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Abstract—Anxiety is considered an important protracted abstinence symptom that can aggravate craving and
relapse risk in opioid addicts. Although the insular cortex (IC) has been reported to be a key brain region in medi-
ating emotional and motivational alterations induced by drug consumption and withdrawal, the role of IC in anx-
iety related to protracted abstinence remains elusive. In this study, we found that: (1) anxiety-like behavior in
morphine-dependent mice became significant after 28 days of withdrawal, while their physical symptoms became
undetectable. (2) Activated glutamatergic neurons in the medial IC, but not the anterior or posterior IC were sig-
nificantly increased after 28 days of withdrawal. Bilateral lesion of the medial IC, but not the anterior or posterior
IC with ibotenic acid (IBO) alleviated the anxiety-like behavior. (3) Expression of Wnt7a in the medial IC was sig-
nificantly increased after 28 days of withdrawal, and specific down-regulation of Wnt7a with AAV-shWnt7a also
alleviated the anxiety-like behavior. The findings reveal the medial IC is involved in mediating anxiety-like behav-
ior related to morphine protracted abstinence, in which Wnt7a plays a critical role. � 2018 IBRO. Published by Elsevier

Ltd. All rights reserved.
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INTRODUCTION

Withdrawal from addictive drugs certainly produces

debilitating physical symptoms and aversive emotional

responses in addicts (Anraku et al., 2001). Although their

physical symptoms are no longer detectable after pro-

longed abstinence, emotional responses gradually

emerge or even worsen over time (Goeldner et al.,

2011; Lee et al., 2014). For example, opioid addicts still

display obvious anxiety symptom after 21 days of detoxi-

fication (Gossop et al., 1987). Morphine-dependent

rodents also show more obvious anxiety-like behavior

after 4 weeks of withdrawal than 1-week controls, that

spending less time in the center of open field and entering

less into the open arms of elevated plus-maze (Jia et al.,

2013; Lee et al., 2014). Additionally, epidemiologic study

reveals anxiety symptom in opioid addicts is positively
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associated with their craving score (Swift and Stout,

1992). Therefore, anxiety is an important potential risk

for relapse after abstinence (Koob and Le Moal, 2008;

Koob and Volkow, 2010).

Although most of previous studies on addiction-

related brain structures focus on subcortical regions

(Koob, 2009; Seif et al., 2013; Shen et al., 2016), the insu-

lar cortex (IC), as a critical neural substrate of interocep-

tive system, has attracted increasing attention in drug

addiction studies (Hollander et al., 2008; Naqvi and

Bechara, 2010; Naqvi et al., 2007; Scott and Hiroi,

2011). It has been proved that the IC encodes emotional

alterations induced by drug consumption and withdrawal,

and involves in incentive motivation and decision control

behaviors (Naqvi et al., 2014). Patients with the IC dam-

age experience less pleasure and satisfaction from smok-

ing (Naqvi and Bechara, 2010), and are more likely to

conquer addiction to smoking (Naqvi et al., 2007). Inacti-

vation of the IC can block the expression and reconsolida-

tion of morphine/amphetamine-induced conditioned place

preference (CPP) (Contreras et al., 2012, 2007; Wu et al.,

2014) and prevent the reinstatement of nicotine-seeking

behavior in rodents (Forget et al., 2010; Pushparaj

et al., 2013). Moreover, the IC receives inputs from the

limbic areas such as the hypothalamus, nucleus accum-

bens and amygdala, all of which are not only involved in

drug addiction (Naqvi and Bechara, 2009), but also regu-

late anxiety disorders (Adhikari, 2014). Previous fMRI
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studies have found that hyperactivity of human IC is

related to various anxiety disorders (Alvarez et al.,

2015; Hoehn-Saric et al., 2004; Kawaguchi et al., 2016).

Recently, it has been reported that the Fos expression

in the IC is up-regulated in mice displayed anxiety-like

behavior after 4 weeks of morphine withdrawal, which

suggests the IC may be involved in protracted

abstinence-induced anxiety-like behavior (Becker et al.,

2017).

Wnts are a family of secreted lipid-modified signaling

proteins acting as important regulators in neuronal

regeneration and synaptic plasticity (Ciani and Salinas,

2005; Packard et al., 2002), which can bind to cysteine-

rich domain of Frizzled receptors and the coreceptors to

activate intracellular signaling cascades. Wnt signaling

pathways include the Wnt/b-catenin-dependent or canon-
ical pathway and Wnt/Ca2+, Wnt/planar cell polarity or

non-canonical pathways (Oliva et al., 2013). It has been

proved that inhibition of Wnt production in rat nucleus

accumbens blocks the acquisition and expression of

amphetamine-induced CPP (Islam et al., 2017), and inac-

tivation of the canonical pathway in rat prefrontal cortex

prevents cocaine-induced behavioral sensitization

(Cuesta et al., 2017). Additionally, anxiety-like behavior

in rats caused by chronic stress is accompanied with

hyperactivation of the canonical pathway in hypothala-

mus, while Wnt signaling inhibitor can relieve this

anxiety-like behavior (Ge et al., 2016). Obviously, Wnt

signaling pathways in the central nervous system are

involved in regulating not only drug addiction, but also

emotion disorders (Maguschak and Ressler, 2012). So,

whether Wnt signaling pathways in the IC can regulate

anxiety during drug abstinence is obviously a question

worth studying.

In this study, we firstly assessed alterations of

physical symptoms and anxiety-like behavior from 1 to

28 days after morphine withdrawal in mice. Secondly,

we investigated the role of the IC and Wnts in it in the

abstinence-related anxiety-like behavior. Finally, we

verified whether lesion of the specific subdivision of IC

and inhibition of Wnt could alleviate the anxiety-like

behavior.
EXPERIMENTAL PROCEDURES

Animals

Male C57BL/6 mice (6–8 weeks of age, 25–30 g,

Department of Laboratory Animal Sciences, Peking

University Health Science Center) were housed in

pathogen-free conditions, with a 12/12-h light/dark cycle

and food and water available ad libitum. All

experimental procedures were approved by the Animal

Use Committee of Peking University Health Science

Center.
Morphine withdrawal

Mice were injected (i.p.) with repeated pulses of morphine

hydrochloride (First Pharmaceutical Factory of Qinghai,

China) given in 11 escalating doses (20–100 mg/kg,

0.1 ml/mouse) or equal volume of normal saline every
12 h (9:00a.m. and 9:00p.m.) (Goeldner et al., 2011), then

experienced spontaneous withdrawal in their home

cages. After 1, 7, 14, 21 and 28 days of withdrawal

(between 9:00a.m. and 11:00a.m.), mice were weighed

before placing them into a clear beaker flask (5L) to score

the physical symptoms (shakes and jumps) for 30 min,

and the mice were weighed again. The number of shakes

and jumps were manually recorded in a blind manner.

Weight loss was measured as a percentage of the weight

before physical symptoms’ test.

Behavioral testing
Open-field test. Mice were placed in the center of a

40 � 40 � 40 cm box exposed to 30-lux illumination

(between 11:00 a.m. and 1:00p.m.) after adapting to the

environment for 30 min, and videotaped its activities for

10 min (Deng et al., 2015). The percentage of time spent

in the center (20 � 20 cm) and total distance were mea-

sured with an automated video-tracking and analysis sys-

tem (SMART Ver2.5.21, Panlab, Harvard Apparatus).

Elevated plus-maze test. The equipment was elevated

50 cm above the floor and consisted of two open arms

(5 � 30 cm each), two closed arms (5 � 30 � 15 cm

each) and a central platform (5 � 5 cm). Mice were

placed onto the center platform exposed to 30-lux

illumination (between 5:00p.m. and 7:00p.m.) heading

toward the same open arm after adapting to the

environment for 30 min, and observed its activities for

5 min (Zheng et al., 2017). The time spent in the open

arms and the number of entries into the open arms and

closed arms were recorded respectively.

Immunofluorescence staining

Mice were anesthetized with pentobarbital sodium

(50 mg/kg, i.p.) and perfused with 4% PFA (in 0.1 M

PBS, PH 7.4) 90 min after anxiety-like behavioral tests.

Brains were post-fixed and dehydrated in turn. 12

coronal brain sections (30-mm-thick, AP +2.22, +1.98,

+1.70, +1.42, +1.10, +0.86, +0.50, +0.26, �0.22,

�0.58, �0.82 and �1.22 mm) throughout the entire IC

were sliced in each mouse using a cryostat microtome

(model 1950, Leica). The sections were blocked with

PBST (PBS with 0.1% Tween-20) containing 5% normal

donkey serum for 1 h. Next, the sections were incubated

with primary antibodies diluted in PBST with 1% normal

donkey serum overnight at 4 �C: mouse anti-NeuN

(1:800, MAB377, Millipore, Billerica, MA, USA), rabbit

anti-c-Fos (1:500, sc-52, Santa Cruz Biotechnology, CA,

USA), goat anti-EAAC1 (1:1000, AB1520, Millipore,

Billerica, MA, USA), mouse anti-GAD67 (1:1000,

MAB5406, Millipore, Billerica, MA, USA), rabbit anti-

Wnt7a (1:50, ab100792, abcam, Cambrige, UK). The

sections were then washed with PBST and incubated

with secondary antibodies diluted in PBST with 1%

normal donkey serum for 1.5 h at room temperature:

Alexa Fluor 488 donkey anti-mouse IgG (for NeuN,

1:500, A21202, Invitrogen, Carlsbad, CA, USA), Alexa

Fluor 555 donkey anti-rabbit IgG (for c-Fos, 1:500,
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A31572, Invitrogen, Carlsbad, CA, USA), CyTM3-

conjugated donkey anti-goat IgG (for EAAC1, 1:500,

305-165-003, Jackson, Lancaster, PA, USA), Alexa

Fluor 555 donkey anti-mouse IgG (for GAD67, 1:500,

A31570, Invitrogen, Carlsbad, CA, USA), Alexa Fluor

488 donkey anti-rabbit IgG (for Wnt7a, 1:500, A21206,

Invitrogen, Carlsbad, CA, USA), Hoechst33258 (1:500,

H3569, Invitrogen, Carlsbad, CA, USA). The images

were taken by an Olympus FV1000 confocal

microscope (Olympus Corporation, Tokyo, Japan) under

10�, 20� and 60� (with oil immersion) objectives, 3

frames. The number of c-Fos + NeuN double-positive

cells in the IC was the sum of two hemisections for

each mouse calculated separately at above-mentioned

12 sites. The double-positive (c-Fos + EAAC1/GAD67

and Wnt7a + EAAC1/+GAD67) cells in the MIC were

measured as a percentage of the number of c-Fos+

cells averaged by 3 sections (AP: from +1.10 to

�0.22 mm) for each mouse. Image quantifications were

performed manually in a blinded manner.
Surgery

Mice were anesthetized and secured in a Kopf stereotaxic

apparatus. A small burr hole was drilled through the skull

bone to allow injection (Hamilton 1-ll syringe). Ibotenic
acid (IBO, ab120041, abcam, Cambrige, UK; 10 lg/ll in
0.1 M PBS, pH 7.4; 0.3 ll/site, 0.05 ll/min) (Murray

et al., 2015) was bilaterally microinjected into the IC

(AIC: AP: +1.70 mm, ML: ±2.50 mm, DV: �2.70 mm;

MIC: AP: +0.30 mm, ML: ±3.50 mm, DV: �3.50 mm;

PIC: AP: �0.70 mm, ML: ±3.70 mm, DV: �3.50 mm) a

week before anxiety-like behavioral tests. And a virus

AAV2/9-CaMKII-shWnt7a-EGFP or AAV2/9-CaMKII-

Scramble-EGFP (GL Biochem, Shanghai, China;

4 � 1012 V.G./ml; 0.3 ll/site, 0.05 ll/min) was also bilater-

ally microinjected into the MIC a week before behavioral

tests. All stereotaxic target coordinates were based on

Franklin and Paxinos’ The Mouse Brain in Stereotaxic

Coordinates Third Edition.
Quantitative RT-PCR

Mice were sacrificed immediately after anxiety-like

behavioral tests respectively after 1 and 28 days of

withdrawal. The bilateral IC tissues were quickly

extracted. Total RNA was isolated with TRIzol reagent

(Invitrogen, Carlsbad, CA, USA), cDNA was then

synthesized using a first-strand synthesis kit (Tiangen,

Beijing, China). Quantitative RT-PCR (qRT-PCR) was

performed with a KAPA SYBR� FAST qPCR Kit (KAPA

BIOSYSTEMS, Wilmington, MA, USA). The following

primers were used: Gapdh (forward: TCCTGCGA

CTTCAACAGCAA; reverse: AGTTGGGATAGGGCC

TCTCTT), Wnt2 (forward: CTGCGAAGTTATGTGTT

GTGGG; reverse: TGAGGGAAGAAAAGGCGAATA),

Wnt3a (forward: TCAAGGTGCCGACAGAACG; reverse:

CACAGTGGCATTTCTCCCTCC), Wnt4 (forward: TCCT

CGTCTTCGCCGTGTT; reverse: CTCCGTGGCACCGT

CAAA), Wnt5a (forward: AGGGAACGAATCCACG

CTAA; reverse: ACTTCTCCTTGAGGGCATCG), Wnt7a

(forward:GGGTGCGAGCATCATCTGT; reverse: CCACA
GTCGCTCAGGTTGC), Wnt11 (forward: TTCGTGTATG

CCCTGTCGG; reverse: ACCTTCATAGGAGCATCG

GAAA). Gapdh quantification was used as an internal

control for normalization. Relative mRNA levels were

calculated using the 2�DDCT method.

Western blot

The bilateral IC tissues were quickly extracted. Total

protein was isolated with RIPA buffer (R0278, Sigma–

Aldrich, St. LOUIS, MO, USA) and determined by the

BCA assay (Millipore, Billerica, MA, USA). Total protein

(30 mg) were separated in 10% or 15% sodium dodecyl

sulfate–polyacrylamide (SDS–PAGE) gels and

transferred to polyvinylidene difluoride (PVDF,

ISEQ00010, Millipore, Billerica, MA, USA) membranes.

The blots were blocked in TBST (TBS with 0.1%

Tween-20) containing 5% nonfat milk or 5% BSA for 1 h

at room temperature and then incubated with primary

antibody: mouse anti-b-actin (1:3000, A2228, Sigma-

Aldrich, St. LOUIS, MO, USA) and rabbit anti-Wnt7a

(1:300, ab100792, abcam, Cambridge, UK) diluted in

TBST with 5% nonfat milk or 5% BSA overnight at 4 �C.
The blots were then washed with TBST and incubated

with horseradish peroxidase-conjugated goat anti-mouse

IgG (1:2000, ZB-2305, Zhongshan Biotechnology,

Beijng, China) or goat anti-rabbit IgG (1:2000, ZB-2301

Zhongshan Biotechnology, Beijing, China) for 1 h at

room temperature. Protein blots were detected using a

chemiluminescence detection kit (WBKLS0500,

Millipore, Billerica, MA, USA) and analyzed

quantitatively by densitometry with the Quantity One�
1-D analysis software. b-actin quantification was used

as an internal control for normalization.

Statistical analysis

Data were expressed as mean ± SEM and analyzed by

software Graph Pad Prism 6.0 with a two-way ANOVA,

followed by Sidak’s post hoc test. In case of significant

main effect or interactions following a two-way ANOVA,

multiple group comparisons were performed (Lee et al.,

2014). The results of the percentage of double-positive

cells in Figs. 2 and 5 were analyzed using two-tailed

unpaired t test. Statistical significance was set at

p< 0.05.

RESULTS

Physical symptoms gradually decrease during
morphine abstinence

The experimental timeline is depicted in Fig. 1A. Mice

were divided into ten groups in a 2 (drugs: saline,

morphine) � 5 (days after withdrawal: 1 d, 7 d, 14 d,

21 d, 28 d) factorial design and exposed to chronic

morphine or saline before experienced spontaneous

withdrawal. We first monitored the development of

physical symptoms after withdrawal (Fig. 1B). The

number of shakes and jumps and the percentage of

weight loss were affected by morphine (F1, 120 = 34.45,

p < 0.0001, F1, 120 = 88.65, p < 0.0001, F1, 120 =

127.7, p < 0.0001, respectively) and day (F4, 120 =



Fig. 1. Physical symptoms and anxiety-like behavior altered during protracted abstinence. (A) Experimental timeline. (B) Physical symptoms: shake

(left), jump (middle) and weight loss (right) were decreased after 28 days of withdrawal. (C) The time spent (top) in the center of the open field was

decreased after 28 days of withdrawal, and total distance (bottom) had no significant difference across groups. (D) Representative movement tracks

(pink polylines) and the start and end points (white rectangles) in the open field. (E) The time spent (top) and percentage of entries (middle) into the

open arms of the elevated plus-maze were decreased after 28 days of withdrawal, and total arm entries (bottom) had no significant difference across

groups. *p< 0.05, **p< 0.01, ***p< 0.001 MW vs. SW group; ##p< 0.01. ###p< 0.001 28- vs. 1-day MW group, two-way ANOVA with Sidak’s

post hoc test, n= 13. SW: saline withdrawal; MW: morphine withdrawal. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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20.54, p< 0.0001, F4, 120 = 43.12, p< 0.0001, F4, 120 =

33.88, p< 0.0001, respectively) as well as an interaction

between these factors (F4, 120 = 10.23, p< 0.0001,

F4, 120 = 43.12, p< 0.0001, F4, 120 = 43.98, p< 0.0001,

respectively). Morphine-withdrawal mice shook, jumped

and lost weight significantly more than saline controls

after 1 and 7 days of withdrawal (p< 0.001), and all

above differences were no longer significant after 14, 21

or 28 days. In addition, 28-day morphine-withdrawal mice

exhibited significantly less physical symptoms than 1-day

controls (p< 0.001). These results indicate that physical

symptoms are most obvious in the period of acute

abstinence and gradually decrease as abstinence unfolds.
Anxiety-like behavior becomes evident after
protracted abstinence

We next investigated the alteration of anxiety-like

behavior during morphine or saline abstinence, using

the open-field test (Fig. 1C) and elevated plus-maze test

(Fig. 1E). First, the percentage of time spent in the

center of the field was affected by morphine (F1, 120 =

21.27, p< 0.0001), and was significantly decreased in

28-day morphine-withdrawal mice, compared with saline

controls (p< 0.05). There was no significant difference

in total distance across groups. Second, the time spent

and percentage of entries into the open arms of

the maze were affected by morphine (F1, 120 = 12.25,

p= 0.0007, F1, 120 = 20.86, p< 0.0001, respectively)

and day (F4, 120 = 2.457, p= 0.0493, F4, 120 = 4.240,

p= 0.0030, respectively). In addition, 28-day morphine-

withdrawal mice showed significantly less time spent

and entries into the open arms, compared with 28-day

saline controls (p< 0.01, p< 0.05, respectively) and

with 1-day morphine-withdrawal mice (p< 0.01). There

was no significant difference in total arms entries across

groups. These results suggest that anxiety-like behavior

become significant after a prolonged abstinence period.
Activated glutamatergic neurons in the medial IC are
increased after morphine protracted-abstinence

In order to determine the role of the IC in abstinence-

related anxiety-like behavior, we selected twelve levels

of coronal brain sections and measured the number of

c-Fos and NeuN double-positive cells of the IC in mice

respectively undergoing acute (1 day) and protracted

(28 days) withdrawal. At 28-day time point (Fig. 2A), the

number of double-positive cells was affected by

morphine (F1, 48 = 128.9, p< 0.0001) and level

(F11, 48 = 39.79, p< 0.0001) as well as an interaction

between these factors (F11, 48 = 12.82, p< 0.0001),

and significantly increased in a specific subdivision

(from +1.10 to �0.22 mm relative to bregma) in

morphine-withdrawal mice, compared with saline

controls (p< 0.05, p< 0.001). Therefore, we divided

the mouse IC into three subdivisions in later studies: the

anterior IC (AIC, AP: +2.46 to +1.10 mm), the medial

IC (MIC, AP: +1.10 to �0.22 mm) and the posterior IC

(PIC, AP: �0.22 to �1.22 mm). The double-positive

cells of the medial IC were more abundant in mice

undergoing 28-day morphine withdrawal than 1-day
controls (Fig. 2B, p< 0.001). And the number in the

entire IC was no difference between morphine- and

saline-withdrawal mice at 1-day time point (the data isn’t

shown). Moreover, the c-Fos-positive cells were more

co-labeled with glutamatergic neurons (EAAC1)

(Lammel et al., 2012) than GABAergic neurons

(GAD67) (Kaufman et al., 1986) (Fig. 2D, t4 = 9.791,

p< 0.001).
Bilateral lesion of the medial IC prevents the anxiety-
like behavior

We then damaged the medial IC with IBO after 21 days of

withdrawal and then examined anxiety-like behavior

seven days later (Fig. 3A). First, both morphine

(F1, 25 = 6.169, p= 0.0201) and IBO (F1, 25 = 11.19,

p= 0.0026) influenced the time spent in the center of

the field, but the interaction between these factors

(F1, 25 = 2.745, p= 0.1100) was not significant

(Fig. 3C). Consistent with our previous results, MW28d/

PBS group significantly spent less time in the center

than SW28d/PBS group (p< 0.01). IBO prevented this

morphine withdrawal-induced deficit, because the time

spent in the center of MW28d/IBO group was

significantly increased compared with MW28d/PBS

group (p< 0.01). There was no significant difference in

total distance across groups. Second, both morphine

(F1, 25 = 4.441, p= 0.0453, F1, 25 = 6.645, p= 0.0162,

respectively) and IBO (F1, 25 = 5.033, p= 0.0340,

F1, 25 = 11.63, p= 0.0022, respectively) modified the

time spent and percentage of entries into the open arms

of the maze, with a significant interaction between these

factors (F1, 25 = 16.63, p= 0.0004, F1, 25 = 10.84,

p= 0.0030, respectively) (Fig. 3E). MW28d/PBS group

showed significantly less time spent and entries into the

open arms than SW28d/PBS group (p< 0.001), and

IBO prevented this deficit (p< 0.001). There was no

significant difference in total arms’ entries across

groups. Interestingly, lesion of the anterior or posterior

IC didn’t affect the anxiety-like behavior (the date isn’t

shown). These results suggest that the medial IC is a

crucial subdivision for the anxiety-like behavior

associated with morphine protracted-abstinence.
Expression of Wnt7a in the medial IC is increased
after morphine protracted abstinence

Considering the important role of Wnt signaling pathways

in drug addiction and anxiety, we examined the mRNA

levels of major members of the Wnts in the IC (Fig. 4).

We found that the level of Wnt7a in the medial IC, but

not the anterior or posterior IC was affected by

morphine (F1, 20 = 5.894, p= 0.0248) and day

(F1, 20 = 6.810, p= 0.0168) as well as an interaction

between these factors (F1, 20 = 10.85, p= 0.0036). The

level of Wnt3a in the medial IC was affected by

morphine (F1, 20 = 6.688, p= 0.0176) and day

(F1, 20 = 5.336, p= 0.0317), rather than an interaction

between these factors (F1, 20 = 3.386, p= 0.0806).

Post hoc test showed that morphine withdrawal

significantly increased the level of Wnt7a and Wnt3a in

the medial IC at the 28-day time point only, compared



Fig. 2. Activated neurons in the IC measured after 28 days of withdrawal. (A, B) The number of c-Fos+ neurons was increased in the medial IC, but

not the anterior or posterior IC. *p< 0.05, ***p< 0.001, MW28d vs. SW28d group; ###p< 0.001 28- vs. 1-day MW group, two-way ANOVA with

Sidak’s post hoc test, n= 3. (C) Representative immunofluorescence images (�10 left, �20 middle, �60 right) of c-Fos (red) and NeuN (green)

labeling in the medial IC (bregma +0.5 mm). (D) Percentage of double-positive cells. ***p< 0.001, c-Fos + EAAC1 vs. c-Fos + GAD67 group,

unpaired t tests, n= 3. (E) Representative immunofluorescence images (�60) of Hoechst (blue), c-Fos (green), EAAC1 or GAD67 (red). SW28d:

28 days of saline withdrawal; MW28d: 28 days of morphine withdrawal. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 3. Lesion of the medial IC alleviated the anxiety-like behavior. (A) Experimental timeline. (B) Representative photographs of the medial IC

lesion (�1.25). (C) The time spent (left) in the center of the open field was decreased after 28 days of withdrawal with PBS treatment, which was

reversed by IBO. Total distance (right) had no significant difference across groups. (D) Representative movement tracks (pink polylines) and the

start and end points (white rectangles) in the open field. (E) The time spent (left) and percentage of entries (middle) into the open arms of the

elevated plus-maze were decreased after 28 days of withdrawal with PBS treatment, which were reversed by IBO. Total arm entries (right) had no

significant difference across groups. **p< 0.01, ***p< 0.001 MW28d/PBS vs. SW28d/PBS group; ##p< 0.01, ###p< 0.001 MW28d/IBO vs.

MW28d/PBS group, two-way ANOVA with Sidak’s post hoc test, n= 6–8. SW28d: 28 days of saline withdrawal; MW28d: 28 days of morphine

withdrawal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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with saline controls (p< 0.01, p< 0.05, respectively)

and with 1-day morphine-withdrawal mice (p< 0.01,

p< 0.05, respectively), in which Wnt7a was more

remarkable. Other members were slightly increased

(Wnt2) or unchanged (Wnt4, Wnt5a, Wnt11). Western

blot results also revealed the expression of Wnt7a

protein in the medial IC, but not the anterior or posterior

IC was significantly influenced by morphine (F1, 20 =

5.990, p= 0.0237), rather than day (F1, 20 = 3.034,

p= 0.0969) and an interaction (F1, 20 = 4.087,

p= 0.0568), which significantly increased in morphine-

withdrawal mice only at the 28-day time point compared

with saline controls (Fig. 5A, p< 0.05). The results

suggest that Wnt7a expression in the medial IC is

significantly increased after morphine protracted-

abstinence. We then examined the distribution of Wnt7a

protein (Fig. 5C), and it was co-localized greatly with

glutamatergic neurons, but not with GABAergic neurons

(Fig. 5B; t4 = 22.41, p< 0.001).
Down-regulation of Wnt7a alleviates the anxiety-like
behavior

We next evaluated the specific role of Wnt7a in the

anxiety-like behavior with AAV-shWnt7a microinjected

into the medial IC seven days before behavioral tests

(Fig. 6A), which could significantly down-regulate its

expression (Fig. 6C). First, morphine (F1, 48 = 10.62,

p= 0.0021) and AAV-shWnt7a (F1, 48 = 4.247,

p= 0.0447) influenced the time spent in the center of

the field, as well as an interaction between these factors

(F1, 48 = 5.290, p= 0.0258) (Fig. 6D). MW28d/AAV-

Scramble group significantly spent less time in the

center of the field than SW28d/AAV-Scramble group

(p< 0.001). AAV-shWnt7a prevented this morphine

withdrawal-induced deficit, because time spent in the

center of MW28d/AAV-shWnt7a group was significantly

increased compared with MW28d/AAV-Scramble group

(p< 0.01). There was no significant difference in total



Fig. 4. Expression of Wnts mRNA in the IC measured after 1 and 28 days of withdrawal. (A, B) Wnt7a and Wnt3a mRNA were increased in the

medial IC, but not the anterior or posterior IC after 28 days of withdrawal. (C–F) Wnt2, Wnt4, Wnt5a and Wnt11 mRNA were unchanged. *p< 0.05,
**p< 0.01 MW vs. SW group; #p< 0.05, ##p< 0.01 28- vs. 1-day MW group, two-way ANOVA with Sidak’s post hoc test, n= 6. SW: saline

withdrawal; MW: morphine withdrawal. AIC: the anterior IC, MIC: the medial IC, PIC: the posterior IC.
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distance across groups. Second, morphine (F1, 48 =

7.564, p= 0.0084, F1, 48 = 6.561, p= 0.0136,

respectively) and AAV-shWnt7a (F1, 48 = 6.309,

p= 0.0154, F1, 48 = 4.608, p= 0.0369, respectively)

influenced the time spent and percentage of entries into

the open arms of the maze, as well as an interaction

between these factors (F1, 48 = 6.229, p= 0.0161,

F1, 48 = 8.318, p= 0.0059, respectively) (Fig. 6F).

MW28d/AAV-Scramble group showed significantly less

time spent and entries into the open arms than SW28d/

AAV-Scramble group (p< 0.01; p< 0.001,

respectively) and AAV-shWnt7a prevented this deficit

(p< 0.01). And there was no significant difference in

total arms’ entries across groups. These results suggest
that specific down-regulation of Wnt7a in the medial IC

alleviates anxiety-like behavior associated with

morphine protracted abstinence.
DISCUSSION

The present study demonstrates that the medial IC is a

critical subdivision for anxiety-like behavior related to

morphine abstinence in mice. Meanwhile, Wnt7a in the

medial IC specifically involves in mediating the anxiety-

like behavior.

Opioid addicts usually display some emotion-related

disorders such as anxiety and depression (Nunes et al.,

2004; Peles et al., 2007), whereas these emotion disor-



Fig. 5. Expression of Wnt7a protein in the IC measured after 1 and 28 days of withdrawal. (A) Wnt7a protein was increased in the medial IC, but not

the anterior or posterior IC after 28 days of withdrawal. *p< 0.05 MW vs. SW group, two-way ANOVA with Sidak’s post hoc test, n= 6. (B)

Percentage of double-positive cells. ***p< 0.001 Wnt7a + EAAC1 vs. Wnt7a + GAD67 group, unpaired t tests, n= 3. (C) Representative

immunofluorescence images (�20 top, �60 bottom) of Hoechst (blue), Wnt7a (green), EAAC1 or GAD67 (red). SW: saline withdrawal; MW:

morphine withdrawal. AIC: the anterior IC, MIC: the medial IC, PIC: the posterior IC. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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ders have been reported to aggravate their craving and

even relapse after abstinence (Negus, 2006). In this

study, morphine withdrawal mice develop anxiety-like def-

icits assessed by the open-field test and elevated plus-

maze test, which gradually increase with the duration of

abstinence, while the physical symptoms obviously atten-

uate, as described previously in other studies (Jia et al.,

2013; Lee et al., 2014). It should be noted that although

no statistical difference, there is still a tendency of

anxiety-like deficits in the time prior to 28 days of mor-

phine abstinence. These results reveal the comorbidity

between opioid addiction and anxiety (Brooner et al.,

1997; Darke et al., 2009; Teesson et al., 2005), which

maybe concealed by the serious physical symptoms at

early period of abstinence. However, Goeldner et al. fail

to reveal the anxiogenic-like effect of morphine

protracted-withdrawal by open-field and light–dark tests

(Goeldner et al., 2011). Although Becker et al. detect

increased anxiety in marble burying and novelty-

suppressed feeding tests in mice after 4 weeks of mor-

phine withdrawal, a paradoxical increase in open-arm

exploration in elevated plus-maze test is also detected

in morphine abstinent animals (Becker et al., 2017).

These discrepancies likely result from methodological

issues, for example, different light conditions: 150 lux in

the open-field test (Goeldner et al., 2011) and 15 lux in

the elevated plus-maze test (Becker et al., 2017) com-

pared to 30 lux in our two tests. It has been proved that
rat anxiety responses are decreased with decreasing light

intensity in elevated plus-maze test (Cosquer et al.,

2005). Therefore, under our experimental condition,

anxiety-like behavior is more significant during protracted

abstinence from morphine.

According to ‘‘the somatic marker theory of addiction”,

there should be a potential link between emotional

alterations in drug abusers and their impaired decision-

making (Verdejo-Garcia and Bechara, 2009). It has been

proved that the IC, as an important neural substrate of the

interoception system, involves in translating various vis-

ceral sensations into subjective emotions/feelings in drug

abusers such as ‘‘liking” and ‘‘wanting” following drug use

or ‘‘anxiety” and ‘‘irritability” following drug abstinence,

and thus influences their motivation and decision (Naqvi

et al., 2014; Verdejo-Garcia and Bechara, 2009). The IC

is generally divided into two subdivisions. The anterior

insula (AI) may be a high-order interoceptive area, con-

necting with the posterior insula (PI) and the limbic

regions such as the hypothalamus, nucleus accumbens

and amygdala (Ohara et al., 2003). On the other hand,

the PI receives visceral information from the parabrachial

nuclei and thalamus (Allen et al., 1991; Cechetto, 1987),

indicating the role of a primary interoceptive area. Previ-

ous studies have shown that inhibition of protein synthe-

sis in the AI abolishes the retrieval of amphetamine-

induced CPP but that has no effect on the PI (Contreras

et al., 2012). Inactivation of the PI, but not the AI, disrupts



Fig. 6. Down-regulation of Wnt7a in the medial IC alleviated the anxiety-like behavior. (A) Experimental timeline. (B) Representative

immunofluorescence images (�10) of AAV-shWnt7a (green) injection site. (C) Wnt7a expression in the medial IC was down-regulated by AAV-

shWnt7a. *p< 0.05 MW28d/AAV-Scramble vs SW28d/AAV-Scramble group; ##p< 0.01 MW28d/AAV-shWnt7a vs MW28d/AAV-Scramble group,

two-way ANOVA with Sidak’s post hoc test, n= 6. (D) The time spent (left) in the center of the open field was decreased after 28 days withdrawal

with AAV-Scramble treatment, which was reversed by AAV-shWnt7a. Total distance (right) had no significant difference across groups. (E)

Representative movement tracks (pink polylines) and the start and end points (white rectangles) in the open field. (F) The time spent (left) and

percentage of entries (middle) into the open arms of the elevated plus-maze were decreased after 28 days of withdrawal with AAV-Scramble

treatment, which were reversed by AAV-shWnt7a. Total arm entries (right) had no significant difference across groups. **p< 0.01, ***p< 0.001,

MW28d/AAV-Scramble vs SW28d/AAV-Scramble group; ##p< 0.01 MW28d/AAV-shWnt7a vs MW28d/AAV-Scramble group, two-way ANOVA

with Sidak’s post hoc test, n= 13. SW28d: 28 days of saline withdrawal; MW28d: 28 days of morphine withdrawal. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

H. Ma et al. / Neuroscience 394 (2018) 164–176 173
the acquisition of morphine-induced CPP (Li et al., 2013).

These data imply that different subdivisions of the IC may

contribute to different phases of drug addiction. However,

the specifically subdivision of the IC-regulating emotional

alterations after drug abstinence is still unclear. Interest-

ingly, some other researches document that just the med-

ial part is a region of IC obviously responding to visceral
stimulation (Mesulam and Mufson, 1982; Schier et al.,

2016), and our results also found glutamatergic neurons

in mouse medial rather than anterior or posterior IC were

significantly activated after 28 days of morphine with-

drawal. Moreover, selectively lesion of the medial IC sig-

nificantly alleviates abstinence-related anxiety-like

behavior. These results confirm that the medial IC is a
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critical subdivision in anxiety-like deficits after drug

abstinence.

Protracted abstinence-related anxiety symptom

cannot be reversed by opioid maintenance therapy (Yin

et al., 2015), suggesting a long-term adaptive process

develops outside the opioid system. Wnt signaling path-

ways, which play an important role in developmental pro-

cesses of the nervous system, may function in synaptic

plasticity in adult brain (Chen et al., 2006; Wayman

et al., 2006). Recently, Wnt signaling pathways also have

been proved to involve in drug addiction and anxiety-like

symptom (Cuesta et al., 2017; Wang et al., 2017; Wang

et al., 2018). So, we firstly examined the mRNA levels

of Wnts. Wnts are divided into two sub-classes: the pro-

teins such as Wnt2, Wnt3a and Wnt7a, involved in the

canonical pathway (He et al., 2015) and the proteins such

as Wnt4, Wnt5a and Wnt11, involved in the non-canonical

pathway (Willert and Nusse, 2012). It reveals that Wnt7a

and Wnt3a in the medial IC, but not anterior or posterior

IC are significant increased after 28 days of morphine

withdrawal and Wnt7a increased more remarkably. In

contrast, others are slightly increased (Wnt2) or

unchanged (Wnt4, Wnt5a andWnt11). These results sug-

gest that Wnt7a and Wnt3a up-regulation may be related

to morphine abstinence-induced anxiety.

Chronic (10 days) but not acute (12 hours) morphine

withdrawal elicits not only a presynaptic potentiation but

also a postsynaptic potentiation of glutamate synaptic

transmission at MSN glutamatergic synapses in rat

nucleus accumbens (Wu et al., 2012). Interestingly, both

Wnt7a and Wnt3a can bind to Frizzled receptors and acti-

vate the canonical pathway in presynaptic terminal. Such

activation can promote the trafficking of neurotransmitter

vesicles, which increases synaptic transmission and

receptor recycling (Ahmad-Annuar et al., 2006; Cerpa

et al., 2008; Oliva et al., 2013). These ligands also

increase the clustering of presynaptic proteins and the

number of presynaptic puncta, suggesting the role in the

presynaptic assembly (Ahmad-Annuar et al., 2006;

Cerpa et al., 2008; Davis et al., 2008). Although Wnt7a

has been designated as a ‘‘canonical” Wnt, it also acti-

vates the non-canonical pathway and specifically regu-

lates the postsynaptic compartment of excitatory

synapses rather than inhibitory synapses by increasing

the density and maturity of dendritic spines (Ciani et al.,

2011). In this study, we found Wnt7a protein, co-

localized with glutamatergic neurons of the medial IC,

was significantly increased after 28 days of morphine

withdrawal; specific down-regulation of the Wnt7a expres-

sion alleviated the abstinence-related anxiety-like behav-

ior. Moreover, we also found that one of the putative

mechanisms for anxiolytic-like effect of Wnt7a may be to

prevent the increased density of dendritic spines in the

medial IC after morphine protracted-abstinence. These

results indicate that Wnt7a is an important regulator for

morphine abstinence-related anxiety-like behavior.

In conclusion, this study for the first time reveals

Wnt7a in the medial IC plays a critical role in the

anxiety-like behavior during morphine protracted-

abstinence. And the finding provides a novel molecular

clue for intervening morphine withdrawal symptoms.
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