison of occupancy estimates using [''CJ-(+)-PHNO or
antagonist radiotracers. A question also arises regarding D,
occupancy measurements obtained using [''Cl-(+)-PHNO, a D/
D3 agonist, compared to previous studies utilizing antagonist
radiotracers such as [''C] raclopride. In fact, estimates of D,
occupancy are higher following single-dose administration of

Table 4 Mean (+SD) ['"CIDASB BPyp and SERT occupancy by region.

4-mg Brexpiprazole dose (N =4)
Region Baseline Postdose Occupancy
Pre-commissural putamen 1.39+0.15 1.40 + 0.08 —-1+8%
Pre-commissural caudate 1.04+0.16 1.07+0.14 —2+3%
Post-commissural putamen 1.01+0.15 1.03 +0.09 —3+8%
Amygdala 1.40+£0.34 1.33+£0.14 3+15%
Entorhinal cortex 0.79+0.23 0.56 + 0.08 24+ 26%
Thalamus 1.00 + 0.08 1.09+0.13 —9+4%
Substantia nigra/ventral tegmental area 1.95+0.3 2.03+0.23 —5+13%
Uncus 0.74+0.3 0.97£0.53 —32+38%
Ventral striatum 1.98 +0.37 1.79+0.13 7+18%
Mean (£SD) SERT occupancy —3+15%
BPyp binding potential with respect to nondisplaceable compartment
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brexpiprazole in a previously conducted PET study using [''C]
raclopride (~95% following administration of 4 mg) [41]. Graff-
Guerrero et al. also observed consistently lower estimates of
antipsychotic drug occupancy in all measured brain regions,
including the dorsal striatum, where there is little or no confound
from D5 receptor binding, using [''C]-(4)-PHNO, than with [''C]
raclopride. The reasons for these differences are unclear at this
time. [''CJ-(4)-PHNO was chosen for this study because it can be
used to differentiate binding between D, and Ds receptors. As a
D,/D; agonist, [''C]-(+)-PHNO would be predicted to have
higher affinity for receptors in the G protein-coupled state than
for low affinity uncoupled receptors, whereas raclopride, an
antagonist, should bind equally to receptors in both affinity
states. A potential explanation for the reported differences in
estimates of occupancy between tracers is that following
treatment, the fraction of unblocked receptors in the high
affinity state increases. Mechanisms that could conceivably cause
this include increased G protein concentration as a consequence
of greater availability of G proteins due to lowered affinity for G
proteins of drug-bound receptors or increased G protein
expression as a homeostatic response to reduced receptor
availability. If the high state fraction increased following
treatment, [''C]-(+)-PHNO would bind to a larger fraction of
the available receptors in antipsychotic treated subjects than at
baseline, leading to a smaller ABPyp than would be measured for
antagonist tracers in the same conditions. While speculative, this
scenario provides a plausible mechanism to explain why D,
occupancy by antipsychotics appears higher when measured
with [”C]raclopride than with ["'C]-(+)-PHNO, as observed here
and in the study of Graff-Guerrero et al. It remains to be seen if a
similar discrepancy between tracers is observed for brexpipra-
zole binding or in other settings.

Serotonergic Targets. The observed PET data are consistent with
preclinical studies showing robust brexpiprazole binding to the 5-
HT,s receptor and essentially no binding to SERT[1]. However,
these preclinical data also demonstrated nanomolar affinity to the
5HT;, receptor as measured in vitro with [*H](+)8-OH-DPAT
binding, whereas negligible occupancy of 5-HT;, at the doses
tested in this study using [''CICUMIT01 was observed in
individuals with schizophrenia. Previous studies have shown
['"®FJCUMI101 binding is displaceable by non-radiolabeled
WAY100635 in anesthetized nonhuman primate [42]. On the
other hand, [''CICUMI101 has shown only modest vulnerability to
pharmacological challenges that increase endogenous 5-HT such
as citalopram [43, 44]. Thus it is possible that the tracer failed to
detect true binding by brexpiprazole. Alternatively, previous
studies have shown discrepancies between affinities predicted
by in vitro assays and in vivo measurements [2-5, 45], and it is
possible that in vivo binding of brexpiprazole to 5-HT; is less than
predicted by in vitro assays. Future studies testing the capability to
detect occupancy by other drugs that bind to 5-HT;, using [''C]
CUMIN01, and, conversely, the ability of brexpiprazole to displace
the binding of other radioligands, will be required to clarify
this issue.

CONCLUSIONS

Steady-state Brexpiprazole plasma concentrations, after 1 mg/day
and 4mg/day dosing, were associated with robust dose-
dependent occupancy at D, and 5HT,, receptors. Occupancy at
other known in vitro targets of the drug, could not be confirmed
with the PET ligands used in this study. Overall, these findings
suggest that this pharmacologic profile may be the basis for
brexpiprazole’s utility as an antipsychotic and as an antidepres-
sant. Future investigations using a larger dose range, more
selective ligands, or ligands sensitive to binding by agonists may
be needed to provide more definitive evidence for occupancy at
D3, 5-HT;4 and SERT.
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