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MicroRNA-132 is involved in morphine dependence via
modifying the structural plasticity of the dentate gyrus neurons
in rats
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Abstract

Repeated morphine exposure has been shown to induce neuronal plasticity in

reward-related areas of the brain. miR-132, a CREB-induced and activation-

dependent microRNA, has been suggested to be involved in the neuronal plasticity

by increasing neuronal dendritic branches and spinogenesis. However, it is still

unclear whether miR-132 is related to morphine dependence. Here, we investigate

whether miR-132 is involved in morphine dependence and whether it is related to

the structural plasticity of the dentate gyrus (DG) neurons. Sprague–Dawley rats are

treated with increasing doses of morphine injection for six consecutive days to

develop morphine dependence. Our results show that dendritic branching and

spinogenesis of the DG neurons of morphine dependent rats are increased. Morphine

treatment (24 h) promotes the differentiation of N2a cells stably expressing μ-opioid

receptor by up-regulating miR-132 expression. Moreover, inhibiting miR-132 3p (but

not 5p) of the DG neurons can reverse the structural plasticity and disrupt the forma-

tion of morphine dependence in rats. These findings indicate that miR-132 in the DG

neurons is involved in morphine dependence via modifying the neuronal plasticity.
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1 | INTRODUCTION

Opioid use disorder (OUD) is a chronic relapsing disorder, and

repeated opioid exposure will progress to opioid dependence, which

is characterized by serious withdrawal symptoms and uncontrollable

drug craving behaviour after morphine abstinence, which then leads

to relapse.1,2 Morphine, a widely used opioid analgesic in clinical prac-

tice, is the most common drug in OUD. Morphine dependence is

widely believed to be the result of neuroadaptation and neuro-

plasticity caused by repeated morphine administration.3,4 Neuronal

plasticity is largely represented by restructuring of neurons in the

reward-associated brain regions, which includes two types: changes in

the size of cell bodies5 and changes in dendritic arborizations or spine

morphology.6 Morphine exposure-induced structural plasticity is

observed mostly in the mesolimbic dopamine system and other path-

ways mediating rewarding, among which the dentate gyrus (DG) of

the hippocampus, a part of the limbic system, is long thought to

mediate spatial memory7 and context-associated memory of drug

abuse.8–10 Moreover, recent studies reveal that the DG is activated in

morphine-dependent rodents.11–15 Rats receiving 10 days successive

increasing doses of morphine treatment display an evident c-fos

induction in the DG.15 Brain imaging research in rats shows thatMeng Jia and Xuewei Wang contributed equally.
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repeated increasing doses of morphine treatment significantly

enhance the blood-oxygen-level-dependent (BOLD) signal in the

DG.14 Thus, the DG may also be responsible for mediating morphine

rewarding and dependence. However, to date, little is known about

the neuronal plasticity in the DG of morphine-dependent rodents.

Additionally, the neuronal plasticity and behavioural abnormalities

induced by morphine dependence can sustain for years or even

decades, and such a process has been confirmed to be mediated by

the gene expression regulatory mechanism.16–20 Among numerous

transcription factors, CREB (cAMP response element binding protein)

is found to mediate the persistent changes induced by morphine

dependence,3,18 especially the changes in structural plasticity.21 CREB

binds to CRE (cAMP response element) and activates the expression

of downstream genes, among which is miR-132, a neuronal plasticity-

associated microRNA (miRNA).22 miR-132 is an endogenous miRNA

expressed in multiple organs and controls gene expression post-tran-

scriptionally.23 In the central nervous system, miR-132 is responsible

for regulating neurogenesis and differentiation, including axonal

sprouting and dendritic morphological plasticity.23 miR-132 over-

expression in hippocampal slices can significantly increase the total

dendritic length of pyramidal neurons in the CA1, whereas miR-132

inhibition shows the opposite effect.24 Meanwhile, miR-132 over-

expression in vivo increases the dendritic spine density of pyramidal

neurons in the CA1,25 indicating that miR-132 is involved in modifying

the structural plasticity of the hippocampal neurons. Interestingly,

miR-132 also participates in morphine-induced neuronal adaptions.

Our previous research showed that morphine treatment can induce

miR-132 expression in neural stem cells (NSCs). Specific over-

expression of miR-132 in the DG NSCs promotes the neuronal differ-

entiation characterized by increases in the total dendritic length and

spine density. It simultaneously mediates the formation of morphine

addiction behaviours in rats.9

Therefore, this study is designed to investigate whether morphine

dependence could modify structural plasticity of the hippocampal DG

neurons and whether miR-132 is involved in mediating morphine

dependence by regulating the structural plasticity. First, we

established a morphine-dependent rat model and examined the

structural plasticity of the DG. Second, μ-N2a cell line (N2a cells

which stably express μ-opioid receptor) was used to demonstrate

whether miR-132 mediated the morphine exposure-induced neuronal

differentiation. Last, miR-132 sponge AAVs were injected into the DG

of morphine-dependent rats to explore the effect of miR-132 on mor-

phine dependence. This study will deepen our understanding towards

the structural plasticity and transcriptional mechanism induced by

morphine dependence.

2 | MATERIALS AND METHODS

2.1 | Morphine-dependent model

Adult male Sprague–Dawley rats weighing 250 g (8-week-old) were

housed in a 12-h reverse light/dark cycle (lights on at 7:00 PM)

environment. Rats were habituated for 1 week before experimenta-

tion. All the experimental procedures were performed in accordance

with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals, and the procedures were approved by the Animal

Use Committee of Peking University Health Science Center.

Morphine hydrochloride (First Pharmaceutical Factory of Qinghai,

China) was dissolved in 0.9% saline to different concentrations. Rats

in morphine-dependent group received intraperitoneal (i.p.) injection

of morphine twice daily at 8:00 AM and 8:00 PM for 6 days with

increasing doses (5, 10, 20, 40, and 80 mg/kg), and rats in saline group

were intraperitoneal injected with equal volume of saline. Six hours

after the last injection, all rats were intraperitoneal injected with

1 mg/kg naloxone (T0102, TargetMol, USA), and four different with-

drawal signs (wet-dog shakes, teeth-chattering, diarrhoea, and ptosis)

were observed for 30 min. Percentage of weight loss was calculated

by difference of weight between the 30 min/weight before naloxone

injection.

2.2 | Virus injection

Lentivirus encoding enhanced green fluorescent protein (EGFP)

(GV248, GeneChem, Shanghai, China) or miR-132 sponge AAVs

(Obio technology, Shanghai, China) were injected into the dorsal

DG 3 and 7 days, respectively, before morphine injections. The

injection sites were 3.6 and 6.0 mm posterior to the Bregma, 2.2

and 5.2 mm to the midline, and 3.8 mm ventral from the pia mater

surface.

2.3 | Neuronal morphological analyses

Rats were sacrificed 6 h after the last morphine injection to avoid the

effect of single morphine exposure. Morphological structure of

the DG neurons was labelled by EGFP carried by lentivirus or AAVs.

Sholl analyse was done as we described previously.9 Secondary den-

drites of the DG granular neurons under high magnification (100�
objective) were taken for spine density calculation. The total spine

amount and dendritic length were measured by ImageJ, and the spine

density was calculated by the formula: (total spine amount/dendritic

length) * 10.

2.4 | Establishment of μ-N2a cell line and drug
treatment

N2a cells were stably transfected with MOR-1 overexpression vector

pCMV6-Entry (OriGene) using transfection reagent Megatran 1.0

(OriGene) and subsequently selected by culturing in the presence of

1 mg/ml of G418. The selected clones were then maintained under a

humidified atmosphere with 5% CO2 in Dulbecco's modified Eagle's

medium supplemented with 10% fetal bovine serum, 100 μg/ml strep-

tomycin, 100 IU/ml penicillin, and 500 μg/ml of G418. In Figures 3D
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and 4A,B, μ-N2a cells were treated with increasing doses of morphine

hydrochloride. Cells were collected after 15-min or 24-h morphine

treatment. In Figure 4D, μ-N2a cells were treated with 20-μM retinoic

acid (R2625, Sigma-Aldrich, USA) and collected after 0, 24, 48, 72,

and 96 h.

2.5 | Real-time qPCR

The qPCR was performed according to the protocols described previ-

ously.9 The primer sequences were used in our published article9 and

shown in Table 1.

2.6 | Immunofluorescence

Cells were washed by PBS three times and incubated with 4%

paraformaldehyde (PFA) for 30 min at room temperature to fix the

cells and then washed by PBS three times. For brain slices, rats

were perfused by 4% PFA and dehydrated for 7 days according to

our previous paper. Then brains were quick-frozen in liquid nitro-

gen and were cut into coronal sections of 50 μm using freezing

microtome. The stain protocol was described in our previous

research.10

The primary antibodies were anti-MOR-1 (ab10275, Abcam, San

Francisco, CA, USA) and anti-MAP 2 (4542, Cell Signaling Technology,

Danvers, MA, USA). The secondary antibody was Alexa Fluor

555-conjugated donkey anti-rabbit IgG (A31572, Invitrogen, Carlsbad,

CA, USA).

2.7 | Flow cytometry

Cells were collected and incubated in culture medium containing

CD24 antibody (1:400, BD, Franklin Lake, NJ, USA) for 25 min at 4�C

(protected from light) and were resuspended softly once in the middle

of the incubation time. After washed by PBS with 5% fetal bovine

serum (5% FBS), cells were resuspended in 1-ml 5% FBS and analysed

on FCM Caliber (BD Biosciences, San Jose, CA, USA). Data were

analysed by Flow Jo.

2.8 | Statistical analyses

Student's t tests were used for comparisons between two groups.

One-way ANOVA was used for comparisons between three or more

groups. Two-way ANOVA was used for comparisons with two factors.

Chi-square test was used to compare parameters of incidence rate.

Two-way repeated measures ANOVA was used in Sholl analysis.

3 | RESULTS

3.1 | Morphine dependence could induce the
structural plasticity of granular cells in the DG

To mimic human opioid dependence, morphine-dependent rat model

was established by repeated morphine administration.26 Following the

administration of increasing doses of morphine twice a day for six

consecutive days, rats were given a single injection of naloxone

(1 mg/kg, i.p.) at 6 h after the last morphine injection to avoid the

acute effect of single morphine exposure. Naloxone-precipitated

withdrawal symptoms were monitored for 30 min to verify whether

the dependent model was successfully established (Figure 1A). More

rats in the morphine group suffered from diarrhoea (Figure 1B, chi-

square test, z = 2.59, df = [6.667, 1], **p = 0.0098) and ptosis

(Figure 1C, chi-square test, z = 2.59, df = [7.892, 1], **p = 0.005)

than in the saline group, and rats in the morphine group showed more

wet dog shakes (Figure 1D, unpaired t test, 3.33 ± 0.96 vs. 18.70

± 4.62, df = 17, *p = 0.0273), teeth-chattering (Figure 1E, unpaired

t test, 0.33 ± 0.17 vs. 6.2 ± 2.29, df = 17, **p = 0.0066), and weight

loss (Figure 1F, unpaired t test, 1.47 ± 0.21 vs. 3.27 ± 0.7, df = 17,

*p = 0.0326), implying that the rats in the morphine group success-

fully developed morphine dependence.

To label the granular cells in the DG, CMV-EGFP lentivirus was

injected into the dorsal DG 3 days before morphine exposure, and the

TABLE 1 The primer sequences of GAPDH, miR-132, and miR-212

Gene Primers Sequence (50 ! 30)

GAPDH RT primer TGGCAAAGTGGAGATTGTT

Sense CTTCTGGGTGGCAGTGAT

Antisense TGGCAAAGTGGAGATTGTT

miR-132 RT primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGACCAT

Sense CGCTAACAGTCTACAGCC

Antisense GCAGGGTCCGAGGTATTC

miR-212 RT primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGGCCGT

Sense ATCGCTAACAGTCTCCAGTC

Antisense GCAGGGTCCGAGGTATTC
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brain was perfused and fixed 6 h after the last morphine injection

(Figure 2A–D). Sholl analysis showed that the dendritic tree of granu-

lar cells in the DG of morphine-dependent rats was significantly more

complex than that of control rats (Figure 2E, two-way repeated mea-

sures ANOVA, interaction: F(29, 986) = 1.26, p > 0.05; row factor: F

(29, 986) = 35.89, ****p < 0.0001; column factor: F(1, 34) = 7.18,

*p = 0.0113), and the dendritic spine density was also increased in

morphine dependent rats (Figure 2F, unpaired t test, 8.08 ± 0.61

vs. 13.47 ± 0.70, df = 28, ****p < 0.0001). These structural changes

indicated that the formation of morphine dependence was coincident

with the increase of branching and restructuring of the dendrite of

DG neurons. Therefore, the adaptational restructuring of DG neurons

may be a potential mechanism underlining formation of morphine

dependence.

3.2 | miR-132 mediated longer term morphine
treatment-induced μ-N2a cell differentiation

N2a cell line was used to investigate the effect of morphine on neuro-

nal structural plasticity and its underlying molecular mechanism. Since

N2a cells express nearly no mu-opioid receptor (MOR), we generated

an N2a cell line stably expressing MOR-1 (μ-N2a). μ-N2a cells homo-

geneous expressed MOR-1 and could eliminate the faint effect of

delta-opioid receptor (DOR) and kappa-opioid receptor (KOR), so

μ-N2a cell line was an appropriate model for study of the MOR-

mediated intracellular molecular mechanisms.27 Briefly, N2a cells were

transfected with MOR-1 overexpression vector containing neomycin

resistance gene. When grown in medium containing G418 selection

agent, the μ-N2a stable cell line was generated. MOR overexpression

was verified by immunofluorescence (Figure 3A), qPCR for mRNA

abundance (Figure 3B, unpaired t test, 1.000 ± 0.0 vs. 13,263 ± 2791,

df = 6, **p = 0.0032), and western blot (Figure 3C) for protein level.

To distinguish the impact of morphine treatment on the structural

plasticity of μ-N2a cells, we added different concentrations of mor-

phine (0, 10, 100, and 1000 μM) to the culture medium and collected

the cells after 15 min and 24 h, respectively. Fixed cells were labelled

by nuclear marker Hoechst 33258 and cytoskeleton marker MAP-2

(Figure 3Di). The percentage of neurite+ cells and total dendritic

length were increased after 24-h morphine treatment, but not 15-min

morphine treatment, especially in the 100-μM and 1000-μM groups

(Figure 3Dii, two-way ANOVA with Tukey's multiple comparisons test,

24 h–Vehicle vs. 24 h–10 μM, df = 24, ***p < 0.001; 24 h–Vehicle

vs. 24 h–100 μM, df = 24, ****p < 0.0001; 24 h–Vehicle

F IGURE 1 Increasing doses of morphine-treated rats suffer from severe withdrawal symptoms after naloxone-precipitated withdrawal.
(A) Schematic of experimental procedures. Rats in morphine group show more diarrhoea (B), ptosis (C), wet dog shakes (D), teeth-chattering (E),
and weight loss (F) than in saline groups; **p < 0.01, chi-square test (B,C); *p < 0.05, **p < 0.01, unpaired Student's t test (E, F). Data are shown as
mean ± SEM
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vs. 24 h–1000 μM, df = 24, ****p < 0.0001) (Figure 3Diii, two-way

ANOVA with Tukey's multiple comparisons test, 24 h–Vehicle

vs. 24 h–100 μM, df = 34, ****p < 0.0001; 24 h–Vehicle

vs. 24 h–1000 μM, df = 34, ****p < 0.0001). These results indicated

that longer term and higher concentrations of morphine treatment

could increase the neuronal differentiation and structural plasticity of

μ-N2a cells.

Then we investigated the possible role of miR-132 in longer

term morphine treatment-induced structural plasticity. We examined

the expression of miR-132/212 after 15-min and 24-h morphine

treatment. qPCR results showed that miR-132/212 expression was

significantly increased after 1000-μM morphine treatment (24 h)

(Figure 4A, two-way ANOVA with Tukey's multiple comparisons

test, 24 h–Vehicle vs. 24 h–100 μM, df = 32, *p < 0.05; 24 h–

1000 μM, df = 32, ***p < 0.001) (Figure 4B, two-way ANOVA with

Tukey's multiple comparisons test, 24 h–1000 μM, df = 24,

**p < 0.01). Additionally, correlating with the neuronal differentiation

induced by 20-μM retinoic acid (RA) (Figure 4C), miR-132/212

expression was gradually increased in a time-dependent pattern

(Figure 4Di [left], one-way ANOVA, F(4, 10) = 0.4951, **p = 0.0094,

multiple comparisons: 0 h vs. 96 h, *p < 0.05) (Figure 4Di [right],

one-way ANOVA, F(4, 20) = 1.093, **p = 0.0073, multiple

comparisons: 0 h vs. 96 h, **p < 0.01). Since the increase of miR-

132 expression was significantly higher than that of miR-212

(Figure 4Dii, two-way ANOVA with Tukey's multiple comparisons

test, interaction: F(4, 30) = 3.68, *p < 0.05; row factor: F(4, 30) =

13.70, ****p < 0.0001; column factor: F(1, 30) = 13.32, **p = 0.001;

multiple comparisons: miR-132–0 h vs. miR-132–96 h,

*p < 0.05; miR-212–0 h vs. miR-212–96 h, **p < 0.01; miR-132–

96 h vs. miR-212–96 h, #p < 0.05), we inferred that miR-132 was

the main effector in neuronal differentiation. Next, we used flow

cytometry to analyse the expression of neuronal differentiation

marker CD24 on the membrane. Longer term morphine treatment

significantly shifted the peak of CD24 expression histogram to the

right (Figure 4Ei), and the percentage of cells highly expressing

CD24 was increased (Figure 4Eii, unpaired t test, vehicle

vs. morphine, 60.28 ± 2.34 vs. 75.78 ± 3.39, df = 6, **p = 0.0094).

In addition, overexpression of miR-132 showed a similar effect with

longer term morphine treatment, whereas miR-132 knockdown had

no effect (Figure 4F, one-way ANOVA, F(3, 15) = 1.715,

****p < 0.0001; multiple comparisons: Ctrl vs. OE, **p < 0.01; Scrm

vs. OE, **p < 0.01). We surmised that this was due to the low

expression level of miR-132 in the untreated μ-N2a cells, so we

transfected miR-132 knockdown plasmid before morphine treatment

F IGURE 2 Morphine dependence increases the structural plasticity of the hippocampal DG neurons. (A) Structural diagram of the label virus.
(B) Schematic of experimental procedures. (C) Injection sites in the dorsal DG. (D) Representative images of the labelled neurons; scale bar:
100 μm. (E) Morphine dependence increases the dendrite complexity of the DG neurons. (i) Representative structure diagrammatic sketches of

dendritic trees of the DG neurons. (ii) Dendritic trees of the DG neurons in the morphine group are more complex than in the saline group;
*p < 0.05, two-way ANOVA repeated measures. (F) Morphine dependence increases the spine density of the DG neurons. (i) Representative
diagrams of the dendrites of DG neurons after morphine dependence. (ii) The dendritic spine density of DG neurons is obviously increased after
morphine dependence; ****p < 0.0001, unpaired Student's t test. Data are shown as mean ± SEM
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and found that miR-132 knockdown significantly reversed the neu-

ronal differentiation (indicated by CD24 expression) induced by lon-

ger term morphine treatment (Figure 4G, unpaired t test, M + Scrm

vs. M + KD, 49.89 ± 0.62 vs. 24.9 ± 6.10, df = 12, **p = 0.0016). In

conclusion, miR-132 was responsible for the longer term morphine

treatment-induced structural plasticity in μ-N2a cells.

3.3 | Morphine dependence-induced neuronal
structural plasticity of the DG was mediated by miR-
132

In view of the consensus that repeated morphine treatment can lead

to dependence and adaptive changes of dendritic structure by

F IGURE 3 Longer term morphine treatment induces neuronal differentiation of μ-N2a cells. (A) Representative diagrams of N2a cells and
stable MOR-overexpressed N2a cells; cells are labelled by nuclear marker Hoechst 33258 (blue) and MOR-1 (red), scale bar: 50 μm. (B) The
expression of MOR mRNA is dramatically increased in μ-N2a cells; **p < 0.01, unpaired Student's t test. (C) A representative western blot result
showing MOR-1 protein level in N2a cells and μ-N2a cells. (D) Longer term morphine treatment advances differentiation of μ-N2a cells in a dose-
dependent pattern. (i) Representative diagrams of μ-N2a cells after different concentrations of 15-min or 24-h morphine treatment; cells are
labelled by nuclear marker Hoechst 33258 (blue) and cytoskeleton marker MAP-2 (red), scale bar: 20 μm. (ii) The percentage of neurites+ cells are
increased after longer term morphine treatment; ***p < 0.001, ****p < 0.0001, compared with 24 h–vehicle group, two-way ANOVA with Tukey's
multiple comparisons test. (iii) Longer term and higher concentrations of morphine treatment increase total neurite length of μ-N2a cells. ****p <
0.0001, compared with 24 h–vehicle group, two-way ANOVA with Tukey's multiple comparisons test. Data are shown as mean ± SEM
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F IGURE 4 The expression of miR-132 can be induced by longer term morphine treatment and neuronal differentiation. (A, B) Longer term
and higher doses of morphine treatment increase the expression of miR-132 and miR-212; *p < 0.05, **p < 0.01, ***p < 0.001, compared with
24 h–vehicle group, two-way ANOVA with Tukey's multiple comparisons test. (C) Representative diagrams of μ-N2a cells after RA treatment at
different time points; cells are labelled by nuclear marker Hoechst 33258 (blue) and cytoskeleton marker MAP-2 (red), scale bar: 20 μm. (D) The
expression of miR-132/212 is increased after RA treatment by a time-dependent pattern. (i) RA treatment increases miR-132/212 expression;
*p < 0.05, **p < 0.01, one-way ANOVA with Tukey's multiple comparisons test. (ii) The increase in expression of miR-132 is more obviously than
miR-212; *p < 0.05, **p < 0.01, compared with 0 h; #p < 0.05, compared with iR-212–96 h; two-way ANOVA with Tukey's multiple comparisons
test. (E) Longer term morphine treatment accelerates the differentiation of μ-N2a cells. (i) A representative flow cytometry image of P-
phycoerythrin (PE) CD24. (ii) Quantification of differentiation using fluorescence intensity; **p < 0.01, unpaired Student's t test. (F) miR-132
overexpression accelerates the differentiation of μ-N2a cells. (i) A representative flow cytometry image of P-phycoerythrin (PE) CD24.
(ii) Quantification of differentiation using fluorescence intensity; **p < 0.01, one-way ANOVA. (G) miR-132 knockdown reverses the neuronal
differentiation induced by longer term morphine treatment. (i) A representative flow cytometry image of P-phycoerythrin (PE) CD24.
(ii) Quantification of differentiation using fluorescence intensity; **p < 0.01, unpaired Student's t test. Data are shown as mean ± SEM
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activating CREB signalling in rodents,3 we speculated that CREB-

regulated miRNA, miR-132, may involve in morphine dependence.

Thus, we examined the expression of miR-132/212 at the same time-

point with the structural analysis (Figure 5A) and found that dorsal

DG of the rats in the morphine group expressed significantly more

miR-132/212 than in the saline group (Figure 5B, unpaired t test,

saline vs. morphine, 1.02 ± 0.02 vs. 6.78 ± 2.17, df = 6, *p = 0.038)

(Figure 5C, unpaired t test, saline vs. morphine, 1.11 ± 0.07 vs. 4.477

± 1.399, df = 8, *p = 0.0133), indicating that the expression of miR-

132 was elevated during the formation of morphine dependence.

Mature miR-132 has two forms, miR-132 3p and miR-132 5p,

which are cleaved by Dicer from the pre-miRNA-132 and mediate dif-

ferent physiological functions (Figure 6A). Therefore, two different

sponge sequences against miR-132 3p and miR-132 5p, respectively,

were designed, and CaMKII promoter was used in AAVs to specifically

express the sponges in the excitatory neurons (Figure 6B–D). Struc-

tural analysis showed that morphine dependence increased the com-

plexity of dendritic trees and the spine density of DG neurons, and

these effects could be reversed by miR-132 3p sponge, but not miR-

132 5p sponge (Figure 6E,F) (Figure 6Eii, saline–control vs. morphine–

control: two-way repeated measures ANOVA, interaction: F(29, 406)

= 0.72, p = 0.8625; row factor: F(29, 406) = 27, ***p < 0.000167;

column factor: F(1, 14) = 26.5, ***p = 0.0001 < 0.000167; multiple

comparisons row 13: saline + control vs. morphine + control,

*p < 0.05) (Figure 6Eii, morphine + control vs. morphine + 3p sponge:

two-way repeated measures ANOVA, interaction: F(29, 406) = 1.033,

p = 0.4215; row factor: F(29, 406) = 30.3, ***p < 0.000167; column

factor: F(1, 14) = 10.2, *p = 0.0065 < 0.0083; multiple comparisons

row 22: morphine + control vs. morphine + 3p sponge, #p < 0.05)

(Figure 6Fii, two-way ANOVA with Tukey's multiple comparisons test,

interaction: F(2, 27) = 3.423, *p = 0.0433; row factor: F(1, 37) =

23.55, ****p < 0.0001; column factor: F(2, 27) = 5.81, **p = 0.0064;

multiple comparisons: saline + control vs. morphine + control,

df = 37, **p < 0.01; saline + 5p sponge vs. morphine + 5p sponge,

df = 37, *p < 0.05; morphine + control vs. morphine + 3p sponge,

df = 37, ##p < 0.01), indicating that the structural plasticity induced by

morphine dependence was mediated by miR-132 3p.

Last, miR-132 sponge AAVs were transfected into the dorsal DG

before morphine injection and naloxone-precipitated withdrawal

symptoms were monitored in rats (Figure 7A). miR-132 3p sponge,

but not 5p sponge, largely reduced the percentage of morphine-

dependent rats that suffered from diarrhoea (Figure 7B, saline–control

vs. morphine–control: chi-square test, z = 3.795, df = (14.4, 1),

***p = 0.0001 < 0.000167; saline–5p sponge vs. morphine–5p

sponge: chi-square test, z = 3.513, df = (12.34, 1),

**p = 0.0004 < 0.00167) and ptosis (Figure 7C, saline–control

vs. morphine–control: chi-square test, z = 3.795, df = (14.4, 1),

***p = 0.0001 < 0.000167; saline–5p sponge vs. morphine–5p

sponge: chi-square test, z = 3.513, df = (12.34, 1),

**p = 0.0004 < 0.00167). Meanwhile, rats in the morphine–3p sponge

group also showed significantly less teeth-chattering (Figure 7D, two-

way ANOVA with Tukey's multiple comparisons test, interaction: F(2,

43) = 3.763, p = 0.0312; row factor: F(1, 43) = 45.11,

****p < 0.0001; column factor: F(2, 43) = 3.111, p = 0.0547; multiple

comparisons: saline–control vs. morphine–control, ****p < 0.0001,

saline–5p sponge vs. morphine–5p sponge, ***p < 0.001, saline–3p

sponge vs. morphine–3p sponge, p > 0.05, morphine–control

vs. morphine–3p sponge, #p < 0.05) and wet dog shakes (Figure 7E,

two-way ANOVA with Tukey's multiple comparisons test, interaction:

F(2, 43) = 2.027, p = 0.1441; row factor: F(1, 43) = 17.84,

***p = 0.0001; column factor: F(2, 43) = 2.129, p = 0.1314; multiple

comparisons: saline–control vs. morphine–control, *p < 0.05, saline–

5p sponge vs. morphine–5p sponge, *p < 0.05) than those in the

morphine–control group without changes in weight loss (Figure 7F,

two-way ANOVA with Tukey's multiple comparisons test, interaction:

F(2, 43) = 0.06416, p = 0.9379; row factor: F(1, 43) = 32.13,

****p < 0.0001; column factor: F(2, 43) = 0.1041, p = 0.9014; multi-

ple comparisons: saline–control vs. morphine–control, *p < 0.05,

saline–5p sponge vs. morphine–5p sponge, *p < 0.05). These results

showed that inhibiting the function of miR-132 3p but not 5p, could

disturb the formation of morphine dependence. Taken together, miR-

132 3p but not 5p in the DG neurons mediated morphine

dependence.

4 | DISCUSSION

In this work, we found that miR-132 could mediate neuronal differen-

tiation induced by 24-h morphine exposure in vitro. In vivo, morphine

dependence was associated with increased neuronal structural

F IGURE 5 The expression of miR-132/212 is
increased in the hippocampal DG after morphine

dependence. (A) Schematic of experimental
procedures. (B) The expression of miR-132 is
increased after morphine dependence; *p < 0.05,
unpaired Student's t test. (C) The expression of
miR-212 is increased after morphine dependence;
*p < 0.05, unpaired Student's t test. Data are
shown as mean ± SEM
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F IGURE 6 miR-132 3p but not 5p inhibition reverses the structural plasticity of the hippocampal DG neurons induced by morphine
dependence. (A) The nucleotide sequence of miR-132 3p/5p. (B) Structural diagram of the miR-132 sponge virus. (C) Representative images of
the hippocampal DG 7 days after virus transfection, scale bar: 100 μm. (D) Schematic of experimental procedures. (E) miR-132 3p but not 5p

inhibition reverses the dendrite complexity increase induced by morphine dependence. (i) Representative structure diagrammatic sketches of
dendritic trees of the DG neurons. (ii) The dendrite complexity of the DG neurons is increased after morphine dependence, which can be reversed
by miR-132 3p sponge; *p < 0.05, **p <0.01, two-way ANOVA repeated measures with multiple adjustment. (F) miR-132 3p but not 5p inhibition
reverses the spine density increase induced by morphine dependence. (i) Representative diagrams of the dendrites of DG neurons. (ii) The spine
density of the DG neurons is increased after morphine dependence, which can be reversed by miR-132 3p sponge; *p < 0.05, **p < 0.01,
compared with saline group; #p < 0.05, compared with morphine–control group; two-way ANOVA with Tukey's multiple comparisons test. Data
are shown as mean ± SEM
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plasticity and miR-132 expression in the DG of rats. Introduction of

miR-132 3p sponge rather than miR-132 5p sponge into the DG not

only reversed the morphine-dependent structural plasticity but also

inhibited morphine withdrawal symptoms in rats. These findings indi-

cate that miR-132 3p is one of the important molecules that mediate

morphine dependence.

4.1 | Morphine-induced neuronal structural
plasticity and morphine dependence

In 1999, Robinson and Kolb first reported that chronic morphine

treatment significantly decreased the branches and spine density of

dendritic trees of medium spiny neurons (MSNs) in the nucleus

accumbens (NAc).28 Since then, numerous studies aimed on the struc-

tural plasticity of neurons induced by addictive drugs and found that

opiates decreased the dendritic complexity and spine density of NAc

MSNs, mPFC and hippocampus pyramidal neurons, but stimulants

such as cocaine played the opposite role.21,28 However, our results

demonstrated that 24-h morphine treatment in vitro could increase

the percentage of neurites+ cells and the total dendritic length of

μ-N2a cells, and morphine dependence also increased the dendrite

complexity and spine density of hippocampal DG granular neurons.

Actually, recent research also showed that the effect of morphine on

structural plasticity of neurons was not unidirectional. For example,

Kobrin et al. reported that morphine CPP could increase the total

F IGURE 7 miR-132 3p but not 5p inhibition relieves morphine withdrawal symptoms. (A) Schematic of experimental procedures. (B, C)
Significantly more control rats and miR-132 5p sponge rats but not miR-132 3p sponge rats in morphine group show diarrhoea or ptosis than in
saline group; **p < 0.01, compared with saline, two-way ANOVA with Tukey's multiple comparisons test. (D, E) Number of wet dog shakes and
teeth-chattering are increased in morphine group, which can be decreased by miR-132 3p sponge; ****p < 0.0001, compared with saline;
#p < 0.05, compared with morphine–control group; two-way ANOVA with Tukey's multiple comparisons test. (F) Rats in morphine group lose
more weight than in saline group; ****p < 0.0001, two-way ANOVA with Tukey's multiple comparisons test. Data are shown as mean ± SEM
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dendritic length and branch number of MSNs in the NAc core, while

passively receiving the same dose of morphine increased the dendritic

spine density,29 indicating that different administration protocols may

lead to distinct results. Additionally, we think three other factors could

also have influenced morphine-induced structural plasticity. First, dif-

ferent animal models and administration paradigms: most previous

studies administered morphine in equal dose during the entire proce-

dure, mainly reflecting morphine tolerance, but we treated rats with

increasing doses of morphine, simulating the formation process of

morphine dependence in physiological state. Second, different sacri-

fice time points: previous studies always collected the brain tissue

during withdrawal period or after CPP test, which would be deeply

affected by the serious withdrawal symptoms and the CPP test. In this

work, we collected the brain tissue at 6 h after the last morphine

injection to avoid the acute effect of single morphine exposure (the

half-life of morphine is 2–4 h) and the effect of long-term abstinence

(>24 h)-induced emotional and mental symptoms. Third, our work

focused on the hippocampal DG, which is not one of the traditional

members of the reward system like LC, NAc, VTA, PFC, and hippo-

campal CA1,1,21,30 but increasing evidence has shown that the DG is

not only involved in morphine-associated memory but also in mor-

phine dependence.11–15

4.2 | miR-132 was involved in mediating neuronal
structural plasticity

We have demonstrated in this work that in vitro expression of miR-

132 was coincident with differentiation of μ-N2a cells and miR-132

overexpression significantly promoted differentiation of μ-N2a while

miR-132 knockdown showed the opposite effect. In vivo, we found

that inhibiting miR-132 3p in the rats' DG reversed the morphine

dependence-induced dendritic morphogenesis and spinogenesis,

implying that miR-132 might participate in morphine dependence by

modulating the neuronal structural plasticity of the rats' DG.

The structural plasticity of spines includes changes in density and

morphology. miR-132 has been shown to modify the structural plastic-

ity of spines by regulating different target genes. On one hand, miR-

132 overexpression in the forebrain may significantly increase spine

density of the CA1 pyramidal neurons by down-regulating the expres-

sion of MeCP2.25 On the other hand, miR-132 overexpression in the

hippocampal neurons increased the spine area, head area, head length

and head width of the mushroom spines without altering spine density,

and such effects were mediated by MMP-9 down-regulation by miR-

132.31 In a word, miR-132 can precisely regulate the density and mor-

phology of spines on the hippocampal neurons via different target

genes. In our study, multiple structural changes occurred in the DG

when miR-132 was inhibited, including morphological change of the

dendritic trees and change of spine density. Thus, miR-132 may mediate

morphine dependence-induced structural plasticity by regulating multi-

ple target genes. Further studies are needed to elucidate how miR-132

regulates the plasticity of the DG neurons in morphine-dependent rats

and the exact target genes mediating different morphological changes.

4.3 | miR-132, one of the transcriptional
mechanisms involved in morphine dependence

Morphine dependence can lead to numerous abnormal behaviours

that can be generally divided into two types: physical dependence

behaviours including wet dog shakes, diarrhoea, teeth-chattering, pto-

sis, weight loss, and so on, and psychological responses including crav-

ing for re-use of drug and compulsive drug seeking behaviour. These

physical and psychological responses have been documented to asso-

ciate with a lot of gene expression, so the most investigated mecha-

nism of morphine dependence is the transcriptional mechanism.32

Morphine binds to opioid receptors on neurons that belong to G-

coupled receptors, which can activate downstream second massagers

such as cAMP, and induce the phosphorylation of CREB by protein

kinase A. CREB, which acts as a transcription factor, can

regulate expression of numerous addiction-related genes including

miR-132. Moreover, CREB and ΔFosB are the firstly identified tran-

scriptional factors involved in morphine dependence.32

Besides transcriptional factors, miRNAs also participate in mediat-

ing morphine dependence. In our research, morphine treatment in

μ-N2a cells and rats could induce the expression of miR-132.

Jimenez-Gonzalez et al. also reported that morphine exposure (48 h)

significantly increased the expression of miR-132 and BDNF in

zebrafish embryos, and miR-132 knockdown blocked morphine-

induced BDNF expression. This effect may be mediated by relieving

the inhibition on BDNF expression by MeCP2, which is suppressed by

miR-132.33 These studies indicate that morphine is involved in modi-

fying neuronal differentiation by regulating the expression of miR-

132–MeCP2–BDNF signalling and are partly confirmed by our results

that miR-132 inhibition reversed neuronal differentiation of granular

neurons in the DG and relieved withdrawal syndromes induced by

morphine dependence (Figures 6 and 7).

4.4 | The functional difference between miR-132
3p and 5p

According to our work, inhibition of miR-132 3p but not miR-132

5p could significantly relieve morphine dependence-induced with-

drawal syndromes and structural plasticity modulation of DG neurons,

indicating that miR-132 3p and 5p have different functions. miR-132

3p and 5p are partially complementary mature miRNA-132 that are

cleaved by RNase III enzyme, Dicer-1, from the 30 and 50 residue

respectively of precursor miRNA-132.34 Since miR-132 5p has rela-

tively poor stability and can be easily degraded by Dicer, it was tradi-

tionally named miR-132* and its function was poorly understood.35–38

Magill et al. reported that the activity of miR-132 3p gradually

increased along with the differentiation of hippocampal neurons

in vitro and in vivo with no change in miR-132 5p,39 indicating that

miR-132 3p but not 5p mediates neuronal differentiation.

In conclusion, our study reveals that miR-132 3p but not 5p is

involved in morphine dependence via modifying the structural plastic-

ity of the DG neurons in rats. Further studies are needed to
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investigate the downstream signalling of miR-132 that mediates the

structural plasticity and morphine dependence.
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