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Abstract
Cocaine addiction is a complex brain disorder involving long-term alterations that lead
to loss of control over drug seeking. The transition from recreational use to pathological consumption is different in each individual, depending on the interaction between
environmental and genetic factors. Epigenetic mechanisms are ideal candidates to
study psychiatric disorders triggered by these interactions, maintaining persistent
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malfunctions in specific brain regions. Here we aim to study brain-region-specific epigenetic signatures following exposure to cocaine in a mouse model of addiction to
this drug. Extreme subpopulations of vulnerable and resilient phenotypes were
selected to identify miRNA signatures for differential vulnerability to cocaine addiction. We used an operant model of intravenous cocaine self-administration to evaluate addictive-like behaviour in rodents based on the Diagnostic and Statistical
Manual of Mental Disorders Fifth Edition criteria to diagnose substance use disorders. After cocaine self-administration, we performed miRNA profiling to compare
two extreme subpopulations of mice classified as resilient and vulnerable to cocaine
addiction. We found that mmu-miR-34b-5p was downregulated in the nucleus
accumbens of vulnerable mice with high motivation for cocaine. On the other hand,
mmu-miR-1249-3p was downregulated on vulnerable mice with high levels of motor
disinhibition. The elucidation of the epigenetic profile related to vulnerability to
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cocaine addiction is expected to help find novel biomarkers that could facilitate the
interventions to battle this devastating disorder.
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I N T RO DU CT I O N

by several miRNAs, creating a complex and dynamic system that
allows cells to fine-tune gene expression.17–19 In addition to the

Cocaine addiction results from a multistep process in which the ini-

canonical cytoplasmic function, increasing evidence suggests that

tial controlled recreational use leads to a compulsive need to seek

miRNAs located in the nucleus can regulate mRNA stability in the

and consume the drug accompanied by a loss of control over the

nucleolus and modulate alternative splicing, as well as activate or

amount of drug consumed and an emergence of a negative emo-

inhibit the transcription of target genes.20,21 MiRNAs are abundant

1,2

tional state when access to the drug is prevented.

This transition

in the central nervous system and play essential roles in neuronal

to addiction only occurs in a fraction of those individuals exposed

development, differentiation and survival.22–24 MiRNAs also play an

3

to the drug,

indicating a differential interindividual susceptibility

essential role in different processes related to addiction, such as

triggered by the interaction between a vulnerable phenotype or per-

reward, synaptic plasticity, learning, memory, withdrawal and

4

sonality defined by genetics and the environment. This complex

relapse.25,26 Moreover, animal studies have demonstrated that

interplay between genetics and environment suggests an essential

cocaine induces robust alterations in the expression of a wide

role of epigenetic mechanisms that remodel the brain circuitries

range of miRNAs in the brain.27 In rats, experimenter-administered

involved in motivational, emotional and behavioural control underly-

cocaine reduced the expression of miR-495 in the NAc,28 miR-124

5

ing addiction.

and let-7d in the dorsal striatum, and enhanced miR-181a expres-

Cocaine interacts with the mesolimbic pathway in the brain's

sion in the NAc, PFC and hippocampus.29 On the other hand,

reward system resulting in an enhancement of dopamine acting in

cocaine self-administration increased the expression of miR-212 in

the nucleus accumbens (NAc)-ventral tegmental area (VTA) path-

the dorsal striatum of rats with extended daily access to

6,7

way.

Cocaine inhibits dopamine reuptake in those projections and
8

cocaine.26,30,31 These findings point at miRNAs as potential biologi-

increases extracellular dopamine levels in the NAc. At the same

cal markers for cocaine addiction. However, previous studies have

time, the NAc receives glutamatergic projections from the medial

only reported the effects of contingent and non-contingent

prefrontal cortex (mPFC), an area implicated in the executive func-

cocaine administration on miRNA expression without considering

9

tions, producing a top-down control over drug seeking. Prolonged

the individual vulnerability to develop addiction. Only a minority of

drug intake induces neuroplastic adaptations in mesolimbic and cor-

individuals

tical networks prompting incentive saliency to the drug and, ulti-

there is an urgent need to understand the neurobiological

mately, behavioural inflexibility in vulnerable individuals, leading to

mechanisms underlying the individual vulnerability to develop this

10

compulsive drug consumption.

Understanding the neurobiological

exposed

to

drug

abuse

develop addiction,2

and

disease.

mechanisms that predispose some individuals to develop cocaine

We have investigated miRNA signatures of vulnerability and resil-

addiction is crucial to identify biomarkers and design efficient thera-

ience to cocaine addiction using an operant conditioning mouse model

peutic strategies to battle the disorder. Hence, preclinical addiction

of cocaine self-administration based on DSM-5 criteria. MiRNA profil-

models have been developed to evaluate this disease's behavioural

ing was used to compare two extreme subpopulations of mice classi-

hallmarks in rodents.11–13 In this study, we used a drug self-

fied as resilient and vulnerable to cocaine addiction, considering two

administration procedure to evaluate two addiction-like criteria that

criteria for cocaine addiction (persistence to response and motivation)

resemble those included in the Diagnostic and Statistical Manual of

and one phenotypic trait, motor disinhibition, considered as a risk fac-

Mental Disorders Fifth Edition (DSM-5), used to diagnose substance

tor for addiction.

use disorders in humans. MicroRNAs (miRNAs) have recently
emerged as potential epigenetic biomarkers based on their capacity
to be extracellularly secreted, reaching the systemic circulation.14–16

2

M A T E R I A L S A N D M ET H O D S

|

Thus, miRNAs may open new promising therapeutic tools based on
altering their expression.

2.1

|

Animals

MiRNAs are endogenous small non-coding RNAs (22 bp) that
act as post-transcriptional regulators of gene expression by binding

Male wild-type mice, JAX™ C57BL/6J (C57BL/6J), aged 8 weeks,

to target messenger RNAs (mRNAs) to inhibit translation or pro-

were purchased from Charles River (France) and were housed individ-

mote mRNA degradation. Each miRNA can regulate the expression

ually in temperature- and humidity-controlled laboratory conditions

of hundreds of different mRNAs, and each mRNA can be targeted

(21 ± 1 C, 55 ± 10%) maintained with food and water ad libitum.
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Mice were tested during the dark phase of a reverse light cycle (lights

2.3

|

Operant self-administration apparatus

off at 8:00 AM and on at 8:00 PM). Animal procedures were conducted in strict accordance with the guidelines of the European Com-

Mouse operant chambers (Model ENV-307A-CT; Med Associates Inc.,

munities Council Directive 2010/63/EU and approved by the local

Georgia, VT, USA) were equipped with two holes, one selected as the

 Animal-Parc de
ethical committee (Comitè Ètic d'Experimentacio

active hole and the other as the inactive hole. Pump noise and stimuli

Recerca Biomèdica de Barcelona, CEEA-PRBB, agreement N 9213). In

lights (cues), one located inside the active hole and the other above it,

agreement, maximal efforts were made to reduce the suffering and

were paired contingently with the delivery of the cocaine infusion. Cocaine

the number of mice used.

was infused in 23.5 μL over 2 s (0.5 mg/kg per injection, intravenously;
see supporting information Materials and Methods for more details).

2.2

|

Surgery and drugs
2.4

|

Experimental design

The surgery of the intravenous catheter implantation was performed
as previously detailed32 (see supporting information Materials and

Mice were trained in operant boxes during 2.15-h daily sessions to

Methods for more details).

self-administer cocaine (n = 72) or saline (n = 6). Each daily session

F I G U R E 1 Operant conditioning
model of cocaine self-administration
comparing inbred mice receiving cocaine
or saline. (A) Timeline of the experimental
sequence. (B) Number of infusions in
2.15-h session during five daily sessions
under fixed ratio (FR) 1 schedule of
reinforcement followed by five sessions
under FR3 schedule evaluating the
reinforcing effect of the received
substance (repeated measures ANOVA,
the interaction between sessions x drug,
##p < 0.01, the main effect of the drug,
***p < 0.001). (C) Number of active and
inactive nose pokes in 2-h session
(repeated measures ANOVA, interaction
between sessions x drug x nose poke,
@p < 0.05 in FR1 sessions, main effect of
drug ***p < 0.001 and nose-poke
&&&p < 0.001 in FR3 sessions). (D) Nonreinforced active nose pokes in a 15-min
drug-free period measuring the
persistence to respond when access to
the drug was signalled prevented.
(E) Non-reinforced active nose pokes in
10-s time-out periods evaluating the
motor disinhibition (repeated measures
ANOVA, the main effect of the drug,
**p < 0.01). Data were expressed as
mean ± S.E.M; n = 48 mice selfadministering cocaine, n = 6 mice selfadministering saline. Details of statistical
analysis can be found in Table S13
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began with 3 s of turning on the house light accompanied by a drug's

mbc.nctu.edu.tw/php/index.php)35 and predicted (miRSystem; http://

priming injection (see supporting information Materials and Methods

mirsystem.cgm.ntu.edu.tw/),36 and performed an analysis on Kyoto

for more details; Figure 1A).

Encyclopedia of Genes and Genomes (KEGG) Pathways using
WebGestalt 2019 (http://www.webgestalt.org/)37 considering all catalogued targets for each miRNA. Finally, we inspected whether those

2.5

|

Behavioural statistical analyses

target genes had previously been associated at a gene-based level to
related phenotypes in humans using genome-wide association studies

All behavioural statistical analyses were performed using Statistical
®

Package for Social Science program SPSS

25.0 (SPSS Inc, Chicago,

(GWAS) on (1) cocaine dependence38 and (2) impulsivity and risktaking phenotypes.39,40

USA). Repeated measures analysis of variance (ANOVA) considering
two or three factors were used to test the evolution of the number of
infusions in 2 h, the number of active and inactive nose pokes in 2 h,

3

|

RE SU LT S

non-reinforced active nose pokes in 15 min, and non-reinforced
active nose pokes during the time-outs (10 s) over the 10 selfadministration sessions. The session variable was used as a withinsubject factor, and the drug (cocaine or saline) and the nose-poke

3.1 | Establishment of cocaine addiction-like
behaviour in inbred mice exposed to a cocaine selfadministration paradigm

(active or inactive) variables were used as between-subject factors.
Two-way ANOVA and subsequent post-hoc analysis (Fisher's least

Mice were trained to self-administer cocaine (n = 72) or saline

significant difference) were used for multiple group comparison. The

(n = 6) in operant chambers during five continuous daily sessions

Kruskal-Wallis followed by U Mann-Whitney test for multiple group

under an FR1 schedule of reinforcement followed by five continu-

comparison was used when the sample population did not follow the

ous sessions under the FR3 schedule. Each daily session included

normal distribution analysed by the Shapiro-Wilk or Kolmogorov-

two 1-h “drug periods” in which active responses resulted in a

Smirnov normality tests. See supporting information Materials and

cocaine infusion paired contingently with a cue-light separated by a

Methods for more details. The observed power analysis was calcu-

15-min “drug-free period”, in which active responses were not

lated, and the criterion for significance (alpha) was set at 0.05. With

reinforced as signalled by the entire operant box illumination

the sample size of 16 mice (2–6 per group), our studies achieved a

(Figure 1A). Mice that were negative in the catheter's patency eval-

power between 70 and 100%, as obtained before. Supporting infor-

uation by thiopental sodium (n = 19) or did not achieve the acquisi-

mation tables (supporting information Tables S13–S16) provided a

tion criteria (n = 5) in the cocaine group were excluded from the

2

complete report of the statistical results for the data described in the

study, ending up with n = 48 for the cocaine group and n = 6 for

figures.

saline. Analysis of the operant conditioning by repeated measures
ANOVA revealed that mice receiving cocaine had an upward evolution during the FR1 period, progressively increasing the number of

2.6

|

RNA isolation and smallRNA sequencing

achieved infusions across sessions, whilst mice receiving saline
remain stable (the interaction between sessions x drug, p < 0.01,

Animals from the cocaine group were euthanised by decapitation, and

Figure 1B). Depending on the drug trained, a significant difference

total RNA with miRNAs was isolated from mPFC and NAc using the

was preserved in FR3 sessions, showing higher infusions in mice

AllPrep DNA/RNA/miRNA Universal Kit (Qiagen Düsseldorf, Germany)

trained with cocaine compared to mice trained with saline (main

according to the manufacturer's protocol and stored at 80 C. Small-

effect of the drug, p < 0.001, Figure 1B). These differences were

RNA sequencing (smallRNA-seq) was performed by the Centre de

replicated when the number of responses obtained in the 2-h active

 Genòmica (CRG, Barcelona, Spain). The analysis of smallRNARegulacio

periods were considered. Notably, both groups showed good dis-

seq data was carried out through the OASIS2 pipeline (http://oasis.

crimination between active and inactive nose pokes (interaction

dzne.de/).33 The differential expression analysis was done by DESeq2,34

between sessions x drug x nose poke, p < 0.05 in FR1 sessions; the

considering the two criteria for cocaine addiction (persistence to

main effect of drug and nose poke, p < 0.001 in FR3 sessions,

response and motivation) and one phenotypic trait considered as a risk

Figure 1C). During the 15-min drug-free periods, no significant dif-

factor to develop an addiction (motor disinhibition). Results were

ferences in the number of non-reinforced active nose pokes were

corrected for multiple testing using a 5% false discovery rate (FDR; see

revealed between the FR1 and FR3 periods (Figure 1D). Motor dis-

supporting information Materials and Methods for more details).

inhibition was evaluated considering the time-out periods, 10 s after
each cocaine infusion in which the cue-light was off, and no drug
was provided after responding on the active nose poke. Mice

2.7

|

Functional analysis of smallRNA-seq results

trained with cocaine showed enhanced active responses during the
time-out periods across the entire FR3 period, suggesting an

For each differentially expressed miRNA, we obtained a list of the

increased motor disinhibition due to the inability to stop the behav-

miRNAs target genes both validated (miRTarBase; http://mirtarbase.

iour once initiated (main effect of the drug, p < 0.01, Figure 1E).
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3.2 | Categorisation of two extreme
subpopulations of mice vulnerable or resilient to
cocaine addiction-like behaviour

with saline. As expected, the cocaine group was not homogeneous,
with animals displaying extreme values in both criteria. Accordingly,
only 16.7% (n = 8) of mice trained with cocaine were categorised as
vulnerable animals to develop cocaine addiction-like behaviour

Two addiction-like criteria were considered to categorise mice as vul-

(Figure 2D). Furthermore, mice trained with cocaine showed an

nerable or resilient to develop addiction-like behaviour towards

enhanced motor disinhibition compared to mice trained with saline

cocaine: (1) persistence to response and (2) motivation for cocaine.

(U Mann-Whitney, p < 0.01, Figure 2C), a phenotypic trait considered

Persistence to response was evaluated by the mean of non-reinforced

as a factor of vulnerability to addiction.

active responses performed during the drug-free period of the last
three self-administration sessions (8th, 9th, and 10th), and the motivation was tested by the breaking point achieved in the 4-h progressive
ratio session performed continuously in the 11th day of self-adminis-

3.3 | Brain miRNA profiling in mice vulnerable or
resilient to cocaine addiction-like behaviour

tration. Animals that achieved a score value equal to or above the
75th percentile of the cocaine group distribution were considered

To identify miRNAs associated with the vulnerability to develop

positive for each specific criterion. Reaching two criteria was neces-

cocaine addiction in mice, we analysed the miRNA expression profiles

sary to consider a mouse vulnerable to develop addiction-like behav-

in the NAc and mPFC, two areas critically engaged in rewarding and

iour, whilst mice that did not accomplish any of these criteria were

compulsive drug seeking,1 only in cocaine-experienced mice with a

classified as resilient. Mice trained with cocaine showed enhanced

similar number of cocaine infusions. First, we compared two selected

persistence to response (U Mann-Whitney, p = n.s, Figure 2A) and

extreme subpopulations, the eight mice categorised as vulnerable and

motivation (U Mann-Whitney, p < 0.01, Figure 2B) than mice trained

eight mice categorised as resilient (0 criteria), showing the lowest

F I G U R E 2 Evaluation of the two cocaine addiction-like criteria (persistence to response and motivation) used to categorise mice as
vulnerable or resilient and assess an addiction vulnerability phenotypic trait (motor disinhibition). (A) Persistence to response assessed by the nonreinforced active nose pokes during the 15-min drug-free periods of the three last consecutive sessions (U Mann-Whitney, n.s). (B) The
motivation was evaluated by the breaking point achieved in the 4-h progressive ratio test (U Mann-Whitney, **p < 0.01). (C) The non-reinforced
active nose pokes assessed motor disinhibition during the 10-s time out period of the three last consecutive sessions (U Mann-Whitney,
**p < 0.01). (D) Percentage of mice treated with cocaine or saline classified as vulnerable or resilient to develop cocaine addiction. The dashed
horizontal line indicated the 75th percentile of the distribution of cocaine mice, and it is used as the threshold to consider a mouse positive for
one criterion. Vulnerable mice in blue-filled circles for mice receiving cocaine. Data were expressed as individual values with median and
interquartile range; n = 48 mice self-administering cocaine, n = 6 mice self-administering saline. Details of statistical analysis can be found in
Table S14
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values in each criterion. These subgroups showed significant differ-

Considering that vulnerability to addiction could be plural due to sev-

ences in persistence and motivation to seek the drug and motor disin-

eral subpopulations within the addict group,41 we examined our vul-

hibition (t test, p < 0.001; t test, p < 0.001 and U Mann-Whitney,

nerable subpopulation in more detail. The cluster analysis by the

p < 00.1, Figure S1a–c). In contrast, non-significant differences were

Ward method revealed that this group could be divided into two sta-

observed in the mean number of cocaine infusions suggesting that

tistically different main clusters in each cocaine addiction-like criteria

any transcriptomic change identified would be related to the addiction

and motor disinhibition phenotypic trait (Figure S1e–g). Interestingly,

phenotype and not to differential exposure to cocaine (Figure S1d).

the vulnerable high motivated and vulnerable high persistent mice or

When comparing these vulnerable and resilient mice, we could not

vulnerable high motor disinhibited were different (Figure S1a–c), and

identify any miRNA differentially expressed in the NAc or mPFC that

only one mouse overlapped in the three groups. The behavioural phe-

overcomes 5% FDR correction (Figure 3 and Tables S1 and S2).

notype of the cluster of high persistence, high motivation and high

F I G U R E 3 smallRNAseq volcano
plots. Volcano plots show changes in
miRNA expression (log2 fold change)
and significance level (log10(p value).
(A and B) In the vulnerability to
addiction, comparisons between
resilient and vulnerable mice in (A) NAc
and (B) mPFC. (C and D) Motor
disinhibition, high motor disinhibited
vulnerable mice in (C) NAc and
(D) mPFC. (E and F) Motivation, high
motivated vulnerable mice in (E) NAc
and (F) mPFC. (G and H) Persistence to
response, high persistent vulnerable
mice in (G) NAc and (H) mPFC. In green,
genes that overcome the p value
threshold for the statistical significance
based on 5% FDR (1e-04), and genes
that overcome the threshold of
differential expression (log2FC > j0.2j).
In red, genes that overcome both
thresholds
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motor disinhibition showed statistically higher values than the other

miRNAs analysed, two miRNAs were differentially expressed, consid-

clusters of vulnerable or resilient mice, as revealed by two-way

ering the 5% FDR correction. Mmu-miR-34b-5p was downregulated

ANOVA or Kruskal-Wallis (p < 0.01, Figure 4A–C and Table S15). The

in vulnerable animals with high motivation (Wald test, padj = 0.03;

analysis of smallRNA-seq in the NAc revealed that among 431 mature

FC = 1.68; Figure 4D and Table S3), and mmu-miR-1249-3p was

F I G U R E 4 Identification of miRNAs expressed in the NAc involved in the transition to cocaine addiction. (A–C) Behavioural data of mice
selected for smallRNA-seq comparing resilient with vulnerable mice displaying low or high values in each addiction-like behaviour. (A) In the
addiction-like criterion of persistence to response increased number of non-reinforced active nose pokes was observed in animals of the
vulnerable group with high persistence compared to the rest of the groups (two-way ANOVA, group x cluster effect, p < 0.01). (B) In the
motivation increased breaking point was observed in animals of the vulnerable group with high motivation (Kruskal-Wallis, group effect,
p < 0.001). (C) In the phenotypic trait of motor disinhibition increased non-reinforced active nose pokes was observed in animals of the
vulnerable group with high motor disinhibition compared to the rest of the groups (Kruskal-Wallis, group effect, p < 0.001). (D) Mmu-miR-34b-5p
expression was downregulated in vulnerable mice with high motivation scores compared with resilient mice (Kruskal-Wallis, group effect,
p < 0.05). Complete results of smallRNA-seq can be found in Table S3. (E) Mmu-miR-1249-3p expression was downregulated in vulnerable mice
with high motor disinhibition scores compared with resilient mice (U Mann-Whitney, p < 0.01). Complete results of smallRNA-seq can be found in
Table S4. Post-hoc Fisher LSD tests or U Mann-Whitney, * p < 0.05, ** p < 0.01, *** p < 0.001 vulnerable high vs. resilient low; $ p < 0.05, $$$
p < 0.001, vulnerable high vs. resilient high; # p < 0.05, ### p < 0.001 vulnerable high vs. vulnerable low; &&& p < 0.001 vulnerable low vs.
resilient low; aa p < 0.01 vulnerable low vs. resilient low; @@@ p < 0.001, @ p < 0.05 resilient high vs. resilient low. Data were expressed as
individual values with median and interquartile range. Details of statistical analysis can be found in Table S15
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downregulated in vulnerable mice with high motor disinhibition scores

motor disinhibition or low persistence, supporting that the down-

compared to all resilient mice (Wald test, padj = 2.6E-05; FC = 1.54;

regulation of mmu-miR-34b-5p and mmu-miR-1249-3p was specific

Figure 4E and Table S4). We could not identify any differentially

to animals of the cluster of high motivation and high motor disinhibi-

expressed miRNA overcoming FDR correction related to high persis-

tion (Figure 4A–E).

tence of response, probably related to the limited sample size of this

In addition, we performed smallRNA-seq analyses to compare the

group (n = 3, Table S5). Furthermore, we performed the cluster analy-

extreme subpopulations of resilient mice low motivated/persistent/

sis in the resilient group, and we obtained that this group could also

motor disinhibited versus vulnerable mice high motivated/persistent/

be divided into two different main clusters in each cocaine addiction-

motor disinhibited. We found that mmu-miR-34b-5p and mmu-miR-

like criteria and motor disinhibition phenotypic trait with one mouse

1249-3p previously associated with high motivated and high motor

overlapped in the three groups (Figure S1h–j). Thus, next, we com-

disinhibited mice, respectively, remained associated, and the first one

pared the behavioural phenotype of four groups by two-way ANOVA

overcame significant after multiple testing corrections despite the

or Kruskal-Wallis depending on the Shapiro-Wilk normality test. The

reduced sample size. Finally, considering that the behavioural pheno-

behavioural phenotype of the cluster of low persistence, low motiva-

type obtained in motivation and persistence to response showed a

tion and low motor disinhibition showed statistically lower values than

continuous pattern among the four subgroups, we also performed a

the other clusters of vulnerable or resilient mice, as revealed by two-

wider analysis to identify miRNAs whose expression could correlate

way ANOVA or Kruskal-Wallis (p < 0.01, Figure 4A–C and Table S15).

with them. We could not identify any miRNA that overcame multiple

In subsequent analysis, we did not identify any miRNA differentially

testing corrections. However, as previously described, mmu-miR-34b-

expressed in the vulnerable or resilient mice with low motivation, low

5p was the miRNA that showed the most significant association with

F I G U R E 5 Summary of the differentially expressed miRNA identified and analysis of their target genes. (A) Results of smallRNAseq on the
nucleus accumbens comparing addicted animals with high scores on the addiction criteria and controls. (B) Selection of over-represented KEGG
(Kyoto encyclopedia of genes and genomes) pathways among the mmu-miR-34b-3p target genes. The number of miRNAs target genes included
in each category is indicated on the right side of the bar. The complete result of this analysis can be found in Table S11. Chr: Chromosome; FC:
Fold-change; Adj. p value: Adjusted p value by 5% false discovery rate
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motivation (Figure S2a). In addition, we found two miRNAs that

4

|

DI SCU SSION

showed a high negative correlation with both traits, mmu-miR-532-3p
and mmu-miR-700-3p (Figure S2b–e).

In the present work, we identified an epigenetic signature involved

Regarding mPFC, we could not identify any differentially

in the vulnerability to develop cocaine addiction in mice. Specifically,

expressed miRNA that overcomes FDR corrections in any comparison;

we revealed two miRNAs, mmu-miR-34b-5p and 1249-3p, down-

however, several miRNAs showed nominal associations (Tables S6–8).

regulated in the NAc in extreme subpopulations of vulnerable or
resilient animals to cocaine addiction-like behaviour. We used an
operant conditioning model of cocaine self-administration to differ-

3.4

|

Analysis of miRNA targets

entiate mice vulnerable to developing an addiction from resilient
ones. This categorisation was performed by considering the individ-

We obtained a list of predicted and validated miRNA target genes for

ual score obtained in two addiction criteria based on DSM-5, which

each differentially expressed miRNA and performed functional group

was successfully applied in previous models developed in rats11,42

enrichment. We identified 350 validated and 376 predicted target

and mice.43–45 Indeed, we mimicked two hallmarks of substance use

genes for mmu-miR-34b-5p (578 unique target genes in total), associ-

disorders in humans, the difficulty of stopping drug use measured by

ated with high motivation for cocaine (Tables S9 and S10). Consider-

perseverant drug seeking during a period signalled by the non-

ing all of them, we found enrichment on several KEGG pathways

availability of cocaine and the high motivation for the drug measured

relevant for the addictive process, including cocaine addiction, dopa-

by the maximal effort exerted to obtain a single drug infusion in a

minergic synapse, axon guidance and MAPK signaling pathway

progressive ratio test. We used an inbred strain of mice to control

(Figures 5 and 6 and Table S11). Furthermore, 42 of these genes were

the genetic factors, thus focussing on epigenetic mechanisms caused

found nominally associated with cocaine dependence in humans,38

by the interaction between genetic factors and environmental

and TAB2 overcomes the Bonferroni correction for multiple testing in

experiences.46

our study (p = 0.05/578 target genes = 8.6E-05; Tables S9 and S10).

The cocaine group showed higher scores in persistence to

We only found five validated target genes for mmu-miR-1249-3p,

response and motivation than the saline group. However, high vari-

associated with motor disinhibition in the group of vulnerable mice

ability within the cocaine group was revealed, and only some cocaine-

(Tables S12). As expected, given the small number of genes, we could

exposed mice (16.7%) reached the two addiction criteria and were

not find enrichment in any KEGG pathway. However, several of these

consequently categorised as animals vulnerable to developing the dis-

genes were found previously associated with impulsive behaviour in

ease. This percentage was similar to the number of animals considered

humans in a GWAS: UGGT2 was associated with attentional impulsiv-

addicted in the outbred strain of rats and mice after a long cocaine

ity and TNFSF1 with drug experimentation (Table S12).40,41 In addi-

self-administration

tion, UGGT2 and AUTS2 were previously associated with risk

addictive-like behaviours at early stages could inform the vulnerability

tolerance, a trait also related to impulsive behaviours.39

to develop the disorder. This was also supported by human data

protocol,11,13

possibly

indicating

that

the

F I G U R E 6 Cocaine addiction pathway enriched in mmu-miR-34b-5p target genes. In this pathway, 6 out of 48 genes are mmu-miR-34b-5p
predicted or validated target genes, in purple (praw = 3.4e-03; pajd = 0.04). Adapted from KEGG (Kyoto encyclopedia of genes and genomes)
pathways (mmu0503). VTA: ventral tegmental area; NAc: nucleus accumbens
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showing that the estimated risk of developing cocaine dependence

neurite outgrowth and spinal morphology,59–61 and seems to induce

after the initial cocaine use in the first 12–24 months is 16%.47,48

the differentiation of dopaminergic neurons.62

The operant conditioning model also examines other phenotypic

Interestingly, we found that miR-34b-5p target genes were

traits related to addiction-like behaviour, such as impulsivity consid-

enriched in several crucial pathways related to the addictive process,

ered as motor disinhibition.49 Impulsivity is a complex construct that

such as the cocaine addiction pathway and dopaminergic synapse

involves two components: motor impulsivity and choice impulsivity.50

(Figures 5 and 6 and Table S11). Dopaminergic neurons that project

We have recorded the non-reinforced active responses in the time-

from the VTA to the NAc and other forebrain regions play an essential

out periods to assess the motor impulsivity defined as a motor disinhi-

role in reinforcement for both natural rewards and addictive drugs.63

51

bition.

Mice receiving cocaine displayed higher motor disinhibition

Cocaine blocks the dopaminergic transporter, responsible for the

than mice receiving saline, and cocaine-exposed mice classified as vul-

dopamine reuptake in the dopaminergic neurons. This effect increases

nerable were more impulsive than resilient mice. In accordance, it has

the extracellular concentrations of dopamine that produce the charac-

been shown that a high motor disinhibition trait in the rat predicted

teristic cocaine “high”. Through the dopamine D1 receptor, dopamine

the transition to compulsive drug intake.52,53 Consistent with these

activates the cAMP-PKA signalling pathway in the NAc, which phos-

preclinical data, cocaine users show more significant impulsive behav-

phorylates CREB and induces the expression of immediate-early

Thus, the impulsivity personality trait has

genes (e.g., Bdnf, ΔFosB and Jun) that mediate several behavioural

been strongly associated with cocaine addiction, and finding epige-

responses to cocaine (Figure 6).64 Repeated cocaine use induces

netic marks underlying this phenotypic trait could provide potential

neuroadaptations that underlie craving and hedonic dysregulation.

biomarkers and/or therapeutic targets for cocaine addiction.

miR-34b-5p seems to regulate several genes from these pathways

54–56

iour than non-users.

MiRNA profiling was performed after cocaine self-administration

(like Bdnf, Creb1 and Prkacb, among others), suggesting an essential

to compare the two extreme subpopulations of mice classified as resil-

role in controlling addiction vulnerability. Interestingly, this miRNA

ient and vulnerable to cocaine addiction. The number of cocaine infu-

has previously been related to psychiatric disorders that are highly

sions received by animals of both groups was equivalent. Thus, the

comorbid with drug addiction in humans, such as attention-deficit/

differential miRNA expression found between groups was not due to

hyperactivity disorder, depression and anxiety.65–68

a differential pharmacological effect of cocaine and was therefore

On the other hand, mmu-miR-1249-3p was downregulated in the

related to the different behavioural phenotypes of both groups.

most motor disinhibited vulnerable mice. We found five validated tar-

Indeed, it is already known that passive cocaine administration in the

get genes of this miRNA: Auts2, Foxl1, Tnfsf10, Uggt2 and Zfp941.

NAc of mice induces changes in the expression levels of several

Some of them have been associated at the gene level with humans'

miRNAs compared with saline-injected mice revealing an intrinsic

impulsivity traits (Tables S9 and S10).40 TNFSF1 (tumor necrosis factor

cocaine pharmacological effect that has been discarded considering

ligand superfamily member 10) was associated with drug experimen-

the experimental conditions chosen in our study.57 Indeed, the puta-

tation, a scale that quantifies the number of 11 different classes of

tive expression changes observed when comparing the saline group

drugs an individual has tried in the lifetime. Drug experimentation is a

versus cocaine mice could be driven by the direct pharmacological

necessary step for drug abuse and constitutes one of the first stages

effect of cocaine in the brain and not necessarily by the molecular

at which an individual's genotype can influence the risk of developing

adaptations that underlie resilience or vulnerability. Differentially

addiction. UGGT2 (UDP-glucose glycoprotein glucosyltransferase 2)

expressed miRNAs were not identified in the first global comparison

was associated with attentional impulsivity from BIS-11 (Barrat impul-

between mice resilient and vulnerable to cocaine addiction. Consider-

siveness scale), defined as the inability to concentrate or focus atten-

ing that several subpopulations should exist within the drug-addicts

tion. Furthermore, this gene and AUTS2 (activator of transcription and

group, a cluster analysis was performed. We found that the vulnerable

developmental regulator) were previously associated with risk toler-

subpopulation could be divided into two main clusters, statistically dif-

ance, defined as the willingness to take risks to obtain some reward,

ferent, considering each cocaine addiction-like criteria (high persis-

highly related to impulsive behaviours.39 Interestingly, the AUTS2

tence to response and high motivation) and motor disinhibition

gene was upregulated postmortem in NAc of male human cocaine

phenotypic trait. Thus, we compared the resilient mice with the differ-

addicts69 and downregulated in lymphoblastoid cell lines in heroin-

ent subpopulations of vulnerable mice. This allows us to identify

dependent individuals.70 Several studies have demonstrated that a

miRNAs specifically involved in vulnerability subphenotypes contra-

particular single-nucleotide polymorphism (SNP) (rs6943555) in this

sting more homogeneous subgroups of vulnerable mice with the resil-

gene

ient ones. However, we have reduced sample size in these subgroups

dependence.71–73

might

increase

susceptibility

to

heroin

and

alcohol

that could impact our ability to consider the differential miRNAs

Our work demonstrated that the analysis of extreme subpopula-

detected as potential biomarkers of addiction. So further studies

tions and vulnerable or resilient mice to develop cocaine addiction

would be needed to confirm our results. We first found that mmu-

allows identifying relevant miRNA for these phenotypes. Interestingly,

miR-34b-5p was downregulated in the NAc of vulnerable mice with

after clustering vulnerable individuals based on different phenotype

high motivation for cocaine. This miRNA is a member of the miR-

criteria, significant differential signatures of miRNA expression

34/449 family, highly conserved in mammalian,58 that participates in

emerged that might be associated with vulnerability to addiction.

several neuronal developmental processes like neuron differentiation,

Thus, the model allowed the detection of epigenetic marks that could
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predict the vulnerability to addiction and may guide future research

DATA AVAILABILITY STAT EMEN T

on therapeutical targets for these vulnerable phenotypes.

The data supporting this study's findings are available from the
corresponding author upon reasonable request.

FUNDING AND DISCLOSURES

OR CID
Laura Domingo-Rodriguez

https://orcid.org/0000-0003-3286-6696

This work was supported by the Spanish “Ministerio de Economía y

Judit Cabana-Domínguez

https://orcid.org/0000-0002-4732-7284

Competitividad-MINECO” (#SAF2017-84060-R-AEI/FEDER-UE), the

Noèlia Fernàndez-Castillo

https://orcid.org/0000-0001-9948-0312

Spanish

“Instituto

de

Salud

Carlos

III,

RETICS-RTA”

Bru Cormand

https://orcid.org/0000-0001-5318-4382

(#RD12/0028/0023), the “Generalitat de Catalunya, AGAUR”

Elena Martín-García

(#2017 SGR-669), “ICREA-Acadèmia” (#2015) and the Spanish

Rafael Maldonado

https://orcid.org/0000-0002-4487-3028
https://orcid.org/0000-0002-4359-8773

“Ministerio de Sanidad, Servicios Sociales e Igualdad”, “Plan
Nacional Sobre Drogas of the Spanish Ministry of Health” (#PNSD-

RE FE RE NCE S

 La Marato
-TV3” (#2016/20-30), “Plan
2017I068) to RM; “Fundacio

1. Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry
analysis. Lancet Psychiatry. 2016;3(8):760-773. doi:10.1016/S22150366(16)00104-8
2. Piazza PV, Deroche-Gamonet V. A multistep general theory of transition to addiction. Psychopharmacology (Berl). 2013;229:387-413. doi:
10.1007/s00213-013-3224-4
 rez-Salamanca L, Secades-Villa R, Hasin DS, et al. Probability and
3. Flo
predictors of transition from abuse to dependence on alcohol, cannabis, and cocaine: results from the national epidemiologic survey on
alcohol and related conditions. Am J Drug Alcohol Abuse. 2013;39:
168-179. doi:10.3109/00952990.2013.772618
4. Nestler EJ, Lüscher C. The molecular basis of drug addiction: linking
epigenetic to synaptic and circuit mechanisms. Neuron. 2019;102:
48-59. doi:10.1016/j.neuron.2019.01.016
5. Nestler EJ. Epigenetic mechanisms of drug addiction. Neuropharmacology. 2014;76:259-268. doi:10.1016/j.neuropharm.2013.04.004
6. Di Chiara G, Imperato A. Drugs abused by humans preferentially
increase synaptic dopamine concentrations in the mesolimbic system
of freely moving rats. Proc Natl Acad Sci U S a. 1988;85(14):
5274-5278. doi:10.1073/pnas.85.14.5274
7. Volkow ND, Wise RA, Baler R. The dopamine motive system: implications for drug and food addiction. Nat Rev Neurosci. 2017;18(12):
741-752. doi:10.1038/nrn.2017.130
8. Kahlig KM, Galli A. Regulation of dopamine transporter function and
plasma membrane expression by dopamine, amphetamine, and
cocaine. Eur J Pharmacol. 2003;479(1–3):153-158. doi:10.1016/j.
ejphar.2003.08.065
9. Jasinska AJ, Chen BT, Bonci A, Stein EA. Dorsal medial prefrontal cortex (MPFC) circuitry in rodent models of cocaine use: implications for
drug addiction therapies. Addict Biol. 2015;20:215-226. doi:10.1111/
adb.12132
10. Golden SA, Russo SJ. Mechanisms of psychostimulant-induced structural plasticity. Cold Spring Harb Perspect Med. 2012;2:a011957. doi:
10.1101/cshperspect.a011957
11. Deroche-Gamonet V, Belin D, Piazza PV. Evidence for addiction-like
behavior in the rat. Science. 2004;305(5686):1014-1017. doi:10.
1126/science.1099020
12. Martin-Garcia E, Courtin J, Renault P, et al. Frequency of cocaine
self-administration influences drug seeking in the rat: optogenetic
evidence for a role of the prelimbic cortex. Neuropsychopharmacology.
2014;39(10):2317-2330. doi:10.1038/npp.2014.66
13. Bock R, Shin JH, Kaplan AR, et al. Strengthening the accumbal indirect pathway promotes resilience to compulsive cocaine use. Nat
Neurosci. 2013;16(5):632-638. doi:10.1038/nn.3369
14. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
MicroRNAs are transported in plasma and delivered to recipient cells
by high-density lipoproteins. Nat Cell Biol. 2011;13:423-433. doi:10.
1038/ncb2210

Nacional Sobre Drogas of the Spanish Ministry of Health” (#PNSD2019I006) and

NEURON-ERA-NET: MCIN/AEI/UE - PCI2021-

n y
122073-2A to E.M-G.; Spanish “Ministerio de Ciencia, Innovacio
Universidades” (#RTI2018–100968-B-100), Spanish “Ministerio de
 n (#PID2021-1277760B-100), “AGAUR-GenCiencia e Innovacio
eralitat de Catalunya” (#2017-SGR-738), “Plan Nacional Sobre
Drogas of the Spanish Ministry of Health” (#PNSD-2017I050) and
ICREA Acadèmia 2021 to BC and “Plan Nacional Sobre Drogas of
the Spanish Ministry of Health” (#PNSD-2020I042) to N.F-C. The
research leading to these results was also supported by the
European Union H2020 Program [H2020/2014–2020] under grant
agreements no 667302 (CoCA) and 728018 (Eat2beNICE) and by
the “ECNP network on ADHD across the lifespan” to BC. JC-D was
supported by the H2020 CoCA and Eat2beNICE projects and NF-C
n Biomédica en Red de Enfermedades
by “Centro de Investigacio
Raras” (CIBERER).
ACKNOWLEDGEMEN TS
We are grateful to the Genomics Unit at the CRG for assistance with
the smallRNA-seq analysis. We thank M. Linares, R. Martín, D. Real
 n for their technical support. Figures with drawings are
and F. Porro
created with BioRender.com.
CONF LICT OF IN TE RE ST
The authors have no conflicts of interest to declare.
AUTHORS C ON TRIBUTIONS
E.M.-G., L.D.-R. and R.M. conceived and designed the behavioural
studies with input from J.C.-D, B.C. and N. F.-C; E.M.-G. performed
the surgery for i.v. catheterisation and the operant conditioning
maintained by cocaine; L.D.-R. performed the behavioural graphs and
statistical analyses with the supervision of E.M.-G. and R.M; J.C.-D.
performed the RNA extractions, smallRNA sequencing and bioinformatics, and statistical analyses supervised by B.C. and N.F.-C.; E.M.-G.
performed the KEEG pathway picture; L.D.-R., J.C.-D. and E.M.-G.
wrote the manuscript and prepared the figures and tables, and N.F.C.,
R.M. and B.C. provided a critical review of the manuscript with all the
other authors' inputs.

12 of 13

15. Groot M, Lee H. Sorting mechanisms for MicroRNAs into extracellular
vesicles and their associated diseases. Cell. 2020;(4):3-16. doi:10.
3390/cells9041044
16. Upadhya R, Zingg W, Shetty S, Shetty AK. Astrocyte-derived extracellular vesicles: neuroreparative properties and role in the pathogenesis
of neurodegenerative disorders. J Control Release. 2020;323:225-239.
doi:10.1016/j.jconrel.2020.04.017
17. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat
Rev Mol Cell Biol. 2009;10:126-139. doi:10.1038/nrm2632
18. Afonso-Grunz F, Müller S. Principles of miRNA–mRNA interactions:
beyond sequence complementarity. Cell Mol Life Sci. 2015;72(16):
3127-3141. doi:10.1007/s00018-015-1922-2
19. Gulyaeva LF, Kushlinskiy NE. Regulatory mechanisms of microRNA
expression. J Transl Med. 2016;14:2-10. doi:10.1186/s12967-0160893-x
20. OBrien J, Hayder H, Zayed Y, Peng C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front Endocrinol
(Lausanne). 2018;9:402. doi:10.3389/fendo.2018.00402
21. Catalanotto C, Cogoni C, Zardo G. MicroRNA in control of gene
expression: an overview of nuclear functions. Int J Mol Sci. 2016;
17(10):1712. doi:10.3390/ijms17101712
22. Nampoothiri SS, Rajanikant GK. Decoding the ubiquitous role of
microRNAs in neurogenesis. Mol Neurobiol. 2016;2016(3):2003-2011.
doi:10.1007/s12035-016-9797-2
23. Kolshus E, Dalton VS, Ryan KM, McLoughlin DM. When less is
more—microRNAs and psychiatric disorders. Acta Psychiatr Scand.
2013;129(4):241-256. doi:10.1111/acps.12191
24. Prodromidou K, Matsas R. Species-specific miRNAs in human brain
development and disease. Front Cell Neurosci. 2019;13:559. doi:10.
3389/fncel.2019.00559
25. Doura MB, Unterwald EM. MicroRNAs modulate Interactions
between Stress and risk for cocaine addiction. Front Cell Neurosci.
2016;10:125. doi:10.3389/fncel.2016.00125
26. Smith ACW, Kenny PJ. MicroRNAs regulate synaptic plasticity underlying drug addiction. Genes Brain Behav. 2018;17:1-11.
27. Jonkman S, Kenny PJ. Molecular, cellular, and structural
mechanisms of cocaine addiction: a key role for microRNAs.
Neuropsychopharmacology.
2013;38:198-211.
doi:10.1038/npp.
2012.120
28. Bastle RM, Oliver RJ, Gardiner AS, et al. In silico identification and
in vivo validation of miR-495 as a novel regulator of motivation for
cocaine that targets multiple addiction-related networks in the
nucleus accumbens. Mol Psychiatry. 2018;23:434-443. doi:10.1038/
mp.2016.238
29. Chandrasekar V, Dreyer JL. microRNAs miR-124, let-7d and miR181a regulate cocaine-induced plasticity. Mol Cell Neurosci. 2009;42:
350-362. doi:10.1016/j.mcn.2009.08.009
30. Im H-I, Hollander JA, Bali P, Kenny PJ. MeCP2 controls BDNF expression and cocaine intake through homeostatic interactions with
microRNA-212. Nat Neurosci. 2010;13(9):1120-1127. doi:10.1038/
nn.2615
31. Hollander JA, Im H-I, Amelio AL, et al. Striatal microRNA controls
cocaine intake through CREB signalling. Nature. 2010;466(7303):
197-202. doi:10.1038/nature09202
32. Fiancette JF, Balado E, Piazza PV, Deroche-Gamonet V. Mifepristone
and spironolactone differently alter cocaine intravenous selfadministration and cocaine-induced locomotion in C57BL/6J mice.
Addict Biol. 2010;15(1):81-87. doi:10.1111/j.1369-1600.2009.
00178.x
33. Rahman R-U, Gautam A, Bethune J, et al. Oasis 2: improved online
analysis of small RNA-seq data. BMC Bioinformatics. 2018;19(1):54.
doi:10.1186/s12859-018-2047-z
34. Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;
15(12):550. doi:10.1186/s13059-014-0550-8

DOMINGO-RODRIGUEZ ET AL.

35. Chou C-H, Shrestha S, Yang C-D, et al. miRTarBase update 2018: a
resource for experimentally validated microRNA-target interactions.
Nucleic Acids Res. 2018;46(D1):D296-D302. doi:10.1093/nar/
gkx1067
36. Lu T-P, Lee C-Y, Tsai M-H, et al. miRSystem: an integrated system
for characterizing enriched functions and pathways of MicroRNA
targets. PLoS ONE. 2012;7(8):e42390. doi:10.1371/journal.pone.
0042390
37. Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B. WebGestalt 2019: gene
set analysis toolkit with revamped UIs and APIs. Nucleic Acids Res.
2019;47(W1):W199-W205. doi:10.1093/nar/gkz401
38. Cabana-Domínguez J, Shivalikanjli A, Fernàndez-Castillo N,
Cormand B. Genome-wide association meta-analysis of cocaine
dependence: shared genetics with comorbid conditions. Prog NeuroPsychopharmacol Biol Psych. 2019;94:109667. doi:10.1016/j.pnpbp.
2019.109667
39. Karlsson Linnér R, Biroli P, Kong E, et al. Genome-wide association
analyses of risk tolerance and risky behaviors in over 1 million individuals identify hundreds of loci and shared genetic influences. Nat
Genet. 2019;51(2):245-257. doi:10.1038/s41588-018-0309-3
40. Sanchez-Roige S, Fontanillas P, Elson SL, et al. Genome-wide association studies of impulsive personality traits (BIS-11 and UPPS-P) and
drug experimentation in up to 22,861 adult research participants
identify loci in the CACNA1I and CADM2 genes. J Neurosci. 2019;
39(13):2562-2572. doi:10.1523/JNEUROSCI.2662-18.2019
41. Patton JH, Stanford MS, Barratt ES. Factor structure of the barratt
impulsiveness scale. J Clin Psychol. 1995;51(6):768-774.
42. Kasanetz F, Deroche-Gamonet V, Berson N, et al. Transition to addiction is associated with a persistent impairment in synaptic plasticity.
Science. 2010;328(5986):1709-1712. doi:10.1126/science.1187801
43. Domingo-Rodriguez L, Ruiz de Azua I, Dominguez E, et al. A specific
prelimbic-nucleus accumbens pathway controls resilience versus vulnerability to food addiction. Nat Commun. 2020;11:1-16. doi:10.
1038/s41467-020-14458-y
44. Martín-García E, Bourgoin L, Cathala A, et al. Differential control of
cocaine self-administration by GABAergic and glutamatergic CB1
cannabinoid receptors. Neuropsychopharmacology. 2015;41(9):1-14.
doi:10.1038/npp.2015.351
45. Mancino S, Burokas A, Gutierrez-Cuesta J, et al. Epigenetic and proteomic expression changes promoted by eating addictive-like behavior.
Neuropsychopharmacology. 2015;40(12):10-2800. doi:10.1038/npp.
2015.129
46. Pierce RC, Fant B, Swinford-Jackson SE, Heller EA, Berrettini WH,
Wimmer ME. Environmental, genetic and epigenetic contributions to
cocaine addiction. Neuropsychopharmacology. 2018;43(7):1471-1480.
doi:10.1038/s41386-018-0008-x
47. Wagner FA, Anthony JC. From first drug use to drug dependence:
developmental periods of risk for dependence upon marijuana,
cocaine, and alcohol. Neuropsychopharmacology. 2002;26:479-488.
doi:10.1016/S0893-133X(01)00367-0
48. Reboussin BA, Anthony JC. Is there epidemiological evidence to support the idea that a cocaine dependence syndrome emerges soon after
onset of cocaine use? Neuropsychopharmacology. 2006;31:2055-2064.
49. Maldonado R, Calve P, García-Blanco A, Domingo-Rodríguez L,
Senabre E, Martín-García E. Vulnerability to addiction. Neuropharmacology. 2020;186:108466. doi:10.1016/j.neuropharm.2021.108466
50. Belcher AM, Volkow ND, Moeller FG, Ferré S. Personality traits and
vulnerability or resilience to substance use disorders. Trends Cogn Sci.
2014;18(4):211-217. doi:10.1016/j.tics.2014.01.010
51. Dalley JW, Everitt BJ, Robbins TW. Impulsivity, compulsivity, and
top-down cognitive control. Neuron. 2011;69(4):680-694. doi:10.
1016/j.neuron.2011.01.020
52. Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ. High impulsivity
predicts the switch to compulsive cocaine-taking. Science. 2008;
320(5881):1352-1355. doi:10.1126/science.1158136

13 of 13

DOMINGO-RODRIGUEZ ET AL.

53. Belin D, Deroche-Gamonet V. Responses to novelty and vulnerability
to cocaine addiction: contribution of a multi-symptomatic animal
model. Cold Spring Harb Perspect Med. 2012;2(11):a011940. doi:10.
1101/cshperspect.a011940
54. Weafer J, Mitchell SH, de Wit H. Recent translational findings on
impulsivity in relation to drug abuse. Curr Addict Rep. 2014;1(4):289300. doi:10.1007/s40429-014-0035-6
55. Poulton A, Hester R. Transition to substance use disorders: impulsivity for reward and learning from reward. Soc Cogn Affect Neurosci.
2019;15:1-10. doi:10.1093/scan/nsz077
56. Koob
GF,
Volkow
ND.
Neurocircuitry
of
addiction.
Neuropsychopharmacology. 2010;35(1):217-238. doi:10.1038/npp.
2009.110
57. Forget B, Garcia EM, Godino A, et al. Cell-type- and region-specific
modulation of cocaine seeking by micro-RNA-1 in striatal projection
neurons. Mol Psychiatry. 2022;27(2):918-928. doi:10.1038/s41380021-01328-2
58. Lv J, Zhang Z, Pan L, Zhang Y. MicroRNA-34/449 family and viral infections. Virus Res. 2019;260:1-6. doi:10.1016/j.virusres.2018.11.001
59. Wu J, Bao J, Kim M, et al. Two miRNA clusters, miR-34b/c and miR449, are essential for normal brain development, motile ciliogenesis,
and spermatogenesis. Proc Natl Acad Sci U S a. 2014;(28):111. doi:10.
1073/pnas.1407777111
60. Agostini M, Tucci P, Killick R, et al. Neuronal differentiation by TAp73
is mediated by microRNA-34a regulation of synaptic protein targets.
Proc Natl Acad Sci U S a. 2011;108(52):21093-21098. doi:10.1073/
pnas.1112061109
61. Agostini M, Tucci P, Steinert JR, et al. microRNA-34a regulates neurite outgrowth, spinal morphology, and function. Proc Natl Acad Sci U
S a. 2011;108(52):21099-21104. doi:10.1073/pnas.1112063108
62. De Gregorio R, Pulcrano S, De Sanctis C, et al. miR-34b/c regulates wnt1
and enhances mesencephalic dopaminergic neuron differentiation. Stem
Cell Reports. 2018;10(4):1237-1250. doi:10.1016/j.stemcr.2018.02.006
63. Wise RA, Robble MA. Dopamine and addiction. Annu Rev Psychol.
2020;71:79-106. doi:10.1146/annurev-psych-010418-103337
64. Bali P, Kenny PJ. Transcriptional mechanisms of drug addiction. Dialogues Clin Neurosci. 2019;21(4):379-387. doi:10.31887/DCNS.2019.
21.4/pkenny
65. Sun N, Lei L, Wang Y, et al. Preliminary comparison of plasma notchassociated microRNA-34b and -34c levels in drug naive, first episode
depressed patients and healthy controls. J Affect Disord. 2016;194:
109 -114. doi:10.1016/j.jad.2016.01.017
66. Garcia-Martínez I, Sánchez-Mora C, Pagerols M, et al. Preliminary evidence for association of genetic variants in pri-miR-34b/c and

67.

68.

69.

70.

71.

72.

73.

abnormal miR-34c expression with attention deficit and hyperactivity
disorder. Transl Psychiatry. 2016;6(8):e879. doi:10.1038/tp.2016.151
Xu C, Yang C, Zhang A, et al. The interaction of miR-34b/c polymorphisms and negative life events increases susceptibility to major
depressive disorder in Han Chinese population. Neurosci Lett. 2017;
651:65-71. doi:10.1016/j.neulet.2017.04.061
Zhu J, Chen Z, Tian J, et al. MiR-34b attenuates trauma-induced
anxiety-like behavior by targeting CRHR1. Int J Mol Med. 2017;40:
90-100. doi:10.3892/ijmm.2017.2981
Camilo C, Maschietto M, Vieira HC, et al. Genome-wide DNA methylation profile in the peripheral blood of cocaine and crack dependents.
Brazilian J Psychiatry. 2019;41:485-493. doi:10.1590/1516-44462018-0092
Liao DL, Cheng MC, Lai CH, Tsai HJ, Chen CH. Comparative gene
expression profiling analysis of lymphoblastoid cells reveals neuronspecific enolase gene (ENO2) as a susceptibility gene of heroin
dependence. Addict Biol. 2014;19:102-110. doi:10.1111/j.13691600.2011.00390.x
Chen YH, Liao DL, Lai CH, Chen CH. Genetic analysis of AUTS2 as a
susceptibility gene of heroin dependence. Drug Alcohol Depend. 2013;
128(3):238-242. doi:10.1016/j.drugalcdep.2012.08.029
Schumann G, Coin LJ, Lourdusamy A, et al. Genome-wide association
and genetic functional studies identify autism susceptibility candidate
2 gene (AUTS2) in the regulation of alcohol consumption. Proc Natl Acad
Sci U S a. 2011;108(17):7119-7124. doi:10.1073/pnas.1017288108
Evangelou E, Gao H, Chu C, et al. New alcohol-related genes suggest
shared genetic mechanisms with neuropsychiatric disorders. Nat Hum
Behav. 2019;3:950-961. doi:10.1038/s41562-019-0653-z

SUPPORTING INF ORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Domingo-Rodriguez L,
Cabana-Domínguez J, Fernàndez-Castillo N, Cormand B,
Martín-García E, Maldonado R. Differential expression of
miR-1249-3p and miR-34b-5p between vulnerable and
resilient phenotypes of cocaine addiction. Addiction Biology.
2022;27(5):e13201. doi:10.1111/adb.13201

