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A novel microRNA, novel-m009C, regulates methamphetamine

rewarding effects
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Methamphetamine (METH) is a widely abused psychostimulant, whose hyper-rewarding property is believed to underlie its
addictive effect, but the molecular mechanism regulating this effect remains unclear. We previously reported that decreased
expression of a novel microRNA (miRNA), novel-m009C, is implicated in the regulation of METH hyperlocomotion. Here, we found
that novel-m009C may be homologous to hsa-miR-604. Its expression is consistently downregulated in the nucleus accumbens
(NAc) of mice when exposed to METH and cocaine, whereas significant alterations in novel-m009C expression were not observed in
the NAc of mice subjected to other rewarding and psychiatric stimuli, such as sucrose, morphine and MK-801. We further found the
substantial reduction in novel-m009C expression may be regulated by both dopamine receptor D1 (D1R) and D2 (D2R). Increasing
novel-m009C levels in the NAc attenuated METH-induced conditioned place preference (CPP) and hyperlocomotion, whereas
inhibiting novel-m009C expression in the NAc enhanced these effects but did not change the preference of mice for a natural
reward, i.e., sucrose. These effects may involve targeting of genes important for the synaptic transmission, such as Grin1 (NMDAR
subunit 1). Our findings demonstrate an important role for NAc novel-m009C in regulating METH reward, reveal a novel molecular
regulator of the actions of METH on brain reward circuitries and provide a new strategy for treating METH addiction based on the

modulation of small non-coding RNAs.
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INTRODUCTION

Methamphetamine (METH) is a widely abused drug across the
globe and is now the number one drug of concern in China [1, 2].
Evidence has revealed that METH exposure produces a strong
euphoric effect by increasing extracellular dopamine levels [3-6].
This reward-enhancing effect of METH is believed to underlie its
addictive properties [7-10]. The nucleus accumbens (NAc) is one
of the key regions that mediate the rewarding effects of
psychostimulants. A large number of cellular and molecular
changes are observed in the NAc after repeated psychostimulant
exposure. These changes include increased dopamine and
glutamate release into the NAc [11, 12], subsequent increased
dopamine receptor sensitivity [13], altered protein and non-
coding RNA expression [14, 15] and changes in neuronal and
synaptic plasticity of the NAc [16-18], thus emphasizing the
importance of studying the underlying molecular mechanism of
the effects of psychostimulants in detail.

As post-transcriptional regulators [19, 20], microRNAs (miRNAs)
are expressed extensively in the brain and have various functions,
being involved in processes from synaptic plasticity to neurolo-
gical and psychological diseases [21-25]. In recent years, several
miRNAs, such as miR-124, let-7d, miR-29¢ and miR-128, have been

demonstrated to play roles in drug-induced reward [15, 26, 27].
Using miRNA sequencing (miRNA-Seq), we previously identified a
small non-coding RNA, novel-m009C, which has not yet been
annotated in miRbase. We characterized novel-m009C as a miRNA
by annotating its precursor in the mouse genome (mm9) and
generating its hairpin structure, and we found that its expression
is significantly reduced in the NAc of METH-sensitized mice [28].
However, to date, information about whether novel-m009C is
functionally implicated in METH reward is lacking.

In this study, we used mouse METH-induced CPP and
hyperlocomotion models and viral infection to address this topic.
Moreover, RNA immunoprecipitation-sequencing (RIP-Seq) and
high-throughput RNA sequencing (RNA-Seq) followed by bioinfor-
matics analysis and dual-luciferase reporter assays were employed
to determine which targets and molecular pathways can be
regulated. We also analyzed the human homolog of novel-m009C
to preliminarily evaluate its application value.

MATERIAL AND METHODS

Animals

The C57BL/6J mice (male, 7-8 weeks old) used in this study were
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
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(Beijing, China). All mice were housed in cages in regulated environment
(23 +1°C, 50 = 5% humidity) on a 12-h light/12-h dark cycle and were fed
ad libitum. Mice were randomized by cage prior to drug treatment or
before stereotaxic surgeries (i.e, each cage was assigned to each
experimental condition or treatment: control or manipulation). The order
of the mice was further randomized prior to behavioral tests.

All of the animal protocols used in this study were approved by the
Institutional Animal Care and Use Committee of Xi‘an Jiaotong University
and were performed in accordance with the NIH Guide for Care and Use of
Laboratory Animals. All efforts were made to minimize suffering and the
number of animals used. All data derived from animal studies were
analyzed by an experimenter blind to experimental conditions.

Drug treatment

METH, cocaine and morphine were purchased from the National Institute
for the Control of Pharmaceutical and Biological Products (Beijing, China)
and were dissolved in 0.9% physiological saline. MK-801 (HY15084,
MedChemExpress, China), SCH23390 (SCH) (D054, Sigma, USA), raclopride
(RAQ) (R121, Sigma, USA), spermidine trihydrochloride (SPD) (52501, Sigma,
USA) and arcaine sulfate salt (Arc) (D26320, Pfaltz & Bauer, USA) were also
dissolved in 0.9% physiological saline. SKF-38393 (SKF) (GC17729, GLPBio,
USA) and quinpirole (QNP) (Q102, Sigma, USA) were dissolved in double
distilled water. Sucrose (Guangdong Guanghua Sci-Tec, China) was
dissolved in water at a concentration of 1% (wt/vol).

For hyperlocomotion test, METH (2.0 mg/kg) [29], cocaine (10.0 mg/kg)
[30], morphine (5.0 mg/kg) [31] and MK-801 (1.0 mg/kg) [32] were each
administered via intraperitoneal (i.p.) injection, while SCH and RAC were
intraperitoneally injected 30 min before METH injection at doses of 0.03
mg/kg and 2.0mg/kg, respectively [33, 34]. For conditioned place
preference (CPP) test, METH (1.0 mg/kg) [35], cocaine (10.0 mg/kg) [36]
and morphine (10.0 mg/kg) [37] were each intraperitoneally injected, while
SPD and Arc were intraperitoneally injected 30 min before METH at doses
of 30.0 mg/kg and 3.0 mg/kg respectively [38]. SKF and QNP were each
intraperitoneally injected daily at doses of 5.0mg/kg and 0.5 mg/kg
respectively for repeated 7 days [39, 40].

Adeno-associated virus (AAV)

EGFP-expressing AAV,,g for overexpressing novel-m009C precursor (AAV-
mO009C), a corresponding inhibitor-tough decoy RNA (TuD) (AAV-anti-
mO009C) and the corresponding control vectors (AAV-control and AAV-
scrambled) were supplied by OBiO Technology, Shanghai, China (detailed
information is provided in the Supplementary Information).

Stereotaxic microinjection

Stereotaxic surgery and AAV microinjection were performed according to
our previous publications [15, 27]. Twenty-eight days after surgery, AAV-
microinjected mice were employed for behavioral tests. The coordinates
for the NAc and the details of stereotaxic procedure are presented in the
Supplementary Information.

Behavioral tests

CPP test. The CPP apparatus (JLBeHv, China) was the same as that
described in our previous study and the procedure was performed based
on our previous study with modifications [35]. Details of the CPP test
protocol are presented in the Supplementary Information.

Hyperlocomotion test. Here, we employed a locomotor sensitization regi-
men that was demonstrated to induce robust locomotion in our previous
study [29]. Horizontal locomotor activity was assessed in metal test chambers
(43 cm x 43 cm x 43 cm) and was quantified by a smart video tracking system
(version 2.5; PanLab Technology for Bioresearch, Barcelona, Spain). Details of
the hyperlocomotion test are presented in the Supplementary Information.

Sucrose preference test (SPT). The SPT was performed after 1 week of
habituation. On the two pre-test days, all mice were given two bottles of
water or sucrose. Then, naive mice were divided randomly into the water
or sucrose group and were subjected to the SPT (sucrose group) or given
water (water group) for 3 days. All AAV-injected mice were subjected to
the SPT for one day to assess baseline sucrose preference before
stereotaxic surgery. After stereotaxic injection, the mice were grouped
according to the AAV they received. The mice were subjected to the SPT
for 3 days (test 1-test 3) 28 days after the AAV microinjection. Details of the
SPT protocol are presented in the Supplementary Information.
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Tissue collection

Twenty-four hours after the last injection, the mice were sacrificed, and the
NAc was dissected out according to its structure and landmarks under a
dissecting microscope [41]. The tissues were immediately frozen in liquid
nitrogen until use.

Reverse transcription

Total RNA was extracted using the miRNeasy Mini Kit (QIAGEN, USA). RNA
concentration and quality were determined with a NanoDrop spectro-
photometer (Thermo Scientific, USA). For miRNA detection, 500 ng of total
RNA from each sample was reverse transcribed into cDNA using the Mir-X
miRNA First-Strand Synthesis Kit (Takara, Japan). The reaction parameters
were 37 °C for 60 min and 85 °C for 5 min. For mRNA detection, 500 ng of
total RNA was reverse transcribed using PrimeScript RT Master Mix
(TaKaRa, Japan) at the following parameters: 37 °C for 15 min, 85 °C for 5s,
and 4 °C for 5 min. All cDNA samples were stored at —20 °C for further use.

Quantitative real-time PCR (qPCR)

gPCR was performed with SYBR Premix Ex Taq Il (Takara, Japan) in a Bio-
Rad iQ5 detection instrument (Bio-Rad, USA) under the following
conditions: 95 °C for 30 s and 40 cycles of 95°C for 55, 60°C for 30s and
72°C for 30s. U6 snRNA was used as an endogenous control for the
measurement of novel-m009C expression, while Gapdh was used as a
control for novel-m009C precursor and protein-coding gene expression
measurements. Relative expression levels were determined using the
2785 method [42]. The sequence of the primers are presented in the
Supplementary Information.

Western blot

The total protein was isolated with ice-cold RIPA buffer with protease
inhibitors and the protein concentration in each sample was determined
using a BCA protein assay kit (Pierce, Rockland, IL, USA). Primary antibody
against Grin1(rabbit anti-NMDAR1, ab109182, Abcam) was used at 1:1000
dilutions and goat anti-rabbit IgG horseradish peroxidase-conjugated
secondary antibody (Proteintech, USA) was used at 1:2000 dilution. Details
of the western blot protocol are presented in the Supplementary
Information.

RIP-Seq and RNA-Seq

A total of 24 mice were used for RIP-Seq and RNA-Seq analyses. We used
NAc samples extracted from mice in the AAV-m009C group (n=12) and
AAV-control group of mice (n=12) that had been subjected to METH-
induced hyperlocomotion test. We pooled the lysates of four injected NAc
samples from each group to produce a single sample, and three replicate
samples from each group were prepared for both RIP-Seq and RNA-Seq.
Thus, the same pooled samples were used for RIP-Seq and RNA-Seq. The
experimental details are presented in the Supplementary Information.

Bioinformatic analyses

Target site predictions were performed by RNAhybrid (v2.1.2)+svm_light
(v6.01) and Miranda (v3.3a). IPA software (version: 2018 summer)
(Ingenuity Systems, Redwood City, CA, USA; apps.ingenuity.com) was used
to annotate the molecular functions and regulatory mechanisms of the
potential targets of novel-m009C. MEGAX software (version 10.1.8, USA)
was used for the phylogenetic analysis. Details of these analyses are
presented in the Supplementary Information.

Fluorescence in situ hybridization (FISH)

Paraffin sections of brains from METH-sensitized and saline-control mice (n
= 3/group) were used for FISH. Specific riboprobe for novel-m009C was
fluorescently labeled (5'CY3 and 3'CY3, GenePharma, Shanghai) and used
at a final labeled nucleotide concentration of 1.3 uM/Il. Riboprobe for
negative control was scrambled sequence labeled with 5'CY3 and 3'CY3.
Detailed protocol was presented in Supplementary Information. Note that
the FISH procedure of the brain sections, the image acquisition and the
analyses of the images were performed blindly without knowledge of the
treatment.

Dual-luciferase reporter assay
A pMIR reporter luciferase miRNA target expression vector (OBIO Tech.
Shanghai, PR China) and a pRL-CMV Renilla luciferase vector (Promega,

Molecular Psychiatry (2022) 27:3885-3897



USA) were used for dual-luciferase reporter assays. HEK293T cells were
obtained from the Cell Bank of the Chinese Academy of Sciences, which
were authenticated and tested for mycoplasma contamination. Luciferase
activity was quantified by a luminometer (Spark 10 M, Tecan, Switzerland).
The experimental details are presented in the Supplementary Information.

Statistical analysis

Statistical analyses were performed using SPSS (version 20.0) and
GraphPad Prism 7.0a. For the hyperlocomotion test and SPT data, one-
way or mixed-design repeated measures ANOVA was carried out to verify
the significance of main or interaction effects, with day as the within-
subject variable and treatment as the between-subject factor. For the CPP
test, the data were analyzed by two-way ANOVA, with test as the within-
subject variable and treatment as the between-subject factor. qPCR data
was analyzed by independent t-test with two-tailed analysis or two-way
ANOVA. Western blot data and FISH data were analyzed by independent t-
test with two-tailed analysis. Sample sizes (n) are indicated in the figure
legends. No statistical methods were used to determine the sample sizes,
but the number of experimental subjects is similar to sample sizes
routinely used in our laboratory and in the field for similar experiments. All
data were normally distributed and variance was similar between groups.
All values were expressed as the mean + standard error of the mean (SEM),
and P < 0.05 was considered statistically significant.

RESULTS

Novel-m009C expression in the NAc was significantly
decreased by METH

Novel-m009C is a novel miRNA that we identified previously
(Fig. 1a). The precursor sequence of novel-m009C (pre-novel-
m009C), which was validated through genomic annotation and
hairpin structure generation, is located on chromosome 14 of the
mouse genome and is close to the miR-124a-1/miR-3078 cluster
(<1 kb, Fig. 1a) [28]. Novel-m009C is the mature miRNA that is
spliced from the 5'arm of the precursor hairpin.

To verify the role of novel-m009C in METH abuse, we firstly
performed gPCR to examine the expression changes of both novel-
mO09C and its precursor, as well as its closest miRNA cluster-miR-
124a-1/miR-3078, in the NAc of mice using METH-induced CPP and
hyperlocomotion models. We found that in mice subjected to the
METH-induced CPP test and hyperlocomotion test, the expression
of both novel-m009C and its precursor were substantially decreased
in the NAc (P < 0.05) (Fig. 1b—g), which were similar to the change of
miR-124-3p but not MiR-3078 in the NAc of mice in response to
METH (Supplemental Fig. 1). Secondly, we examined the expression
data of novel-m009C in the NAc, as well as caudate putamen (CPu)
and anterior cingulate cortex (ACC), in METH versus saline-treated
mice by FISH assay. Although novel-m009C was found to be
ubiquitously distributed in the NAc, CPu and ACC, it was
significantly downregulated in the NAc of METH-treated mice,
while there were not any expression changes in the CPu or ACC
(Supplementary Fig. 2). The downregulated expression of novel-
mO009C in the NAc quantified by FISH (Supplemental Fig. 2) was in
accordance with the data from qPCR (Fig. 1d, g). These findings
indicated that novel-m009C was not specific to the NAc, but was
significantly changed in the NAc when mice were exposed to METH.
Moreover, significant reduction in novel-m009C expression was also
observed in the NAc of mice subjected to cocaine, but was not
captured in the NAc of mice subjected to an opioid drug-morphine
or a psychiatric stimuli-MK-801 (Supplemental Fig. 3). In sum, the
abovementioned findings suggested that a reduction of novel-
mO009C expression in the NAc may be involved in the hyper-
rewarding effects of METH and cocaine.”

METH may reduce novel-m009C expression by activating
dopamine receptor D1 (D1R) and dopamine receptor D2 (D2R)
in the NAc

Considering that D1R and D2R are both essential for the rewarding
effects of psychoactive drugs [16, 43], we firstly applied SCH (a D1R
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antagonist) and RAC (a D2R antagonist) to determine whether
inhibition of D1R or D2R activity could modulate novel-m009C
expression in the NAc of mice upon METH treatment (Fig. 2a, b). SCH
and RAC suppressed the METH-induced locomotor sensitization of
mice (P<0.001) (Fig. 2¢, d). Pre-treatment with either SCH or RAC
reversed the METH-induced downregulation of the expression of
novel-m009C and its precursor (P <0.05, Fig. 2e, f). Secondly, we
examined the influence of D1R agonist (SKF) and D2R agonist (QNP)
on the expression of novel-m009C in the NAc of mice. The results
indicated that repeated treatments of SKF and QNP both
significantly reduced the expression of novel-m009C and its
precursor in the NAc of mice (Supplemental Fig. 4). These results
indicated that METH may reduce novel-m009C expression through
activating D1R and D2R signaling in the NAc.

Alteration in novel-m009C expression in the NAc regulated
METH reward

Overexpression of novel-m009C in the NAc decreased the rewarding
effect of METH. Next, we assessed the effect of overexpressing
novel-m009C in the NAc on METH-induced CPP and METH
hyperlocomotion. We used an AAV expressing the precursor of
novel-m009C (AAV-m009C) to overexpress novel-m009C and
empty vector (AAV-control) as a control (Fig. 3a). AAV-mediated
eGFP expression was restricted to the NAc (Fig. 3b, c). The
expression of both novel-m009C and its precursor was signifi-
cantly increased more than 10-fold in the NAc of AAV-m009C-
injected mice (Fig. 3d), demonstrating that AAV-m009C induced
significant overexpression of novel-m009C. In the CPP test (Fig. 3e),
the mice in the AAV-m009C- and AAV-control-injected groups
displayed similar CPP scores in the CPP pre-test (Fig. 3f). Although
all mice exhibited METH-induced CPP, AAV-m009C-injected mice
showed a significantly decreased METH-induced CPP score
compared with that of AAV-control mice (Fig. 3f). In the
hyperlocomotion test (Fig. 3g), overexpression of novel-m009C
did not alter the locomotor abilities of mice, as the total distance
traveled did not differ between AAV-m009C- and AAV-control-
injected mice on days 1-2 (Fig. 3h). When exposed to METH, AAV-
mO009C-injected mice expressed significantly attenuated locomo-
tor responses to METH on each day of drug treatments (Fig. 3h).

Inhibition of novel-m009C in the NAc increased the rewarding effect
of METH. We then evaluated whether inhibiting novel-m009C
expression in the NAc enhanced METH-induced CPP and METH-
induced hyperlocomotion. We used an AAV vector expressing the
specific inhibitor anti-m009C TuD (AAV-anti-m009C) to inhibit
novel-m009C expression with high specificity in vivo (Fig. 4a). An
AAV expressing a scrambled sequence (AAV-scrambled) was used
as a control (Fig. 4a). We observed that AAV-mediated expression
of eGFP was restricted to the NAc (Fig. 4b, c). The expression of
novel-m009C but not its precursor was decreased notably in the
NAc of AAV-anti-m009C-injected mice (P < 0.05) (Fig. 4d), indicat-
ing the inhibitory effect of AAV-anti-m009C. In the CPP test
(Fig. 4e), AAV microinjection did not change the preference of
mice, as both groups of mice exhibited similar CPP scores in the
pre-test (Fig. 4f). After METH conditioning, AAV-scrambled-
injected mice exhibited a normal preference for the METH-
paired compartment. However, this preference for the METH-
paired compartment was enhanced in AAV-anti-m009C-injected
mice (P < 0.05) (Fig. 4f). In the hyperlocomotion test (Fig. 4h), AAV-
anti-m009C-injected mice exhibited a level of locomotor activity
that was indistinguishable from that of AAV-scrambled-injected
mice on day 1 and day 2, also demonstrating that inhibition of
novel-m009C expression did not alter the basal locomotor activity
of mice. When METH was given, AAV-anti-m009C-injected mice
displayed an enhanced locomotor response to METH (days 4-6
and day 10) (P < 0.05) (Fig. 4i). Significantly decreased expression
levels of novel-m009C in the NAc following METH-CPP and
hyperlocomotion test were examined respectively, and the results
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confirmed that AAV-anti-m009C significantly decreased novel-
mO009C expression on the basis of METH treatment (Fig. 4g, j).

Alteration of the levels of novel-m009C in the NAc did not affect the
natural preference of mice for sucrose. We further examined

SPRINGER NATURE

whether modification of the levels of novel-m009C in the NAc
affects the preference of mice for sucrose, a mild natural reward.
We found that the expression of neither novel-m009C nor its
precursor showed significant changes in response to sucrose
(Supplemental Fig. 5a-c). Importantly, natural preference for
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Fig. 1 Novel-m009C is a miRNA of mice and its expression was substantially reduced by METH. a The sequence of novel-m009C and its
precursor in mice genome. b METH-induced CPP protocol. ¢ METH-induced CPP in mice. Two-way ANOVA. METH: F;, 20y =49.36, P < 0.0001;
test: F(1, 20)=50.14, P < 0.0001; METH X test: F;, 50y = 42.87, P < 0.0001. ****P < 0.0001, different from the saline group in the post-test; AAAAP <
0.0001, different from the pre-test score of the same group; n = 6. d Significant decrease in the expression of novel-m009C and its precursor in
the NAc of mice subjected to the METH-induced CPP test. NAc samples for gPCR were collected after the post-test. Independent t-test. Novel-
mO009C fold change: t(;0) = 2.292; precursor fold change: t;0)=4.516; *P < 0.05, **P <0.01; n = 6. e Protocol of the METH-induced locomotor
sensitization test. f METH-induced locomotor sensitization of mice. One-way repeated measures ANOVA. METH: F(; 10)= 173.114, P < 0.0001;
day: F7, 70)=88.122, P <0.0001; day x METH: F(7, 70y = 105.414, P < 0.0001. ***P < 0.001, different from the saline group on each day; AAP <
0.001, different from the same group on day 3; n = 6. g Substantial reduction in the expression of novel-m009C and its precursor in the NAc of
mice after METH sensitization. NAc samples for qPCR were collected 24 h after the last injection. Independent t-test. novel-m009C fold change:
to) = 4.363; precursor: tg = 3.77; **P < 0.01; n = 5-6. All values are presented as the mean = SEM.
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Fig.2 The METH-induced decrease in novel-m009C expression in the NAc of mice was reversed by a D1R or D2R antagonist. Timeline of
SCH (a) or RAC (b) pre-treatment prior to the METH-induced locomotor sensitization test. SCH, RAC or vehicle was given 30 min prior to saline
or METH injection. NAc samples for gPCR were collected 24 h after the last injection. SCH (c) or RAC (d) pre-treatment significantly attenuated
the hyperlocomotion induced by METH. Mixed-design repeated measures ANOVA with a post hoc multiple comparison test. SCH pre-
treatment experiment: METH: F(;, 24y = 178.697, P < 0.001; SCH: F(;, 24y = 100.039, P < 0.001; day: F7, 165y = 42.688, P < 0.001; day X METH: F7, 16g)
=52.158, P < 0.001; day x SCH: F(7, 168y = 31.872, P < 0.001; METH X SCH: F(1 24y = 97.336, P < 0.001; day x SCH X METH: F(;, 24y = 97.336, P < 0.001.
RAC pre-treatment: METH: F(;, 24y =310.569, P < 0.001; RAC: F(;, 4y =82.320, P < 0.001; day: F(7, 168) = 82.759, P < 0.001; day X METH: F7, 165 =
98.008, P < 0.001; METH x RAC: F(;, 24y =76.882, P < 0.001; day X RAC: F(;, 168y = 32.951, P<0.001; day x RAC X METH: F;, 54y = 31.666, P < 0.001.
*P < 0.05, ***P <0.001, different from the paired saline group mice on each injection day; AP < 0.05, AAAP < 0.001, different from the same
group on day 3; **P < 0.001, different from the vehicle + METH group; n = 6-8. SCH (e) or RAC (f) inhibited the METH-induced decrease in the
expression of novel-m009C and its precursor in the NAc of mice. Two-way ANOVA followed by a post hoc multiple comparison test. SCH pre-
treatment experiment: novel-m009C fold change: METH: F;, 20 = 6.778, P =0.017; SCH: F(;, 20y = 7.529, P = 0.0125; METH X SCH: F(; 50y = 7.201,
P=0.0143; **P < 0.01; precursor fold change: METH: F(;, 50)=8.029, P=10.0103; SCH: F(;, 20y = 1.272, P =0.2728; METH X SCH: F(; 50) = 3.268,
P =0.0857. **P < 0.01; n = 6. RAC pre-treatment experiment: novel-m009C fold change: METH: F(;, 50y = 10.84, P = 0.0036; RAC: F(;, 200 = 17.71,
P =0.0004; METH X SCH: F(;, 50y = 0.5452, P = 0.4689; *P < 0.05, **P < 0.01; precursor fold change: METH: F(;, 50y = 9.739, P = 0.0054; RAC: F(1, 20,
=7.17, P=0.0145; METH X RAC: F(;, 50) = 3.882, P =0.0628. **P < 0.01; n = 6. All values are presented as the mean = SEM.
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sucrose was not affected in either mice overexpressing novel-
mO009C or mice in which novel-m009C expression was inhibited
compared to corresponding control mice (Supplemental
Fig. 5d-h). Collectively, these findings demonstrated that novel-
mO009C in the NAc is required for METH’s hyper-rewarding effect
but not for a broader reward response, indicating an important
role for novel-m009C in the development of METH addiction.
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Target genes that may be involved in novel-m009C-mediated
regulation of METH reward

Novel-m009C- targeted genes involved in neuronal morphology and
synaptic plasticity. To identify targets of novel-m009C that are
responsible for its effects on METH reward, we used RIP-Seq to
analyze mRNAs associated with Ago2 in the NAc of AAV-m009C-
and AAV-control-injected mice subjected to the METH-induced
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Fig. 3 Overexpression of novel-m009C in the NAc attenuated METH-induced CPP and hyperlocomotion in mice. a Schematic of the
control (AAV-control) and novel-m009C precursor expression AAV vectors. b Timeline of the viral infection experiments performed to validate
the location of microinfusion and overexpression efficacy through evaluation of the expression of eGFP and novel-m009C. ¢ eGFP was locally
expressed in the NAc of mice, as visualized by fluorescence microscopy. d The expression of novel-m009C and its precursor was substantially
heightened in the NAc of AAV-m009C-injected mice. Independent t-test. Novel-m009C fold change: t(10) = 5.313; precursor fold change: t(10) =
4.695; **P < 0.01; n=6. e Timeline of AAV injection and CPP test. f The regulatory effect of AAV-m009C in the NAc decreased METH-induced
CPP. Two-way ANOVA. Virus: F(; 26 = 3.936, P=0.0579; test: F; »5=90.13, P<0.0001; virus X test: F;, »5 = 5.54, P=0.0264; AAP <0.01,
different from the AAV-control group in the post-test; ****P < 0.0001, different from the pre-test score of the same group; n = 7-8. g Timeline
of AAV injection and METH-induced locomotor sensitization test. h The regulatory effect of AAV-m009C in the NAc decreased METH-induced
hyperlocomotion. One-way repeated measures ANOVA. Virus: F(;, 25y = 22.595, P < 0.001; day: F(7, 154) = 258.163, P < 0.001; virus x day: F7, 154) =
5.925, P<0.001; *P < 0.05, **P < 0.01, ***P < 0.001, different from the AAV-control group; AP < 0.05, AP < 0.01, different from the same group

on day 3; n=12. All values are presented as the mean + SEM.

hyperlocomotion test as a pool of mRNAs in the NAc that may be
suppressed by novel-m009C (Fig. 5a). Moreover, we employed
RNA-Seq to analyze the mRNA expression profiles of the same
samples from AAV-m009C- and AAV-control-injected mice after
METH treatment (Fig. 5a). The primary targets of novel-m009C in
the regulation of METH exposure might be predicted as targets
and be both enriched by Ago2 and display downregulation mRNA
levels. Through this strategy, 27 genes were found to be RISC-
associated novel-m009C target genes (Fig. 5b and Supplemental
table 1). According to IPA, these 27 genes were significantly
enriched in processes involved in neuronal morphology and
synaptic plasticity (Fig. 5c and Supplemental table 2). These results
indicated the ability of novel-m009C to affect molecular processes
that are intrinsically linked to the regulation of METH-induced
synaptic transmission. The high abundance of Grin1 (NMDAR
subunit 1) among the targets also underscored the potential
ability of novel-m009C to control signaling processes associated
with synaptic transmission (Fig. 5d, e).

Grin1 may be involved in novel-m009C regulating METH reward.
Thus, we determined whether novel-m009C regulates METH
reward through targeting Grin1. Firstly, we found that Grin1
expression, both in mRNA level and protein level, was negatively
regulated by novel-m009C following METH-induced CPP and
hyperlocomotion tests (Fig. 6a-h), but was not changed in the
NAc of either novel-m009C-overexpressing mice or mice in which
novel-m009C expression was inhibited following the SPT (Supple-
mental Fig. 6a-c). Secondly, a dual-luciferase reporter assay
indicated that the Luc/R-Luc ratio was significantly decreased
when novel-m009C was co-transfected with the reporter vector
containing the 3’'UTR of Grin1 and the ratio was a small increase
(+5%) when novel-m009C was co-transfection with the reporter
vector containing the Grin1 3-UTR (Mut) in which one target site
was mutated (Supplemental Fig. 6d, e). This effect of the mutant
Grin1 3'UTR may result from the atypical binding site directly
targeting the 3'UTR of Grin1 in the cells [44]. Grin1 encodes
NMDAR subunit 1, whose expression changes reflect an alteration
in NMDARs. We then used SPD, an NMDAR agonist, and Arc, an
NMDAR antagonist, to intervene with the regulation of METH-
induced CPP by AAV-m009C and AAV-anti-m009C. We found that
AAV-m009C-mediated attenuation of METH-induced CPP was
blunted when SPD was given (Fig. 6i, j) and that accordingly,
AAV-anti-m009C-mediated enhancement of METH-induced CPP
was showed an attenuated trend when Arc was injected (Fig. 6k, I).
We finally verified the expression of Grin1 in the NAc of mice
following METH exposure. It was shown that both mRNA and
protein levels of Grin1 were significantly decreased in the NAc of
mice in response to METH (Supplemental Fig. 6f-i). Collectively,
these findings suggested that Grin1 may be involved in novel-
mO009C regulating METH reward.

Novel-m009C may be homologous to hsa-miR-604

Novel-m009C is a miRNA that is found in mouse genome, and
increasing its expression level in the NAc can decrease METH

Molecular Psychiatry (2022) 27:3885 - 3897

reward; thus, identifying its human homologs is essential for
further application. Mature miRNAs are highly conserved across
different species and the “seed” sequence (2-8 nt from the mature
miRNA 5’end), which is a conserved heptametrical sequence, is the
functional execution region of a miRNA, that the high functional
cost of even single nucleotide changes within seed regions is
consistent with their high sequence conservation among miRNA
families both within and between species [45-49]. Thus, we
blasted the “seed” sequence of novel-m009C with all miRNAs that
were annotated in miRBase (version 22.0), and found ten miRNAs
from other species contained the same “seed” sequence of novel-
mO009C (Supplemental Fig. 7a). Moreover, among these ten
miRNAs, the highest similarity was shown between the whole
sequence of novel-m009C and miR-604 by sequence blasting
(Supplemental Fig. 7a). MiR-604 is a primate-specific miRNA that
has only been found to be expressed in primates (hsa-miR-604,
ppy-miR-604, ptr-miR-604, and mml-miR-604). Therefore, we
analyzed the phylogenetic tree between novel-m009C and
primate-derived miR-604, and found that hsa-miR-604 and
novel-m009C are the closest in evolutionary relationship (Supple-
mental Fig. 7b). The abovementioned findings suggested that hsa-
miR-604 may be the human homologs of novel-m009C.

We performed a dual-luciferase reporter assay again to confirm
whether hsa-miR-604 can target Grin1 in Homo sapiens. We
predicted two target sites of hsa-miR-604 on Grin1 (Supplemental
Fig. 7c). The results showed that the Luc/R-Luc ratio was
significantly decreased when hsa-miR-604 was co-transfected
with the Grin1 3'UTR (WT) but was significantly increased
(+17%) when target sites within the Grin1 3-UTR were mutated
(Supplemental Fig. 7d). These results suggested that hsa-miR-604
may exert a similar biological function as novel-m009C by
targeting GrinT.

DISCUSSION

In this study, we found that the substantial reduction in novel-
mO009C expression in the NAc of mice was resulted from
psychostimulants (METH and cocaine) treatment, neither mor-
phine, MK-801 nor sucrose induced any expression changes in
novel-m009C. This reduction in expression could be regulated by
both D1R and D2R. METH is a widely abused psychostimulant and
has been demonstrated to produce a strong rewarding effect by
inducing hyperdopaminergia in the NAc, which is believed to
underlie its addictive effects [6, 10]. Activation of D1R and D2R has
been implicated in the drug-induced reinforcement behaviors
[16, 43, 50, 51]. There are evidences showing that D2R activation is
essential for D1R-mediated effects in response to psychostimu-
lants [52], and the ERK/MAPK intracellular signaling pathway,
which plays critical roles in the long-term behavioral effects of
drug abuse [53, 54], is required for both D1R- and D2R-mediated
locomotor phenotype [55]. In addition, a D1-D2 receptor
heteromer pathway has been shown to lead to the activation of
calcium signal cascade following increases in extracellular
dopamine levels [56]. Based on these evidences, our results
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Fig. 4 Inhibition of novel-m009C in the NAc enhanced METH-induced CPP and hyperlocomotion in mice. a Schematic of the scrambled
control (AAV-scrambled) and anti-m009C TuD RNA expression AAV vectors. Anti-m009C TuD RNA was used to specifically inhibit novel-m009C.
b Timeline of the viral infection experiments performed to validate the location of microinfusion and the inhibition efficacy through
evaluation of the expression of eGFP and novel-m009C. c eGFP showed local expression in the NAc of mice, as visualized by fluorescence
microscopy. d The expression of novel-m009C but not its precursor significantly decreased in the NAc of AAV-anti-m009C-injected mice.
Independent t-test. Novel-m009C fold change: t(;,) = 3.896; precursor: t;, = 0.8054; **P < 0.01; n = 6-8. e Timeline of AAV injection and the
CPP test. f The regulatory effect of AAV-anti-m009C in the NAc increased METH-induced CPP. Two-way ANOVA. Virus: F(;, 33 = 5.643, P < 0.05;
test: F(y, 33y = 76.73, P < 0.0001; virus X test: F;, 33 = 1.46, P = 0.2357. ****P < 0.0001, different from the pre-test score of the same group; AP <
0.05, different from the AAV-scrambled group; n = 8-10. g Novel-m009C was significantly decreased in the NAc of AAV-anti-m009C-injected
mice following METH-CPP test. Independent t-test. Novel-m009C fold change: t(14) = 2.949; *P < 0.05; n = 8. h Timeline of AAV injection and the
METH-induced locomotor sensitization test. i The regulatory effect of AAV-anti-m009C in the NAc increased METH-induced hyperlocomotion.
One-way repeated measures ANOVA. Virus: F(;, 20 = 7.861, P < 0.05; day: F7, 14y = 304.456, P < 0.001; virus X day: F(7, 140)= 1.848, P=0.155. *P <
0.05, **P < 0.01, different from the AAV-scrambled group; AP < 0.01, different from the same group on day 3; n =9-13. j Novel-m009C was
significantly decreased in the NAc of AAV-anti-m009C-injected mice following METH-hyperlocomotion test. Independent t-test. Novel-m009C
fold change: t(15) = 3.507; **P < 0.01; n =7. All values are presented as the mean = SEM.
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Fig. 5 Novel-m009C regulates potential target genes involved in neuronal morphology and synaptic activities. a Procedure used for RIP-
Seq and RNA-Seq. The mice were microinjected with AAV-m009C and AAV-control and subjected to the METH-induced locomotor
sensitization test. Twenty-four hours after the final injection, NAc tissue was collected and lysed. Half of each NAc homogenate was used for
immunoprecipitation (IP) of Ago2, and RNA that cross-linked with Ago2 was then isolated for high-throughput sequencing. RNA extracted
from the other half of each homogenate was used for high-throughput sequencing; n =3 pooled homogenates per group (see Methods).
Sequencing data were subjected to bioinformatics analysis to identify the primary targets of novel-m009C, and IPA was performed to analyze
the functional networks of the targets. b Venn diagram showing the RISC-associated mRNA targets of novel-m009C (red) and mRNAs with
expression levels that were downregulated in the NAc of AAV-m009C-injected mice (green). The 27 overlapping genes were considered direct
novel-m009C targets. ¢ The -log10 (P value) of the disease and functional terms of the 27 target genes identified by IPA are shown. The red
dotted line indicates P = 0.05. d Interaction network of the 27 direct targets showing the functions and the target genes involved. Correlated
connections and networks between the target genes and functional terms were analyzed according to the IPA database. The shape of each
gene indicates its functional class, and genes that are green are those with downregulated expression. Functional terms in blue indicate an
inhibitory state. The relationships between genes and functional terms are indicated by dotted lines of different colors, which indicate the
degree of interaction (blue: inhibition, yellow: inconsistent with the state of the downstream molecule, gray: effect not predicted). e The gene
network of these primary target genes. Genes with expression levels that were directly downregulated by AAV-m009C are indicated in green.
The high abundance of Grin1 (encoding NMDAR subunit 1) among the targets in red underscores the potential of novel-m009C to control
signaling processes associated with neuronal morphology and synaptic activities.

suggested that METH-reduced the expression of novel-m009C in
the NAc may possibly through activation of both D1R and D2R or
the D1R-D2R heteromer pathway, and that the ERK/MAPK
signaling pathway and the calcium signal cascade may be

Molecular Psychiatry (2022) 27:3885 - 3897

involved in regulating this reduction of novel-m009C. These
preliminary results in our study are hypothesis generating and of
interest for future studies, which would be desirable for further
confirmation.
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Fig. 6 Grin1 may be a target of novel-m009C in the regulation of METH-induced CPP and hyperlocomotion. a Procedure for measuring
Grin1 expression in the NAc of AAV-injected mice following the METH-induced CPP test. NAc samples were collected after the post-test. b The
mRNA level of Grin1 expression was downregulated and upregulated in the NAc of mice in which novel-m009C was overexpression and
inhibited, respectively, following the CPP test. Independent t-test. Overexpression: t;3) = 2.745; inhibition: t(;0) = 2.35; *P < 0.05, different from
the corresponding control group; n = 6-8. Representative western blots (c) and graphs (d) showing the protein level of Grin1 expression was
downregulated and upregulated in the NAc of mice in which novel-m009C was overexpressed and inhibited, respectively, following the CPP
test. Independent t-test. Overexpression: t(;) = 2.583; inhibition: t10) = 2.639; *P < 0.05, different from the corresponding control group; n = 6.
e Procedure for measuring Grin1 expression in the NAc of AAV-injected mice following the METH-induced hyperlocomotion test. NAc samples
were collected 24 h after the final METH injection. f The mRNA level of Grin1 expression was downregulated and upregulated in the NAc of
mice in which novel-m009C was overexpression and inhibited, respectively, following the METH-induced hyperlocomotion test. Independent
t-test. Overexpression: t(;o) = 2.646; inhibition: t;5 = 3.567. *P < 0.05, **P < 0.01, different from the corresponding control group; n=6-8.
Representative western blots (g) and graphs (h) showing the protein level of Grin1 expression was downregulated and upregulated in the NAc
of mice in which novel-m009C was overexpressed and inhibited, respectively, following the hyperlocomotion test. Independent t-test.
Overexpression: t0)=2.667; inhibition: t;o = 2.35; *P<0.05, different from the corresponding control group; n=6. i Procedure for
intervening in the AAV-m009C-mediated regulation of METH-induced CPP with SPD. SPD (30 mg/kg, i.p.) was given 30 min before METH
injection in the conditioning phase. j SPD treatment reversed the decreasing effect of AAV-m009C on METH-induced CPP. The CPP score of
AAV-m009C + SPD-treated mice was compared with that of AAV-m009C- and AAV-control-treated mice. Independent t-test: t; 13 =3.192, t,
(1.5) = 2.265, t3 (14 = 0.5665; *P < 0.05, **P < 0.01; n = 7-9. k Procedure for intervening in the AAV-anti-m009C-mediation regulation of METH-
induced CPP with Arc. Arc (3.0 mg/kg, i.p.) was given 30 min before METH injection in the conditioning phase. | The effect of AAV-anti-m009C
on METH-induced CPP showed an attenuated trend following Arc intervention. The CPP score of AAV-anti-m009C +Arc-treated mice was

compared with that of AAV-anti-m009C- and AAV-scrambled-treated mice. Independent t-test: t; (16)=

0.05; n=7-10. All values are presented as the mean + SEM.

By suppressing mRNA expression or translation, miRNAs act as
post-transcriptional regulators in various cellular processes. Thus,
considering the bidirectional impact of novel-m009C manipulation
on METH reward, the targets and molecular pathways that are
most likely regulated should be identified. Here, by using RIP-Seq
and RNA-Seq, we found 27 genes involved in modulating changes
in neuronal morphology and synaptic plasticity may be the targets
of novel-m009C. The fact that only ~20% of the potential RISC-
associated novel-m009C targets display decreased expression is
likely to reflect the known redundancy among miRNAs. Many
mMRNAs are regulated by more than one miRNA [44, 57], thus
limiting the actual impact of individual miRNA over-expression on
the expression of miRNA targets in vivo. Among these potential
targets, we verified that Grin1 may be involved in novel-m009C
regulating METH rewards. A previous study demonstrated that
deleting Grin1 in NAc D1R-expressing medium spiny neurons
(MSNs) significantly attenuates amphetamine sensitization [58].
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Here, we found that activation of D1R whether by psychostimu-
lants (METH and cocaine) or its specific agonist significantly
reduced the expression level of novel-m009C in the NAc, while
inhibition of D1R significantly attenuated METH sensitization and
inhibited the METH-reduced levels of novel-m009C in the NAc.
Overexpressing NAc novel-m009C attenuated the rewarding
effects of METH and significantly decreased Grin1 expression.
Activated NMDAR could reverse the attenuating effect of novel-
mO009C overexpression on METH reward. Combining these
findings together, we hypothesized that METH exposure may
activate D1R, through which decreased novel-m009C levels in the
NAc, thus increasing Grin1 expression and ultimately affecting
NMDAR activity and exerting rewarding effects. It was reported
that regulation of various brain functions by dopamine receptors
is mainly accomplished through modulation of glutamatergic
activity, particularly in striatal neurons [59]. Phasic dopamine
signaling induced by drug administration activates the NAc and
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triggers synaptic changes involving NMDARs and AMPARs in
response to glutamatergic projections from the prefrontal cortex
and amygdala [60-63]. Additionally, repeated psychostimulant-
induced sensitization requires activation of NMDARs by glutamate
transmission [64]. Based on these evidences, we speculated that
novel-m009C may function as a modulator of dopamine malfunc-
tion, secondarily altering NMDAR function, which underlies the
development of METH addiction.

Novel-m009C is a regulator of METH reward but was found in
the NAc of mice. Thus identifying a miRNA that is homologous to
novel-m009C in humans is essential for its further application.
Here, evolutionary analysis by MEGAX revealed that novel-m009C
may be homologous to hsa-miR-604. We also validated that hsa-
miR-604 could target Grin1 in Homo sapiens. The role of hsa-miR-
604 in human diseases has been studied sporadically [65, 66]. To
date, it has only been found that hsa-miR-604 expression is
upregulated in the prefrontal cortices of subjects with alcohol use
disorders postmortem [67]. The role of hsa-miR-604 in drug
addiction has not yet been reported. Our findings are of great
significance on the verification of the biological function of hsa-
miR-604 and provided a clue that hsa-miR-604 may play a role in
METH abuse. The differential changes in hsa-miR-604 expression
in the postmortem brains and peripheral blood of METH abusers
are worthy of in-depth research.

There were some limitations in the current study. Firstly, the
downregulation of novel-m009C expression was across the NAc
region, and the viruses induced overexpression or inhibition of
novel-m009C expression was also throughout the whole NAc.
Thus, it would be desirable to investigate the cell-specific
expression patterns of novel-m009C in response to METH and
examine if novel-m009C affects neuronal physiology as well as
METH reward through regulating cell-specific target, such as
modulating NMDAR-mediated synaptic plasticity through target-
ing cell-specific Grin1. Secondly, RIP-seq and RNA-seq data
showed the involvement of a global gene network, not only
Grin1, in the effects of novel-m009C on METH reward. Therefore,
more screening and verification of the downstream target genes,
and further investigation of the molecular and physiological
mechanism by which the targets participate in the effects of
novel-m009C are also warranted for uncovering the neurological
mechanism of novel-m009C in METH abuse.

In summary, our study demonstrated that novel-m009C in
the NAc is capable of regulating METH rewards and has
clinical implications, as increased novel-m009C expression in the
NAc might be a therapeutic strategy for combating METH
addiction.

DATA AVAILABILITY

The RNA sequencing data analyzed during the current study are available from China
National GeneBank DataBase (accession number: CNP0003085). Supplementary
Information is available at MP’s website.

REFERENCES

1. World Drug Report 2020. United Nations Office on Drugs and Crime, 2020.
https://wdr.unodc.org/wdr2020/index2020.html.

2. Drug Situation in China. Office of China National Narcotics Control Commission,
2019. https://www.gov.cn/xinwen/2020-06/28/content_5522443.htm.

3. Kahlig KM, Binda F, Khoshbouei H, Blakely RD, McMahon DG, Javitch JA, et al.
Amphetamine induces dopamine efflux through a dopamine transporter chan-
nel. Proc Natl Acad Sci USA 2005;102:3495-3500.

4. Fleckenstein AE, Volz TJ, Hanson GR. Psychostimulant-induced alterations in
vesicular monoamine transporter-2 function: neurotoxic and therapeutic impli-
cations. Neuropharmacology. 2009;56:133-8.

5. Hedges DM, Obray JD, Yorgason JT, Jang EY, Weerasekara VK, Uys JD, et al.
Methamphetamine induces dopamine release in the nucleus accumbens through a
sigma receptor-mediated pathway. Neuropsychopharmacology. 2018;43:1405-14.

Molecular Psychiatry (2022) 27:3885 - 3897

L. Zhu et al.

6. Boileau |, Dagher A, Leyton M, Welfeld K, Booij L, Diksic M, et al. Conditioned
dopamine release in humans: a positron emission tomography [11C]raclopride
study with amphetamine. J Neurosci. 2007;27:3998-4003.

7. Robinson TE, Berridge KC. Addiction. Annu Rev Psychol. 2003;54:25-53.

8. Berridge KC, Robinson TE. Liking, wanting, and the incentive-sensitization theory
of addiction. Am Psychol. 2016;71:670-9.

9. Scibelli AC, McKinnon CS, Reed C, Burkhart-Kasch S, Li N, Baba H, et al. Selective
breeding for magnitude of methamphetamine-induced sensitization alters
methamphetamine consumption. Psychopharmacology. 2011;214:791-804.

10. Volkow ND, Michaelides M, Baler R. The neuroscience of drug reward and
addiction. Physiol Rev. 2019;99:2115-40.

11. Robinson TE, Jurson PA, Bennett JA, Bentgen KM. Persistent sensitization of
dopamine neurotransmission in ventral striatum (nucleus accumbens) produced
by prior experience with (+)-amphetamine: a microdialysis study in freely
moving rats. Brain Res. 1988;462:211-22.

12. Pierce RC, Kalivas PW. Repeated cocaine modifies the mechanism by which
amphetamine releases dopamine. J Neurosci. 1997;17:3254-61.

13. Wolf ME, White FJ, Hu XT. MK-801 prevents alterations in the mesoaccumbens
dopamine system associated with behavioral sensitization to amphetamine. J
Neurosci. 1994;14:1735-45.

14. Zhu L, Li J, Dong N, Guan F, Liu Y, Ma D, et al. mRNA changes in nucleus
accumbens related to methamphetamine addiction in mice. Sci Rep.
2016;6:36993.

15. Li J, Zhu L, Su H, Liu D, Yan Z, Ni T, et al. Regulation of miR-128 in the nucleus
accumbens affects methamphetamine-induced behavioral sensitization by
modulating proteins involved in neuroplasticity. Addict Biol. 2020;26:212881.

16. Tu G, Ying L, Ye L, Zhao J, Liu N, Li J, et al. Dopamine D1 and D2 receptors
differentially regulate rac1 and cdc42 signaling in the nucleus accumbens to
modulate behavioral and structural plasticity after repeated methamphetamine
treatment. Biol Psychiatry. 2019;86:820-35.

17. Scheyer AF, Loweth JA, Christian DT, Uejima J, Rabei R, Le T, et al. AMPA receptor
plasticity in accumbens core contributes to incubation of methamphetamine
craving. Biol Psychiatry. 2016;80:661-70.

18. Heysieattalab S, Naghdi N, Hosseinmardi N, Zarrindast MR, Haghparast A,
Khoshbouei H. Methamphetamine-induced enhancement of hippocampal long-
term potentiation is modulated by NMDA and GABA receptors in the shell-
accumbens. Synapse. 2016;70:325-35.

19. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell
Biol. 2009;10:126-39.

20. Siomi H, Siomi MC. On the road to reading the RNA-interference code. Nature.
2009;457:396-404.

21. Jauhari A, Singh T, Singh P, Parmar D, Yadav S. Regulation of miR-34 family in
neuronal development. Mol Neurobiol. 2018;55:936-45.

22. Nowakowski TJ, Rani N, Golkaram M, Zhou HR, Alvarado B, Huch K, et al. Reg-
ulation of cell-type-specific transcriptomes by microRNA networks during human
brain development. Nat Neurosci. 2018;21:1784-92.

23. Wang X, Liu D, Huang HZ, Wang ZH, Hou TY, Yang X, et al. A novel microRNA-124/
PTPN1 signal pathway mediates synaptic and memory deficits in Alzheimer’s
disease. Biol Psychiatry. 2018;83:395-405.

24. Geaghan M, Cairns MJ. MicroRNA and posttranscriptional dysregulation in psy-
chiatry. Biol Psychiatry. 2015;78:231-9.

25. Amoah SK, Rodriguez BA, Logothetis CN, Chander P, Sellgren CM, Weick JP, et al.
Exosomal secretion of a psychosis-altered miRNA that regulates glutamate
receptor expression is affected by antipsychotics. Neuropsychopharmacology.
2020;45:656-65.

26. Chandrasekar V, Dreyer JL. Regulation of MiR-124, Let-7d, and MiR-181a in the
accumbens affects the expression, extinction, and reinstatement of cocaine-induced
conditioned place preference. Neuropsychopharmacology. 2011;36:1149-64.

27. Su H, Zhu L, Li J, Wang R, Liu D, Han W, et al. Regulation of microRNA-29c in the
nucleus accumbens modulates methamphetamine -induced locomotor sensiti-
zation in mice. Neuropharmacology. 2019;148:160-8.

28. Zhu L, Zhu J, Liu Y, Chen Y, Li Y, Chen S, et al. Chronic methamphetamine
regulates the expression of MicroRNAs and putative target genes in the nucleus
accumbens of mice. J Neurosci Res. 2015;93:1600-10.

29. Zhao N, Chen Y, Zhu J, Wang L, Cao G, Dang Y, et al. Levo-tetrahydropalmatine
attenuates the development and expression of methamphetamine-induced
locomotor sensitization and the accompanying activation of ERK in the nucleus
accumbens and caudate putamen in mice. Neuroscience. 2014;258:101-10.

30. Barbosa-Mendez S, Matus-Ortega M, Flores-Zamora A, Jurado N, Salazar-Juarez A.
Dose- and time-dependent effects of mirtazapine on the expression of cocaine-
induced behavioral sensitization in rats. Psychiatry Res. 2017;254:301-10.

31. Sun J, Tian L, Cui R, Ruan H, Li X. Muscarinic acetylcholine receptor but not
nicotinic acetylcholine receptor plays a role in morphine-induced behavioral
sensitization in rats. Pharm Biochem Behav. 2017;160:39-46.

SPRINGER NATURE

3895


https://wdr.unodc.org/wdr2020/index2020.html
https://www.gov.cn/xinwen/2020-06/28/content_5522443.htm

L. Zhu et al.

3896

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Xiu Y, Kong XR, Zhang L, Qiu X, Gao Y, Huang CX, et al. The myelinated fiber loss
in the corpus callosum of mouse model of schizophrenia induced by MK-801. J
Psychiatr Res. 2015;63:132-40.

Kuribara H. Dopamine D1 receptor antagonist SCH 23390 retards methamphe-
tamine sensitization in both combined administration and early posttreatment
schedules in mice. Pharm Biochem Behav. 1995;52:759-63.

Nagai T, Noda Y, Ishikawa K, Miyamoto Y, Yoshimura M, Ito M, et al. The role of
tissue plasminogen activator in methamphetamine-related reward and sensiti-
zation. J Neurochem. 2005;92:660-7.

Su HL, Zhu J, Chen YJ, Zhao N, Han W, Dang YH, et al. Roles of levo-
tetrahydropalmatine in modulating methamphetamine reward behavior. Physiol
Behav. 2013;118:195-200.

Liu X, Ma L, Li HH, Huang B, Li YX, Tao YZ, et al. beta-Arrestin-biased signaling
mediates memory reconsolidation. Proc Natl Acad Sci USA 2015;112:4483-8.
Solecki W, Krowka T, Kubik J, Kaczmarek L, Przewlocki R. Role of fosB in beha-
viours related to morphine reward and spatial memory. Behav Brain Res.
2008;190:212-7.

Tomazi L, Mello CF, Schoffer AP, Girardi BA, Fruhauf PKS, Rubin MA. A non-
rewarding NMDA receptor antagonist impairs the acquisition, consolidation, and
expression of morphine conditioned place preference in mice. Mol Neurobiol.
2017;54:710-21.

Henry DJ, Hu XT, White FJ. Adaptations in the mesoaccumbens dopamine system
resulting from repeated administration of dopamine D1 and D2 receptor-
selective agonists: relevance to cocaine sensitization. Psychopharmacology.
1998;140:233-42.

He T, Han C, Liu C, Chen J, Yang H, Zheng L, et al. Dopamine D1 receptors
mediate methamphetamine-induced dopaminergic damage: involvement of
autophagy regulation via the AMPK/FOXO3A pathway. Psychopharmacology.
2022;239:951-64.

Paxinos G, Franklin KBJ. The mouse brain in stereotaxic coordinates. San Diego:
Academic Press; 2001.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C-T
method. Nat Protoc. 2008;3:1101-8.

Kharkwal G, Radl D, Lewis R, Borrelli E. Dopamine D2 receptors in striatal output
neurons enable the psychomotor effects of cocaine. Proc Natl Acad Sci USA
2016;113:11609-14.

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. MicroRNA
targeting specificity in mammals: determinants beyond seed pairing. Mol Cell.
2007;27:91-105.

Li SC, Chan WG, Hu LY, Lai CH, Hsu CN, Lin WC. Identification of homologous
microRNAs in 56 animal genomes. Genomics. 2010;96:1-9.

Aftab Ali Shah MA, Tagweem Ul-Haq. Deciphering conserved identical sequences
of mature miRNAs among six members of great apes. Zoosystematics Evol.
2018;94:401-8.

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by ade-
nosines, indicates that thousands of human genes are microRNA targets. Cell.
2005;120:15-20.

Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNA-target
recognition. PLoS Biol. 2005;3:e85.

Hill CG, Jabbari N, Matyunina LV, McDonald JF. Functional and evolutionary
significance of human microRNA seed region mutations. PLoS One. 2014;9:
e115241.

Soares-Cunha C, de Vasconcelos NAP, Coimbra B, Domingues AV, Silva JM,
Loureiro-Campos E et al. Nucleus accumbens medium spiny neurons subtypes
signal both reward and aversion. Mol Psychiatry. 2020;25:3241-3255.
Avchalumov Y, Trenet W, Pina-Crespo J, Mandyam C. SCH23390 reduces
methamphetamine self-administration and prevents methamphetamine-induced
striatal LTD. Int J Mol Sci. 2020;21:6491.

Solis O, Garcia-Sanz P, Martin AB, Granado N, Sanz-Magro A, Podlesniy P et al.
Behavioral sensitization and cellular responses to psychostimulants are reduced
in D2R knockout mice. Addict Biol. 2021;26:e12840.

Bingor A, Azriel M, Amiad L, Yaka R. Potentiated response of ERK/MAPK signaling
is associated with prolonged withdrawal from cocaine behavioral sensitization. J
Mol Neurosci. 2021;71:2229-36.

Whitfield TW Jr., Shi X, Sun WL, McGinty JF. The suppressive effect of an intra-
prefrontal cortical infusion of BDNF on cocaine-seeking is Trk receptor and
extracellular signal-regulated protein kinase mitogen-activated protein kinase
dependent. J Neurosci. 2011;31:834-42.

Hutton SR, Otis JM, Kim EM, Lamsal Y, Stuber GD, Snider WD. ERK/MAPK signaling
is required for pathway-specific striatal motor functions. J Neurosci.
2017;37:8102-15.

Hasbi A, Fan T, Alijaniaram M, Nguyen T, Perreault ML, O’'Dowd BF, et al. Calcium
signaling cascade links dopamine D1-D2 receptor heteromer to striatal BDNF
production and neuronal growth. Proc Natl Acad Sci USA 2009;106:21377-82.

SPRINGER NATURE

57. Doench JG, Sharp PA. Specificity of microRNA target selection in translational
repression. Genes Dev. 2004;18:504-11.

58. Beutler LR, Wanat MJ, Quintana A, Sanz E, Bamford NS, Zweifel LS, et al. Balanced
NMDA receptor activity in dopamine D1 receptor (D1R)- and D2R-expressing
medium spiny neurons is required for amphetamine sensitization. Proc Natl Acad
Sci USA 2011;108:4206-11.

59. Surmeier DJ, Ding J, Day M, Wang Z, Shen W. D1 and D2 dopamine-receptor
modulation of striatal glutamatergic signaling in striatal medium spiny neurons.
Trends Neurosci. 2007;30:228-35.

60. Kalivas PW. The glutamate homeostasis hypothesis of addiction. Nat Rev Neu-
rosci. 2009;10:561-72.

61. Luscher C, Malenka RC. Drug-evoked synaptic plasticity in addiction: from
molecular changes to circuit remodeling. Neuron. 2011;69:650-63.

62. Wolf ME, Ferrario CR. AMPA receptor plasticity in the nucleus accumbens after
repeated exposure to cocaine. Neurosci Biobehav Rev. 2010;35:185-211.

63. Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis. Lancet
Psychiatry. 2016;3:760-73.

64. Vanderschuren LJ, Kalivas PW. Alterations in dopaminergic and glutamatergic
transmission in the induction and expression of behavioral sensitization: a critical
review of preclinical studies. Psychopharmacology. 2000;151:99-120.

65. Cheong JY, Shin HD, Cho SW, Kim YJ. Association of polymorphism in microRNA
604 with susceptibility to persistent hepatitis B virus infection and development
of hepatocellular carcinoma. J Korean Med Sci. 2014;29:1523-7.

66. Zhou D, Li X, Zhao H, Sun B, Liu A, Han X, et al. Combining multi-dimensional data
to identify a key signature (gene and miRNA) of cisplatin-resistant gastric cancer.
J Cell Biochem. 2018;119:6997-7008.

67. Wang F, Gelernter J, Zhang H. Differential expression of miR-130a in postmortem
prefrontal cortex of subjects with alcohol use disorders. J Addict Res Ther.
2013;4:18179.

ACKNOWLEDGEMENTS
We are grateful to Tingting Zhou, Jing Xiao, Shuai Wang, Rui Wang and Tong Ni for
technical assistance.

AUTHOR CONTRIBUTIONS

LZ, FG and TC designed the project. LZ performed gene expression experiments,
stereotaxic surgeries, viral infections, and behavioral experiments. FW and ZY
performed the behavioral experiments and FISH analysis. LH and SW performed gene
expression experiments. HH performed dual-luciferase reporter assay. ELG and YZ
provided technical training necessary to perform the research. FG performed the
bioinformatic analyses. LZ wrote the manuscript. TC supervised the project. All
authors discussed the results and commented and edited the paper.

FUNDING

This study was supported by grants from the National Natural Science Foundation of
China (Nos. 81701870, 81772034, 81772033, 81922024), and the Shenzhen
governmental grants (Nos. RCJC20200714114556103, ZDSYS20190902093601675).
The funding agencies had no role in the study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-022-01651-2.

Correspondence and requests for materials should be addressed to Fanglin Guan or
Teng Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Molecular Psychiatry (2022) 27:3885-3897


https://doi.org/10.1038/s41380-022-01651-2
http://www.nature.com/reprints
http://www.nature.com/reprints

L. Zhu et al.

3897

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommon:s.
org/licenses/by/4.0/.

© The Author(s) 2022

Molecular Psychiatry (2022) 27:3885 - 3897 SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A novel microRNA, novel-m009C, regulates methamphetamine rewarding effects
	Introduction
	Material and methods
	Animals
	Drug treatment
	Adeno-associated virus (AAV)
	Stereotaxic microinjection
	Behavioral tests
	CPP test
	Hyperlocomotion test
	Sucrose preference test (SPT)

	Tissue collection
	Reverse transcription
	Quantitative real-time PCR (qPCR)
	Western blot
	RIP-Seq and RNA-Seq
	Bioinformatic analyses
	Fluorescence in�situ hybridization (FISH)
	Dual-luciferase reporter assay
	Statistical analysis

	Results
	Novel-m009C expression in the NAc was significantly decreased by METH
	METH may reduce novel-m009C expression by activating dopamine receptor D1 (D1R) and dopamine receptor D2 (D2R) in the NAc
	Alteration in novel-m009C expression in the NAc regulated METH reward
	Overexpression of novel-m009C in the NAc decreased the rewarding effect of METH
	Inhibition of novel-m009C in the NAc increased the rewarding effect of METH
	Alteration of the levels of novel-m009C in the NAc did not affect the natural preference of mice for sucrose

	Target genes that may be involved in novel-m009C-mediated regulation of METH reward
	Novel-m009C- targeted genes involved in neuronal morphology and synaptic plasticity
	Grin1 may be involved in novel-m009C regulating METH reward

	Novel-m009C may be homologous to hsa-miR-604

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




