
SUPPLEMENTARY METHODS 

Effect of miRNA regulation on the reinstatement of cocaine CPP by lentiviral 

miRNA regulation in naive animals previously subjected to cocaine CPP: 

In a second set of experiments, four additional groups of rats (n=12) were used to 

study the effect of LV-miRNA injection on reinstatement after prior conditioning of 

the un-operated animals to cocaine CPP. After the establishment of cocaine CPP, the 

first three additional groups were stereotaxically injected bilaterally in the NAc with 

either LV-miR-124 or LV-miR-124-Sil or the control LV-GFP and the fourth group 

was un-operated naive animals. The groups were then further subdivided into two 

subgroups (n=6), based on pairing-treatment:  the control saline-paired subgroup (n=6) 

received only 0.9% saline (1 ml/kg i.p.) injections throughout the experiment and the 

cocaine-paired subgroup (n=6) received saline/cocaine (20 mg/kg i.p.) on alternate 

days during the conditioning period of CPP. After the rats recovered from surgery, 

they were subjected to extinction for cocaine CPP. Once the complete extinction was 

established, animals were subjected to reinstatement of CPP. The day after the last 

extinction session, all groups (n=12/group) received a priming injection of 0.9% saline 

(1 ml/kg i.p.) and free access to both compartments (20 min), to monitor the amount of 

time the rat spent in each chamber. This was followed 24 h later with a priming 

injection of low dose cocaine (2 mg/kg i.p.) with a 20 min session to monitor the 

reinstatement of the CPP in the different groups (Bahi et al., 2008a, b).  

 

Quantification of mature miRNA in naive animals subjected to cocaine CPP by 

real-time qRT-PCR: RNA samples from the NAc region of the naive animal group 

(n=16) subjected to cocaine CPP, extinction and reinstatement were used for 

quantifying the differential expression of the selected miRNAs. Expression profiling of 

mature miRNA was performed as mentioned before (see methods) using specific RT-

primers (Taqman® MicroRNA Assay, Applied Biosystem, UK). Comparisons were 

made between cocaine and saline groups, and significance was calculated using two-

way ANOVA followed by Bonferroni post hoc tests and the level of statistical 

significance was set at P <0.05. Data were expressed as means ±SEM.



SUPPLEMENTARY FIGURES AND TABLES LEGEND 

 

Figure S1. (A) Schematic representation of the miRNA-silencer construct 

used in the study. Four perfect match miRNA-recognition elements (pMREs) 

(red) for each specific miRNAs were inserted into the 3’ UTR region of the 

EGFP (green) construct and cloned into the LV-vector for expressing the 

doxycycline regulatable expression of individual miRNA-Silencers in vivo. (B) 

Mature miRNA sequences of the developmentally regulated miRNAs, miR-124 

and let-7d with highlighted four nucleotides sequence similarity (red square) in 

their seed sequence (underlined) and a 3 nucleotide homology adjacent to the 

seed. The Venn diagram shows the target genes of the respective miRNAs 

including the significant number of shared target genes common to both the 

miR-124 and let-7d based on target prediction by miRanda algorithm. 

 

Figure S2. 

Effect of LV-miRNA mediated regulation in the saline-paired groups in 

Cocaine-CPP: 

(A) Post-training extinction data of saline-paired animals from the different LV-

groups. Regulation of miRNA expression in the NAc does not affect the rate of 

cocaine-CPP extinction in the saline –paired groups. Ten groups of animals 

(n=12/group) were pre-tested, trained and tested for CPP as displayed in Fig. 1. 

After the CPP recording on the 10th day, rats were subjected over 12 days to 

CPP extinction in 20 min daily sessions with full chamber access but no 

injections (see methods). (B) LV-miRNA regulation in the NAc has no effect on 

the reinstatement of CPP after saline priming injection. After the CPP recording 

and establishment of extinction, animals were subjected to priming injections of 

0.9% saline (1ml/kg i.p.) and place preference was recorded for 20 min (see 

methods). (C) LV-miR-124 regulation after cocaine CPP has no effect on the 

reinstatement of CPP after saline priming. Four groups of animals (n=12) were 



subjected to cocaine CPP. Immediately after the establishment of CPP, three 

groups were stereotaxically injected with either LV-miR-124, or miR-124-Sil or 

control GFP, a fourth retained as naive un-operated animals. Values represent 

mean ±S.E.M.  

 

Figure S3. Regulation of mature miRNA in the NAc of naive animals after 

CPP, reinstatement and extinction. Samples from the NAc of naive rats were 

analyzed at the end of the behavioral studies and used for quantification of 

mature miRNA levels (supplementary methods). Expression levels of mature 

miRNAs were calculated relative to U6 snRNA levels (see methods) and 

represented as fold change compared to the control saline group. *P<0.05; 

**P<0.01; ***P<0.001 represents values significantly different from saline 

group by two way ANOVA, Bonferroni post hoc tests. 

 

Table S1. Gene regulation of cocaine-dependent direct and indirect targets, 

after LV-mediated miRNA expression or silencing in the NAc. 

Representation of target genes modified based on qRT-PCR and Western 

analysis. Arrows represents genes up-regulated (↑) or genes suppressed (↓) after 

LV-miRNA regulation. CREB: cAMP-responsive element Binding Protein; 

pCREB: Phosphorylated (serine 133) cAMP-responsive element Binding 

Protein; MOR1: μ-opioid receptor-1; DAT: Dopamine transporter; uPA: 

Urokinase plasminogen activator; GRIA2: ionotropic glutamate AMPA-

receptor-2; EphB1: Eph-B1 tyrosine kinase receptor; Drd3: Dopamine D3 

receptor; Per2: Period Homologue 2; MeCP2: methyl CpG binding protein 2. 

FosB: immediate early gene; Δfos: truncated splice variant of FosB; 7MYT1: 7 

zinc finger Myelin transcription factor 1; PTBP1: Polypyrimidine tract binding 

protein 1; PTBP2: Neural polypyrimidine tract binding protein 1. 

 



Table S2. Properties of Genes in Chronic Cocaine Administration. 

(Abbreviations as in Table S1) 

 
 



Supplementary Table S1. Regulation of Cocaine-dependent target Genes observed after either expression or silencing 

of the selected miRNAs in vivo (based on qRT-PCR and Western analysis). 

Expression of microRNA-mediated direct or indirect Target Genes 

miRNA groups Regulated Cocaine-responsive Genes 

miR-124 DAT ↑ uPA ↑ EphB1↓ Ptbp1 ↓ Drd3 FosB CREB 

let-7d MOR1 ↓ Drd3 ↓ DAT ↑ 7MYT1 ↓ FosB CREB uPA 

miR-181a DAT ↓ Drd3 ↓ MeCP2 ↑ 7MYT1 ↓ Per2 ↓ CREB FosB 

miR-124-Sil CREB ↑ FosB ↓ Δfos ↑ Ptbp2 ↓ MeCP2 ↓ BDNF ↓ GRIA2 ↓ 

let-7d-Sil pCREB ↑ MOR1 ↑ FosB↑ Δfos ↑ Drd3 Per2 ↓ CREB 

miR-181a-Sil Per2 ↑ MOR1 ↓ MeCP2 ↓ DAT ↑ MeCP2 ↓ uPA ↓ CREB 

 
 
 



TABLE S2: Properties of Genes in Chronic Cocaine Administration 
 

Gene Properties Effects of 
miR-181a 

Effect of miR-124 Effect of Let-7d Conclusion 

MOR1 μ-opioid receptor (MOR1) plays a 
crucial neuromodulatory role in the 
behavioral effects of cocaine. An 
inhibition of MOR1 attenuates 
cocaine-induced behavioral 
sensitization and conditioned reward 
in mice [S1]. 

LV-miR-181a 
expression 
caused no 
significant 
changes in the 
MOR1, 
whereas 
silencing of 
miR-181a 
resulted in a 
significant 
reduction (∼ 
34%) in MOR1 
protein levels. 

 Let-7d directly 
targets MOR1 and 
our results show 
that LV-let-7d 
expression results 
in a ∼5-fold 
decrease in the 
MOR1 protein 
levels, whereas 
silencing of let-7d 
results in a 
significant increase 
(∼ 35%) in MOR1 
protein levels. 

The results suggests that 
let-7d directly inhibits 
MOR1, resulting in 
attenuation to cocaine and 
opioid tolerance and 
reward, whereas miR-181a 
acts in an opposing 
manner enhancing MOR1 
levels and behavioral 
sensitization to cocaine. 
 

DAD3R Dopamine D3 receptors are 
upregulated in the NAc of human 
cocaine abusers [S2-S4], and in rats 
after cocaine self-administration [S5] 
or cocaine cue-induced 
hyperlocomotion [S6]. D3-selective 
antagonists inhibit cocaine-primed 
reinstatement [S7], suggesting that the 
D3 receptor mediates the incentive 
motivational effects of cocaine. 

  LV-let-7d 
expression results 
in a significant 
reduction in the 
mRNA levels and 
a ∼4 fold decrease 
in DAD3R protein 
levels. 

Let-7d mediated 
regulation of D3 receptors 
may be functionally 
related to changes in 
propensity for cocaine-
seeking behavior. 



DAD2R Reduction in DAD2R expression is 
linked to higher risk of developing 
addictive behaviors [S8-S10]. 

LV- mediated 
miR-181a 
regulation 
causes 
downregulatio
n of DAD2R 

Decreased DAD2R levels 
and related neural 
adaptations may 
contribute to the 
development of addictive 
behaviors. 
 

ΔFosB Splice variant of FosB, accumulates 
with repeated exposure to cocaine 
and overexpression of ΔFosB in the 
NAc increases the rewarding effects 
of cocaine [S11] by differentially 
regulating trancription of target genes 
specified in drug-induced behaviors 
[S12-S15]. 

 Strongly induced 
upon miR-124 
silencing 

Strongly induced 
upon let-7d 
silencing 

The induction of ΔFosB 
after miR-124 and let-7d 
silencing in NAc might be 
one of the key molecular 
mechanisms by which 
greater salience to cocaine 
CPP is achieved  
 

DAT Cocaine in the brain mainly binds to 
the dpopamine transporter (DAT and 
the serotonine transporter (SERT) 
(S16). Overexpression of DAT in the 
NAc, affects cocaine-induced 
behavior by modifying synaptic levels 
of dopamine [S17]. 

Significant ∼4 
fold decrease 
in DAT protein 
levels after 
miR-181a 
expression in 
the NAc 

expression of 
miR-124 results 
in significantly 
increased DAT 
protein levels 

expression of let-
7d results in 
significantly 
increased DAT 
protein levels 

DAT is not a direct target 
of the miRNAs used in this 
study. DAT induction by 
miR-124 and let-7d or its 
decrease by miR-181a 
might be a major 
mechanism through which 
these miRNA affect 
behavior upon cocaine 
administration. 



UPA Urokinase plasminogen activator 
(UPA) is an extracellular serine 
protease and plays a role in 
extracellular matrix degradation and 
dendritic spine dynamics and neurite 
extension during synaptic plasticity 
[S18-S19]. UPA plays a major role in 
cocaine-mediated plasticity and 
associated behavioral changes [S20].  

Induction of UPA 
expression after 
miR-124 
expression 

Activation of UPA 
expression after miR-124 
suggests that miR-124 
regulation involves 
activation of extracellular 
matrix remodeling. 

EphB1 EphB1 is induced after cocaine 
exposure in the nigrostriatal and 
mesolimbic pathways [S21-S22] and is 
known to inhibit growth of neurites 
[S21]. 

 LV-miR-124 
expression 
resulted in a 
decreased EphB1 
protein levels 

 miR-124 regulates neurite 
outgrowth via EphB1 
regulation 

FosB Transcriptional regulation by fosB 
gene products plays a critical role in 
cocaine-induced behavioral responses 
[S23]. 

 downregulation 
of FosB protein 
after miR-124 
silencing 

upregulation after 
let-7d silencing 

Although both miRNAs 
attenuates cocaine CPP, 
their mechanisms might 
differ 

mPer2 mPer2 mutant mice exhibited a 
hypersensitized response to cocaine 
and a strong cocaine-induced place 
preference, suggesting mPer2 
suppression is essential for 
establishment of cocaine plasticity 
[S24]. 

LV-miR-181a 
expression 
suppresses 
mPer2 mRNA 
levels and 
silencing of 
miR-181a leads 
to increased 
mPer2 levels 

  miR-181a suppression of 
mPer2 is essential for 
establishment of cocaine 
CPP 

7Myt1 7Myt1 attenuates the cocaine induced 
locomotor activity in rats and acts as a 
compensatory mechanism to the 

LV-miR-181a 
expression 
significantly 

LV-miR-124 
silencing 
significantly 

LV-let-7d 
expression 
significantly 

Regulation of 7Myt1 levels 
might be one of the crucial 
component in the miRNA 



rewarding effects of cocaine [S25]. downregulates 
7Myt1 

downregulates 
7Myt1 

downregulates 
7Myt1 

mediated behavioral 
changes observed 

GRIA2   Following cocaine self-
administration in the PFC, ionotropic 
glutamate receptor subunit 2 (GRIA2) 
is significantly decreased in the VTA, 
NAc and HIP [S26]. 
 

LV-miR-124 
silencing 
significantly 
downregulates (2 
fold) GRIA2 
mRNA levels. 

LV- mediated let-
7d regulation 
causes 
downregulation of 
GRIA2 levels 

GRIA2 mRNA levels are 
unaffected by direct 
targeting by miR-181a, 
whereas miR-124 and let-
7d mediated action 
involves decreases in 
GRIA2 levels 

GRM5 
(mGluR5) 

Cocaine self-administration followed 
by home cage exposure reduced the 
mGluR5 protein in NAc shell and 
dorsolateral striatum [S27]. 

   GRM5 mRNA levels 
remains unchanged after 
different LV-miRNA 
regulation in the NAc. 

MECP2 Mecp2 is significantly induced in 
striatum, Pre-Frontal Ctx, and the 
Hippocampus after chronic cocaine 
[S28]. 

LV-miR-181a 
expression 
strongly 
induces the 
MeCP2 mRNA 
levels whereas 
silencing miR-
181a resulted 
in strong 
decrease. 

LV-miR-124 
silencing 
significantly 
downregulates 
MeCP2 mRNA 
levels. 

LV- mediated let-
7d regulation 
causes 
downregulation of 
MeCP2 levels 

 

CREB Nuclear activation of CREB is an 
vital in converting short-term into 
long-term plasticity associated with 
learning and addiction and regulates 
various plasticity genes to mediate 
incentive salience and drug reward. 

 LV-miR-124 
silencing 
significantly 
induces CREB 
protein levels. 

LV-let-7d silencing 
strongly induces 
the 
phosphorylated 
CREB protein 
levels 

Suppression of miR-124 
and let-7d might be crucial 
for the induction of CREB 
and pCREB after cocaine 
treatment for achieving the 
associated behavioral 
changes  
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