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Abstract
Background: Long‐term	 antipsychotic	 treatment	 in	 patients	 with	 schizophrenia	
can	 induce	 supersensitivity	 psychosis	 and	 tardive	 dyskinesia	 which	 is	 thought	 to	
be	caused	by	dopamine	D2	 receptor	sensitization.	We	evaluated	the	effects	of	br‐
expiprazole	on	D2	 receptor	 sensitivity	after	 subchronic	 treatment	 in	 rats.	We	also	
evaluated	whether	brexpiprazole	could	suppress	enhanced	response	to	D2	receptors	
in	rats	subchronically	dosed	with	another	atypical	antipsychotic.
Methods: The maximum D2	receptor	density	(Bmax)	and	apomorphine	(a	D2	receptor	
agonist)‐induced	stereotypy	were	measured	in	rats	orally	dosed	with	vehicle,	halop‐
eridol	(1	mg/kg),	or	brexpiprazole	(4	or	30	mg/kg	for	Bmax,	6	or	30	mg/kg	for	stereo‐
typy)	for	21	days.	Then,	effects	of	oral	administrations	of	brexpiprazole	(3	mg/kg),	
aripiprazole	(10	mg/kg),	and	olanzapine	(3	mg/kg)	against	increases	in	apomorphine‐
induced	hyperlocomotion	and	(±)‐2,5‐dimethoxy‐4‐iodoamphetamine	hydrochloride	
(DOI:	a	5‐HT2A	receptor	agonist)‐induced	head	twitches	were	evaluated	in	rats	sub‐
cutaneously	treated	with	risperidone	(1.5	mg/kg/d)	via	minipumps	for	21	days.
Results: Haloperidol	and	brexpiprazole	(30	mg/kg:	approximately	tenfold	ED50	of	anti‐
apomorphine‐induced	stereotypy)	but	not	brexpiprazole	(4	or	6	mg/kg)	significantly	
increased	 the	Bmax	 and	apomorphine‐induced	 stereotypy.	Brexpiprazole	 (3	mg/kg)	
and	olanzapine	(3	mg/kg)	significantly	suppressed	both	increases	in	apomorphine‐in‐
duced	hyperlocomotion	and	also	DOI‐induced	head	twitches	in	rats	subchronically	
treated	with	 risperidone,	but	aripiprazole	 (10	mg/kg)	 significantly	 suppressed	only	
apomorphine‐induced	hyperlocomotion.
Conclusion: Brexpiprazole	has	a	low	risk	of	D2	receptor	sensitization	after	a	repeated	
administration	and	 suppresses	 the	 rebound	phenomena	 related	 to	D2	 and	5‐HT2A 
receptors	after	a	repeated	administration	of	risperidone.
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1  | INTRODUC TION

Schizophrenia	is	a	chronic	disorder	that	affects	1%	of	the	world	pop‐
ulation.1	Initially,	the	main	strategy	to	treat	schizophrenia	was	based	
on dopamine D2	receptor	antagonism.

2	In	addition,	these	dopamine	
D2	 receptor	 antagonists	 or	 second‐generation	 antipsychotics	 also	
have	antagonistic	properties	against	serotonin	5‐HT2A	receptors,	as	
well	as	a	variety	of	effects	on	other	monoamine	receptors,	such	as	
5‐HT1A	receptors	and	α1‐adrenoceptors.	These	broad	target	effects	
have	the	objective	of	either	 improving	antipsychotic	efficacy	(with	
additional	 effects	 on	 affective	 symptoms	 or	 cognitive	 deficits)	 or	
reducing	 side	 effects	 (eg,	 extrapyramidal	 symptoms	 [EPS]).3‒8 The 
increased	availability	of	second‐generation	antipsychotics	over	the	
years	with	 different	 pharmacological	 profiles	 has	 permitted	 drug‐
switching	strategies	in	patients	showing	insufficient	therapeutic	re‐
sponses	or	severe	adverse	events.9‒11

However,	 due	 to	 tolerability	 issues,	 treatment	 with	 antipsy‐
chotic	drugs	having	D2	receptor	antagonist	activity	may	not	be	the	
optimal	strategy	to	modulate	dopaminergic	activity.	The	discovery	
and	development	of	D2	 receptor	partial	agonists	have	provided	an	
improved	 treatment	option	 for	patients	with	 stabilizing	effects	on	
dopamine	function.12	Presently,	several	D2	receptor	partial	agonists	
such	as	aripiprazole	and	brexpiprazole	are	clinically	available.13‒16

Brexpiprazole,	 discovered	 by	Otsuka	 Pharmaceutical	 Co.,	 Ltd.,	
and	co‐developed	with	H.	Lundbeck	A/S,	 is	a	 serotonin‐dopamine	
activity	modulator	 (SDAM)	 being	 developed	 as	 a	 novel	 treatment	
for	 psychiatric	 disorders.17,18	 Brexpiprazole	 has	 subnanomolar	
binding	affinities	(Ki	<	1	nmol/L)	for	human	serotonin	1A	(h5‐HT1A) 
and	 2A	 (h5‐HT2A),	 long	 form	 of	 human	 dopamine	 D2	 (hD2L),	 and	
human	alpha‐1B	(hα1B)‐	and	alpha‐2C	(hα2C)‐adrenergic	receptors.

17 
Brexpiprazole	acts	as	a	partial	agonist	at	h5‐HT1A and hD2	receptors,	
and	as	an	antagonist	at	h5‐HT2A and noradrenaline hα1B/2C recep‐
tors.17	Brexpiprazole	has	a	 lower	 intrinsic	activity	at	the	D2 recep‐
tor	and	higher	affinities	 to	 the	5‐HT2A	and	5‐HT1A	 receptors	 than	
aripiprazole.17

Brexpiprazole	 displayed	 antipsychotic‐like	 effects	 in	 antipsy‐
chotic	drug	screening	models	in	rats	and	monkeys	in	which	brexpip‐
razole	seemed	to	have	functional	D2	receptor	antagonist	activity.

18 
In	 addition,	 D2	 receptor	 agonistic	 activity	 of	 brexpiprazole	 was	
confirmed	in	animal	models,	indicating	that	brexpiprazole	acts	as	a	
D2	 receptor	 partial	 agonist	 not	 only	 in	 in	 vitro	but	 also	 in	 in	 vivo.	
Furthermore,	its	risk	for	producing	catalepsy	(EPS)	and	hyperprolac‐
tinemia	in	animals	is	lower	than	the	risk	observed	for	risperidone.17,18 
The	antipsychotic	effect	of	brexpiprazole	has	been	verified	 in	nu‐
merous	clinical	 studies	 in	which	brexpiprazole	 improved	psychotic	
symptoms.	Overall,	 it	 is	well‐tolerated	with	 low	side	effects	 in	pa‐
tients	with	schizophrenia.19‒21

A	key	issue	for	D2	receptor	partial	agonists	 is	to	ascertain	how	
much	intrinsic	activity	(or	relative	efficacy)	is	ideal	in	leading	to	op‐
timal	stabilization	of	dopaminergic	transmission.	If	D2	receptor	ago‐
nistic	activity	is	too	high,	this	can	lead	to	lack	of	robust	antipsychotic	
efficacy	as	well	as	pronounced	side	effects	related	to	increased	D2 
receptor	 tonus,	 for	 example,	 nausea,	 vomiting,	 and	motor	 side	 ef‐
fects	 such	 as	 hyperkinesias	 and	 restlessness.22‒25	 Conversely,	 the	
level	of	D2	receptor	antagonistic	activity	can	also	be	challenging	and	
lead	to	an	increased	risk	of	EPS,	hyperprolactinemia,26	tardive	dyski‐
nesia,	and	dopamine	supersensitivity	psychosis.27‒29

In	 fact,	 long‐term	 D2	 receptor	 blockade	 can	 evoke	 dopamine	
D2	 receptor	supersensitivity	both	 in	animals	and	humans,	which	 is	
considered	to	be	a	possible	cause	of	tardive	dyskinesia	and	super‐
sensitivity	psychosis.27‒29	 In	 this	 regard,	 a	number	of	 studies	have	
demonstrated	 that	 the	 repeated	 administration	 of	 antipsychotic	
drugs	 increased	D2	 receptor	density	 in	 the	striatum	and	enhanced	
stereotyped	behavior	induced	by	apomorphine	in	rodents.27,28 In ad‐
dition,	other	researchers	reported	that	haloperidol	significantly	 in‐
creased	methamphetamine‐induced	hyperactivity	and	the	maximum	
number	of	binding	sites	(Bmax).	Favorably,	however,	aripiprazole	did	
not	increase	these	parameters.30,31

It	has	been	suggested	that	the	long‐term	administration	of	anti‐
psychotics	would	increase	the	sensitivity	of	other	receptors	as	well	
which	may,	 together	with	D2	 receptor	 supersensitivity,	 contribute	
to	 rebound	 symptoms	 after	 their	 discontinuation.32‒36	 Such	 re‐
bound	symptoms	can	manifest	as	psychosis,	EPS,	and	insomnia.37‒40 
Atypical	antipsychotics	such	as	risperidone,	olanzapine,	and	queti‐
apine	have	higher	affinity	for	the	5‐HT2A	receptor	than	the	D2 recep‐
tor.34	Therefore,	long‐term	treatment	of	these	drugs	may	influence	
not	only	D2	receptor	sensitivity	but	also	5‐HT2A	receptor	sensitivity,	
which	may	 contribute	 to	 some	 symptoms	 seen	with	 antipsychotic	
drug	switching	in	patients.

It	 has	 not	 been	 investigated	 whether	 the	 repeated	 adminis‐
tration	 of	 brexpiprazole	 evokes	 D2	 receptor	 supersensitivity	 or	
whether	 brexpiprazole	 can	 suppress	 behavioral	 responses	 to	 re‐
ceptor	supersensitivities	caused	by	the	repeated	administration	of	
other	 antipsychotic	 drugs.	 Therefore,	 firstly	we	evaluated	 the	ef‐
fects	 of	 21‐day	 repeated	 administration	 of	 brexpiprazole	 on	Bmax 
of	 striatal	 D2	 receptors	 and	 apomorphine‐induced	 stereotyped	
behavior	 in	 rats.	 Secondly,	we	evaluated	whether	 an	 acute	expo‐
sure	of	brexpiprazole	would	suppress	D2	receptor	supersensitivity	
using	apomorphine‐induced	hyperlocomotion	 in	 rats	 treated	with	
risperidone	for	21	days,	and	5‐HT2A	receptor	supersensitivity	using	
(±)‐2,5‐dimethoxy‐4‐iodoamphetamine	 hydrochloride	 (DOI)‐in‐
duced	head	twitches	because	risperidone	may	influence	5‐HT2A re‐
ceptor	sensitivity	after	its	repeated	administration	as	it	is	a	5‐HT2A 
receptor	antagonist.

K E Y W O R D S
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2  | MATERIAL S AND METHODS

2.1 | Animals

For	evaluation	of	D2	receptor	sensitivity	after	a	repeated	admin‐
istration	 of	 brexpiprazole	 and	 haloperidol,	 20	 male	 Wistar	 rats	
(Japan	SLC,	Inc.,	7	weeks	old	at	the	start	of	treatment)	and	24	male	
Wistar	rats	(7	weeks	old	at	the	start	of	treatment)	were	used	for	
measurement	of	Bmax	of	striatal	D2	receptors	and	apomorphine‐in‐
duced	stereotyped	behavior,	respectively.	For	evaluation	of	acute	
oral	treatment	with	brexpiprazole,	aripiprazole,	and	olanzapine	on	
behavioral	responses	associated	with	D2	and	5‐HT2A	receptor	sen‐
sitization	caused	by	a	subchronic	risperidone	treatment,	57	male	
Wistar	 rats	 (9	 weeks	 old	 at	 the	 start	 of	 risperidone	 treatment)	
were	used.	They	were	group‐housed	(5	or	6	per	cage)	in	individual	
cages	with	water	and	food	(Oriental	Yeast	Co,	Ltd)	supplied	ad	libi‐
tum	and	maintained	under	artificial	lighting	between	7:00	am and 
7:00 pm.	The	room	temperature	and	humidity	were	maintained	at	
23	±	2°C	and	60	±	10%,	respectively.

2.2 | Treatment

Brexpiprazole,	 aripiprazole,	 and	olanzapine	 (synthesized	at	Otsuka	
Pharmaceutical	Co.,	Ltd.)	were	suspended	 in	5%	 (w/v)	gum	arabic‐
distilled	water	solution	(vehicle).	Haloperidol	(Serenace®,	Sumitomo	
Dainippon	Pharma	Co.,	Ltd.)	was	diluted	with	 the	vehicle	solution.	
Doses	of	these	compounds	were	expressed	as	free	bases	and	admin‐
istered	at	a	volume	of	5	mL/kg.	Risperidone	(Sigma‐Aldrich)	was	dis‐
solved	in	a	small	amount	of	glacial	acetic	acid	and	diluted	with	saline,	
adjusted	to	pH	4‐5	with	NaOH.	The	5‐HT2A	receptor	agonist,	DOI,	
and	the	D2	receptor	agonist,	apomorphine,	were	dissolved	in	saline.

For	 the	 evaluation	 of	 Bmax	 of	 striatal	 D2	 receptors,	 brexpip‐
razole	 (4	or	30	mg/kg),	haloperidol	 (1	mg/kg),	or	vehicle	was	ad‐
ministered	orally	 (p.o.)	to	rats	once	daily	for	21	days	(Figure	1A).	
Similarly,	 for	 the	evaluation	of	apomorphine‐induced	stereotypy,	
brexpiprazole	 (6	 or	 30	mg/kg),	 haloperidol	 (1	mg/kg),	 or	 vehicle	
was	administered	p.o.	to	rats	once	daily	for	21	days	(Figure	1A).	In	
the	evaluation	of	apomorphine‐induced	stereotypy,	 the	doses	of	
brexpiprazole	 (6	mg/kg)	and	haloperidol	 (1	mg/kg)	were	used	as	
approximately	twofold	doses	of	ED50	values	against	apomorphine	
[0.7	mg/kg,	subcutaneously	(s.c.)]‐induced	stereotypy	in	rats.18,41 
The	 dose	 of	 brexpiprazole	 at	 30	mg/kg	was	 used	 as	 a	 suprath‐
erapeutic	 dose	 (approximately	 tenfold	 of	 the	ED50	 value)	 of	 this	
compound	against	the	animal	model.

For	evaluation	of	acute	oral	treatment	of	brexpiprazole,	arip‐
iprazole,	and	olanzapine	on	D2	and	5‐HT2A	receptor	sensitization	
caused	by	a	chronic	risperidone	treatment,	rats	were	anesthetized	
with	 isoflurane	 (Mylan)	 and	an	ALZET	osmotic	minipump	 (model	
2ML4)	containing	risperidone	or	vehicle	was	inserted	into	the	sub‐
cutaneous	space	through	a	small	incision	on	the	back.	Risperidone	
(1.5	mg/kg/d)	or	vehicle	was	administered	continuously	(2.5	μL/h)	
for	 21	 days	 through	 the	 implanted	 pumps	 (Figure	 1B).	 Previous	
rat	studies	showed	that	30%‐60%	of	D2	receptors

42	and	70%‐90%	
of	 5‐HT2	 receptors

43	 were	 occupied	 by	 1	 mg/kg/d	 risperidone	
when	 delivered	 by	 an	 osmotic	 minipump.	 The	 osmotic	 pumps	
were	removed	from	the	rats	on	the	day	22.	Vehicle,	brexpiprazole	
(3	mg/kg),	aripiprazole	 (10	mg/kg),	or	olanzapine	 (3	mg/kg)	were	
administered	p.o.	to	these	rats	in	order	to	evaluate	effects	of	the	
treatment	conditions	on	DOI‐induced	head	twitches	and	apomor‐
phine‐induced	stereotypy	7	and	11	days	after	the	osmotic	pump	
removal,	 respectively.	 Brexpiprazole	 at	 3	 mg/kg,	 aripiprazole	 at	
10	mg/kg,	and	olanzapine	at	3	mg/kg	were	used	as	doses	slightly	

F I G U R E  1  Schematic	diagram	of	
experimental	procedures.	A,	Evaluation	
of	D2	sensitivity	after	repeated	
administrations	of	brexpiprazole	and	
haloperidol.	B,	Evaluation	of	acute	
oral	administrations	of	brexpiprazole,	
aripiprazole,	and	olanzapine	on	5‐HT2A 
and D2	receptor	sensitization	induced	by	a	
chronic	risperidone	treatment
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over	 their	 ED50	 values	 against	 apomorphine	 (0.7	mg/kg,	 s.c.)‐in‐
duced	stereotypy.18,44

2.3 | D2 receptor binding assay

Rats	were	sacrificed	by	decapitation	3	days	after	the	 last	adminis‐
tration	of	the	compounds,	and	their	striata	were	quickly	dissected	
from	the	brains	on	ice	(Figure	1A).	Rat	striatal	membrane	was	pre‐
pared	as	follows.41	The	striata	were	homogenized	in	ice‐cold	buffer	
A	[50	mmol/L	Tris‐HCl	buffer	 (pH	7.4)]	using	an	ultrasonic	homog‐
enizer	(Microson,	Misonix,	Inc.)	for	15	to	30	seconds.	The	homogen‐
ates	were	centrifuged	at	46	300	g	for	10	minutes	at	4°C	(Centrifuge:	
himac	 CP100WX,	 Hitachi,	 Ltd.,	 Rotor:	 PR55T‐335,	 Hitachi,	 Ltd.).	
The	 pellets	were	 suspended	with	 ice‐cold	 buffer	A.	After	 incuba‐
tion	for	10	minutes	at	37°C,	the	suspensions	were	centrifuged	under	
the	 same	 condition.	 The	 final	 pellets	 were	 suspended	 in	 ice‐cold	
buffer	B	 (50	mmol/L	Tris‐HCl	buffer	containing	120	mmol/L	NaCl,	
5	mmol/L	KCl,	2	mmol/L	CaCl2,	 and	1	mmol/L	MgCl2,	 pH	7.4).	All	
membrane	preparations	were	stored	at	−80°C	until	use.

To	estimate	the	Bmax and Kd	values	of	D2	receptors	in	the	striatal	
membrane	preparations,	the	binding	assays	were	performed	as	fol‐
lows.	The	membrane	preparations	were	incubated	for	60	minutes	
at	 25°C	with	 buffer	 B	 containing	 [3H]‐raclopride.	 The	 incubated	
samples	were	run	through	glass	fiber	filter‐bottom	96‐well	micro‐
plates	(Unifilter®	96GF/B,	PerkinElmer,	Inc.)	pretreated	with	0.1%	
polyethylenimine,	using	a	cell	harvester	(FilterMate™,	PerkinElmer,	
Inc.).	The	filter	plates	were	rinsed	with	ice‐cold	buffer	A	and	dried	
up	 in	an	oven	at	50°C.	The	 radioactivity	on	 the	 filter	plates	was	
measured	by	TopCount	 (TopCount	NXT™,	PerkinElmer,	 Inc.)	with	
the	 liquid	scintillation	cocktail	 (MicroScint™	0,	PerkinElmer,	 Inc.).	
The	radioactivity	of	radioligands	was	measured	by	both	TopCount	
and	 liquid	 scintillation	 counter	 (LSC‐5101,	 Aloka	 Co,	 Ltd.)	 with	
Aquasol™‐2	 (PerkinElmer,	 Inc.)	 in	order	 to	 calculate	 the	 counting	
efficacy	of	the	radioactivity.	Nonspecific	binding	to	D2	 receptors	
was	defined	 in	 the	presence	of	10	µmol/L	 (+)‐butaclamol	hydro‐
chloride.	 Specific	 binding	was	 calculated	 by	 subtracting	 nonspe‐
cific	binding	from	total	radioligand	binding.	All	binding	assays	were	
carried	out	 in	 triplicate,	 and	protein	 concentrations	of	 the	mem‐
brane	 preparations	 were	 measured	 using	 Pierce™	 BCA	 Protein	
Assay	Kit	[Pierce	(at	present,	Thermo	Fisher	Scientific)].	The	Bmax 
and Kd	values	were	calculated	by	nonlinear	regression	analysis	[one	
site	 binding,	 Michaelis‐Menten	 equation:	 Y = Bmax × X/(Kd	 +	 X),	
X	 =	 concentration	 of	 radioligand	 (nmol/L),	 Y	 =	 specific	 binding	

(fmol/mg	 protein)]	 using	GraphPad	 Prism®	 software	 version	 3.0	
(GraphPad	Software,	Inc.).

2.4 | Apomorphine‐induced stereotyped behavior

Apomorphine‐induced	 stereotyped	 behavior	was	measured	 3	 and	
5	days	after	the	 last	administration	of	the	compounds	(Figure	1A).	
Each	rat	was	placed	into	an	acrylic	cylinder	(diameter	23	cm	×	height	
30	 cm)	 and	 acclimated	 to	 this	 new	 environment	 for	 30	 minutes.	
After	the	acclimation,	the	rats	were	s.c.	injected	with	apomorphine	
(0.15	mg/kg;	Sigma‐Aldrich).45	Apomorphine	was	dissolved	in	saline	
immediately	before	injection.	Stereotyped	behavior	was	recorded	by	
an	observer	blind	to	the	treatment	groups	(compounds	and	doses),	
for	 a	1‐minute	 interval	 every	10	minutes	over	 the	20‐	 to	40‐min‐
ute	period	after	the	apomorphine	injection.	The	total	score	for	the	
three	observations	was	calculated	using	the	scoring	scale	described	
in Table 1.18,41,46,47

2.5 | DOI‐induced head twitch

Rats	were	orally	administered	with	vehicle,	brexpiprazole	(3	mg/kg),	
aripiprazole	(10	mg/kg),	or	olanzapine	(3	mg/kg)	7	days	after	the	os‐
motic	pomp	removal	(day	29;	Figure	1B).	DOI	dose‐dependently	in‐
creases	the	number	of	head	twitches	in	rodents.48‒50	Therefore,	we	
used	a	low	dose	of	DOI	at	0.5	mg/kg	(s.c.),	one‐tenth	of	a	dose	that	
we	normally	use	in	antipsychotic	evaluation,17	to	see	enhancement	
of	response	to	5‐HT2A	receptors	after	a	repeated	administration	of	
risperidone.	One	 hour	 after	 the	 test	 drug	 administration,	 the	 rats	
were	injected	with	DOI	(0.5	mg/kg,	s.c.).	Each	rat	was	placed	in	an	
acrylic	cylinder	(diameter	25	cm	×	height	25	cm),	and	the	number	of	
head	twitches,	head‐waving	behavior,	was	counted	for	20	minutes	
by	an	observer	blind	to	the	treatment	groups	immediately	after	the	
DOI	injection.

2.6 | Apomorphine‐induced hyperlocomotion

Rats	were	orally	administered	with	vehicle,	brexpiprazole	(3	mg/
kg),	aripiprazole	(10	mg/kg),	or	olanzapine	(3	mg/kg)	following	a	4‐
day	washout	period	after	evaluation	of	DOI‐induced	head	twitch	
(11	days	after	the	osmotic	pomp	removal;	day	33;	Figure	1B).	One	
hour	 after	 the	 test	 drug	 administration,	 the	 rats	 were	 injected	
with	apomorphine	(0.1	mg/kg,	s.c.),	a	dose	that	does	not	increase	
locomotor	 activity	 in	 naive	 rats.	 Apomorphine	was	 dissolved	 in	

Score Behavior

0 The	appearance	of	the	animals	is	the	same	as	drug‐naive	rats

1 Discontinuous	sniffing,	constant	exploratory	activity

2 Continuous	sniffing,	periodic	exploratory	activity

3 Continuous	sniffing,	discontinuous	biting,	gnawing	or	licking
Very	brief	periods	of	locomotor	activity

4 Continuous	biting,	gnawing	or	licking,	no	exploratory	activity

TA B L E  1  The	scoring	scale	of	
stereotyped	behavior
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saline	 containing	 0.1%	 (w/v)	 ascorbic	 acid.	 Each	 rat	 was	 placed	
into	 a	 plastic	 cage	 (30	 ×	 40	 ×	 height	 28	 cm),	 and	 the	 locomo‐
tor	activity	was	measured	using	a	passive	 infrared	 ray	 sensor	 in	
the	Supermex	system	 (Muromachi	Kikai)	 for	1	hour	 immediately	
after	apomorphine	injection.	The	experiment	was	conducted	in	a	
blinded manner.

2.7 | Statistical analysis

The	values	were	expressed	as	mean	±	SEM	for	Bmax	value,	Kd	value,	
the	number	of	head	 twitches,	 and	 locomotor	activity.	The	 stereo‐
typy	 score	was	 expressed	 as	mean	 ±	 SEM	 and	median	 (minimum	
and	maximum).	 All	 statistical	 analyses	were	 performed	 using	 SAS	
Software	for	Windows	(SAS	Institute).	The	differences	were	consid‐
ered	statistically	significant,	when	P	value	was	<	.05.

The	 differences	 in	 Bmax and Kd	 values	 between	 vehicle‐treated	
group	 and	 brexpiprazole‐treated	 groups,	 and	 between	 haloperidol‐
treated	group	and	brexpiprazole‐treated	groups	were	analyzed	using	a	
two‐tailed	1‐way	analysis	of	variance	(ANOVA)	followed	by	Dunnett's	
test.	The	differences	 in	Bmax and Kd	values	between	vehicle‐treated	

group	 and	 haloperidol‐treated	 group	were	 analyzed	 by	 a	 two‐tailed	
unpaired t	test.

The	 differences	 in	 the	 total	 stereotypy	 score	 between	 vehi‐
cle‐treated	 group	 and	 brexpiprazole‐treated	 groups	 or	 haloper‐
idol‐treated	 group,	 and	 between	 haloperidol‐treated	 group	 and	
brexpiprazole‐treated	groups	were	analyzed	using	a	two‐tailed	Steel	
test.

In	 the	evaluation	of	 head	 twitches	 and	 locomotor	 activity,	 the	
differences	between	chronic	vehicle	+	acute	vehicle‐treated	group	
and	 chronic	 risperidone	 +	 acute	 vehicle‐treated	 group	 were	 an‐
alyzed	using	a	 two‐tailed	Student's	 t	 test,	 and	 the	differences	be‐
tween	chronic	risperidone	+	acute	vehicle‐treated	group	and	chronic	
risperidone	+	test	drug‐treated	groups	were	analyzed	using	a	two‐
tailed	one‐way	ANOVA	followed	by	Dunnett's	test.

3  | RESULTS

3.1 | Effects of the 21‐day repeated administration 
of brexpiprazole and haloperidol on striatal dopamine 
D2 receptor density (Bmax) and affinity (Kd)

The	 repeated	 administration	of	 haloperidol	 (1	mg/kg)	 significantly	
increased	 the	 Bmax	 (maximal	 number	 of	 [

3H]‐raclopride‐specific	
binding)	 in	 the	 striatum	 compared	 to	 vehicle	 treatment	 (Table	 2).	
Although	the	repeated	administration	of	brexpiprazole	 (30	mg/kg)	
significantly	increased	the	Bmax	similar	to	haloperidol	treatment,	br‐
expiprazole	(4	mg/kg)	had	no	effect	on	the	Bmax	compared	to	vehicle	
treatment.

Neither	of	the	repeated	administrations	of	brexpiprazole	(4	and	
30	mg/kg)	 and	 haloperidol	 (1	mg/kg)	 significantly	 changed	 the	Kd 
values	of	D2	receptors	in	rat	striatum	compared	to	vehicle	treatment	
(Table	2).

3.2 | Effects of the 21‐day repeated 
administration of brexpiprazole and haloperidol on 
apomorphine‐induced stereotypy

Significantly	 enhanced	 apomorphine	 (0.15	 mg/kg,	 s.c.)‐induced	
stereotypy	 compared	 to	 vehicle‐treated	 group	 was	 observed	 in	

TA B L E  2  Effects	of	the	21‐d	repeated	administration	of	
brexpiprazole	and	haloperidol	on	striatal	dopamine	D2	receptor	
density	(Bmax)	and	affinity	(Kd)	in	rats

Treatment
Dose
(mg/kg) n

Bmax (fmol/mg 
protein)
(Mean ± SEM)

Kd (nmol/L)
(Mean ± SEM)

Vehicle 0 5 1183	±	104 4.6	±	1.2

Brexpiprazole 4 5 1358	±	78 5.2	±	1.3

30 5 1647	±	77** 6.2	±	1.3

Haloperidol 1 5 1766	±	174# 6.4	±	1.1

Note: Data	are	expressed	as	mean	±	SEM.
The	differences	between	vehicle‐treated	group	and	brexpipra‐
zole‐treated	groups	were	analyzed	by	a	two‐tailed	one‐way	ANOVA	
followed	by	Dunnett's	test	(F2,12	=	7.26,	P	<	.01	for	Bmax,	F2,12	=	0.41,	
P	=	.671	for	Kd).	**P	<	.01	vs	vehicle‐treated	group	by	a	two‐tailed	one‐
way	ANOVA	followed	by	Dunnett's	test.
The	differences	between	vehicle‐treated	group	and	haloperidol‐treated	
group	were	analyzed	by	a	two‐tailed	unpaired	t	test.	#P	<	.05	vs	vehicle‐
treated	group	by	a	two‐tailed	unpaired	t	test.

Treatment Dose (mg/kg) n

Score

3 d after the last 
administration

5 d after the last 
administration

Median score (min‐max) Median score (min‐max)

Vehicle 0 6 4.0	(3–5) 4.0	(2–5)

Brexpiprazole 6 6 5.0	(4–6)#  5.5	(3–6)

30 6 7.0	(6–9)**  4.5	(4–8)

Haloperidol 1 6 7.5	(5–10)*  7.0	(5–10)* 

Note: Data	are	expressed	as	median	(minimum	and	maximum)	score.
#P	<	.05	vs	haloperidol	by	two‐tailed	Steel	test.	
*P	<	.05,	**P	<	.01	vs	vehicle	by	two‐tailed	Steel	test.	

TA B L E  3  Effects	of	the	21‐d	repeated	
administration	of	brexpiprazole	and	
haloperidol	on	sensitivity	of	D2	receptors	
in	rats
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haloperidol	 (1	 mg/kg)‐treated	 group	 3	 and	 5	 days	 after	 the	 last	
administration	 (Table	3	 and	Figure	2).	On	 the	other	 hand,	 animals	
treated	 with	 brexpiprazole	 (6	 mg/kg)	 did	 not	 show	 significantly	
enhanced	 apomorphine‐induced	 stereotypy	 compared	 to	 vehicle‐
treated	 animals.	Moreover,	 the	 stereotypy	 score	 of	 brexpiprazole	
(6	 mg/kg)	 treated	 group	 3	 days	 after	 the	 last	 administration	 was	
significantly	 less	 than	 that	 of	 haloperidol‐treated	 group.	 Although	
animals	treated	with	brexpiprazole	(30	mg/kg)	also	showed	signifi‐
cantly	enhanced	apomorphine‐induced	stereotypy	3	days	after	the	
last	administration,	these	animals	did	not	show	enhanced	stereotypy	
5	days	after	the	last	administration.

3.3 | Effects of brexpiprazole on DOI‐induced head 
twitches in risperidone‐sensitized rats

The	 chronic	 treatment	 of	 risperidone	 (1.5	 mg/kg/d,	 s.c.)	 signifi‐
cantly	 increased	 the	 number	 of	 head	 twitches	 induced	 by	 DOI	
compared	to	the	chronic	vehicle	treatment	(P	<	.01;	Figure	3),	sug‐
gesting	 the	 chronic	 risperidone	 treatment	 sensitized	 5‐HT2A re‐
ceptors	in	the	rats.	Brexpiprazole	(3	mg/kg)	and	olanzapine	(3	mg/
kg)	significantly	suppressed	the	increase	in	the	number	of	DOI‐in‐
duced	head	twitches	in	risperidone‐sensitized	rats	(both	P	<	.01),	
while	aripiprazole	(10	mg/kg)	did	not	suppress	the	behavior.

3.4 | Effects of brexpiprazole on apomorphine‐
induced hyperlocomotion in risperidone‐
sensitized rats

The	chronic	treatment	of	risperidone	(1.5	mg/kg/d,	s.c.)	significantly	
increased	 locomotor	activity	 induced	by	apomorphine	 (0.1	mg/kg,	
s.c.)	compared	to	the	chronic	vehicle	treatment	(P	<	 .01;	Figure	4),	
suggesting	 the	 chronic	 risperidone	 treatment	 sensitized	D2 recep‐
tors	in	the	rats.	Brexpiprazole	(3	mg/kg),	aripiprazole	(10	mg/kg),	and	
olanzapine	 (3	mg/kg)	 significantly	suppressed	 the	 increase	 in	apo‐
morphine‐induced	 hyperlocomotion	 in	 risperidone‐sensitized	 rats	
(all	P	<	.01).

4  | DISCUSSION

Brexpiprazole	is	a	SDAM	acting	as	a	partial	agonist	at	h5‐HT1A and 
hD2	receptors,	and	as	an	antagonist	at	h5‐HT2A	receptors,	which	
was	developed	as	a	novel	treatment	for	psychiatric	disorders	and	
optimized	 to	 achieve	 clinical	 efficacy	 with	 minimal	 EPS	 poten‐
tial.17,18	Brexpiprazole	has	already	demonstrated	its	antipsychotic	
effects	 in	 clinical	 trials	 as	well	 as	 antipsychotic	 profile	 in	 animal	
models.18‒20

In	this	study,	we	demonstrated	that	brexpiprazole	has	lower	risk	
to	 evoke	 D2	 receptor	 supersensitivity	 by	 repeated	 administration	
compared	to	haloperidol.	The	21‐day	repeated	administration	of	hal‐
operidol	 at	 1	mg/kg	 significantly	 increased	 the	Bmax	 of	 striatal	D2 
receptors,	whereas	brexpiprazole	at	4	mg/kg	did	not	significantly	in‐
crease	it.	This	4	mg/kg	dose	of	brexpiprazole	is	nearly	2‐	or	1.5‐fold	

higher	 than	 the	ED50	 values	 in	 apomorphine	 (0.25	mg/kg,	 s.c.)‐in‐
duced	hyperactivity	and	apomorphine	(0.7	mg/kg,	s.c.)‐induced	ste‐
reotypy,	respectively.18	Brexpiprazole	increased	the	Bmax	only	at	the	
higher	dose,	30	mg/kg,	which	is	approximately	15‐	or	10‐fold	higher	
dose	 of	 the	 above‐mentioned	 ED50	 values,	 respectively.	 The	 re‐
peated	administration	of	haloperidol	(1	mg/kg),	the	twofold	dose	of	
its	ED50	value	against	apomorphine	(0.7	mg/kg,	s.c.)‐induced	stereo‐
typy	 in	 rats,41	 also	 significantly	 enhanced	 apomorphine	 (0.15	mg/
kg,	 s.c.)‐induced	 stereotypy.	On	 the	other	hand,	brexpiprazole	did	
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not	 significantly	 enhance	 the	 apomorphine‐induced	 stereotypy	 at	
6	mg/kg,	 the	 twofold	dose	of	 its	ED50	 value	against	apomorphine	
(0.7	mg/kg,	 s.c.)‐induced	 stereotypy	 in	 rats,18	 which	 is	 equivalent	

to	 haloperidol	 1	 mg/kg	 regarding	 anti‐apomorphine‐induced	 ste‐
reotypy	 effect,	 and	 had	 a	 less	 potential	 to	 enhance	 this	 behavior	
even	at	the	overdose,	30	mg/kg	(the	tenfold	dose	of	the	ED50	value),	
compared	to	haloperidol	(1	mg/kg).	It	has	been	reported	that	an	oral	
repeated	administration	of	haloperidol‐induced	D2	 receptor	super‐
sensitivity	in	rats	was	confirmed	as	significant	increases	of	metham‐
phetamine‐induced	hyperactivity	and	Bmax	of	striatal	D2	receptors,	
whereas	aripiprazole	 treatment	did	not	 increase	 these	parameters	
compared	to	vehicle	treatment.30,31	This	indicates	that	long‐term	D2 
receptor	blockade	may	lead	to	D2	receptor	supersensitivity.	Similar	
to	 aripiprazole,	 brexpiprazole	 is	 a	 D2	 receptor	 partial	 agonist,	 al‐
though	brexpiprazole's	intrinsic	activity	is	lower	than	that	of	aripip‐
razole.17	Therefore,	this	feature	of	brexpiprazole	may	be	the	reason	
that	brexpiprazole	had	 less	potential	 to	 induce	D2	 receptor	 super‐
sensitivity	compared	to	haloperidol	in	the	studies	performed.

The D2	 receptor	supersensitivity	 induced	by	a	 long‐term	treat‐
ment	of	antipsychotic	drugs	is	known	to	be	a	possible	cause	of	do‐
pamine	supersensitivity	psychosis	and	tardive	dyskinesia	in	patients	
with	schizophrenia.27‒29	Compared	to	long‐term	treatment	of	typical	
antipsychotics,	the	occurrence	of	tardive	dyskinesia	by	treatment	of	
atypical	antipsychotics	is	lower.37	It	has	been	clinically	demonstrated	
that	aripiprazole	had	a	significantly	lower	risk	of	tardive	dyskinesia	

F I G U R E  2  Effects	of	repeated	administration	of	brexpiprazole	
and	haloperidol	on	sensitivity	of	D2	receptors	in	rats.	A,	Graphic	
explanation	of	the	data	expression	using	the	box	plot.	B,	The	
score	of	apomorphine	(0.15	mg/kg,	s.c.)‐induced	stereotyped	
behavior	measured	3	d	after	the	last	administration	of	vehicle,	
brexpiprazole	(6	or	30	mg/kg,	p.o.),	or	haloperidol	(1	mg/kg,	p.o.).	
The	stereotypy	score	was	significantly	higher	in	haloperidol	(1	mg/
kg)‐treated	group	and	brexpiprazole	(30	mg/kg)‐treated	group	
than	vehicle‐treated	group.	The	stereotypy	score	in	brexpiprazole	
(6	mg/kg)‐treated	group	was	significantly	lower	than	that	in	
haloperidol	(1	mg/kg)‐treated	group.	C,	The	score	of	apomorphine	
(0.15	mg/kg)‐induced	stereotyped	behavior	measured	5	d	after	
the	last	administration	of	vehicle,	brexpiprazole	(6	or	30	mg/kg),	
or	haloperidol	(1	mg/kg).	The	stereotypy	score	was	significantly	
higher	in	haloperidol	(1	mg/kg)‐treated	group	than	vehicle‐treated	
group.	n	=	6/group.	#P	<	.05	vs	haloperidol	by	two‐tailed	Steel	test.	
*P	<	.05,	**P	<	.01	vs	vehicle	by	two‐tailed	Steel	test

F I G U R E  3  Effects	of	brexpiprazole,	aripiprazole,	and	olanzapine	
on	(±)‐2,5‐dimethoxy‐4‐iodoamphetamine	hydrochloride	(DOI)‐
induced	head	twitches	in	risperidone‐sensitized	rats.	The	number	
of	head	twitches	was	counted	for	20	min	immediately	after	DOI	
(0.5	mg/kg,	s.c.)	injection.	Data	are	expressed	as	mean	±	SEM	
(n	=	11‐12/group).	The	21‐d	chronic	treatment	of	risperidone	
(1.5	mg/kg/d,	s.c.)	significantly	increased	the	number	of	head	
twitches	induced	by	DOI	injection	compared	to	the	21‐d	chronic	
vehicle	treatment.	Brexpiprazole	(BREX,	3	mg/kg,	p.o.)	and	
olanzapine	(OLZ,	3	mg/kg,	p.o)	significantly	suppressed	the	
increase	of	DOI‐induced	head	twitches	in	risperidone‐sensitized	
rats.	Aripiprazole	(ARI,	10	mg/kg,	p.o)	did	not	suppress	the	increase	
of	DOI‐induced	head	twitches	in	risperidone‐sensitized	rats.	The	
difference	between	chronic	vehicle	+	acute	vehicle‐treated	group	
and	chronic	risperidone	+	acute	vehicle‐treated	group	was	analyzed	
by	a	two‐tailed	Student's	t	test.	**P	<	.01	vs	chronic	vehicle	+	acute	
vehicle‐treated	group	by	a	two‐tailed	Student's	t	test.	The	
differences	between	chronic	risperidone	+	acute	vehicle‐treated	
group	and	chronic	risperidone	+	acute	BREX,	ARI,	or	OLZ	were	
analyzed	by	a	two‐tailed	one‐way	ANOVA	followed	by	Dunnett's	
test	(F3,41	=	49.81,	P	<	.01).	##P	<	.01	vs	chronic	risperidone	+	acute	
vehicle‐treated	group	by	a	two‐tailed	1‐way	ANOVA	followed	by	
Dunnett's	test

F I G U R E  4  Effects	of	brexpiprazole,	aripiprazole,	and	olanzapine	
on	apomorphine‐induced	hyperlocomotion	in	risperidone‐
sensitized	rats.	Locomotor	activity	was	measured	for	1	h	
immediately	after	apomorphine	(0.1	mg/kg,	s.c.)	injection.	Data	
are	expressed	as	mean	±	SEM	(n	=	9‐11/group).	The	21‐d	chronic	
treatment	of	risperidone	(1.5	mg/kg/d,	s.c.)	significantly	increased	
hyperlocomotion	induced	by	apomorphine	injection	compared	to	
the	21‐d	chronic	vehicle	treatment.	Brexpiprazole	(BREX,	3	mg/kg,	
p.o.),	aripiprazole	(ARI,	10	mg/kg,	p.o.),	and	olanzapine	(OLZ,	3	mg/
kg,	p.o)	significantly	suppressed	the	increase	of	apomorphine‐
induced	hyperlocomotion	in	risperidone‐sensitized	rats.	The	
difference	between	chronic	vehicle	+	acute	vehicle‐treated	group	
and	chronic	risperidone	+	acute	vehicle‐treated	group	was	analyzed	
by	a	two‐tailed	Student's	t	test.	**P	<	.01	vs	chronic	vehicle	+	acute	
vehicle‐treated	group	by	a	two‐tailed	Student's	t	test.	The	
differences	between	chronic	risperidone	+	acute	vehicle‐treated	
group	and	chronic	risperidone	+	acute	BREX,	ARI,	or	OLZ	were	
analyzed	by	a	two‐tailed	1‐way	ANOVA	followed	by	Dunnett's	
test	(F3,34	=	36.3,	P	<	.01).	

##P	<	.01	vs	chronic	risperidone	+	acute	
vehicle‐treated	group	by	a	two‐tailed	one‐way	ANOVA	followed	by	
Dunnett's	test
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than	haloperidol	in	patients	with	schizophrenia.51	In	a	phase	3	fixed‐
dose	 (1‐4	 mg)	 52‐week	 placebo‐controlled	 maintenance	 study	 of	
brexpiprazole,	 the	proportion	of	patients	with	schizophrenia	caus‐
ing	dyskinetic	 events	was	1%	 in	both	placebo	group	 and	brexpip‐
razole	 group,52	 indicating	 that	 the	 risk	 of	 dyskinesia	 by	 long‐term	
brexpiprazole	treatment	is	 low.	This	 is	consistent	with	the	findings	
of	the	preclinical	investigation	in	rats.	However,	it	has	been	known	
that	atypical	antipsychotics	still	cause	supersensitivity	psychosis	in	
schizophrenic	 patients.29	 The	 prevalence	 rate	 of	 supersensitivity	
psychosis	 following	 treatment	with	 atypical	 antipsychotics	 is	 30%	
in	patients	with	schizophrenia	and	70%	in	patients	with	treatment‐
resistant	schizophrenia.	Therefore,	it	is	important	to	choose	a	drug	
with	lower	risk	of	D2	receptor	sensitization	to	avoid	the	occurrence	
of	supersensitivity	psychosis.

Moreover,	we	also	confirmed	in	this	study	that	the	21‐day	sub‐
chronic	treatment	of	risperidone	(1.5	mg/kg/d)	significantly	increased	
responses	to	apomorphine	and	DOI	in	rats,	indicating	that	a	chronic	
treatment	of	risperidone	can	sensitize	D2	and	5‐HT2A	receptors.	 It	
has	been	suggested	that	D2	receptor	sensitization	is	involved	in	re‐
bound	symptoms	such	as	rebound	psychosis.35,53	Notably,	rebound	
psychosis	 occurs	 when	 patients	 switch	 antipsychotic	 drugs.39,54 
Brepiprazole	(3	mg/kg)	and	olanzapine	(3	mg/kg),	but	not	aripipra‐
zole	(10	mg/kg),	significantly	suppressed	both	behaviors	(increased	
responses	 to	apomorphine	and	DOI)	 induced	 in	 risperidone‐sensi‐
tized	 rats,	 suggesting	 that	 brexpiprazole,	 olanzapine,	 and	 aripip‐
razole	 may	 have	 a	 lower	 potential	 to	 induce	 rebound	 symptoms/
psychosis	 related	 to	D2	 receptor	 sensitization,	whereas	brexpipra‐
zole	 and	 olanzapine	 but	 not	 aripiprazole	may	 suppress	 symptoms	
occurred	 by	 5‐HT2A	 receptor	 sensitization	 when	 switched	 from	
atypical	antipsychotics	such	as	risperidone.	However,	it	is	important	
to	 consider	 that	olanzapine	has	metabolic	 side	 effects	 at	 a	 higher	
rate	than	other	atypical	antipsychotics	including	aripiprazole.40,55	It	
has	been	reported	that	2‐week	treatment	of	olanzapine	at	a	 lower	
dose	than	3	mg/kg	induced	weight	gain	in	rats.56	Therefore,	olanzap‐
ine	at	3	mg/kg	is	a	side	effect	dose.	Accumulating	evidence	shows	
that	 switching	 to	 aripiprazole	may	provide	 favorable	outcomes	by	
potentially	improving	psychosis	and	by	decreasing	metabolic	prob‐
lems	such	as	weight	gain.57‒60	However,	aripiprazole	may	transiently	
worsen	psychosis	in	some	cases	after	an	abrupt	discontinuation	of	
a	prior	atypical	antipsychotic	drug.61,62	Given	that	5‐HT2A	receptor	
antagonism	could	suppress	the	expression	of	antipsychotic‐induced	
dopamine	 supersensitivity,63	 stronger	 affinity	 of	 brexpiprazole	 for	
5‐HT2A	 receptor	 than	 that	 of	 aripiprazole	might	 contribute	 to	 the	
inhibition	of	antipsychotic‐induced	supersensitivity	response.	Taken	
together,	brexpiprazole	may	have	a	lower	risk	of	rebound	symptoms	
than	aripiprazole,	when	switched	from	long‐term	treatment	of	sero‐
tonin‐dopamine	antagonists	such	as	risperidone.

5  | CONCLUSIONS

Our	 findings	 show	 that	 brexpiprazole	 has	 less	 potential	 to	 evoke	
D2	 receptor	 supersensitivity	 in	 rats	 after	 repeated	 administration	

compared	 to	 the	 typical	 antipsychotic	 haloperidol,	 which	 may	
suggest	 a	 lower	 propensity	 for	 brexpiprazole	 to	 cause	 dopamine	
supersensitivity	psychosis	and	tardive	dyskinesia.	In	addition,	brex‐
piprazole	may	have	a	 lower	 risk	 for	producing	 rebound	 symptoms	
associated	with	D2	receptor	and	5‐HT2A	receptor	sensitization	when	
switching	from	other	antipsychotics	such	as	risperidone.

ACKNOWLEDG EMENTS

This	research	was	supported	by	Otsuka	Pharmaceutical	Co.,	Ltd.	We	
deeply	appreciate	Mr.	Keiji	Kakumoto	for	advising	on	the	statistical	
analyses	and	making	the	box	plots.

CONFLIC T OF INTERE S T

All	 the	 authors	 are	 employees	 and	 own	 stock	 of	 Otsuka	
Pharmaceutical	Co.,	Ltd.

AUTHOR CONTRIBUTIONS

NA,	HA,	and	YO	conceived	and	designed	the	study,	performed	ex‐
periments,	 analyzed	 data,	wrote	 the	 paper.	 TF	 conceived	 and	 de‐
signed	the	study,	performed	experiments,	analyzed	data,	reviewed	
the	paper.	KM	conceived	and	designed	the	study	and	reviewed	the	
paper.	NK	and	TK	conceived	the	study	and	reviewed	the	paper.	HS	
reviewed	the	paper.	All	authors	contributed	to	finalizing	of	the	paper	
and	had	final	responsibility	for	the	decision	to	submit	for	publication,	
took	part	in	either	drafting	and/or	revising	the	paper,	and	approved	
the	final	version	of	the	paper.

DATA REPOSITORY

All	data	are	available	in	the	Supporting	Information	data	files.

ANIMAL S TUDIE S

The	 care	 and	 handling	 of	 the	 animals	 was	 in	 accordance	 with	
“Guidelines	for	Animal	Care	and	Use	in	Otsuka	Pharmaceutical	Co,	
Ltd.”

ORCID

Naoki Amada  https://orcid.org/0000‐0002‐9625‐6240 

R E FE R E N C E S

	 1.	 Insel	TR.	Rethinking	schizophrenia.	Nature.	2010;468(7321):187–93.
	 2.	 Lewis	DA,	Lieberman	JA.	Catching	up	on	schizophrenia:	natural	his‐

tory	and	neurobiology.	Neuron.	2000;28(2):325–34.
	 3.	 Arnt	 J,	 Skarsfeldt	 T.	 Do	 novel	 antipsychotics	 have	 similar	

pharmacological	 characteristics?	 A	 review	 of	 the	 evidence.	
Neuropsychopharmacology.	1998;18(2):63–101.

	 4.	 Meltzer	 HY.	 The	 role	 of	 serotonin	 in	 antipsychotic	 drug	 action.	
Neuropsychopharmacology.	1999;21(2	Suppl):106S–115S.

https://orcid.org/0000-0002-9625-6240
https://orcid.org/0000-0002-9625-6240


     |  287AMADA et Al.

	 5.	 Roth	BL,	Sheffler	DJ,	Kroeze	WK.	Magic	shotguns	versus	magic	bul‐
lets:	selectively	non‐selective	drugs	for	mood	disorders	and	schizo‐
phrenia.	Nat	Rev	Drug	Discov.	2004;3(4):353–9.

	 6.	 Newman‐Tancredi	A.	The	importance	of	5‐HT1A	receptor	agonism	
in	antipsychotic	drug	action:	rationale	and	perspectives.	Curr	Opin	
Investig	Drugs.	2010;11(7):802–12.

	 7.	 Newman‐Tancredi	 A,	 Kleven	 MS.	 Comparative	 pharmacology	
of	 antipsychotics	 possessing	 combined	 dopamine	 D2	 and	 se‐
rotonin	 5‐HT1A	 receptor	 properties.	 Psychopharmacology.	
2011;216(4):451–73.

	 8.	 Arnt	J,	Bang‐Andersen	B,	Dias	R,	Bogeso	KP.	Strategies	for	pharma‐
cotherapy	of	schizophrenia.	Drugs	Future.	2008;33(9):777–91.

	 9.	 Leucht	S,	Cipriani	A,	Spineli	L,	Mavridis	D,	Örey	D,	Richter	F,	et	al.	
Comparative	 efficacy	 and	 tolerability	 of	 15	 antipsychotic	 drugs	
in	 schizophrenia:	 a	 multiple‐treatments	 meta‐analysis.	 Lancet.	
2013;382(9896):951–62.

	10.	 Weiden	PJ,	Buckley	PF.	Reducing	the	burden	of	side	effects	during	
long‐term	 antipsychotic	 therapy:	 the	 role	 of	 "switching"	 medica‐
tions.	J	Clin	Psychiatry.	2007;68(Suppl	6):14–23.

	11.	 Newcomer	 JW,	 Weiden	 PJ,	 Buchanan	 RW.	 Switching	 antipsy‐
chotic	 medications	 to	 reduce	 adverse	 event	 burden	 in	 schizo‐
phrenia:	 establishing	 evidence‐based	 practice.	 J	 Clin	 Psychiatry.	
2013;74(11):1108–20.

	12.	 Stahl	SM.	Dopamine	system	stabilizers,	aripiprazole,	and	the	next	
generation	of	antipsychotics,	part	2:	illustrating	their	mechanism	of	
action.	J	Clin	Psychiatry.	2001;62(12):923–4.

	13.	 Burris	 KD,	 Molski	 TF,	 Xu	 C,	 Ryan	 E,	 Tottori	 K,	 Kikuchi	 T,	 et	 al.	
Aripiprazole,	 a	 novel	 antipsychotic,	 is	 a	 high‐affinity	 partial	 ag‐
onist	 at	 human	 dopamine	 D2	 receptors.	 J	 Pharmacol	 Exp	 Ther.	
2002;302(1):381–9.

	14.	 Potkin	SG,	Saha	AR,	Kujawa	MJ,	Carson	WH,	Ali	M,	Stock	E,	et	al.	
Aripiprazole,	 an	 antipsychotic	with	 a	 novel	mechanism	 of	 action,	
and	risperidone	vs	placebo	in	patients	with	schizophrenia	and	schi‐
zoaffective	disorder.	Arch	Gen	Psychiatry.	2003;60(7):681–90.

	15.	 Bruijnzeel	 D,	 Tandon	 R.	 Spotlight	 on	 brexpiprazole	 and	 its	 po‐
tential	 in	 the	 treatment	 of	 schizophrenia	 and	 as	 adjunctive	 ther‐
apy	for	the	treatment	of	major	depression.	Drug	Des	Devel	Ther.	
2016;10:1641–7.

	16.	 U.S.	 FDA.	 Approves	 Otsuka	 and	 Lundbeck's	 REXULTI®	
(Brexpiprazole)	 as	 adjunctive	 treatment	 for	 adults	with	major	de‐
pressive	disorder	and	as	a	treatment	for	adults	with	Schizophrenia	
[News	 release:	 https	://www.otsuka.co.jp/en/compa	ny/newsr	eleas	
es/2015/20150	713_1.html]

	17.	 Maeda	K,	Sugino	H,	Akazawa	H,	Amada	N,	Shimada	J,	Futamura	T,	
et	al.	Brexpiprazole	I:	in	vitro	and	in	vivo	characterization	of	a	novel	
serotonin‐dopamine	 activity	 modulator.	 J	 Pharmacol	 Exp	 Ther.	
2014;350(3):589–604.

	18.	 Maeda	K,	Lerdrup	L,	Sugino	H,	Akazawa	H,	Amada	N,	McQuade	RD,	
et	 al.	Brexpiprazole	 II:	 antipsychotic‐like	and	procognitive	effects	
of	a	novel	serotonin‐dopamine	activity	modulator.	J	Pharmacol	Exp	
Ther.	2014;350(3):605–14.

	19.	 Correll	 CU,	 Skuban	 A,	Ouyang	 J,	 Hobart	M,	 Pfister	 S,	McQuade	
RD,	et	al.	Efficacy	and	safety	of	brexpiprazole	for	the	treatment	of	
acute	schizophrenia:	A	6‐week	randomized,	double‐blind.	Placebo‐
Controlled	Trial.	Am	J	Psychiatry.	2015;172(9):870–80.

	20.	 Ishigooka	J,	Iwashita	S,	Tadori	Y.	Efficacy	and	safety	of	brexpipra‐
zole	for	the	treatment	of	acute	schizophrenia	in	Japan:	A	6‐week,	
randomized,	 double‐blind,	 placebo‐controlled	 study.	 Psychiatry	
Clin	Neurosci.	2018;72(9):692–700.

	21.	 Kane	 JM,	Skuban	A,	Hobart	M,	Ouyang	 J,	Weiller	E,	Weiss	C,	 et	
al.	 Overview	 of	 short‐	 and	 long‐term	 tolerability	 and	 safety	 of	
brexpiprazole	 in	 patients	 with	 schizophrenia.	 Schizophr	 Res.	
2016;174(1–3):93–8.

	22.	 Fleischhacker	 WW.	 Aripiprazole.	 Expert	 Opin	 Pharmacother.	
2005;6(12):2091–101.

	23.	 Newman‐Tancredi	 A,	 Cussac	 D,	 Depoortere	 R.	
Neuropharmacological	profile	of	bifeprunox:	merits	and	limitations	
in	 comparison	 with	 other	 third‐generation	 antipsychotics.	 Curr	
Opin	Investig	Drugs.	2007;8(7):539–54.

	24.	 Casey	DE,	Sands	EE,	Heisterberg	J,	Yang	HM.	Efficacy	and	safety	of	bi‐
feprunox	in	patients	with	an	acute	exacerbation	of	schizophrenia:	re‐
sults	from	a	randomized,	double‐blind,	placebo‐controlled,	multicenter,	
dose‐finding	study.	Psychopharmacology.	2008;200(3):317–31.

	25.	 Stip	E,	Tourjman	V.	Aripiprazole	 in	schizophrenia	and	schizoaffec‐
tive	disorder:	A	review.	Clin	Ther.	2010;32(Suppl	1):S3–20.

	26.	 Casey	DE.	Side	effect	profiles	of	new	antipsychotic	agents.	J	Clin	
Psychiatry.	1996;57(Suppl	11):40–5;	discussion	6–52.

	27.	 Wolfarth	 S,	 Ossowska	 K.	 Can	 the	 supersensitivity	 of	 rodents	
to	 dopamine	 be	 regarded	 as	 a	model	 of	 tardive	 dyskinesia?	 Prog	
Neuropsychopharmacol	Biol	Psychiatry.	1989;13(6):799–840.

	28.	 Ossowska	K.	Neuronal	basis	of	neuroleptic‐induced	extrapyramidal	
side	effects.	Pol	J	Pharmacol.	2002;54(4):299–312.

	29.	 Chouinard	G,	Samaha	A‐N,	Chouinard	V‐A,	Peretti	C‐S,	Kanahara	
N,	 Takase	M,	 et	 al.	 Antipsychotic‐induced	 dopamine	 supersensi‐
tivity	 psychosis:	 Pharmacology,	 criteria,	 and	 therapy.	 Psychother	
Psychosom.	2017;86(4):189–219.

	30.	 Tadokoro	S,	Okamura	N,	Sekine	Y,	Kanahara	N,	Hashimoto	K,	Iyo	M.	
Chronic	treatment	with	aripiprazole	prevents	development	of	do‐
pamine	supersensitivity	and	potentially	supersensitivity	psychosis.	
Schizophr	Bull.	2012;38(5):1012–20.

	31.	 Inoue	 A,	 Miki	 S,	 Seto	 M,	 Kikuchi	 T,	 Morita	 S,	 Ueda	 H,	 et	 al.	
Aripiprazole,	a	novel	antipsychotic	drug,	inhibits	quinpirole‐evoked	
GTPase	 activity	 but	 does	 not	 up‐regulate	 dopamine	D2	 receptor	
following	repeated	treatment	in	the	rat	striatum.	Eur	J	Pharmacol.	
1997;321(1):105–11.

	32.	 Kane	JM.	Treatment	 strategies	 to	prevent	 relapse	and	encourage	
remission.	J	Clin	Psychiatry.	2007;68(Suppl	14):27–30.

	33.	 Cerovecki	A,	Musil	R,	Klimke	A,	 Seemüller	F,	Haen	E,	 Schennach	
R,	et	al.	Withdrawal	symptoms	and	rebound	syndromes	associated	
with	 switching	 and	 discontinuing	 atypical	 antipsychotics:	 theo‐
retical	 background	 and	 practical	 recommendations.	 CNS	 Drugs.	
2013;27(7):545–72.

	34.	 Correll	CU.	From	receptor	pharmacology	to	improved	outcomes:	in‐
dividualising	the	selection,	dosing,	and	switching	of	antipsychotics.	
Eur	Psychiatry.	2010;25(Suppl	2):S12–21.

	35.	 Correll	CU.	Assessing	and	maximizing	the	safety	and	tolerability	of	
antipsychotics	used	in	the	treatment	of	children	and	adolescents.	J	
Clin	Psychiatry.	2008;69(Suppl	4):26–36.

	36.	 Chouinard	G,	Annable	L,	 Jones	BD,	Collu	R.	 Lack	of	 tolerance	 to	
long‐term	 neuroleptic	 treatment	 in	 dopamine	 tuberoinfundibular	
system.	Acta	Psychiatr	Scand.	1981;64(5):353–62.

	37.	 Chouinard	 G,	 Chouinard	 VA.	 Atypical	 antipsychotics:	 CATIE	 study,	
drug‐induced	movement	disorder	and	resulting	iatrogenic	psychiatric‐
like	symptoms,	supersensitivity	rebound	psychosis	and	withdrawal	dis‐
continuation	syndromes.	Psychother	Psychosom.	2008;77(2):69–77.

	38.	 Fallon	 P,	 Dursun	 SM.	 A	 naturalistic	 controlled	 study	 of	 relapsing	
schizophrenic	patients	with	tardive	dyskinesia	and	supersensitivity	
psychosis.	J	Psychopharmacol.	2011;25(6):755–62.

	39.	 Moncrieff	J.	Why	is	it	so	difficult	to	stop	psychiatric	drug	treatment?	
It	may	be	nothing	to	do	with	the	original	problem.	Med	Hypotheses.	
2006;67(3):517–23.

	40.	 Lieberman	JA,	Stroup	TS,	McEvoy	JP,	Swartz	MS,	Rosenheck	RA,	
Perkins	DO,	et	al.	Effectiveness	of	antipsychotic	drugs	in	patients	
with	chronic	schizophrenia.	N	Engl	J	Med.	2005;353(12):1209–23.

	41.	 Kikuchi	 T,	 Tottori	 K,	 Uwahodo	 Y,	Hirose	 T,	Miwa	 T,	Oshiro	 Y,	 et	
al.	 7‐(4‐[4‐(2,3‐Dichlorophenyl)‐1‐piperazinyl]butyloxy)‐3,4‐dihy‐
dro‐2(1H)‐quinolinon	e	(OPC‐14597),	a	new	putative	antipsychotic	
drug	with	both	presynaptic	dopamine	autoreceptor	agonistic	activ‐
ity	and	postsynaptic	D2	receptor	antagonistic	activity.	J	Pharmacol	
Exp	Ther.	1995;274(1):329–36.

https://www.otsuka.co.jp/en/company/newsreleases/2015/20150713_1.html
https://www.otsuka.co.jp/en/company/newsreleases/2015/20150713_1.html


288  |     AMADA et Al.

	42.	 Kapur	S,	VanderSpek	SC,	Brownlee	BA,	Nobrega	JN.	Antipsychotic	
dosing	in	preclinical	models	is	often	unrepresentative	of	the	clini‐
cal	condition:	a	suggested	solution	based	on	 in	vivo	occupancy.	J	
Pharmacol	Exp	Ther.	2003;305(2):625–31.

	43.	 Natesan	 S,	 Reckless	 GE,	 Barlow	 KB,	 Nobrega	 JN,	 Kapur	 S.	
Amisulpride	 the	 'atypical'	 atypical	 antipsychotic–compari‐
son	 to	 haloperidol,	 risperidone	 and	 clozapine.	 Schizophr	 Res.	
2008;105(1–3):224–35.

	44.	 Hirose	T,	Uwahodo	Y,	Yamada	S,	Miwa	T,	Kikuchi	T,	Kitagawa	H,	
et	 al.	 Mechanism	 of	 action	 of	 aripiprazole	 predicts	 clinical	 effi‐
cacy	 and	 a	 favourable	 side‐effect	 profile.	 J	 Psychopharmacol.	
2004;18(3):375–83.

	45.	 Waddington	JL,	Gamble	SJ.	Spontaneous	activity	and	apomorphine	
stereotypy	during	and	after	withdrawal	from	3	1/2	months	contin‐
uous	 administration	 of	 haloperidol:	 some	 methodological	 issues.	
Psychopharmacology.	1980;71(1):75–7.

	46.	 Costall	B,	Naylor	RJ.	On	the	mode	of	action	of	apomorphine.	Eur	J	
Pharmacol.	1973;21(3):350–61.

	47.	 Arnt	J,	Bogeso	KP,	Hyttel	J,	Meier	E.	Relative	dopamine	D1	and	D2	
receptor	 affinity	 and	 efficacy	 determine	 whether	 dopamine	 ag‐
onists	 induce	 hyperactivity	 or	 oral	 stereotypy	 in	 rats.	 Pharmacol	
Toxicol.	1988;62(3):121–30.

	48.	 Halberstadt	AL,	Geyer	MA.	Characterization	of	the	head‐twitch	re‐
sponse	induced	by	hallucinogens	in	mice:	detection	of	the	behavior	
based	on	the	dynamics	of	head	movement.	Psychopharmacology.	
2013;227(4):727–39.

	49.	 Yamada	S,	Watanabe	A,	Nankai	M,	Toru	M.	Acute	 immobilization	
stress	 reduces	 (+/‐)DOI‐induced	5‐HT2A	 receptor‐mediated	head	
shakes	in	rats.	Psychopharmacology.	1995;119(1):9–14.

	50.	 Oba	A,	Nakagawasai	O,	Onogi	H,	Nemoto	W,	Yaoita	F,	Arai	Y,	et	
al.	 Chronic	 fluvoxamine	 treatment	 changes	 5‐HT(2A/2C)	 recep‐
tor‐mediated	 behavior	 in	 olfactory	 bulbectomized	 mice.	 Life	 Sci.	
2013;92(2):119–24.

	51.	 Miller	DD,	Eudicone	JM,	Pikalov	A,	Kim	E.	Comparative	assessment	
of	the	 incidence	and	severity	of	 tardive	dyskinesia	 in	patients	re‐
ceiving	aripiprazole	or	haloperidol	for	the	treatment	of	schizophre‐
nia:	a	post	hoc	analysis.	J	Clin	Psychiatry.	2007;68(12):1901–6.

	52.	 Marder	SR,	Hakala	MJ,	Josiassen	MK,	Zhang	P,	Ouyang	J,	Weiller	
E,	 et	 al.	 Brexpiprazole	 in	 patients	 with	 schizophrenia:	 over‐
view	 of	 short‐	 and	 long‐term	 phase	 3	 controlled	 studies.	 Acta	
Neuropsychiatr.	2017;29(5):278–90.

	53.	 Correll	CU,	Kratochvil	CJ.	Antipsychotic	use	 in	 children	and	ado‐
lescents:	minimizing	adverse	effects	to	maximize	outcomes.	J	Am	
Acad	Child	Adolesc	Psychiatry.	2008;47(1):9–20.

	54.	 Moncrieff	 J.	 Does	 antipsychotic	 withdrawal	 provoke	 psychosis?	
Review	of	the	literature	on	rapid	onset	psychosis	(supersensitivity	
psychosis)	 and	withdrawal‐related	 relapse.	 Acta	 Psychiatr	 Scand.	
2006;114(1):3–13.

	55.	 Fleischhacker	 WW,	 McQuade	 RD,	 Marcus	 RN,	 Archibald	 D,	
Swanink	R,	Carson	WH.	A	double‐blind,	 randomized	comparative	
study	of	aripiprazole	and	olanzapine	in	patients	with	schizophrenia.	
Biol	Psychiatry.	2009;65(6):510–7.

	56.	 Sejima	EI,	Yamauchi	A,	Nishioku	T,	Koga	M,	Nakagama	K,	Dohgu	
S,	 et	 al.	A	 role	 for	hypothalamic	AMP‐activated	protein	 kinase	 in	
the	mediation	of	hyperphagia	and	weight	gain	induced	by	chronic	
treatment	 with	 olanzapine	 in	 female	 rats.	 Cell	 Mol	 Neurobiol.	
2011;31(7):985–9.

	57.	 Kim	CY,	Chung	S,	Lee	J‐N,	Kwon	JS,	Kim	DH,	Kim	CE,	et	al.	A	12‐
week,	naturalistic	 switch	 study	of	 the	efficacy	 and	 tolerability	of	
aripiprazole	 in	 stable	 outpatients	with	 schizophrenia	 or	 schizoaf‐
fective	disorder.	Int	Clin	Psychopharmacol.	2009;24(4):181–8.

	58.	 Newcomer	JW,	Alberto	Campos	J,	Marcus	RN,	Breder	C,	Berman	
RM,	Kerselaers	W,	et	 al.	A	multicenter,	 randomized,	double‐blind	
study	 of	 the	 effects	 of	 aripiprazole	 in	 overweight	 subjects	 with	
schizophrenia	or	 schizoaffective	disorder	 switched	 from	olanzap‐
ine.	J	Clin	Psychiatry.	2008;69(7):1046–56.

	59.	 Stroup	TS,	McEvoy	 JP,	Ring	KD,	Hamer	RH,	LaVange	LM,	Swartz	
MS,	et	al.	A	randomized	trial	examining	the	effectiveness	of	switch‐
ing	 from	olanzapine,	 quetiapine,	 or	 risperidone	 to	 aripiprazole	 to	
reduce	metabolic	risk:	comparison	of	antipsychotics	for	metabolic	
problems	(CAMP).	Am	J	Psychiatry.	2011;168(9):947–56.

	60.	 Lambert	 TJ.	 Switching	 to	 aripiprazole	 from	 olanzapine	 leads	 to	
weight	 loss	 in	 overweight	 people	with	 schizophrenia	 or	 schizoaf‐
fective	disorder.	Evid	Based	Ment	Health.	2009;12(2):50.

	61.	 Pae	 C‐U,	 Serretti	 A,	 Chiesa	 A,	 Mandelli	 L,	 Lee	 C,	 Lee	 C,	 et	 al.	
Immediate	 versus	 gradual	 suspension	 of	 previous	 treatments	
during	switch	 to	aripiprazole:	 results	of	a	 randomized,	open	 label	
study.	Eur	Neuropsychopharmacol.	2009;19(8):562–70.

	62.	 Ramaswamy	S,	Vijay	D,	William	M,	Sattar	SP,	Praveen	F,	Petty	F.	
Aripiprazole	possibly	worsens	psychosis.	Int	Clin	Psychopharmacol.	
2004;19(1):45–8.

	63.	 Charron	A,	Hage	CE,	Servonnet	A,	Samaha	AN.	5‐HT2	 receptors	
modulate	the	expression	of	antipsychotic‐induced	dopamine	super‐
sensitivity.	Eur	Neuropsychopharmacol.	2015;25(12):2381–93.

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.					

How to cite this article:	Amada	N,	Akazawa	H,	Ohgi	Y,	et	al.	
Brexpiprazole	has	a	low	risk	of	dopamine	D2	receptor	
sensitization	and	inhibits	rebound	phenomena	related	to	D2 
and	serotonin	5‐HT2A	receptors	in	rats.	
Neuropsychopharmacol Rep. 2019;39:279–288.  
https	://doi.org/10.1002/npr2.12076	

https://doi.org/10.1002/npr2.12076

