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A B S T R A C T   

Opioid addiction is characterized by adaptations in the mesolimbic dopamine system that occur during chronic opioid use. Alterations in dopaminergic transmission 
contribute to pathological drug-seeking behavior and other symptoms associated with opioid withdrawal following drug discontinuation, making drug abstinence 
challenging and contributing to high rates of relapse among those suffering from substance use disorder. Recently, the use of dopamine partial agonists has been 
proposed as a potential strategy to restore dopaminergic signalling during drug withdrawal, while avoiding the adverse side effects associated with stronger 
modulators of dopaminergic transmission. We investigated the effects of the atypical antipsychotic brexpiprazole, which is a partial agonist at dopamine D2 and D3 
receptors, in a mouse model of opioid dependence. The development of opioid dependence in mice is characterized by locomotor sensitization, analgesic tolerance, 
opioid-induced hyperalgesia, and drug-seeking behavior. We set up four paradigms to model the effects of brexpiprazole on each of these adaptations that occur 
during chronic opioid use in male and female C57BL/6J mice. Concomitant treatment of brexpiprazole during chronic morphine administration attenuated the 
development of locomotor sensitization. Brexpiprazole treatment abolished morphine place preference and blocked reinstatement of this behavior following 
extinction. Brexpiprazole treatment did not alter morphine analgesia, nor did it impact the development of morphine tolerance. However, brexpiprazole treatment 
did prevent the expression of opioid-induced hyperalgesia in a tail-withdrawal assay, while failing to improve somatic withdrawal symptoms. Altogether, these 
results provide preclinical evidence for the efficacy of brexpiprazole as a modulator of dopamine-dependent behaviors during opioid use and withdrawal.   

1. Introduction 

Opioid use disorder is a chronic relapsing disease, affecting 26.8 
million people worldwide and representing a significant individual and 
public health issue (Strang et al., 2020). Current therapeutics for opioid 
use disorder are often limited in efficacy, in part due to the difficulty of 
targeting the profound alterations in central reward circuitry which 
underlie the pathophysiology of opioid dependence and withdrawal. 
The majority of drugs of abuse, including opioids, converge on the 
mesolimbic dopamine system, acutely driving an increase in dopamine 
in the nucleus accumbens and chronically inducing significant malad-
aptations in dopaminergic transmission (Nestler, 2005; Koob and Vol-
kow, 2010). These maladaptations have been implicated in the 
development of pathological drug craving and relapse following drug 
abstinence. Shared alterations in dopamine signalling by drugs of abuse 
are reflected by a set of conserved addiction-related behaviors, namely 
behavioral sensitization to the drug effects (Robinson and Berridge, 
2001, 2008), a negative affective and sensory state during withdrawal, 
and associative learning based on drug cues (Nestler, 2005). Behavioral 

sensitization is believed to be driven by elevations in striatal dopamine 
levels during repeat drug administration, which then sensitizes the 
striatal response to the drug and drug-related cues, driving a progressive 
increase in drug salience and “wanting” (Robinson and Berridge, 2008; 
Berridge, 2007; de Vries et al., 1998). Conversely, a decline in extra-
cellular dopamine levels during drug withdrawal following chronic use 
has been implicated in the development of a negative emotional and 
motivational state (Koob and Volkow, 2010; Koob, 2020). 

Recently, the use of dopamine partial agonists has been proposed as a 
potential strategy to restore normal dopaminergic tone during the 
hypodopaminergic withdrawal state, while avoiding the adverse side 
effects associated with stronger modulators of dopaminergic trans-
mission (Moreira and Dalley, 2015; Das et al., 2016). Partial agonists can 
behave both as functional antagonists in the presence of a full agonist 
and functional agonists in the absence of alternative receptor ligands. A 
partial dopamine agonist is therefore able to modulate the effect of 
dopamine (the endogenous receptor ligand, which acts as a full agonist) 
at its receptors, attenuating receptor activation when dopamine levels 
are high (i.e. following drug administration) and increasing it when 
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dopamine levels are low (i.e. during drug withdrawal). Because these 
agonists will only partially activate the receptor even at maximal doses, 
side effects associated with excessive dopamine activation are reduced. 
Dopamine partial agonism underlies the mechanism of multiple atypical 
antipsychotics, where these drugs are used clinically to stabilize the 
mesolimbic dopamine system during psychosis (Frampton, 2019). 
Consequently, atypical antipsychotics acting via dopamine partial ago-
nism may also lend themselves to the regulation of the dysfunctional 
reward circuitry seen in drug dependence and addiction. 

Brexpiprazole is an atypical antipsychotic that, like its predecessor 
aripiprazole, acts as a dopamine-system stabilizer (Maeda et al., 2014a, 
2014b; Kikuchi et al., 2021). Currently approved for the treatment of 
both schizophrenia and major depressive disorder (McKeage, 2016), 
both brexpiprazole and aripiprazole act primarily as partial agonists at 
D2/D3 receptors and 5-HT1A receptors, while exerting antagonistic ef-
fects at 5-HT2A receptors. While aripiprazole and brexpiprazole exhibit 
similar affinities at dopamine receptors (Maeda et al., 2014a, 2014b), 
brexpiprazole exhibits higher affinity for 5-HT1A/2A, lower intrinsic 
activity at D2 receptors, and overall appears to be well tolerated at 
clinical doses (Das et al., 2016; Kane et al., 2016). Given brexpiprazole’s 
lower intrinsic activity at dopamine receptors compared to aripiprazole, 
it has lower potential for eliciting the dopamine-related side effects 
commonly associated with antipsychotics (McKeage, 2016; Amada 
et al., 2019). 

Several studies have investigated aripiprazole as a potential dopa-
mine system stabilizer in preclinical models of addiction, demonstrating 
its ability to attenuate sensitization to the behavioral effects of drugs of 
abuse (Leite et al., 2008; Narita et al., 2008; Almeida-Santos et al., 
2014), and block drug-paired chamber preference and reinstatement of 
drug-seeking behavior in a conditioned place preference (CPP) para-
digm (Narita et al., 2008; Almeida-Santos et al., 2014; xia Li et al., 
2009). Aripiprazole, in addition to modulating dopamine-associated 
behaviors, also has been shown to lower morphine-induced increases 
in dopamine levels within the nucleus accumbens (Narita et al., 2008). 
Recently, several studies have investigated the use of aripiprazole in 
substance use disorder populations (Meini et al., 2011; Szerman et al., 
2020; Coles et al., 2021; Martinotti et al., 2022), with aripiprazole 
showing either no or slight improvement in outcomes related to sub-
stance use. However, most of these studies involved comorbid substance 
use and psychosis, and none specifically examined the effects of aripi-
prazole on opioid use disorder. 

Given the promising results seen in opioid dependence and addiction 
models with aripiprazole, we aimed to investigate the effects of brex-
piprazole as a potential partial agonist therapy in a mouse model of 
opioid dependence. To do so, we assessed the ability of brexpiprazole to 
modulate the behavioral responses associated with drug-induced adap-
tations during chronic opioid administration and withdrawal. 

2. Methods 

2.1. Animals 

Male and female C57BL/6J mice aged 9–12 weeks at the beginning 
of each experiment were received from Jackson Laboratories (Bar Har-
bor, ME). All animals were housed in wire-top cages (4–5 per cage) in a 
temperature- and humidity-controlled environment with free access to 
water and food. Mice were kept on a 12 h:12 h dark/light cycle, with all 
behavioral experiments performed during the light cycle. Prior to all 
experiments, mice were habituated to the novel behavior testing room 
and handled. All animal experiments and procedures were conducted in 
compliance with the Canadian Council on Animal Care Guidelines and 
Policies with approval from the University of Alberta Health Sciences 
Animal Care and Use Committee. 

2.2. Drugs 

Morphine sulfate pentahydrate powder was purchased from Toronto 
Research Chemicals (Toronto, Ontario) and dissolved in 0.9% w/v NaCl. 
Brexpiprazole was purchased in powder form from Cayman Chemical 
(Ann Arbor, Michigan) and dissolved in either 2.6% or 3.3% DMSO in 
0.9% NaCl. All drugs were administered through either a subcutaneous 
(s.c.) or intraperitoneal (i.p.) route at a volume of 10 mL/kg. The 0.1 
mg/kg dose of brexpiprazole used in all experiments was based on 
previous studies of both brexpiprazole (Milienne-Petiot et al., 2017; Ma 
et al., 2016) and aripiprazole (Almeida-Santos et al., 2014; xia Li et al., 
2009). 

2.3. Morphine-induced locomotor sensitization 

Locomotor sensitization was achieved using a protocol based on 
previous reports (Contet et al., 2008). All animals were habituated to the 
open field arena apparatus prior to the start of the experiment. Male 
mice were treated once every 72 h over the course of 13 days with s.c. 
injections of either brexpiprazole (0.1 mg/kg) or vehicle (3.3% DMSO in 
saline), followed by an i.p. injection of either morphine (40 mg/kg) or 
saline (0.9% NaCl) 30 min later. Directly after administration or either 
morphine or saline, mice were placed in a circular open field arena 
(45.7 cm diameter) and video tracking software (Noldus Ethovision, 
Leesburg, VA) was used to measure the total distance travelled within 
the arena during a 30-min recording period. Mice underwent 5 total 
sessions over 13 days during which locomotor activity was recorded. 

2.4. Morphine-conditioned place preference (CPP) 

Morphine CPP was performed using a 2-chamber, counter-balanced, 
and unbiased apparatus. Each conditioning chamber (24 × 24.5 × 28 
cm) was visually distinguishable by a wall pattern of either stripes or 
spots, and chambers were separated by a removable guillotine door. The 
time spent in each chamber was recorded using video tracking software 
(Noldus Ethovision, Leesburg, VA) during the pre-conditioning, post- 
conditioning, and reinstatement tests, as well as the extinction phase. To 
control for inherent bias for either chamber, mice received a habituation 
period to freely explore both chambers for 20 min before a pre- 
conditioning test on the following day. During the pre-conditioning 
test, the animals were again allowed to freely explore both chambers 
for 30 min, and animals were assigned their respective saline- and 
morphine-paired chambers such that any inherent bias for one chamber 
in the pre-conditioning test was balanced among vehicle and brexpi-
prazole treatment groups. Mice were dropped from the study if they 
spent ≥75% of their pre-conditioning test time in any one chamber, 
leading to the exclusion of one animal from the brexpiprazole group in 
this experiment. 

2.4.1. Conditioning and post-conditioning tests 
Male mice received 8 daily conditioning sessions, during which they 

received i.p. injections of either saline (0.9% NaCl) or morphine (10 mg/ 
kg) on alternating days, before being confined to either the assigned 
saline- or morphine-paired chamber for 30 min. Half of the mice in each 
treatment group received saline injections during the first conditioning 
session, while the other half received morphine. The day following the 
final conditioning session, all mice underwent a state-independent post- 
conditioning test, where they received either brexpiprazole (0.1 mg/kg, 
s.c.) or vehicle (3.3% DMSO, s.c.) 30 min prior to being placed in the 
CPP apparatus with free access to both chambers during the 30-min 
recording period. On the second day after the final conditioning ses-
sion, mice underwent a state-dependent post-conditioning test, which 
was identical to the state-independent test with the exception of a 
priming dose of morphine (10 mg/kg, i.p.) which was administered 30 
min after vehicle or brexpiprazole injections and directly prior to being 
placed in the CPP apparatus. 
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2.4.2. Extinction and reinstatement 
Following both the post-conditioning tests, mice were subjected to 

an extinction phase which consisted of 4 daily sessions where no drug 
was administered and free access to both chambers was allowed for 30 
min, during which recording was done to track the extinction of pref-
erence for the morphine-paired chamber. The day following extinction 
training, a reinstatement test was performed where all animals received 
either brexpiprazole (0.1 mg/kg, s.c.) or vehicle (3.3% DMSO, s.c.), and 
30 min later received a priming dose of morphine (10 mg/kg, i.p.). 
Immediately following the priming dose, mice were placed into the CPP 
apparatus with free access to both chambers and recorded for a 30-min 
period. For all CPP recordings, data is represented as the time spent in 
either the saline- or morphine-paired chamber, or the change in 
morphine-paired chamber (drug chamber) time from pre-to post- 
conditioning. 

2.5. Thermal tail-withdrawal assay 

Mice were habituated to the tail-withdrawal apparatus and restraint 
prior to the experiment. On test days, mice were gently restrained, and 
approximately 2.5 cm of the distal portion of the tail was immersed in 
water at 49 ◦C. The length of time the animal took to withdraw its tail 
after tail submersion was recorded using a stopwatch. A cut-off latency 
of 15 s was established to prevent potential tissue damage. For assessing 
morphine analgesia, a single tail withdrawal baseline was taken per 
animal post-morphine. For assessing the development of opioid-induced 
hyperalgesia, 3 baseline measurements were taken for each animal per 
test, and withdrawal latencies across all three baselines were averaged. 
Pre-experiment baselines were taken for all animals in the drug-naive 
state prior to chronic escalating morphine treatment to establish base-
line pain thresholds. Tail-withdrawal latencies taken following chronic 
morphine or saline treatment are represented as the change from base-
line in each animal. 

2.6. Morphine-induced analgesic tolerance 

To establish tolerance to morphine-induced analgesia, twice-daily 
(9:00 and 17:00) i.p. injections of escalating doses of morphine (10, 
20, 30 mg/kg) or saline (0.9% NaCl) were given over 3 days. Male mice 
received s.c. injections of either brexpiprazole (0.1 mg/kg) or vehicle 
(3.3% DMSO) 30 min before the morning injection of morphine. Anal-
gesia was monitored using the tail-withdrawal test, 20 min after the 
morning injection. On the fourth day, mice in all groups received either 
s.c. brexpiprazole or vehicle, followed by a single test dose of morphine 
(10 mg/kg, i.p.) 30 min later. A tail-withdrawal test was performed 20 
min later and withdrawal latencies for all groups were recorded. 

2.7. Establishment of opioid dependence and hyperalgesia 

Male and female mice were made opioid-dependent using a protocol 
consisting of twice-daily (9:00 and 17:00) injections of escalating doses 
of morphine (10, 20, 30, 40 mg/kg, i.p.) for 4 days. Drug-naïve control 
animals received twice-daily saline (0.9% NaCl, i.p.) in lieu of drug. 
Vehicle or brexpiprazole (0.1 mg/kg, s.c.) was given 30 min prior to the 
morning dose of either saline or morphine. All behavioral tests in opioid- 
dependent and withdrawn animals were conducted within 24 h 
following their final opioid dose. 

2.8. Morphine dose-response curve 

Morphine analgesic potency was determined using cumulative dose- 
response curves, with male mice all receiving successive escalating doses 
of morphine (0.1, 3, 10, 30 mg/kg, i.p.). Tail withdrawal latencies were 
measured once every 20 min following each successive dose. EC50 
values for all animals were estimated by fitting a non-linear dose- 
response curve based on their responses to successive doses. 

2.9. Locomotion and somatic behavior in spontaneous withdrawal 

For assessment of locomotion and somatic withdrawal behavior, 
mice were placed in the arena used in the locomotor sensitization pro-
tocol and recorded for 20 min. No acclimation to the arena was per-
formed prior to testing to prevent habituation and promote exploratory 
behavior. Video tracking software (Noldus Ethovision, Leesburg, VA) 
was used to track locomotor behavior for the duration of the test. 
Withdrawal-associated events (total jumps and grooming sessions) were 
scored manually using video recordings taken from the test by a blinded 
experimenter. Jumping incidence was scored over the entire 20-min 
recording, and grooming sessions were scored during the last 5 min 
the animal spent within the arena. Grooming sessions were defined as 
the animal grooming itself in a front-to-back motion in a single location 
for >2 s. 

2.10. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software 
version 9.3.1. All data was tested for normality, and parametric or non- 
parametric statistics were used accordingly. Changes in drug-paired 
chamber time in the CPP paradigm between pre- and post- 
conditioning were compared within each group using one-sample t 
tests, and paired t tests with Sidak’s correction for multiple tests were 
performed within each treatment group for comparing saline- and drug- 
paired chambers. For all other experiments, group means were analyzed 
using 2- or 3-way analysis of variance (ANOVA) followed by Sidak/ 
Sidak-Holm post-hoc analysis to correct for multiple comparisons, or 
Dunnett’s post-hoc test for comparisons of multiple groups to a single 
control. All experiments used exclusively male animals apart from the 
experiments represented in Fig. 4A, C, and D, which used an equal 
number of male and female mice. 

As no effect of sex was observed in preliminary analyses of data in 
Fig. 4A and D, male and female animals were pooled together for 
analysis. The locomotor data in Fig. 4C demonstrated an effect of sex, 
and as a result data was analyzed as a 3-way ANOVA for the effects of 
morphine, brexpiprazole, and sex. As sex did not significantly influence 
either treatment, sexes were pooled for post-hoc analysis and figure 
representations. All data are represented as mean ± S.E.M. Significance 
threshold was set at p < 0.05 for all experiments. 

3. Results 

3.1. Brexpiprazole attenuates locomotor sensitization in an open-field test 

Chronic opioid use is associated with the development of behavioral 
sensitization to the effects of the drug. (Robinson and Berridge, 2001). 
Increases in the hyperlocomotor effects of opioids with repeated 
administration is commonly used to measure the degree to which 
behavioral sensitization has occurred. We measured the increase in 
locomotion in mice treated with 40 mg/kg morphine every 72 h in the 
presence or absence of brexpiprazole over the course of five sessions in 
an open field apparatus. As expected, locomotor activity increased 
following repeated injections to morphine (Fig. 1, morphine × session 
interaction: F(4, 109) = 68.5, p < 0.0001)). While concomitant treat-
ment of brexpiprazole did not significantly alter the initial locomotor 
effects of morphine during session 1, brexpiprazole-treated mice dis-
played attenuated locomotor sensitization with repeated sessions 
compared to vehicle-treated mice under the same morphine dosing 
regimen (session x brexpiprazole × morphine interaction: F(4, 109) =
3.72, p = 0.007)). Control mice treated with saline in lieu of morphine 
did not show significantly altered locomotion from session 1 in either 
the brexpiprazole and vehicle groups. 
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3.2. Brexpiprazole prevents state-independent, but not state-dependent, 
expression of morphine CPP 

Modulations in dopaminergic transmission, especially D2 receptor 
(D2R) activation, are involved in pathological drug-seeking in addiction 
and drug craving during withdrawal (Nestler, 2005). In CPP, animals are 
trained to associate distinct chambers with either a neutral or rewarding 
(conditioned) stimulus, and the amount of time spent by the animal in 
either chamber when given free access to both is indicative of the 
incentive properties of the paired stimulus. Therefore, time spent in the 
reward (drug) paired chamber is often used to measure the degree to 
which the animal experiences the paired drug as rewarding and exhibits 
drug-seeking behavior. In our CPP paradigm, mice were conditioned to 
morphine- and saline-paired chambers, before undergoing a 
state-independent (no morphine given prior to entering chambers) and 
state-dependent (morphine given prior to chamber entry) test with 
concomitant pretreatment of either brexpiprazole or vehicle (Fig. 2A). 
Brexpiprazole prevented the expression of morphine CPP in a 
state-independent test following conditioning training (Fig. 2B, right; 
vehicle: t(15) = 2.2, p = 0.01; brexpiprazole: t(14) = 0.9, p = 0.20) but 
failed to block morphine CPP during a state-dependent test in the 
presence of the drug (Fig. 2C, right; vehicle: t(15) = 2.8, p = 0.01; 
brexpiprazole: t(14) = 3.0, p = 0.01). 

3.3. Brexpiprazole blocks reinstatement of morphine CPP following 
extinction 

Following morphine conditioning and post-conditioning tests, all 
mice underwent 4 days of extinction training to extinguish prior drug- 
chamber preference. By day 4, no preference for the drug-paired 
chamber was observed in either group (time in the drug-paired cham-
ber in each group: t(29) = 0.03, p = 0.74). Reinstatement of CPP 
following extinction by re-administration of the conditioning drug has 
previously been used to model drug relapse following abstinence 
(Mueller et al., 2002; Lu et al., 2003). To determine the effects of 
brexpiprazole on the reinstatement of morphine CPP, all mice were 

treated with either vehicle or brexpiprazole prior to a priming dose of 
10 mg/kg morphine to reinstate drug preference. Following this priming 
dose of morphine, mice were placed in the CPP apparatus, and the time 
spent in each chamber was recorded. Brexpiprazole-treated mice failed 
to show the significant reinstatement of morphine-paired chamber 
preference that was observed in vehicle-treated mice (Fig. 2D, right; 
vehicle: t(15) = 2.6, p = 0.03; brexpiprazole: t(14) = 0.6, p = 0.56)). 

3.4. Brexpiprazole does not impact the development of morphine 
analgesic tolerance 

Chronic opioid exposure is associated with the development of 
tolerance to the antinociceptive effects of morphine (Cahill et al., 2016). 
Given that brexpiprazole was able to attenuate morphine-induced 
behavioral sensitization and CPP, we next tested to see if brexpipra-
zole treatment would impact the development of tolerance to the anti-
nociceptive effects of chronic morphine. To induce analgesic tolerance, 
mice were treated with escalating doses of morphine (10, 20, 30 mg/kg, 
i.p.) or saline twice daily over three days, before being given a test dose 
of 10 mg/kg morphine on day 4 (Fig. 3A). All morphine-treated mice in 
both the vehicle and brexpiprazole groups demonstrated analgesic 
tolerance during the test dose compared to the 10 mg/kg day 1 dose 
(morphine × day interaction: F(4, 112) = 178.4, p < 0.0001). Acute 
brexpiprazole treatment did not alter the latency to tail withdrawal in 
response to 10 mg/kg morphine in the morphine groups on day 1 
compared to vehicle-treated mice (Fig. 3A, day 1 vehicle-morphine vs. 
brexpiprazole-morphine). Additionally, mice in the brexpiprazole-saline 
group had similar responses to the 10 mg/kg test dose on day 4 following 
three days of brexpiprazole treatment compared to vehicle-saline mice, 
demonstrating that both acute and chronic brexpiprazole did not impact 
acute morphine antinociception. Brexpiprazole treatment did not block 
the development of analgesic tolerance over the course of 4 days 
compared to vehicle-treated mice (day x morphine × brexpiprazole 
interaction: F(4, 112) = 0.8, p = 0.70), nor did brexpiprazole treatment 
alone alter tail-withdrawal latency (day × brexpiprazole interaction: F 
(4, 112) = 1.7, p = 0.15). Analgesic potency was further assessed with a 
morphine dose-response curve following chronic morphine (10–40 
mg/kg over 4 days) or saline injection with concomitant daily brexpi-
prazole or vehicle (Fig. 3B). As expected, morphine-treated groups 
demonstrated decreased potency of morphine compared to 
saline-treated groups, represented by an increase in EC50 (Fig. 3C; effect 
of morphine: F(1, 28) = 40.6, p < 0.0001; morphine × brexpiprazole 
interaction: F(1, 28) = 0.6, p = 0.50). No significant effect of brexpi-
prazole was seen in either the saline- or morphine-treated groups (effect 
of brexpiprazole: F(1, 28) = 3.6, p = 0.07). 

3.5. Acute brexpiprazole treatment attenuates the expression of OIH, but 
not somatic symptoms of withdrawal 

In addition to the emergence of antinociceptive tolerance, chronic 
opioid exposure generates a paradoxical opioid-induced hyperalgesia 
during drug-abstinent periods that can be observed as a decrease in 
sensory thresholds that is revealed following cessation of opioid use 
(Chu et al., 2008). Mice were made opioid-dependent or received saline 
in lieu of drug, alongside concomitant brexpiprazole or vehicle, over the 
course of 4 days. On the fifth day, mice received either vehicle or 
brexpiprazole in the absence of morphine prior to a thermal 
tail-withdrawal assay (Fig. 4A). Vehicle-treated mice who received 
chronic morphine injections displayed a decrease in latency to 
tail-withdrawal relative to their vehicle and saline-treated counterparts, 
indicative of the development of hyperalgesia (effect of morphine: F(1, 
28) = 10.07, p = 0.003; effect of brexpiprazole: F(1, 28) = 0.96, p =
0.335; interaction: F(1,28) = 0.56, p = 0.24). In the brexpiprazole 
group, morphine-treated mice failed to show a significantly decreased 
tail withdrawal latency compared to saline-treated mice following 
post-hoc analysis. When this experiment was repeated without vehicle 

Fig. 1. Brexpiprazole attenuates locomotor sensitization to morphine. 
Mice were treated with brexpiprazole (0.1 mg/kg, s.c.) or vehicle (3.4% DMSO) 
30 min prior to either a saline or morphine (40 mg/kg, i.p.) injection. Mice 
were put into an open field arena directly following the saline/morphine dose, 
and distance travelled within the arena was recorded for 30 min. Data are 
represented as mean with S.E.M., n = 7- 8 per group. Groups were compared 
using three-way ANOVA followed by Sidak-Holm post-hoc comparisons. *p <
0.05, **p < 0.01, ***p < 0.001, session 1 vs. subsequent sessions; ##p < 0.01, 
interaction between session, morphine, and brexpiprazole. 
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Fig. 2. Brexpiprazole prevents state-independent 
morphine CPP, and blocks reinstatement following 
extinction. (A) Timeline of morphine conditioned place 
preference (CPP) experiment. Mice received 8 days of alter-
nating saline or morphine (10 mg/kg, i.p.) injections in their 
assigned chambers during the conditioning stage, followed 
by a state-independent test (day 9) where vehicle or brexpi-
prazole (0.1 mg/kg, s.c.) (red arrows) was given in the 
absence of morphine. A state-dependent test (day 10) was 
performed the following day, where vehicle or brexpiprazole 
was given in the presence of morphine (10 mg/kg, i.p.) (or-
ange arrows). Following the post-conditioning tests, four 
days of drug-free extinction training was done to extinguish 
morphine CPP. A reinstatement test was performed post- 
extinction by giving all animals either vehicle or brexpipra-
zole followed by a priming dose of 10 mg/kg morphine. (B, C, 
D) Time spent in the saline- and drug-paired chambers during 
the post-conditioning or reinstatement tests (left) and com-
parisons of the drug chamber time in each test compared to 
pre-conditioning preferences (right). Grouped data are rep-
resented as mean and S.E.M., n = 16 per group. Mean time 
spent in each chamber for each treatment group was 
compared using t tests followed by Sidak’s correction for 
multiple comparisons, and mean drug chamber time 
compared to pre-conditioning preferences for each treatment 
group was analyzed using one-sample t tests; *p < 0.05,.   
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or brexpiprazole pretreatment on the fifth day, morphine-treated mice 
in both the vehicle- and brexpiprazole-treated groups displayed the 
same decrease in tail-withdrawal latency relative to their saline controls 
(Fig. 4B; effect of morphine: F(1, 28) = 25.5, p < 0.0001; effect of 
brexpiprazole: F(1, 28) = 0.05, p = 0.82; interaction: F(1, 28) = 0.0017, 
p = 0.97). This indicates that while brexpiprazole does not prevent the 
development of opioid-induced hyperalgesia, acute brexpiprazole is able 
to attenuate the expression of opioid induced hyperalgesia. 

Given that brexpiprazole attenuated the expression of opioid- 
induced hyperalgesia in the paradigm represented in Fig. 4A, we 
examined whether brexpiprazole would impact any of the somatic 
symptoms of acute spontaneous opioid withdrawal. Spontaneous opioid 
withdrawal in mice is associated with decreased locomotion with an 
increase in jumping and grooming behavior (Papaleo and Contarino, 
2006; McDevitt et al., 2021). When given in the absence of morphine on 
the first day following an escalating morphine dosing regimen, brexpi-
prazole failed to prevent the withdrawal-induced decrease in locomo-
tion during an open-field test (Fig. 4C; effect of morphine: F(1, 24) =
15.7, p = 0.0006; effect of brexpiprazole: F(1, 24) = 1.47, p = 0.24; 

morphine × brexpiprazole interaction: F(1, 24) = 0.047, p = 0.83). 
Female mice in general displayed more locomotion in the open field 
arena (effect of sex: F(1, 24) = 7.72, p = 0.011), consistent with previous 
reports (Bravo et al., 2020), but sex did not influence the effects of either 
morphine and/or brexpiprazole treatment (sex × brexpiprazole inter-
action: F(1, 24) = 0.013, p = 0.91; sex × morphine interaction: F(1, 24) 
= 0.38, p = 0.54; sex x morphine × brexpiprazole interaction: F(1, 24) 
= 0.33, p = 0.57). As opioid-withdrawn animals with higher jumping 
incidence also had lower grooming incidence compared to others within 
their group, we assessed both withdrawal-associated jumping and 
grooming events pooled together for all animals (Fig. 4D). Overall, 
morphine pretreatment significantly increased withdrawal-associated 
behaviors (effect of morphine: F(1, 28) = 12.84, p = 0.0013), and 
while the overall effect of brexpiprazole did not reach significance (ef-
fect of brexpiprazole: F(1, 28) = 3.80, p = 0.061; morphine × brexpi-
prazole interaction: F(1, 28) = 2.09, p = 0.16), post-hoc analysis 
demonstrated a significant increase in withdrawal-associated behaviors 
in brexpiprazole-morphine mice compared to vehicle-morphine mice (p 
= 0.046). 

4. Discussion 

Both drug-taking and drug-withdrawal phases in addiction are 
characterized by altered dopamine neuronal activity and shifts in 
dopamine homeostasis within the mesolimbic system, resulting in 
alternating periods of either excessive or limited dopamine availability 
(Koob and Volkow, 2010; Robinson and Berridge, 2001). As a result, 
adjunct therapies for drug addiction that can stabilize dopamine trans-
mission by dually lending themselves to both the attenuation or facili-
tation of dopamine receptor activation during either hyper- or 
hypodopaminergic states may be a more effective strategy than ones 
that employ full dopamine agonism or antagonism (Moreira and Dalley, 
2015). In this study, we demonstrate that the behavioral effects of 
brexpiprazole on opioid dependence and withdrawal provide a pre-
clinical basis for brexpiprazole’s ability to act as a dopamine system 
stabilizer in addiction. Furthermore, while its predecessor, aripiprazole, 
has been shown to modulate opioid salience and reward in previous 
studies, we investigated the ability of brexpiprazole to not only modu-
late behaviors related to sensitization and drug-seeking in opioid 
dependence, but in analgesic tolerance and opioid-induced hyperalgesia 
as well. This is especially important given that the lowered sensory 
thresholds seen in opioid withdrawal can contribute to the aversive 
nature of the withdrawal state (Tsui et al., 2016). 

In line with previous studies on aripiprazole (xia Li et al., 2009), a 
single low dose of brexpiprazole did not affect baseline locomotor ac-
tivity nor did it alter acute morphine-induced hyperlocomotion (Fig. 1). 
However, brexpiprazole treatment did block the locomotor sensitization 
effects observed after repeated morphine treatment. Drug-induced 
locomotion parallels the release of dopamine within reward pathways 
(Robinson and Berridge, 2008; di Chiara and Imperato, 1988) and lo-
comotor sensitization reflects heightened striatal dopamine release in 
chronic drug states. Recently, aripiprazole was shown to specifically 
reduce firing of hyperexcitable mesolimbic dopamine neurons and 
prevent subsequent excess dopamine release, without affecting normal 
neuronal activity (Sonnenschein et al., 2019). That brexpiprazole 
treatment normalized locomotor activity to previously opioid-naïve 
levels suggests it is similarly effective at attenuating the increase in 
dopamine neuronal activity that occurs during behavioral sensitization. 

The effects of drugs of abuse are strongly linked to the ability of these 
drugs to produce drug-seeking behavior and subsequent reinstatement 
of this behavior following drug discontinuation (de Vries et al., 1998; 
Vanderschuren et al., 1999). Therefore, we investigated the ability of 
brexpiprazole to modulate morphine-induced CPP, both directly 
following morphine conditioning and during reinstatement of CPP 
following extinction (Fig. 2). In our CPP paradigm, brexpiprazole 
attenuated preference for the morphine-paired chamber in a 

Fig. 3. Brexpiprazole does not impact the development of analgesic 
tolerance. (A) Tail-withdrawal latencies at baseline (day 0), and across 3 days 
of treatment (days 1–3), during which animals received either twice-daily sa-
line (i.p.) or escalating morphine (10–30 mg/kg, i.p.) with concomitant treat-
ment of either brexpiprazole (0.1 mg/kg, s.c.) or vehicle. All mice received a 
test dose of 10 mg/kg on day 4 prior to a final tail-withdrawal assay. Group 
means across days 0–3 were compared using 3-way ANOVA; day 4 group means 
were compared using 2-way ANOVA followed by Dunnett’s post-hoc test. *p <
0.05, **p < 0.01 compared to the vehicle-saline group. (B) Morphine dose- 
response curve performed on mice who had received either 4 days of twice- 
daily escalating morphine (10–40 mg/kg, i.p.) or saline, with concomitant 
vehicle or brexpiprazole treatment. (C) Calculated morphine EC50 values for 
individual animals in the dose-response curve in (B). Group means for EC50 
values were compared using two-way ANOVA followed by Sidak’s post-hoc 
comparisons. All data is represented as mean and S.E.M., n = 8 per group. 
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state-independent (i.e., in the absence of morphine) post-conditioning 
test. Interestingly, brexpiprazole failed to alter morphine CPP when 
this test was performed in a state-dependent manner in the presence of a 
priming dose of morphine. Other studies have shown that aripiprazole 
blocks post-conditioning morphine CPP, but only at higher doses (Narita 
et al., 2008; Almeida-Santos et al., 2014; xia Li et al., 2009), so the 
failure of brexpiprazole to block morphine CPP when paired with a 
priming morphine dose may be the result of the insufficiency of the 
relatively low dose of brexpiprazole used in this study to counteract 
morphine CPP when strong drug cues are present. Finally, as has pre-
viously been observed with aripiprazole (xia Li et al., 2009), brexpi-
prazole treatment blocked reinstatement of morphine-chamber 
preference following extinction of the drug-paired chamber preference. 
Given that the acquisition and expression of morphine CPP is dependent 
on striatal D2R signalling (Maldonado et al., 1997; Smith et al., 2002; 
Urs et al., 2011), it is possible that the ability of brexpiprazole to in-
fluence drug-seeking behavior in our CPP paradigm reflects its activity 
as a modulator of dopaminergic signalling via D2R partial agonism. 

The failure of brexpiprazole to alter the analgesic properties of 
morphine, in both an acute antinociceptive test and in the development 

of analgesic tolerance (Fig. 3), is unsurprising as morphine reward and 
analgesia are mediated by distinct neural pathways (Gardner, 2011). In 
line with this, aripiprazole also fails to impact acute morphine anti-
nociception in a tail-withdrawal assay (Almeida-Santos et al., 2014). 

Interestingly, concomitant brexpiprazole administration alongside 
escalating doses of morphine attenuated the expression of opioid- 
induced hyperalgesia, but only when brexpiprazole was given on the 
day of testing (Fig. 4). Given that brexpiprazole fails to produce an 
antinociceptive effect when given alone and did not alter morphine 
antinociception following either acute or chronic opioid pretreatment 
(Fig. 3), this is unlikely to be due to a direct antinociceptive effect 
related to modulation of dopaminergic signalling (Puopolo, 2019). The 
development of opioid-induced hyperalgesia following opioid discon-
tinuation has been linked to the negative emotional state associated with 
withdrawal (Edwards et al., 2012; McNally and Akil, 2002), and the 
hypodopaminergic tone that predominates during withdrawal is likely a 
major driver of this affective state (Nestler, 2005). As a result, the effects 
of brexpiprazole on the expression of opioid-induced hyperalgesia may 
represent an ability to interfere with the affective, as opposed to the 
nociceptive, component of opioid-induced hyperalgesia. This effect may 

Fig. 4. Acute brexpiprazole treatment attenu-
ates the expression of opioid-induced hyper-
algesia. (A) Male and female mice received 4 days 
of twice daily saline (open circles) or escalating 
morphine (filled circles), with concomitant daily 
vehicle (grey) or 0.1 mg/kg brexpiprazole (red). On 
the fifth day, mice received an injection of either 
vehicle or 0.1 mg/kg brexpiprazole before thermal 
sensitivity was measured in a tail withdrawal assay 
(n = 8 per group, n = 4 per sex within groups). (B) 
Male mice received the same 4-day dosing regimen 
as (A), but did not receive an additional dose of 
brexpiprazole or vehicle prior to a tail withdrawal 
assay on the fifth day (n = 8 per group). Group 
means in (A) and (B) were compared using two-way 
ANOVA followed by Sidak post-hoc tests for multi-
ple comparisons (error bars = S.E.M, *p < 0.05, **p 
< 0.01). (C, D) Mice from (A) were placed in an 
arena for a 20-min period during which locomotor 
activity (C) and withdrawal-associated behaviors 
(jumping and grooming events) (D) were recorded. 
Group means in (C) and (D) were compared using 2- 
way ANOVA followed by Dunnett’s (C) or Sidak- 
Holm (D) post-hoc (n = 8 per group, n = 4 per sex 
within groups, error bars = S.E.M, *p < 0.05, **p <
0.01).   
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be via dopamine receptor stimulation during a hypodopaminergic 
withdrawal state, or via 5-HT1A partial agonism, as declines in 
accumbens 5-HT may mediate some of the negative affect experienced 
during the withdrawal period (Pomrenze et al., 2022). Alternatively, 
brexpiprazole may aid in the stabilization of spinal dopaminergic and/or 
serotoninergic transmission, both of which are able to alter nociceptive 
signalling within the spinal cord (Puopolo, 2019; Wang et al., 2021). 
This is particularly important to consider given the evidence implicating 
the spinal cord as a key site in the development and maintenance of 
opioid-induced hyperalgesia (Roeckel et al., 2016). However, our find-
ings regarding the effects of brexpiprazole on opioid-induced hyper-
algesia are limited in part by the fact that we relied on the 
tail-withdrawal assay, which measures thermal but not mechanical 
nociception, to assess the expression of pain in withdrawal. 

As previously reported, we found that spontaneous opioid with-
drawal resulted in a decrease in total locomotor activity in both male 
and female mice (McDevitt et al., 2021; Bravo et al., 2020). Treatment 
with brexpiprazole leading up to and during the early withdrawal period 
did not impact the withdrawal-induced decrease in locomotion. Classi-
cally, decreases in locomotor activity in the open-field test are inter-
preted as anxiety-related behavior, as locomotion in the novel arena is 
associated with exploratory behavior (Thompson et al., 2015). However, 
as C57BL/6J mice have been shown to exhibit non-typical anxiety be-
haviors in the open-field test (Thompson et al., 2015; Mozhui et al., 
2010), the extent to which this activity is truly representative of the 
affective state is questionable. On the other hand, brexpiprazole not only 
failed to prevent the incidence of jumping and grooming in spontaneous 
withdrawal, both of which are common somatic symptoms, but rather 
increased the incidence of these events on the first day post-drug. Given 
that brexpiprazole has been shown to increase activity of norepineph-
rine neurons within the locus coeruleus (Oosterhof et al., 2016), it is 
possible that brexpiprazole may heighten the withdrawal-induced locus 
coeruleus hyperactivity that underlies some of the somatic symptoms of 
early acute drug abstinence. 

Changes in striatal dopamine release during opioid administration 
have been shown to be modulated via D2R activity (Rougé-Pont et al., 
2002), and the compensatory changes within striatal dopaminergic 
pathways during drug dependence predominantly involve altered ac-
tivity in D2-expressing medium spiny neurons (Muntean et al., 2019). 
The resulting alterations in dopamine signalling play a significant role in 
driving long-term drug craving and relapse following drug discontinu-
ation (Nestler, 2005). As a partial D2R agonist, brexpiprazole is 
well-positioned mechanistically to modulate striatal responses to 
opioid-induced fluctuations in dopaminergic tone, effectively buffering 
D2R activity in both high- and low-dopamine contexts. Consequently, it 
largely influences the rewarding, but not analgesic, properties of 
morphine. However, this does not preclude the possibility that brexpi-
prazole may exert some of its effects, particularly in opioid-induced 
hyperalgesia, at the level of the spinal cord. Given that brexpiprazole 
does not improve, and may indeed exacerbate early somatic symptoms, 
brexpiprazole treatment is most likely suited to addressing the symp-
toms of the protracted withdrawal syndrome, such as persistent 
drug-craving, as opposed to the early acute phase of drug abstinence. In 
this study, we report that brexpiprazole demonstrates the ability to 
modulate characteristic dopamine-dependent behaviors in a mouse 
model of opioid dependence and withdrawal, and therefore may be a 
useful adjunct therapy in promoting drug abstinence during protracted 
opioid withdrawal. These results indicate the need for future trans-
lational preclinical and clinical investigations into the use of brexpi-
prazole in opioid use disorder. 
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