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Abstract

Background: While opioids play a crucial role in pain’s relief, chronic exposure results in tolerance and dependence. Efforts

should be made to alleviate the side effect induced by opioids. Many proteins which functionally interact with MOR can

regulate the effect of opioids. Our bacterial yeast two-hybrid experiment showed ABIN-1 could bind to MOR. Here, we studied

the profile and mechanism of ABIN-1 on morphine tolerance and dependence. Experimental Approach: ABIN-1 in mouse brain

was interfered by AAV virus. The tolerance and dependence induced by morphine were assessed in hotplate and conditioned

place preference test. The regulation of β-arrestin signalling of MOR was observed in MOR-CHO cell lines after ABIN-1

overexpression. The interaction of proteins was detected by co-immunoprecipitation and immunofluorescence. The expression

of proteins was tested by western blotting and immunohistochemistry. Key Results: Morphine tolerance and dependence were

attenuated by overexpression of ABIN-1 in mouse brains. ABIN-1 in the hippocampus and nucleus accumbens participated in

morphine tolerance and physical dependence. MOR phosphorylation and internalization were weakened by ABIN-1 after opioids

treatment. Formation of ABIN-1-β-arrestin-2 complexes promoted the translocation of β-arrestin-2 to the plasma membrane

and accelerated its ubiquitination and degradation. Furthermore, attenuation of morphine tolerance by ABIN-1 was abolished

in β-arrestin-2 knockout mice. Conclusions and Implications: These findings indicate that ABIN-1 co-operates with β-arrestin2

and MOR to alleviate morphine tolerance and dependence. ABIN-1 may be a target to alleviate morphine tolerance.

What is already known

* ABIN-1 could interaction with MOR.

What this study adds

* ABIN-1 in mouse brains attenuated morphine tolerance and dependence

* Formation of ABIN-1-β-arrestin-2 complexes promoted the translocation of β-arrestin-2 to the plasma
membrane and accelerated degradation

What is the clinical significance

* Our data provide a new perspective target on alleviating morphine tolerance and dependence

Κεψ ωορδς: ΜΟΡ· ΑΒΙΝ-1· β-αρρεστιν2· τολερανςε

1.Introduction

Opioids, such as morphine, have powerful analgesic effects to relieve various pains, but their repeated or
continuous use can result in tolerance and dependence. These side effects limit the clinical utility of morphine.
The activation of μ opioid receptor (MOR) is potential mechanism of tolerance, include G protein-dependent
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signalling and β-arrestin-mediated signalling(Al-Hasani & Bruchas, 2011). Super-activation or sensitization
of adenylate cyclase (AC) and internalization of MOR by chronic agonist treatment are considered as the
critical mechanisms of opioid tolerance, but further mechanisms have not been elucidated(Sharma S K 1975).

β-arrestin-mediated signalling of MOR has great effects on morphine tolerance(Molinari et al., 2010).
Agonist-induced phosphorylation of MOR is thought to be a trigger for β-arrestin-mediated signalling. In
MOR phosphorylation-deficient mice, opioid-induced analgesia was strongly enhanced and tolerance was
greatly diminished(Kliewer et al., 2019). β-arrestins, including β-arrestin1 and β-arrestin2, are highly ex-
pressed in the central nervous system (CNS) and play critical roles in regulating MOR(Attramadal et al.,
1992). In cells, β-arrestin2 is recruited after MOR phosphorylation, which cause sequestration of MOR under
morphine exposure(DeWire, Ahn, Lefkowitz & Shenoy, 2007). Besides, ubiquitinated β-arrestins are crucial
for downstream endocytic and signalling processes(Takenouchi, Yoshimura & Ozawa, 2018). Mice lacking
β-arrestin2 did not develop antinociceptive tolerance in a hot plate test following chronic morphine treat-
ment(Raehal & Bohn, 2011). Several proteins have been found to mediate morphine tolerance by regulating
β-arrestin signalling. For example, TRPV1 promoted rapid translocation of β-arrestin2 to the nucleus and
decreased the desensitization of MOR to enhance analgesia(Basso Lilian, 20). The vasopressin 1b receptor
enhanced morphine analgesia by interaction between β-arrestin2 and MOR(Koshimizu et al., 2018). MiR-365
reduced morphine analgesic tolerance by influencing β-arrestin2 negatively (Wu, She, Yang, Xing, Chen &
Zhang, 2018). Therefore, MOR-associated proteins that bias MOR towards the Gi signalling pathway are
thought to be therapeutic targets and molecular probes to resolve the limitations of morphine(Inagaki et al.,
2015). Recent progress has supported the feasibility and potential clinical utility of biased MOR agonists
such as PZM21 and TRV130(Manglik et al., 2016) (Heyninck, Kreike & Beyaert, 2003) .

Our previous work demonstrated that ABIN-1 interacted with MOR(Zhou, 2017). Although ABIN-1 is well
known as a ubiquitin-binding protein that regulates processes in autoimmune inflammatory diseases such
as systemic lupus erythematosus (SLE) and psoriasis, its role in the brain has rarely been reported (Nanda
et al., 2011). Therefore, we aimed to explore the role of ABN-1 in the CNS on morphine tolerance and
investigate the underlying mechanisms.

In the present study, we showed that ABIN-1 overexpression in mice brain attenuates morphine tolerance
and dependence, and ABIN-1 in both the hippocampus (Hipp) and nucleus accumbens (NAc) decreased
morphine-induced tolerance and physical dependence. ABIN-1 decreased MOR phosphorylation and inter-
nalization under opioid treatment and increased the translocation of β-arrestin2 to the plasma membrane
and ubiquitinated it by interaction. As a result, ABIN-1 had no effect on morphine tolerance in β-arrestin2-
knockout mice. Our data uncovered an unappreciated but meaningful mechanism by which ABIN-1 decreases
opioid tolerance by co-operating with β-arrestin2 and MOR. Therefore, ABIN-1 could be a new target to
regulate morphine tolerance.

2.Methods

2.1Animals

Female C57BL/6 mice aged 8 weeks (18 - 22 g) were used in all experiments. β-arrestin2-knockout
(ARRB2-/-) mice were originally obtained from the laboratory of R. J. Lefkowitz (Duke University Medical
Center, Durham, NC) and backcrossed onto a C57BL/6J background. All mice were housed on a 12-h
light/12-h dark cycle in a temperature- and humidity-controlled environment and given ad libitum access to
food and water. Animals were randomly assigned into treatment groups. All experiments were conducted on
age-matched animals under protocols approved by the National Institute of Health Guide for the Care and
Use of Laboratory Animals (IACUC of AMMS-06-2018-020). All efforts were made to minimize suffering
and reduce the number of animals used.

2.2 Reagents

Drugs: [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) and naloxone were purchased from Sigma-Aldrich;
morphine hydrochloride was purchased from Qinghai Pharmaceutical Factory (Qinghai, China).
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Western blot antibodies: The rabbit monoclonal anti-MOR antibody (Cat# AB1580-I, 1:500) was obtained
from Millipore. The anti-β-arrestin2 antibody (LS-B6008, 1:1,000) was obtained from Life Spanbio Sciences.
The Anti-FLAG M2 (F3165, 1:5,000) is purchased from Sigma-Aldrich. Anti-ABIN-1 (#4664, 1:1,000),
Anti-Myc (#2272, 1:3,000), Anti-phos-MOR (Ser375) (#3451, 1:1,000), Anti-ERK (#3857, 1:1,000), and
Anti-phospho-ERK (#9154, 1:1,000),Anti-Na+-K+ATPase (#3010, 1:1,000) antibodies were purchased from
Cell Signalling Technology. Anti-UbP4D1 (sc-8017, 1:1,500) and anti-IgG (sc-2025, 1 μg) antibodies were
purchased from Santa Cruz Biotechnology Inc.

2.3 Behavioural tests

Viral constructs and Stereotaxic microinjection

AAV2/9 viruses were designed and constructed by standard methods with assistance from BrainVTA
(Wuhan, China).

rAAV-CMV-ABIN-1-EGFP-WPRE-pA (AAV/PHPeB, titer: [?]3.00E + 12 vg/ml) and

rAAV-U6-shRNA(ABIN-1)-CMV-EGFP-pA (AAV/PHPeB, titer: [?]5.00E+12 vg/ml) were administered
via lateral ventricle injection to interfere with ABIN-1 in the brain;

rAAV-CMV-ABIN-1-EGFP-WPRE-pA (titer: [?]5.72E+12 vg/ml) and

rAAV-U6-shRNA(ABIN-1)-CMV-EGFP-pA(titer:[?]6.19E+12vg/ml) were administered via stereotaxic mi-
croinjection to interfere with ABIN-1 in the hippocampus/nucleus accumbens/anterior cingulate cor-
tex.C57BL/6 mice were anaesthetized and placed in a stereotaxic instrument. Viruses were unilaterally
injected into the right cerebral ventricle (AP = -0.6 mm, ML = 1.5 mm, DV = 2.0 mm, 5 μl, 0.5 μl/min)
and bilaterally implanted in the anterior cingulate cortex (AP = +1.75 mm, ML = 0.75, DV = 2.65, 200
nl, 20 nl/min), hippocampus (AP = -2.0 mm, ML = 1.2 mm, DV = 2 mm, 400 nl, 20 nl/min) and nucleus
accumbens (AP = -1.6 mm, ML = 0.8 mm, DV = 4.6 mm, 200 nl, 20 nl/min).

Hot plate test

The antinociceptive effects of morphine(10 mg/kg, s.c.) were assessed according to a protocol described
previously(Eddy & Leimbach, 1953) with minor modifications. Female mice were individually placed on
the surface of the hot plate(55±0.5°C), and the latency was recorded from the start time to the endpoint
defined by jumping, licking, or shaking the hind paws. A cut-off time of 60 seconds was imposed to prevent
the possibility of tissue damage. Antinociceptive data are presented as a percentage of the maximal possible
effect (MPE (%)) calculated by the following formula: %MPE = (post drug latency –pre drug latency)/(cu
t off time –pre drug latency) × 100%.

Naloxone-precipitated withdrawal

Mice were exposure with morphine (10 mg/kg, s.c., twice daily) treatment for 7 days. On day 7, withdrawal
was precipitated with naloxone (i.p., 10 mg/kg) after 2 h the injection of morphine. Mice were individually
placed in Plexiglas boxes (60 cm×20 cm×20 cm) to observe the withdrawal signs(jumping) at 15 min intervals.

Conditioned place preference test (CPP)

Psychological dependence on morphine was tested using a morphine CPP test. The CPP test was performed
using an unbiased, counterbalanced protocol(Wang, Zhao, Ghitza, Li & Lu, 2008). The CPP apparatus
consisted of 8 identical three-chamber polyvinyl chloride (PVC) boxes(Lu, Wu, Zhang, Ai & Li, 2011).
The two larger chambers differed by their white or black walls with a bar or grid floor texture and provided
distinct contexts that were paired with morphine or saline injections. Three distinct chambers were separated
by manual guillotine doors. The CPP test procedure is outlined in Fig 2.A. During the preconditioning phase
(from days 1 to 3), male mice were given free access to all compartments of the apparatus for 15 min. The
time spent in each compartment was recorded automatically using a computer system (AniLab v3.0, AniLab
Software & Instrument Co. Ltd., Ningbo, China). Mice that showed a strong unconditioned preference (more
than 540 seconds) for either compartment were excluded to maintain an unbiased population. On subsequent
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conditioning days (days 4 to 8), mice were confined to the corresponding conditioning chambers for 30 min for
training. The mice were administered normal saline (N.S, 10 ml/kg, i.p.) in the morning for unconditioning
training and morphine (10 mg/kg, s.c.) in the afternoon during the conditioning phase. The CPP score on
day 9 was defined as the time (in seconds) spent in the conditioning-paired chamber minus the time spent
in the unconditioning-paired chamber during CPP testing.

Locomotor activity

Spontaneous locomotor activity was assessed using open field activity monitors

30 min before or after morphine administration on day 1. All mice were allowed to habituate to the room
for 1 h before locomotor measurements. Activity was quantified as the horizontal distance travelled (in
centimetres) over a 30-minute period.

2.4 Tissue preparation and immunohistochemistry

The immunofluorescence procedures were performed according to the BJP guidelines(Alexander et al.,
2018)Brain tissue was obtained from morphine-injected mice with overexpression or knockdown of ABIN-1 in
discrete brain regions (anterior cingulate cortex, hippocampus, and nucleus accumbens). Morphine-injected
mice were deeply anaesthetized with an overdose of sodium pentobarbital (70 mg/kg, i.p.) and perfused with
a 0.9% NaCl solution followed by a 4% paraformaldehyde solution. The brain was removed, immersed in
paraformaldehyde solution for 24 h followed by 30% sucrose at 4°C overnight and was sliced (30 μm) in a
freezing microtome. Immunostaining of β-arrestin2 in the hippocampus was performed using a monoclonal
β-arrestin2 antibody (Life Spanbio Sciences, LS-B6008; 1:200). The immunostaining score (H-score) was cal-
culated as follows: H-SCORE=[?](PI×I)=(percentage of cells with weak staining intensity x1)+(percentage
of cells with moderate staining intensity x2)+percentage of cells with strong staining intensity x3)(Azim et
al., 2015).

2.5Cell culture and transfection conditions

HEK293cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) con-
taining 10% foetal bovine serum (FBS, Sigma-Aldrich). CHO cells stably expressing Flag-MOR (CHO-
MOR) were grown in F12 (Thermo Fisher Scientific) medium containing 10% FBS and supplemented with
G418 (200 μg/ml) (Thermo Fisher Scientific). CHO cells stably expressing Flag-MOR and Myc-ABIN-1
(MOR-ABIN-1-CHO) were grown in F12 medium containing 10% FBS and supplemented with G418 (200
μg/ml) and hygromycin B (200 μg/ml). CHO cells stably expressing SNAP-MOR and EGFP-β-arrestin2
(CHO-MOR-β-arrestin2) were grown in F12 medium containing 10% FBS and supplemented with G418 (200
μg/ml). Neuro-2A (N2A) cells were grown in DMEM containing 10% FBS. All cell cultures were maintained
in a humidified 5% CO2 atmosphere at 37°C. Transient transfections were carried out using Lipofectamine
3000(Invitrogen) with cells grown to 65-85% confluency.

Coimmunoprecipitation

HEK293 cells in 10-cm dishes were co-transfected with the plasmid using Lipofectamine 3000 for 48 h. Then,
the cells were lysed immediately with EBC buffer (50 mM Tris-HCl [pH 8.0], 120 mM NaCl, 0.5% NP-40,
and 1 mM EDTA) and a standard protease inhibitor mixture (Roche Applied Science) for 30 min on ice.
The cells were centrifuged at 12,000 rpm ,4°C, 20 min. The supernatant was divided into three parts: one
part was denatured by incubation in boiling water for 10 min used as input . The remaining supernatant
was divided into two parts: 1 μg of anti-Flag antibody was added to one part, 1 μg of IgG with the same
properties was added to the other part, shaking at 4 overnight. Next, 30 μl of protein G magnetic beads
(Thermo Fisher Scientific,#88847) was added for 2 h at 4°C. Then washed three times with EBC buffer
before being eluted with 50 μl of 1× SDS sample buffer at 95°C for 5 min.

2.7 Phosphorylation of MOR and ERK

MOR-CHO and MOR-ABIN-1-CHO cells were serum starved for 2 h prior to drug treatment. Cells were
treated with DAMGO for 0 min, 5 min, 30 min, 60 min, 6 h, 24 h, 48 h, and 72 h and were then lysed with lysis

4
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buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 10 mM disodium pyrophosphate,
1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) with complete protease inhibitor mixture and
phos-STOP phosphatase inhibitor tablets (Roche) on ice for 30 min. The lysate was centrifuged at 12,000 ×
g for 20 min at 4°C. The supernatant was separated by SDS-PAGE.

2.8 β-arrestin2 ubiquitination

pcDNA3.1myc-hisB-ABIN-1 and pCMV-Flag-β-arrestin2 were transiently transfected into HEK-293 cells.
Cells were serum starved for at least 2 h and were then stimulated with DAMGO. Cells were solubilized in
lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 10% glycerol, 1% Nonidet
P-40, 0.5% deoxycholate, 10 mM sodium orthovanadate, 10 mM NaF, protease inhibitor mixture, and 10
mM N-ethylmaleimide). Lysates were mixed with FLAG M2 affinity beads (Sigma-Aldrich, Lot#SLCB1079)
and rotated at 4°C overnight. The precipitate was washed five times in RIPA buffer, and proteins were eluted
with 50 μl of 2× loading buffer at 95°C for 10 min.

2.9 β-arrestin2 recruitment assay

To quantify the effects of ABIN-1 on the translocation of β-arrestin2 to the membrane, pcDNA3.1myc-hisB-
ABIN-1 was transiently transfected into β-arrestin2-GFP-MOR-CHO cells for 48 h. Cells were then treated
with 10 μM DAMGO or morphine for 0, 5, 15, and 30 min. After washing in PBS, cells were fixed in 3%
freshly prepared paraformaldehyde containing Hoechst (1 μM) for 20 min. Cells were then washed in PBS
and imaged using an IN Cell Analyzer 2000 (20× objective; GE Healthcare Life Sciences, Pittsburgh, PA)
with the following settings: exposure time of 500 milliseconds/field, excitation wavelength of 475 nm, and
emission wavelength of 535 nm for GFP. Images were analysed using the granularity analysis module.

2.10 Internalization of MOR

To further evaluate the internalization of MOR, the plasma membrane protein fraction of both cells and
brain tissue was separated by a plasma membrane protein isolation kit (Invent Biotechnologies). Cells or
tissue in buffer A was placed on ice for 5-10 min and was then centrifuged at 16,000 × g for 30 seconds.
The supernatant was discarded, and the pellet was resuspended by vigorously vertexing for 10 seconds. The
resulting suspension was centrifuged at 700 × g for 1 min. The supernatant was transferred to a fresh 1.5 ml
microcentrifuge tube and centrifuged at 4 for 30 min at 16,000 x g. The supernatant was removed and the
pellet (the total membrane protein fraction including organelles and plasma membranes) was retained. The
total membrane protein fraction was resuspended in 200 μl of buffer B by repeatedly pipetting up and down
or vertexing. The resulting suspension was centrifuged at 7,800 × g for 5 min at 4 and the supernatant was
removed. Ice-cold PBS (1.6 ml) was added and centrifuged at 4degC and 16,000 x g for 30 min. The resulting
pellet contained membrane proteins, which were resolved by SDS-PAGE. The supernatant was discarded,
and the pellet (isolated plasma membrane proteins) was retained.

2.11 Confocal immunofluorescence

HEK293 cells were seeded into 35-mm cell culture dishes with coverslips attached. The dishes were coated
with 0.01% poly-L-ornithine solution for 2 h at 37degC and were then washed twice with warm PBS before cell
seeding. HEK293 cells were transfected with pcDNA3.1myc-hisB-ABIN-1 and pEGFP-N3-β-arrestin2 using
Lipofectamine 3000 as indicated above. Immunocytochemistry was carried out as previously described(Zhou
et al., 2015). Anti-myc (Abcam, 1:200) and rhodamine-conjugated Affinipure goat anti-mouse IgG antibody
(1:100; Santa Cruz) were used to determine the localization of ABIN-1. Cells were then fixed with 4%
paraformaldehyde for 30 min, after which the fixed solution was aspirated and washed 3 times with PBS
for 3 min each time. The cells were added to 0.5% Triton X-100 in PBS for 20 min at room temperature
and washed three times in 1× PBS. Then, the cells were blocked for 30 min (1% BSA/PBS), washed with
PBST, incubated with the primary anti-myc antibody at 4°C overnight, and washed three times in 1× PBST.
Finally, the cells were incubated with the secondary antibody for 1 h at room temperature and washed. The
cells were treated with DAPI Fluoromount-GTM (Vector) for 5 min at room temperature in the dark.

2.12 Statistical analysis

5
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The data and statistical analysis comply with the recommendations of British Journal of Pharmacology on
experimental design and analysis in Pharmacology(Curtis et al., 2018). Statistical analyses are indicated in
the figure legends and were performed using GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla,
CA, USA). The results are expressed as the means ± S.E.Ms; number of independent values(n). Samples
subjected to statistical analysis were from at least 5 animals per group (n = 5). The hotplate test results of
ABIN-1 interfered in whole brain or hippocampus or anterior cingulate cortex or cell assay were analysed
using two-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. The hotplate test
results of ABIN-1 interfered in nucleus accumbens /naloxone-precipitated withdrawal / tissue assay results
were analysis using unpaired student’s t test. The criterion for statistical significance was set at P < 0.05
for each method used.

2.13 Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked tocorrespondingentriesin-
http://www.guidetopharmacology.org,the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY(Harding et al., 2018), and are permanently archived in the Concise Guide to
PHARMACOLOGY 2017/18(Alexander et al., 2017).

3.Result s

3.1ABIN-1 attenuates morphine tolerance and dependence

To investigate the role of ABIN-1 in morphine tolerance and dependence, we generated a blood-brain barrier-
crossing AAV to interfere with ABIN-1 in the mouse brain(Jackson, Dayton, Deverman & Klein, 2016). The
analgesic effects of morphine were assessed by hotplate test in mice injected of AAV-vector (control), AAV-
ABIN-1 or AAV-shRNA-ABIN-1(Fig 1.A). Immunoblotting and immunofluorescence (Fig 1.B-C, Suppl 1.
A) results showed that ABIN-1 expression was upregulated in the CNS(Rashnonejad et al., 2019),such as
hippocampus (Hipp) or nucleus accumbens (NAc). The nociceptive latencies and locomotor behaviour of the
mice were similar between ABIN-1 overexpression (or downregulation) and control group before morphine
treatment (Suppl 1.B-E). The (%) MPE differed between control and ABIN-1 group mice after morphine
treatment. While Fig 1.D showed that the (%) MPE decreased gradually after 7 consecutive days of morphine
treatment (10 mg/kg, s.c.), the (%) MPE in the ABIN-1 overexpression group was much higher than control
group following chronic morphine exposure from days 1-5. And the (%) MPE in the sh-ABIN-1 group was
much lower than control group following chronic morphine exposure from days 1-5 (Fig 1. E).Together,
ABIN-1 could decrease morphine tolerance.

To further investigate the effect of ABIN-1 on morphine dependence, we observed morphine withdrawal
responses induced by repeated morphine exposure with subsequent naloxone administration (10 mg/kg, s.c.).
Mice overexpressing ABIN-1 showed a decrease in naloxone-precipitated jumping behaviour, a withdrawal
sign related to physical dependence induced by morphine (Fig 1.F). In contrast, knockdown of ABIN-1
increased mouse jumping behaviour induced by naloxone (Fig 1.G). Next, we investigated whether ABIN-1
alters vulnerability to opioid abuse. According to the CPP test procedure outlined in Fig 2.A, there is no
difference between ABIN-1 overexpression or knockdown group and control group on the baseline CPP score.
After 5 days of conditioned training, morphine-treated mice showed a preference for the morphine-paired
compartment, but mice overexpressing ABIN-1 were less likely to prefer the box with persistent morphine
injection (Fig 2.B). Consistent with the above result, knockdown of ABIN-1 in brain enhanced morphine
dependence (Fig 2.C). Taken together, these results indicated that ABIN-1 in brain attenuated morphine
tolerance and dependence.

3.2 ABIN-1 in the hippocampus or in the nucleus accumbens attenuate morphine tolerance

ABIN-1 is highly expressed in brain regions of morphine-tolerant mice, such as the cortex, hippocampus,
and nucleus accumbens(Zhou et al., 2015); MOR is also highly expressed in these brain regions. To examine
the effects of ABIN-1 in these regions on morphine tolerance, ABIN-1 expression was regulated separately in
the hippocampus, nucleus accumbens or anterior cingulate cortex via stereotactic injection of AAV-ABIN-1

6
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or AAV-shABIN-1. Robust and wide-scale expression of ABIN-1 was achieved, as evidenced by the efficient
labelling of neurons in the cortex, hippocampus, and nucleus accumbens, and we confirmed the efficiency
of AAV transduction using western blotting (Fig 3.A-D; Supp 2.A-B). Morphine tolerance and naloxone-
induced withdrawal were assessed as described above. From days 1 to 7, nociceptive latencies of mice with
ABIN-1 overexpression or knockdown in the hippocampus or anterior cingulate cortex were the same as those
of control mice before morphine treatment (Suppl 1.F-G, Suppl 2.C). However, the nociceptive latencies were
higher in the mice of nucleus accumbens overexpressing ABIN-1 than control group and were lower for mice
with knockdown of ABIN-1 in the nucleus accumbens than control mice prior to morphine addition (Suppl
1.H-I). Compared with control, the (%) MPE was significantly increased in the mice of hippocampus over-
expressing ABIN-1 from day 1 to day 3 after continuous administration of morphine. Naloxone-precipitated
jumping behaviour was decreased by ABIN-1 overexpression in the mouse hippocampus (Fig 3. E).Similarly,
ABIN-1 upregulation in the nucleus accumbens significantly increased the MPE (%) induced by morphine
and ameliorated the withdrawal syndrome (Fig 3.G). We further downregulated ABIN-1 in the hippocampus
or nucleus accumbens and found that ABIN-1 knockdown had the same effect on morphine analgesia (Fig
3.F-H) and the withdrawal syndrome (Fig 3.F-H). But downregulation of ABIN-1 in the anterior cingulate
cortex had no effect on morphine tolerance (Suppl 2.E-F). These findings indicated that ABIN-1 in the
hippocampus or nucleus accumbens could decrease morphine tolerance.

3.3 ABIN-1 inhibits the phosphorylation of MOR and ERK

The interaction between ABIN-1 and MOR was confirmed in our previous work and β-arrestin signalling
pathway of MOR plays an important role in the regulation of MOR signalling and trafficking(Shenoy &
Lefkowitz, 2003). MOR phosphorylation is a well-characterized prerequisite for activation of the β-arrestin2-
dependent pathway(Kliewer et al., 2019). Therefore, we first evaluated whether ABIN-1 could affect MOR
phosphorylation. MOR phosphorylation at Ser375(Schulz S, 2004) was performed in a time-dependent man-
ner with DAMGO(10 μM) at 0 min, 5 min, 30 min, 60 min, 24 h, 48 h, and 72 h (Fig 4.A-D). In MOR-CHO
cells, MOR phosphorylation peaked at 5 min and decreased after DAMGO stimulation. And phosphoryla-
tion of MOR decreased significantly in MOR-ABIN-1-CHO cells after DAMGO stimulation at 5,30,60 min
(Fig 4.A-B). Furthermore, ABIN-1 overexpression also significantly reduced MOR phosphorylation after 24,
48, and 72 h of DAMGO treatment (Fig 4.C-D). Earlier studies showed that ERK activity is related to the
activation of β-arrestin pathway (DeWire, Ahn, Lefkowitz & Shenoy, 2007). We speculated that ABIN-1
inhibited ERK phosphorylation like a decrease in MOR phosphorylation. As the figure showed, ERK phos-
phorylation peaked at 5 min after DAMGO treatment and decreased following DAMGO (10 μM) exposure
(Fig 4.A-B). The phosphorylation of ERK in MOR-ABIN-1-CHO cells was decreased obviously compared
with MOR-CHO cells under acute or chronic agonist stimulation. (Fig 4.C-D). These results suggested that
ABIN-1 attenuated DAMGO-induced MOR phosphorylation and ERK activation.

3.4 ΑΒΙΝ-1 προμοτες τηε τρανσλοςατιον οφ β-αρρεστιν2 το τηε πλασμα μεμβρανε βυτ

ινηιβιτς τηε ιντερναλιζατιον οφ ΜΟΡ

MOR phosphorylation results in recruitment of β-arrestin2 to the plasma membrane, which triggers internal-
ization of MOR. Inhibition of MOR phosphorylation may cause a decrease in β-arrestin2 recruitment. Using
high-content screening (HCS) analysis, we detected the translocation of β-arrestin2 to the plasma membrane
in β-arrestin2-EGFP-MOR-CHO cells transfected with pcDNA3.1myc-hisB-ABIN-1 or vector (Fig 5.A). Sur-
prisingly, ABIN-1 promoted rapid translocation of β-arrestin2 to the plasma membrane after DAMGO (10
μM) or Morphine (10 μM) at 0, 5, 15, and 30 min (Fig 5.B). Then, we evaluated the influence of ABIN-1on
MOR endocytosis. Cell membrane-localized MOR was extracted from the MOR-CHO and MOR-ABIN-1
CHO cells. ABIN-1 overexpression significantly increased the amount of MOR on the cell membrane com-
pared with control cells after DAMGO (10 μM) treatment for 30 min or 72 h (P <0.01, Fig 5.C). In addition,
the membrane-localized MOR was also obviously increased in the mice of ABIN-1 overexpressing compared
with that in control group after chronic morphine treatment (Fig 5.D). These findings indicated that ABIN-1
promoted translocation of β-arrestin2 to the plasma membrane, but ABIN-1 attenuated endocytosis of MOR
after DAMGO exposure.

7



P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

29
11

79
.9

89
62

52
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

3.5 ΑΒΙΝ-1 προμοτες τηε υβιχυιτινατιον ανδ δεγραδατιον οφ β-αρρεστιν2 βψ ιντεραςτιον

ωιτη β-αρρεστιν2

β-arrestin2 is regard as a regulator of MOR: MOR phosphorylation recruits β-arrestin2 to induce MOR en-
docytosis(Lovell et al., 2015). Enhancement of β-arrestin2 recruitment by ABIN-1 occurred in the absence of
opioids, suggesting a relationship between ABIN-1 and β-arrestin2. To confirm the interaction, we first de-
tected the colocalization of ABIN-1 and β-arrestin2 and found a strong correlation in the cell membrane and
cytoplasm (Pearson’s R value: 0.74) (Fig 6.A). We further tested the interaction of ABIN-1 and β-arrestin2 by
coimmunoprecipitation in HEK293 cells transfected with pcDNA3.1-myc-hisB-ABIN-1 (pcDNA3.1-myc-his
B as control) and pCMV-Flag-β-arrestin2 (pCMV-Flag as control). Flag-β-arrestin2 was immunoprecipitated
from lysates using an anti-Flag antibody. We found that ABIN-1 interacted with β-arrestin2 and this interac-
tion was augmented by DAMGO (10 μM) pretreatment(Fig 6.B).ABIN-1 is well known as a ubiquitin-binding
adaptor protein.(Heyninck, Kreike & Beyaert, 2003). To determine the role of the ABIN-1 on β-arrestin2,
we transfected pcDNA3.1-myc-hisB-ABIN-1, pCMV-Flag-β-arrestin2 and pcDNA3.1-myc-hisB-MOR into
HEK293 cells and subsequently monitored β-arrestin2 ubiquitination. Ubiquitination of β-arrestin2 was sig-
nificantly enhanced by ABIN-1 overexpression with or without DAMGO (10 μM) treatment (P <0.05) (Fig
6.C). Ubiquitin was originally identified as a tag for protein degradation. As expected, ABIN-1 reduced
the expression of β-arrestin2 with or without DAMGO addition in N2A cells (Fig 6.D). Consistent with
the results in cells, ABIN-1 also decreased the expression of β-arrestin2 in brain (hippocampus) tissue from
morphine-tolerant mice after ABIN-1 overexpression. (Fig 6.E). These findings illustrated that ABIN-1
promoted β-arrestin2 ubiquitination, resulting in β-arrestin2 degradation through the interaction.

3.6 β-αρρεστιν2 ις ρεσπονσιβλε φορ μορπηινε τολερανςε μεδιατεδ βψ ΑΒΙΝ-1

Attenuation of morphine tolerance in β-arrestin2-KO mice (ARRB2-/-) is well documented(Bohn, Lefkowitz
& Caron, 2002). Considering the suppressed expression of β-arrestin2 through its interaction with ABIN-1,
ABIN-1 may target β-arrestin2 to affect morphine tolerance. ABIN-1 was upregulated or downregulated in
ARRB2-/- mice by injection (i.c.v.) of AAV-ABIN-1 or AAV-shRNA-ABIN-1 respectively. The nociceptive
latencies and locomotor behaviour of ARRB2-/- mice were similar between ABIN-1(overexpression or knock-
down) group and control group before morphine treatment (Fig 7.A-B). In ARRB2-/-mice with ABIN-1
overexpression or knockdown, the (%) MPE was as the same as control mice from day 1 to day 7 after
morphine addition (10 mg/kg) (Fig 7.). The behavioural results suggested that the ABIN-1-mediated atten-
uation of morphine tolerance was abolished in ARRB2-/- mice, indicating that the regulation of β-arrestin2
by ABIN-1 is functionally important for morphine tolerance.

4.Discussion

Our recent study showed that ABIN-1 plays a critical role in the CNS and in behavioural conditioning
driven by morphine. ABIN-1, which is strongly expressed in human peripheral blood lymphocytes, spleen
and skeletal muscle, is essential for preventing immune system disease(Nanda et al., 2011), but its role in
the CNS has rarely been reported. Using chemical genetics technique, we observed that ABIN-1 in brain
attenuated morphine tolerance and dependence. The effect of ABIN-1 on morphine tolerance was inhibited
in β-arrestin2-deficient mice. This behavioural effect of ABIN-1 on morphine tolerance was associated with
β-arrestin signalling via MOR. Indeed, our findings established ABIN-1 as a regulator of morphine-mediated
tolerance, providing keen insights into its functions.

Pain is transmitted from the spinal cord into the brain(Liu et al., 2018). Some classic pain theories, are based
on research on the spinal cord, but the regulation of pain in the brain has been ignored. Therefore, in the
first part of our study, we focused on the effect of ABIN-1 in brain on morphine analgesia. Using hot plate
and CPP tests, morphine tolerance and dependence were attenuated by upregulation of ABIN-1 in brain (Fig
1, 2). Other studies have shown that several brain regions, including the cingulate cortex, hippocampus, and
nucleus accumbens(Eitan S 2003), contribute to morphine tolerance and withdrawal signs(Koob & Volkow,
2010). In the present study, overexpression of ABIN-1 in mice hippocampus or nucleus accumbens was
sufficient to reduce morphine tolerance and physical dependence after chronic morphine addition (Fig 3). The
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role of the hippocampus in the formation of memory and cognition is well known. Early studies showed that
partial hippocampectomy could treat chronic pain in humans(Jarrard & Lewis, 1967), demonstrating that the
hippocampus is involved in nociception and morphine-induced antinociception(Hashemi, Karami, Zarrindast
& Sahebgharani, 2010; Soleimannejad, Semnanian, Fathollahi & Naghdi, 2006). Several studies support
the idea that the hippocampal region participates in morphine-induced antinociception(Hashemi, Karami,
Zarrindast & Sahebgharani, 2010) and that the ventral hippocampal CA1-infralimbic cortex modulates the
progression of pain in rats with peripheral inflammation(Ma et al., 2019). In addition, withdrawal behaviour
induced by opioid antagonists implies anxiety and stress, which are related to emotionality. The hippocampus
is a key region that controls this emotionality(Bremner J D 2000). MOR and ABIN-1 are widely co-
expressed in the hippocampus; thereby ABIN-1 in the mouse hippocampus participates in morphine-induced
antinociception and withdrawal behaviour.

Similarly, ABIN-1 in the nucleus accumbens is also involved in the regulation of morphine tolerance (Fig 3).
Interestingly, we found a striking difference in the regulation pattern of the nociceptive latency: knockdown
of ABIN-1 in the nucleus accumbens specifically reduced the nociceptive latency and leading to hyperalgesia
before morphine treatment in mice (Fig 3). The nucleus accumbens is another brain region thought to be
critical in mediating opioid reward and addiction(Sadat-Shirazi et al., 2019; Xi, Wu, Stein & Li, 2004) and
to play a role in co-morbid hyperalgesia under opioid exposure(Zhang et al., 2019). MOR and ABIN-1
are expressed in the nucleus accumbens, and the expression of MORs is modulated by morphine treat-
ment(Johnson, Chieng, Napier & Connor, 2006). ABINs have been described as ubiquitinated proteins that
negatively regulate nuclear factor (NF-κB) activation(Verstrepen, Carpentier, Verhelst & Beyaert, 2009).
Knockdown of ABIN-1 promotes the activation of NF-κB, which may remodel and change the shape of nu-
cleus accumbens neurons(Ang E 2001) to affect the basal nociception latency(Taylor, Becker, Schweinhardt
& Cahill, 2016). Indeed, our findings suggest that ABIN-1 has clinical utility as a morphine sensitizer.
Further study is needed to understand the function of ABIN-1 in brain neurons.

While the sustained activation of G protein signalling is understood as the classical transduction of morphine
analgesic, the tolerance mechanism remains unclear(Williams et al., 2013). β-arrestin signalling exerts a vital
function on MOR desensitization and can compete with G-protein signalling(Kovacs, Hara, Davenport, Kim
& Lefkowitz, 2009). Our data showed that ABIN-1 decreased MOR phosphorylation and internalization
under treatment with agonists (Fig 4-5), presumably reflecting downregulation of the β-arrestin pathway.
Whereas ABIN-1 promoted the accumulation of β-arrestin2 on the plasma membrane (Fig 5). Theoretically,
MOR phosphorylation is more likely to recruit β-arrestin-2, and reduction of MOR phosphorylation may
prevent the translocation of β-arrestin2 to the plasma membrane. Seeking for the mechanism, we found
β-arrestin2 interacted with ABIN-1, and ABIN-1 also bound to MOR, which might promote β-arrestin2 to
the plasma membrane (Fig 6). Receptor phosphorylation is required for sustained interaction with GRKs
under agonist activation(Inagaki et al., 2015). Two lines of evidence may explain why ABIN-1 decreased
agonist-induced MOR phosphorylation. First, our previous work has proved that ABIN-1 could interact
with MOR-C-terminus. The C-terminus of MOR contains an abundance phosphorylation sites, and ABIN-1
may compete with GRKs to decrease MOR phosphorylation. Second, we found that ABIN-1 could also bind
to β-arrestin2. ABIN-1, β-arrestin2 and MOR functionally interacted with each other to produce strong
steric hindrance; thus, phosphorylation of MOR by GRKs was decreased. The magnitude and duration
of morphine-induced analgesia was affected in the mice MOR phosphorylation deficiency (Kliewer et al.,
2019),that indicated ABIN-1 reduced MOR phosphorylation to involve in morphine tolerance. Modulation
of MOR phosphorylation influences the association between β-arrestin and MOR, dissociation of the β-
arrestin–receptor complex results in impairment of MOR endocytosis. Our findings showed that ABIN-1
decreased MOR internalization (Fig 5). Classical theory states that a reduction in the amount of MOR on the
plasma membrane is related to morphine tolerance. Briefly, ABIN-1 delayed the development of morphine
tolerance by negatively regulating the β-arrestin signalling pathway by reducing the phosphorylation and
internalization of MOR.

ABINs are considered as ubiquitinated adaptors (Zhou, 2011). We found a novel consequence of the ABIN-
1–β-arrestin-2 complex, which could promote the ubiquitination and degradation of β-arrestin-2 (Fig 6).
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β-Arrestin2, as a multifunctional adaptor, mediates MOR trafficking and transduction to regulate morphine
tolerance. Downregulation of β-arrestin2 plays a vital role in MOR desensitization(Jean-Charles, Freedman
& Shenoy, 2016). For G protein-dependent signalling of MOR, β-arrestin2 increases cAMP degradation
by recruiting and scaffolding cellular phosphodiesterases (PDEs), which could diminish the accumulation
of cAMP. Thus, downregulation of β-arrestin2 results in an increase in cAMP; moreover, we previously
found that ABIN-1 increased the accumulation of cAMP(Zhou, 2017). For β-arrestin-dependent signalling,
morphine actives MOR and recruits only β-arrestin2(Groer, Schmid, Jaeger & Bohn, 2011). The membrane
proteins are often ubiquitinated during arrestin-mediated internalization(Mittal & McMahon, 2009). In
CNS neurons, neurokinin 1 receptors mediate the sequestration of arrestins on endosomal membranes and
reduce opioid-induced desensitization(Yu, Arttamangkul, Evans, Williams & von Zastrow, 2009). MOR
desensitization and morphine tolerance are reversed in β-arrestin2-knockout mice(Bohn, Lefkowitz & Caron,
2002). In β-arrestin2-knockout mice, the severity of antagonist-precipitated withdrawal signs is attenuated
after chronic morphine treatment, supporting the idea that βarrestin2 plays a role in morphine tolerance and
dependence(Raehal & Bohn, 2011). Due to the downregulating of MOR phosphorylation and degradation of
β-arrestin2 induced by ABIN-1 overexpression (Fig 4-6), the MOR on the plasma membrane was increased
in both morphine-tolerant mice brains and cell lines. Therefore, the lack of MOR desensitization resulting
from the decrease in endocytosis altered the normal signalling response to opioids. As a result, ABIN-1
had no effect on morphine tolerance in β-arrestin2-knockout mice (Fig 7). Collectively, ABIN-1 promotes
β-arrestin2 degradation to attenuate morphine tolerance.

β-arrestins act as scaffold-specific components of the mitogen-activated protein kinase (MAPK) cas-
cade(Luttrell et al., 2001). Inhibition of the MAPK pathway blocks desensitization of MOR signalling
as well as the loss of receptor expression due to internalization(Polakiewicz, 1998). ERK1 and 2, members of
the MAPK family, are crucial regulators of MOR signal transduction(Zheng H 2007). In our present study,
phosphorylation of ERK was inhibited by ABIN-1 under both acute and chronic opioid treatment (Fig 4).
As a downstream molecule in both the G protein- and β-arrestin-dependent pathways(Muller & Unterwald,
2004), ABIN-1 regulates ERK activation by negatively affecting both the G protein and β-arrestin signalling
pathways. And ABIN-1 interacted with ERK to attenuate ERK signalling(Zhang, 2002), which might al-
ter MOR signal transduction. Additionally, there was a study showed that A20 upregulation attenuated
morphine tolerance by inhibiting the activation of NF-κB and ABIN-1 through the interaction of AHD1
with A20(Huang et al., 2019). Therefore, ABIN-1 and A20 may work together to participate in mediating
morphine tolerance.

In summary, the ABIN-1-MOR-β-arrestin2 complex functionally diminished MOR phosphorylation and pro-
moted β-arrestin2 degradation, which decreased MOR internalization. Thus, ABIN-1 overexpression in
mouse brain alleviated morphine tolerance and dependence. The therapeutic effect of ABIN-1 on mor-
phine tolerance was blocked in β-arrestin2-knockout mice. Overall, ABIN-1 may be a target for alleviating
morphine tolerance.
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Fig. 1 ABIN-1 in the brain alleviated morphine tolerance. (A)Experimental schedule for morphine-
induced tolerance and the naloxone-induced withdrawal test. (B-C) Immunoblotting analysis and quantifi-
cation of ABIN-1 expression was interfered by AAV-ABIN-1(B) or AAV-shRNA-ABIN-1(C) in the mouse
brain. (D-E) The (%) MPE of analgesia induced by chronic morphine treatment was detected after ABIN-
1overexpression (D)or knockdown (E) in the mouse brain. (F-G) The jumping counts precipitated by
naloxone after chronic morphine treatment in ABIN-1 up-regulated (E) or down-regulated (F)mice.Two-
way ANOVA followed by Bonferroni post hoc test, n = 8-9; The western blot results were analysed with
Student t-test, n=5, ABIN-1 vs control, * P < 0.05, **P < 0.01,***P < 0.001. The error bars indicate the
means ± S.E.Ms.
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Fig. 2 ABIN-1 in the brain alleviated morphine dependence. (A)Experimental schedule for CPP
test. (B-C) The results are assessed as CPP score (time spent in morphine - paired side on post-conditioning
- the time on preconditioning) in the mouse brain after overexpression (B) or knockdown (C) the ABIN-1.
Student’s t test, ABIN-1 vs control, *P < 0.05; n = 8-9. The error bars indicate the means ± S.E.Ms.
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Fig. 3 ABIN-1 in the hippocampusor nucleus accumbens decreases morphine tolerance. (A,C)
AAV-ABIN-1-EGFP-labelled neurons in the hippocampus(A) or in the nucleus accumbens(C) . Blue, DAPI.
Scale bar, 1000 μm. (B) ABIN-1 expression in the hippocampus was analysed by immunoblotting after
interfered by the AAV-ABIN-1(left) or AAV-shRNA-ABIN-1(right).(D) ABIN-1 expression in the nucleus
accumbens was analysed by immunoblotting after interfered by the AAV-ABIN-1(left) or AAV-shRNA-
ABIN-1(right) .(E-F) In the mouse hippocampus up-regulated (E) or down-regulated (F) ABIN-1, the

17



P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

29
11

79
.9

89
62

52
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

(%)MPE of analgesia induced by chronic morphine treatment (up) and the jumping counts precipitated by
naloxone (down) was detected. (G-H) In the mouse nucleus accumbens up-regulated (G) or down-regulated
(H)ABIN-1, the (%) MPE of analgesia induced by chronic morphine treatment (up) followed by the jumping
counts precipitated by naloxone (doen) was detected. The MPE (%) was analysed with two-way ANOVA
followed by Bonferroni post hoc test; The number of jumps was analysed with a Student’s t test. *P < 0.05,
**P < 0.01, ***P < 0.001; n = 7-8. The error bars indicate the means ± S.E.Ms.

Fig. 4 ABIN-1 inhibits the phosphorylation of MOR and ERK. (A-B) Phosphorylation of MOR
(phos MOR, Ser375) and ERK (phos ERK) in MOR-CHO and MOR-ABIN-1-CHO cells treated with
DAMGO (10 μM) for 0, 5, 30, or 60 min (A) or 24, 36, or 48 h (B) was detected by immunoblotting.
Two-way ANOVA followed by Bonferroni post hoc test, ABIN-1 vs control, * P < 0.05, **P < 0.01, ***P
< 0.001; n =5. The error bars indicate the means ± S.E.Ms.
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Φιγ. 5 ΑΒΙΝ-1 προμοτες β-αρρεστιν2 τρανσλοςατιον το τηε πλασμα μεμβρανε βυτ

ινηιβιτς ΜΟΡ ιντερναλιζατιον. (Α) Overexpression of ABIN-1 in β-arrestin2-EGFP-MOR-CHO
cells was analysed by immunoblotting.(B) β-arrestin2 translocation to the plasma membrane was detected
by HCS after stimulation with morphine or DAMGO for 0, 5, 15, and 30 min. (C) The MOR on plasma
membrane in MOR-CHO and MOR-ABIN-1-CHO cells was analysed by immunoblotting under DAMGO
(10 μM) treatment for 30 min or 72 h. (D) The MOR on plasma membrane in morphine tolerant mice
brain (Hipp) was analysed by immunoblotting after ABIN- overexpression. Two-way ANOVA followed by
Bonferroni post hoc test, ABIN-1 vs control, * P < 0.05, **P < 0.01, ***P < 0.001; n = 5. The error bars
indicate the means ± S.E.Ms.
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Φιγ. 6 ΑΒΙΝ-1 προμοτες τηε υβιχυιτινατιον ανδ δεγραδατιον οφ β-αρρεστιν2 βψ ιντε-

ραςτινγ ωιτη β-αρρεστιν2. (Α) Colocalization of ABIN-1(red) and β-arrestin2(green) in HEK293
cells. Scale bar, 10 μm, Pearson’s R value: 0.74 (B) The interaction between ABIN-1 and β-arrestin2 was
analysed by co-immunoprecipitation with or without DAMGO (10 μM) treatment. (C) The ubiquitina-
tion of β-arrestin2 in HEK293 cell was analysed by co-immunoprecipitation after ABIN-1 overexpression
under DAMGO (10 μM) treatment. (D) The expression of β-arrestin2 in Neuro 2A cells was analysed by
immunoblotting after ABIN-1 overexpression under DAMGO (10 μM) treatment. (E) The expression of
β-arrestin2 in morphine tolerant mice (Hipp) was analysed by immunohistochemistry after ABIN-1 overex-
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pression. Student’s t test, ABIN-1 vs control, * P < 0.05, **P < 0.01; n = 5. The error bars indicate the
means ± S.E.Ms.

Φιγ. 7 β-αρρεστιν2 ις ρεσπονσιβλε φορ τηε ΑΒΙΝ-1-ινδυςεδ ρεδυςτιον οφ μορπηινε

τολερανςε.(Α-῝) The nociceptive threshold(A) or locomotor behaviour (B ) or the (%)MPE of analgesia

induced by chronic morphine treatment in the brains ofARRB2−/− mice after overexpression the ABIN-1(C)
.(D-F) The nociceptive threshold (D) or locomotor behaviour (E ) or the (%)MPE of analgesia induced by

chronic morphine treatment in the brains of ARRB2−/− mice after knockdown the ABIN-1 (F). Two-way
ANOVA followed by Bonferroni post hoc test ,ABIN-1 vs control, n = 7-8. The error bars indicate the means
± S.E.Ms.
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Supplement 1. The nociceptive latencies and locomotor behaviour of mice were measured by
a hot plate test before morphine treatment. (A) EGFP-labelled neurons in the hippocampus (Hipp)
and nucleus accumbens (NAc) and anterior cingulate cortex (ACC) after injection (i.c.v.) of AAV-ABIN-
1-virus, bar: 200 μm.(B-C) The nociceptive latency (B) and locomotor behaviour (C) in mice brain after
ABIN-1 overexpression. (D-E) The nociceptive latency(D) and locomotor behaviour (E) in the mice brain
after ABIN-1 knockdown. (F-G) The nociceptive latency in the mice hippocampus brain after ABIN-1
overexpression (F) or knockdown (G) . (H-I) The nociceptive latency in the mice nucleus accumbens brain
after ABIN-1 overexpression (H) or knockdown (I) . Two-way ANOVA followed by Bonferroni post hoc
test, ABIN-1 vs control, *P < 0.05, **P< 0.01; n = 7-9. The error bars indicate the means ± S.E.Ms.
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Supplement 2. ABIN-1 in the anterior cingulate cortex (ACC) has no effect on morphine
tolerance. (A) EGFP-labelled neurons in the ACC. Blue, DAPI. Bar: 1,000 μm. (B) The expression
of ABIN-1 in the ACC was interfered by injection AAV-shRNA-ABIN-1.(D-F) The nociceptive threshold
(D) or the (%)MPE of analgesia effects(E) or the jumping counts of naloxone-precipitated withdrawal(F)
induced by chronic morphine treatment in the mice anterior cingulate cortex brain after ABIN-1 knockdown.
Two-way ANOVA followed by Bonferroni post hoc, ABIN-1 vs control, n = 6-8. The error bars indicate the
means ± S.E.Ms.
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