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Purpose: Brexpiprazole, when administered with antidepressant therapy, may provide additional benefits due to complementary
actions on noradrenaline (norepinephrine), serotonin, and dopamine neurotransmitter systems. This review addressed the question:
what information can preclinical studies provide on the use of brexpiprazole + antidepressant treatment?

Methods: A systematic literature review was conducted to search for preclinical studies of brexpiprazole + antidepressant therapy that
included a behavioral test relating to any psychiatric disorder. Ovid MEDLINE, Ovid Embase, and conference abstracts were searched
(January 1, 2011-July 5, 2021). The statistically significant (p<0.05) findings for brexpiprazole + antidepressant were extracted.
Results: Of 296 records screened, nine articles were eligible, describing seven unique studies. In rodent models, including three
models of depression (unpredictable chronic mild stress, social defeat stress, and lipopolysaccharide-induced depression), brexpipra-
zole + selective serotonin reuptake inhibitor (SSRI) or serotonin—noradrenaline reuptake inhibitor (SNRI) consistently showed
statistically significant benefits over vehicle on depression-like behaviors (forced swim test, tail suspension test, sucrose preference),
whereas brexpiprazole and antidepressant monotherapies did not. In the predator scent stress model of post-traumatic stress disorder
(PTSD), brexpiprazole + SSRI (escitalopram) showed a significant benefit over vehicle and/or monotherapy on anxiety-like behaviors
(elevated plus-maze) and hyperalertness (acoustic startle response), whereas brexpiprazole and escitalopram monotherapies did not
significantly differ from vehicle. In the fear conditioning model of PTSD, brexpiprazole showed significant improvements whether
administered as monotherapy or in combination with escitalopram.

Conclusion: Based on a small number of studies, the administration of brexpiprazole with an antidepressant appears to have a greater
treatment effect than either brexpiprazole or antidepressant monotherapies in preclinical studies of depression- and PTSD-like
behaviors. Thus, preclinical studies support evidence from randomized clinical trials for the therapeutic effects of adjunctive
brexpiprazole in the treatment of major depressive disorder, and brexpiprazole in combination with sertraline in the treatment of
PTSD. Funding: Otsuka/Lundbeck.

Plain Language Summary: Studies of medications in animals can provide additional information to complement studies in humans.
This review investigates what can be learned from animal studies of brexpiprazole (a medication known as an “atypical antipsychotic”)
given together with an antidepressant medication. Seven animal studies that assess brexpiprazole + antidepressant treatment in rat or
mouse models of depression and post-traumatic stress disorder were identified. Overall, these animal studies provide support for the
observed benefits of brexpiprazole added to antidepressant treatment in major depressive disorder, and the ongoing development of
brexpiprazole + antidepressant as a potential combination treatment for post-traumatic stress disorder.
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Introduction

Major depressive disorder (MDD) remains a challenging psychiatric condition to treat, with a considerable proportion of
patients experiencing inadequate response to standard antidepressant therapies.' Among such patients, multiple clinical
trials show that augmentation with brexpiprazole (and certain other atypical antipsychotics) provides greater efficacy than
antidepressant monotherapy.> ® Similarly, many patients with post-traumatic stress disorder (PTSD) do not respond to
selective serotonin reuptake inhibitors (SSRIs; the most common first-line pharmacotherapy for PTSD).”® Recent clinical
trials suggest that the combination of brexpiprazole with the SSRI, sertraline, may be more efficacious than sertraline
monotherapy in PTSD.”!° Brexpiprazole is approved in various countries for the adjunctive treatment of MDD, and is
under investigation in combination with sertraline for the treatment of PTSD.>!!

MDD and PTSD are each associated with dysfunction of the three major monoamine neurotransmitter systems:
noradrenergic (norepinephrinergic), serotonergic, and dopaminergic.'>'> Many symptoms of MDD and PTSD overlap,
including hyperarousal, irritability, agitation/aggression, and insomnia.'®'” Thus, similar pharmacological treatment
strategies may be appropriate for MDD and PTSD.

It may be hypothesized that the clinical benefits of administering antidepressants and brexpiprazole together may be
due to complementary actions on the noradrenergic, serotonergic, and dopaminergic monoamine systems.'® The most
commonly prescribed antidepressant classes (SSRIs, serotonin—noradrenaline reuptake inhibitors [SNRIs], and noradre-
naline—dopamine reuptake inhibitors [NDRIs]'?) act primarily on one or two monoamine systems.'? The majority of
atypical antipsychotics also act primarily on two monoaminergic systems, through a combination of dopamine D, and
serotonin 5-HT,4 receptor antagonism.'? Brexpiprazole is the only antipsychotic that targets receptors in all three
monoamine neurotransmitter systems with similarly high binding affinity for noradrenergic o, and a,c receptors,
serotonergic 5-HT,, and 5-HT,, receptors, and dopaminergic D, receptors.”® Of these targets, brexpiprazole shows
antagonistic activity at oy, dxc and 5-HT,, receptors, and partial agonistic activity at 5-HT,,, D,, and D; receptors.20

Additional insights into the effects of brexpiprazole + antidepressant therapy in the treatment of psychiatric disorders
may be obtained from preclinical studies. Animal models of psychiatric disorders do not directly translate into clinical
relevance, since psychiatric disorders are complex and heterogeneous, with diverse symptoms and a subjective
experience.?'*? However, animal models of psychiatric disorders allow new drugs to be tested for specific hypotheses
in a diverse array of disease models and behavioral tests, under highly controlled conditions, and with options for
experimental design that are not possible in human trials.®> Thus, preclinical studies are valuable to complement
information from clinical studies.

A review of the preclinical studies of brexpiprazole as a monotherapy (including in models of schizophrenia-like
behavior) is available elsewhere.”* The aim of the present review was to identify, describe, and appraise animal
behavioral studies in order to address the question: what information can preclinical studies provide on the use of
brexpiprazole + antidepressant treatment?

Methods

A systematic literature review was conducted to search for preclinical studies of brexpiprazole + antidepressant therapy
that included a behavioral test relating to a psychiatric disorder. The eligibility criteria and search strategy were specified
in advance and documented in a brief protocol (provided in the online supplement); the review was not registered.

PRISMA reporting guidelines were followed.*”

Eligibility Criteria

Studies were eligible if experiments were performed in animals; studies in humans and in vitro studies were excluded.
The required study intervention was brexpiprazole + antidepressant (any class), with or without a comparator. The study
outcomes must have included a behavioral test relating to any psychiatric disorder; studies with no behavioral test, or
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behavioral tests that did not relate to a psychiatric disorder (eg, tests for drug adverse effects) were excluded. No
restrictions were placed on study design. Primary study reports were considered; reviews were also included provided
they contained information on relevant but otherwise unidentified studies (ie, unpublished studies or those missed by the
database search). Articles could be in any language and published from January 1, 2011, onwards (the first brexpiprazole
publication was in 2011).

Search Strategy

Two databases were searched via Ovid: MEDLINE (which covers the period 1966—present, and does not generally
contain abstracts of papers or posters presented at national or international meetings) and Embase (which covers the
period 1947—present, and includes journal supplements that routinely contain abstracts of papers or posters presented at
some national and international meetings). The following search terms were used, reflecting the generic, developmental,
and brand names of brexpiprazole: brexpiprazole[title] OR OPC-34712[title] OR Rexulti[title] OR Rxulti[title]. All
article types were eligible. In addition, abstract books from the American Psychiatric Association Annual Meeting were
manually searched, as this meeting is not covered by Embase. Abstract books were available for 2011-2019; the regular
annual meeting did not take place in 2020 or 2021. All searches were performed on July 5, 2021, by CPW.

Study Selection
After removal of duplicate records, titles and abstracts were screened to exclude records that described a study in humans
or an in vitro study, or a study on a topic other than behavioral tests relating to a psychiatric disorder.

Next, full-text articles were retrieved (for poster abstracts, the full posters were obtained from the study sponsor) and
assessed for eligibility based on the criteria listed in the ‘Eligibility criteria’ section. Eligibility assessment was performed
by a single reviewer (CPW).

Data Extraction

The following data were extracted from eligible studies: the animal model used; the behavioral test used; sample size; the
antidepressant, its dose, duration, and method of administration; the brexpiprazole dose, duration, and method of
administration; the effects in the behavioral test of antidepressant monotherapy, brexpiprazole monotherapy, and
brexpiprazole + antidepressant, with statistical significance; and funding source. Data were extracted by a single reviewer
(CPW).

Data are presented for individual studies and were not combined or re-analyzed. P-values <0.05 were considered
statistically significant.

Risk of bias is difficult to assess in animal studies because design aspects such as randomization and blinding are not
standard practice, and there is no central, publicly accessible database of protocols.”®*’ Where possible, risk of bias in
individual studies was assessed by a single reviewer (CPW) based on descriptions of the randomization and blinding
process, animal characteristics at baseline, and animal attrition rates.

Results

Study Characteristics

A total of 296 records were screened, and nine articles were eligible for inclusion (Figure 1). Eight of the nine eligible
articles were primary reports of an animal study.® >3 The other eligible article was a published review® that described
a relevant but otherwise unidentified study in the pharmacology review of the FDA New Drug Application for
brexpiprazole, which was subsequently downloaded from the FDA website.*’

The nine eligible articles described seven unique studies (Table 1). Studies 1-5 were of treatment effects on
depression-like behaviors in rodent models; and Studies 6 and 7 were of treatment effects on PTSD-like behaviors in
rodent models. Study 1, which was included based on abstracts, has been published (in part) since the present review was
conducted.*®

All seven studies were funded by the commercial developers of brexpiprazole, Lundbeck and Otsuka.
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Identification Potentially relevant records Potentially relevant records Potentially relevant records
identified from Ovid Embase identified from Ovid MEDLINE identified from APA Annual
search (n=276) search (n=155) Meeting abstract search (n=19)

#I Duplicates (n=154)
A 4
Potentially relevant records screened
(n=296)
Records excluded (n=258)
+| * Human only (n=200)
"| < Invitro only (n=16)
h 4 + No behavioral testa (n=42)
Full-text articles assessed for eligibility
(n=38)
Articles excluded (n=29)
| * Human only (n=9)
"] < Invitro only (n=1)
h 4 » No behavioral test? (n=4)
Articles included (n=9) * Not brexpiprazole + antidepressant (n=14)
» Review with no otherwise unidentified
studies (n=1)

Figure | PRISMA flow diagram.
Notes: *Relating to a psychiatric disorder.
Abbreviation: APA, American Psychiatric Association.

Considering the risk of bias, Studies 1-5 did not report if they were randomized or blinded, whereas Studies 6 and 7
stated that they were randomized and blinded but did not give specific details. None of the studies compared treatment
groups at baseline. While most of the studies reported a sample size (with the exception of Study 3), attrition could not be
determined as the number of animals excluded from analyses was not reported.

Studies Assessing Effects on Depression-Like Behaviors
The animal models and behavioral tests used in Studies 1-5 (depression-like behaviors) are briefly described below,

followed by descriptions of the treatment effects.

Description of Animal Models of Depression

Although behavioral tests can be performed on ‘healthy’ rodents, it can be more informative to use rodent models of
depression. Examples described here are the unpredictable chronic mild stress (UCMS), social defeat stress (SDS), and
lipopolysaccharide (LPS)-induced depression models.

In the UCMS model, rodents are exposed over several weeks or months to a sequence of mild stressors, such as
removal or wetting of bedding, tilting the cage, exposure to the cage of another rodent, and changing the light/dark
cycle.*>** This is thought to produce depression-like behavioral alterations, including anhedonia and apathy, which can
be reversed by chronic administration of antidepressant drugs.*”*°

In the SDS model, C57BL/6 mice are repeatedly exposed to larger CD1 mice that have been screened for aggressive
behavior.*! Among ‘susceptible’ C57BL/6 mice, this results in depression- and anxiety-like behaviors, such as social
avoidance, which can be reversed by chronic administration of antidepressant drugs.*'

It is hypothesized that inflammation can lead to symptoms of depression in vulnerable individuals; this can be
modeled in rodents by peripheral administration of the bacterial endotoxin, LPS, which induces depression-like behaviors
such as loss of appetite and reduced motor activity.** Treatment with certain antidepressants prior to administration of

LPS has been shown to mitigate these depression-like behaviors.****
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Table | Summary of Methodology for Preclinical Behavioral Studies of Brexpiprazole + Antidepressant

Study # Reference Animal Model Behavioral Test Sample® Antidepressant Dose® Brexpiprazole Dose” Duration
| [28,29,37,38] Mouse (ddY)© Forced swim test 7-10 SSRIs: Fluoxetine 75 mg/kg, sertraline |5 mg/kg, escitalopram 0.001, 0.003 mg/kg ip Single dose
60 mg/kg, paroxetine 10 mg/kg, fluvoxamine 10/75¢ mg/kg
SNRIs: Duloxetine 10 mg/kg, venlafaxine 15 mg/kg,
milnacipran 30 mg/kg, desvenlafaxine 20 mg/kg sc
Marble burying behavior 10 SSRIs: Fluoxetine 10 mg/kg, sertraline 10 mg/kg, 0.1 mg/kg Single dose
paroxetine 10 mg/kg, fluvoxamine 15 mg/kg
2 [30,31,37] Rat (Wistar)® Forced swim test 10 SSRI: Fluoxetine 16, 32, 64 mg/kg ip 0.3, I, 3 mg/kg 2-3 doses over | day
Vogel conflict test 10 SSRI: Fluoxetine 4, 8, 16, 32 mg/kg ip 0.3, I, 3 mglkg Single dose
3 [371 Depression-like mouse (UCMS) Coat state Not stated SSRI: Fluoxetine 5, 10 mg/kg ip 0.03, 0.1 mg/kg 5 weeks
4 [32] Depression-like mouse (SDS-exposed C57BL/6) Locomotion 69 SSRI: Fluoxetine 10 mg/kg 0.1 mg/kg Single dose
Tail suspension test
Forced swim test
Sucrose preference test
5 [33] Depression-like mouse (LPS-injected C57BL/6) Locomotion 7-9 SSRI: Fluoxetine 10 mg/kg 0.1 mg/kg Single dose
Tail suspension test
Forced swim test
6 [34] PTSD-like rat (PSS-exposed Sprague Dawley) Elevated plus-maze 30-31 SSRI: Escitalopram 5 mg/kg ip 3 mglkg 14 days BID
Acoustic startle response
7 [35] PTSD-like mouse (fear conditioned and Fear response 10 SSRI: Escitalopram 0.3 mg/kg sc 0.03, 0.1, 0.3 mg/kg Single dose
corticosterone-injected C57BL/6) SSRI: Escitalopram |5 mg/kg sc 0.1,0.3, | mg/kg sc 7 days

Notes: *Number of animals per treatment group. bDr'ugs were administered orally unless otherwise stated.
Abbreviations: BID, twice per day; ip, intraperitoneal; LPS, lipopolysaccharide; PSS, predator scent stress; PTSD, post-traumatic stress disorder; sc, subcutaneous; SDS, social defeat stress; SNRI, serotonin—noradrenaline reuptake

inhibitor; SSRI, selective serotonin reuptake inhibitor; UCMS, unpredictable chronic mild stress.

“Not a model of a psychiatric disorder. 9References are inconsistent regarding fluvoxamine dose.
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Description of Behavioral Tests
The potential effects of treatment on depression-like behaviors were assessed using the forced swim test, tail suspension
test, coat state, sucrose preference test, and locomotor activity level.

In the forced swim test, a rodent is placed in a narrow, water-filled, vertical cylinder, from which it cannot escape.*>*¢ In
this scenario, rodents undergo a period of vigorous swimming, followed by a floating, immobile posture that indicates
behavioral despair (thought to reflect lowered mood or hopelessness).*>*® Antidepressants have been shown to reduce the
amount of time that rodents spend immobile.*’ In Studies 1, 2, 4 and 5 (where this information was provided), forced swim
test immobility time was determined over a 4-6 minute test period using an infrared system to detect motion.”®>** The tail
suspension test is an alternative, ‘dry’ measure of behavioral despair, in which immobility is induced by suspending the
mouse by its tail.** In Studies 4 and 5, tail suspension test immobility time was recorded over a 10-minute test period.>**

The condition of a mouse’s coat reflects its grooming behavior and thus is a measure of the animal’s motivation
toward self-centered activities.*” Exposure to stress leads to worsened coat state, and this effect is reversed by chronic
administration of antidepressants.*” A coat state score can be determined from visual inspection of seven body areas,
with the total score ranging from 0 (good) to 7 (bad).*® Coat state score was determined in Study 3.*

In the sucrose preference test, rodents are provided with a choice of two drinking bottles, one containing water and
the other containing a sucrose solution.*”>° Healthy rodents have a natural preference for the sucrose solution;
a reduction in sucrose preference is indicative of anhedonia, and can be reversed by chronic administration of
antidepressants.*”>° In Study 4, the two drinking bottles were weighed before and after a 1-hour test period, and sucrose
preference was calculated as a percentage.’”

When a rodent is placed in a new environment, its locomotor activity indicates its interest in the situation; rodents
subject to SDS show reduced locomotor activity, implying a deficit in motivation.’' In Studies 4 and 5, mice were placed
in experimental cages, and locomotor activity over 60 minutes was automatically counted using an infrared system.****

In addition to tests of treatment effects on depression-like behaviors, Studies 1 and 2 used the marble burying
behavior test and the Vogel conflict test to assess treatment effects on anxiety-like behaviors in rodent models.

Mice, when placed in a cage with marbles, will naturally bury the marbles — a behavior that is reduced by
antidepressant and anxiolytic agents.”®>> In Study 1, 25 marbles were evenly spaced on a layer of sawdust in a cage,

d,zg’29 where a lower

and the number of marbles more than two thirds covered by sawdust after 30 minutes was counte
number of buried marbles indicates a stronger therapeutic effect.

In the Vogel conflict test, water-deprived rats are periodically administered electric shocks (‘punishment”) when they
drink water via a drinking tube.’®>” This reduces the amount of time that the rats spend drinking — an effect that is
reversed by anxiolytic agents (results are inconsistent for antidepressants).’®® In Study 2, the number of punished licks
was measured (ie, the number of shocks taken, which corresponds to the amount of time spent drinking), where a greater

number of punished licks indicates a stronger anxiolytic-like effect.>*!

Effect of Brexpiprazole + Antidepressant Administration
Table 2 summarizes the outcomes from studies assessing potential treatment effects on depression-like behaviors. Three
of the five studies included a specific rodent model of depression.

Four studies used the forced swim test and/or the tail suspension test to assess treatment effects on depression-like
behaviors. In general, brexpiprazole + antidepressant significantly reduced immobility time versus vehicle, indicating
reduced behavioral despair, whereas brexpiprazole monotherapy and antidepressant monotherapy did not significantly
affect immobility time. Specifically, in mice (Study 1), brexpiprazole monotherapy, SSRI monotherapy (fluoxetine,
sertraline, escitalopram, paroxetine, fluvoxamine), and SNRI monotherapy (duloxetine, venlafaxine, milnacipran, des-
venlafaxine) did not significantly change immobility time at the doses tested.”®*°>"** However, brexpiprazole + SSRI/
SNRI (every combination, as well as pooled data) produced a statistically significant reduction in immobility time versus
vehicle. A similar pattern was observed in rats (Study 2), where brexpiprazole monotherapy and fluoxetine monotherapy
did not significantly change immobility time (except in one of five fluoxetine experiments), whereas brexpiprazole +
fluoxetine at the highest dose tested had a statistically significant benefit versus vehicle and versus fluoxetine
monotherapy.®**'~*” Finally, in mice susceptible to SDS (Study 4) and in the LPS model (Study 5), brexpiprazole
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Table 2 Effects of Brexpiprazole + Antidepressant in Preclinical Studies of Depression-Like Behaviors

Outcome Study # SSRI Brexpiprazole Brexpiprazole + SSRI
vs vehicle | vs vehicle | vs SSRI | vs vehicle | vs SSRI | vs Brex
In rodent model
FST: immobility time 1? x x - v - _
2 v x - v v -
MBB: number of buried marbles | - - - v v v
VCT: number of punished licks 2 v v - x - -
In rodent model of depression
FST: immobility time 4 x x - v - _
5 X x - v — —
TST: immobility time 4 x x - v — _
5 X x - v — —
Coat state score 3 v - - N v -
Sucrose preference 4 x x - v — _
Locomotion over 60 minutes 4 x x x x x x
5 X x X x X X

Notes: *SNRIs were also tested in Study |, with the same pattern of results. v/ =statistically significant benefit (p<0.05) for at least one dose
tested. X=no statistically significant benefit for any dose tested. —=statistical comparison not performed/reported, or experiment to make this
comparison not performed.

Abbreviations: Brex, brexpiprazole; FST, forced swim test; MBB, marble burying behavior; SNRI, serotonin—noradrenaline reuptake inhibitor;
SSRI, selective serotonin reuptake inhibitor; TST, tail suspension test; VCT, Vogel conflict test.

monotherapy and fluoxetine monotherapy did not significantly change immobility time versus vehicle, whereas brexpi-
prazole + fluoxetine produced a statistically significant reduction in immobility time versus vehicle.’*?

In the UCMS model (Study 3), fluoxetine monotherapy produced a statistically significant improvement in mouse
coat state score versus vehicle after 1-2 weeks of treatment, which lasted until the end of the 5-week treatment period.”’
Brexpiprazole + fluoxetine produced greater improvement, with statistically significant benefits over fluoxetine mono-
therapy after 3 weeks of treatment and lasting until the end of the study, indicating enhanced motivation. The effect of
brexpiprazole alone was not determined.

In the sucrose preference test, among mice susceptible to SDS (Study 4), brexpiprazole + fluoxetine produced
a statistically significant increase in sucrose preference, indicating reduced anhedonia, whereas brexpiprazole mono-
therapy and fluoxetine monotherapy did not significantly change sucrose preference.*>

In the locomotion test, among mice susceptible to SDS (Study 4) and in the LPS model (Study 5), there were no
statistically significant effects of any treatment.’*"

In mice (Study 1), brexpiprazole + SSRI (fluoxetine, paroxetine, sertraline, and fluvoxamine) produced a statistically
significant reduction in the number of marbles buried versus vehicle.”*° Brexpiprazole + SSRI (fluoxetine, sertraline,
and fluvoxamine) also produced a statistically significant reduction versus brexpiprazole monotherapy, and brexpiprazole
+ fluoxetine/fluvoxamine produced a statistically significant reduction versus the corresponding SSRI monotherapies.**°
Statistical tests were not performed for monotherapies versus vehicle.

In rats (Study 2), at the highest doses tested, brexpiprazole monotherapy and fluoxetine monotherapy produced
a statistically significant increase in the number of punished licks versus vehicle in the Vogel conflict test, indicating
a reduction of anxiety-like behaviors.’*>" Brexpiprazole + fluoxetine did not significantly increase punished drinking
compared to vehicle, with large error bars. In a separate control experiment, brexpiprazole monotherapy and fluoxetine
monotherapy had no significant effect on time spent drinking in an unpunished session, whereas brexpiprazole +

fluoxetine produced a statistically significant reduction in unpunished drinking.
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Studies Assessing Effects on PTSD-Like Behaviors
The animal models and behavioral tests used in Studies 6 and 7 (PTSD-like behaviors) are briefly described below,
followed by descriptions of the treatment effects.

Description of Animal Models of PTSD
Two rodent models of PTSD were utilized: exposure to predator scent stress (PSS), and fear conditioning followed by
a corticosterone injection.

In the PSS model, rodents are exposed to the odor of predators, such as cats or foxes, for a short but inescapable
period.”®®® This induces fear and stress, with long-lasting behavioral responses such as freezing and avoidance, and
physiological responses such as the release of stress hormones.’”*° In susceptible animals, these same responses may be
triggered by a situational reminder of the trauma, which resembles aspects of PTSD in humans.>**° In Study 6, rats were
exposed to used cat litter as the trauma, and unused cat litter as a reminder of the trauma.**

People with PTSD have memory impairments that make them unable to restrict fear to the correct predictors of their
trauma, as opposed to peritraumatic contextual cues.®’> In mice, this memory impairment can be replicated by
a corticosterone injection after fear conditioning.” Mice are given an electric foot shock when placed in
a conditioning cage (correct predictor), and a tone is played at different times to the shock (incorrect predictor).®>
Control mice develop a fear response to the cage more than the tone, whereas corticosterone-injected mice show a fear
response to the tone more than the cage.®

Description of Behavioral Tests
The potential effects of treatment on PTSD-like behaviors were assessed using the elevated plus-maze, acoustic startle
response, and fear response tests.

The elevated plus-maze comprises two raised, narrow platforms, one of which is walled and the other of which is
open, meeting in the middle to form a “+” shape.®® Rodents have an innate aversion to heights and open spaces, and the
proportion of time spent in each arm can be used to measure anxiogenic- and anxiolytic-like responses.®®®* In Study 6,
rats were placed in the maze for 5 minutes and the following outcomes were determined: time spent in the open arms;
number of times entering the open arms; overall activity (number of times entering the open arms + closed arms); and
overall anxiety index, which is calculated from the above outcomes, and ranges from 0 to 1, with higher values reflecting
more anxiety-like behavior.**

The acoustic startle response is a reflex muscle contraction that occurs in response to a sharp noise, and which has
a greater amplitude among patients with PTSD compared with controls, reflecting hyperalertness.®”**®> Failure to
habituate to startle stimuli is also a marker for PTSD.® In Study 6, rats were exposed to 30 acoustic pulses, and the
amplitude of the startle reflex was measured in arbitrary units using a piezoelectric accelerometer under the test chamber
(averaged over all 30 trials).>* In addition, startle habituation to repeated acoustic pulses was calculated as the percent
change in startle reflex amplitude between the first six pulses and the last six pulses.

In the fear response test, mice that have undergone fear conditioning as described in the previous section are firstly re-
exposed to the tone (incorrect predictor) in a safe, familiar chamber, and secondly re-exposed to the conditioning cage
(correct predictor) with no tone.®® In Study 7, fear response was measured by the percentage of time spent ‘freezing’ in
each scenario (defined as a lack of all movement except for respiratory-related movement), and by the ratio of freezing
increase to the tone relative to baseline freezing.>

Effect of Brexpiprazole + Antidepressant Administration
Table 3 summarizes the outcomes from studies assessing potential treatment effects on PTSD-like behaviors. Both of the
studies used specific rodent models of PTSD.

In the elevated plus-maze (Study 6), 2 weeks of treatment with brexpiprazole monotherapy and escitalopram
monotherapy did not significantly decrease anxiety-like behaviors following PSS exposure.>® In contrast, PSS-exposed
rats treated with brexpiprazole + escitalopram spent significantly more time in open arms and had a significantly lower
anxiety index than rats administered vehicle (with no change in overall activity, ie, total arm entries) — thereby indicating
a reduction in anxiety-like behavior.
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Table 3 Effects of Brexpiprazole + Antidepressant in Preclinical Studies of PTSD-Like Behaviors

Outcome Study # SSRI Brexpiprazole Brexpiprazole + SSRI
vs vs vs vs vs vs
vehicle vehicle SSRI vehicle SSRI Brex

In rodent model of PTSD

EPM: time in open arms 6 x x x v v x
EPM: open arm entries 6 x x X x v x
EPM: total arm entries 6 x x x x x x
EPM: anxiety index 6 x x x v v v
ASR: startle amplitude 6 x x x x v x
ASR: startle habituation 6 x x x x x x
FR: freezing to the tone (ratio) 7 v v v v - -
FR: freezing to the context 7 x v v v - -

Notes: /=statistically significant benefit (p<0.05) for at least one dose tested. X=no statistically significant benefit for any dose
tested. —=experiment to make this comparison not performed.

Abbreviations: ASR, acoustic startle response; Brex, brexpiprazole; EPM, elevated plus-maze; FR, fear response; PTSD, post-traumatic
stress disorder; SSRI, selective serotonin reuptake inhibitor.

There was no significant effect of brexpiprazole monotherapy or escitalopram monotherapy on the acoustic startle
response in PSS-exposed rats (Study 6).** Brexpiprazole + escitalopram treatment reduced startle amplitude compared
with vehicle and both monotherapies; however, this benefit was only statistically significant versus escitalopram
monotherapy. There was no significant effect of brexpiprazole + escitalopram or either monotherapy on startle
habituation.

In the fear response test, in corticosterone-injected animals (Study 7), brexpiprazole monotherapy (acute and
subchronic administration) completely suppressed the abnormally high fear response to the tone (incorrect predictor)
at all doses tested, and increased the abnormally low fear response to the conditioning cage (correct predictor) in a dose-
dependent manner.>> The same result occurred when brexpiprazole was administered with escitalopram, indicating that
escitalopram did not influence the effect of brexpiprazole. In a separate experiment, escitalopram monotherapy (acute
administration) had no significant effect on fear response to the tone (incorrect predictor) or to the conditioning cage
(correct predictor) in corticosterone-injected animals immediately following a single dose, but did show a significant
benefit on fear response to the tone after 7 days.

Discussion

This systematic literature review identified seven preclinical studies that were considered suitable to assess the effects of
brexpiprazole + antidepressant therapy on animal behaviors relevant to a psychiatric disorder. Overall, the identified
preclinical studies support a greater effect of brexpiprazole + antidepressant therapy versus the respective monotherapies

6769} behavioral models and tests

in various validated (with regard to etiology, symptomatology, and treatment response
of treatment effects on depression- and PTSD-like behaviors.

In rodent models of depression, brexpiprazole + SSRI therapy consistently showed significant benefits over vehicle on
almost all tests of depression-like behaviors, indicating improvements in behavioral despair, motivation, and anhedonia.
The only exception was locomotor activity, which is a simplistic measure influenced by natural variations in activity and
stress levels between animals, especially in small samples.®> Brexpiprazole monotherapy and SSRI monotherapy showed
no significant benefits over vehicle in any rodent model of depression (except SSRI on coat state). Thus, in models of
depression, the administration of brexpiprazole + SSRI was superior to either monotherapy. In clinical practice,
adjunctive brexpiprazole may be added to existing antidepressant treatment for patients with MDD and unresolved
symptoms on antidepressants alone.'' For these patients, brexpiprazole + antidepressant has demonstrated significantly
greater improvement than placebo + antidepressant on overall and specific depressive symptoms, notably anxiety and

irritability symptoms.”® ">
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In rodent models (not of psychiatric disorders), brexpiprazole + SSRI showed mixed results in tests of anxiety-like
behaviors. On the marble burying test, brexpiprazole + SSRI showed improvement versus vehicle, versus brexpiprazole
monotherapy and versus SSRI monotherapy. In contrast, on the Vogel conflict test, brexpiprazole + fluoxetine did not
significantly increase the number of punished licks versus vehicle, whereas both monotherapies showed a benefit.
However, this result must be considered in the context of the control experiment, in which brexpiprazole + fluoxetine
showed an inhibitory effect on unpunished drinking that may have masked a possible treatment effect on punished
licks.***! Brexpiprazole has not been studied in randomized clinical trials in people with anxiety disorders and is not
approved for such use. However, data from clinical trials in MDD have demonstrated the efficacy of adjunctive
brexpiprazole in patients with anxious distress and anxious depression.’”* ">

In the PSS model of PTSD, brexpiprazole + SSRI (escitalopram) showed a significant improvement over vehicle and/
or monotherapy on the elevated plus-maze and on acoustic startle amplitude, indicating benefits on anxiety-like behaviors
and hyperalertness, respectively. In the fear conditioning model of PTSD, brexpiprazole improved fear response metrics
whether administered as monotherapy or with escitalopram. Overall, across PTSD models, the administration of
brexpiprazole + SSRI produced greater improvements than SSRI monotherapy. In randomized clinical trials in people
with PTSD, combination treatment with brexpiprazole + sertraline has demonstrated significantly greater improvement
than placebo + sertraline on overall PTSD symptoms in two flexible-dose trials, with a similar (non-significant)
improvement in a fixed-dose trial.”'>’® Brexpiprazole + sertraline combination treatment is currently in development
as a potential pharmacotherapy for PTSD.

With regard to why SSRI monotherapy generally failed to show an effect in the above models of depression and
PTSD, the results of animal tests are known to vary between studies depending on experimental design factors such as
the strain of mouse/rat, the duration of drug administration (acute or chronic), the dose and route of administration, and
the specific test conditions.?'*®””® Furthermore, the authors of Study 1 stated that ineffective doses were intentionally
selected in order to investigate a potential synergistic effect of brexpiprazole + SSRI.*®

This review focused on statistically significant effects rather than magnitudes of effect, which reflects the presentation

2122 and rather than

of data in the primary publications. Translation of animal models to humans remains a challenge,
attempting to interpret clinical relevance, these results should be considered as hypothesis generating. This is especially
pertinent given the differences in animal strain, dose, and treatment duration between studies, meaning that results cannot
be amalgamated. However, given that brexpiprazole + antidepressant has also shown efficacy in clinical trials,®> ®%'° this
allows for reverse translation, thereby supporting this set of behavioral tests (except for locomotor activity) as tools in the
development of new treatments for MDD and PTSD.?!

The observed benefits of treatment with brexpiprazole + SSRI/SNRI antidepressants can be attributed to a complex
and likely complementary interaction of the noradrenaline, serotonin, and dopamine neurotransmitter systems, with
SSRIs/SNRIs increasing the availability of monoamines at the synapse, and brexpiprazole directly acting on the
monoaminergic receptors via antagonism or partial agonism.'*'®2%7°8! The majority of monoamine release is non-
synaptic, meaning that drugs which directly interact with monoamine receptors may provide greater improvement of
depressive symptoms than drugs that inhibit reuptake.®* Considering specific symptoms, a hyperactive noradrenaline
system is associated with the MDD/PTSD symptoms of hyperarousal, irritability, agitation/aggression, and insomnia,' %
whereas a hypoactive noradrenaline system is associated with the MDD symptoms of low energy and concentration
difficulties.'®** Of note, serotonergic antidepressants may sometimes cause emotional blunting, apathy, and anhedonia,
which is attributed to dampening of dopaminergic and noradrenergic activity.*>®” Unlike most other antipsychotics,
brexpiprazole has high affinity (K; <l nM), as an antagonist, for noradrenergic a5 and a,¢ receptors,”’ which may help
to modulate noradrenaline activity, as follows. In a hyperactive system, antagonism of a; receptors may prevent the
negative effects of excessive noradrenaline and thereby improve hyperarousal, irritability, agitation/aggression, and
insomnia, whereas, in a hypoactive system, selective antagonism of a,c receptors may increase noradrenaline levels
and thereby improve symptoms of low energy and concentration difficulties.®>**°° Brexpiprazole also shows high

O actions with

affinity (K; <1 nM) serotonin 5-HT,, receptor partial agonism and 5-HT,, receptor antagonism,’
established antidepressant effects.”’* Serotonin 5-HT A receptor partial agonism is also associated with improvement

of anxiety symptoms.”* Serotonergic activity may reduce generalized fear (relating to PTSD) by inhibiting glucocorticoid
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receptors and restoring y-aminobutyric acid (GABA)/glutamate balance.” Finally, the clinically demonstrated efficacy of
brexpiprazole as monotherapy for agitation associated with Alzheimer’s dementia, as well as for schizophrenia, may be
linked to modulatory effects on noradrenaline, serotonin, and dopamine monoamine neurotransmitter systems.”*"¢1%*
Further research into the clinical implications of the mechanism of action of brexpiprazole + antidepressant would be
valuable.

This review is limited in that it considered published studies (including abstracts) only. It has been estimated that up
to 40% of animal studies are never published,'®*'** and such selective publication could lead to bias if, say, positive
studies are more likely to be published than inconclusive studies. All seven studies included in the review were supported
by the commercial developers of brexpiprazole; independent replication of the studies would increase confidence in the
results. A single reviewer selected articles for the review, which may increase the risk of rejecting relevant articles. Only
seven small studies were identified, some of which were single-dose studies, limiting the strength of the evidence.
Finally, minimal risk of bias assessment was possible for the individual studies due to lack of clarity in the articles
regarding aspects such as randomization, blinding, and attrition.

Conclusion

In conclusion, the available evidence from published preclinical behavioral studies indicates that the administration of
brexpiprazole with an antidepressant has a greater treatment effect than the respective monotherapies in various animal
models and tests of depression- and PTSD-like behaviors. Thus, preclinical studies support evidence from randomized clinical
trials for the antidepressant effects of adjunctive brexpiprazole in MDD, © and the efficacy of brexpiprazole in combination
with the SSRI, sertraline, in PTSD.>'® Furthermore, the preclinical evidence from this review highlights the value of this
combination of behavioral tests in drug development to help evaluate potential new treatments for MDD and PTSD.
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