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Abstract
Cocaine exposure alters gene expression in the brain via methylation and acetylation of histones along with methylation of
DNA. Recently, poly (ADP-ribose) polymerase-1 (PARP-1) catalyzed PARylation has been reported as an important regulator
of cocaine-mediated gene expression. In this study, we report that the cellular microRNA “miR-125b” plays a key role for
cocaine-induced PARP-1 expression. Acute and chronic cocaine exposure resulted in the downregulation of miR-125b
concurrent with upregulation of PARP-1 in dopaminergic neuronal cells and nucleus accumbens (NAc) of mice but not in the
medial prefrontal cortex (PFC) or ventral tegmental area (VTA). In silico analysis predicted a binding site of miR-125b in a
conserved 3’-untranslated region (3’UTR) of the PARP-1 mRNA. Knockdown and overexpression studies showed that
miR-125b levels negatively correlate with PARP-1 protein expression. Luciferase reporter assay using a vector containing
the 3’UTR of PARP-1 mRNA confirmed regulation of PARP-1 by miR-125b. Specific nucleotide mutations within the binding
site abrogated miR-125b’s regulatory effect on PARP-1 3’UTR. Finally, we established that downregulation of miR-125b and
concurrent upregulation of PARP-1 is dependent on binding of cocaine to the dopamine transporter (DAT). Collectively,
these results identify miR-125b as a post-transcriptional regulator of PARP-1 expression and establish a novel mechanism
underlying the molecular effects of cocaine action.
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Introduction
Cocaine increases dopaminergic neurotransmission in

key regions of brain and causes alterations in gene ex-

pression that play critical roles in reward and addiction
(Ritz et al., 1987; Nestler, 2004; Kalivas, 2007). Cocaine
exposure regulates gene expression by inducing chroma-
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Significance Statement

Poly (ADP-ribose) polymerase-1 (PARP-1) plays critical roles in neuronal function. Recently, PARP-1 and PARylation
have been described as a novel regulator of cocaine addiction and reward. However, the cellular pathways and
mechanisms that regulate PARP-1 expression in neurons are unknown. We have identified that the cellular miRNA
“miR-125b” negatively regulates PARP-1 protein expression. In addition, we have established that cocaine-induced
upregulation of PARP-1 is dependent on miR-125b expression. These results elucidate the mechanism of PARP-1
regulation by cocaine and uncover a novel pathway for the cellular and molecular effects of cocaine.
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tin remodeling via acetylation, methylation, and phos-
phorylation of histones and methylation of DNA (Chao and
Nestler, 2004). Additionally, post-transcriptional regula-
tion of gene expression by cellular microRNAs (miRNA)
has also been reported for cocaine action (Picciotto,
2010; Eipper-Mains et al., 2011; Xu et al., 2013). Recently,
poly ADP-ribosylation (PARylation) of chromatin by PAR
polymerase-1 (PARP-1) has been described as a novel
chemical modification for the long-term effects of cocaine
(Scobie et al., 2014). PARP-1 catalyzes the synthesis of
the negatively charged polymer PAR on specific amino
acids of target proteins (Krishnakumar and Kraus, 2010).
Accordingly, PARylation of histones has been shown to
regulate gene expression via decondensation of chroma-
tin (Fontan-Lozano et al., 2010; Verdone et al., 2015).

PARP-1 is a DNA damage sensor (Wei and Yu, 2016)
and plays important roles in the normal function and
diseased conditions of brain (Ha and Snyder, 2000;
Cohen-Armon et al., 2004; Barr and Conley, 2007). PARP-
1-mediated PARylation plays key roles in learning and
memory (Cohen-Armon et al., 2004; Fontan-Lozano et al.,
2010; Wang et al., 2012). Recently, it has also been
reported that PARP-1 and PARylation are involved in
cocaine-induced molecular, neural, and behavioral plas-
ticity (Scobie et al., 2014). For example, chronic exposure
to cocaine induced expression and activity of PARP-1 in
the nucleus accumbens (NAc), a key brain reward region,
of rodents. Importantly, cocaine-induced PARP-1 expres-
sion enhanced transcription of genes that are important in
synaptic formation and dendritic plasticity (Scobie et al.,
2014). These findings and others illustrate the important
functions of PARP-1 and PARylation in addiction and
reward. However, the mechanism and the cellular path-
ways that regulate PARP-1 in neurons are not identified.
Several studies report transcriptional regulation of PARP-1
expression, since PARP-1 promoter sequences of human,
mice and rat contain binding sites of transcriptional fac-
tors, including Sp1, YY1, AP-2, ETS, and NF-1 (Oei et al.,
1997; Hassa and Hottiger, 1999; Zaniolo et al., 2007;
Doetsch et al., 2012). Additionally, there are two reports
suggesting post-transcriptional regulation of PARP-1 ex-
pression. In cancer cell models, the cellular miRNA “miR-
124” has been shown to regulate PARP-1 (Chen et al.,
2015), whereas miR-223 expression was negatively cor-

related with PARP-1 levels (Meloche et al., 2015). Surpris-
ingly, regulation of PARP-1 gene expression in neuronal
cells remains largely obscure.

We have identified miR-125b as a key post-
transcriptional regulator of PARP-1 expression in neuro-
nal cells. miR-125b is a highly conserved cellular miRNA
(Lagos-Quintana et al., 2002) that regulates a network of
genes involved in neuronal differentiation and function (Le
et al., 2009). Our results show that acute and chronic
cocaine exposure resulted in the downregulation of miR-
125b concurrent with upregulation of PARP-1 in a dopa-
minergic neuronal cell model. Additionally, cocaine
treatment resulted in the reduction in miR-125b levels and
induction of PARP-1 in NAc of mice but not in medial
prefrontal cortex (PFC) or ventral tegmental area (VTA). In
silico analysis identified a binding site of miR-125b in the
3’-untranslated region (3’UTR) of PARP-1 mRNA that is
conserved in various mammalian species. Knockdown and
overexpression experiments demonstrate that PARP-1 ex-
pression is negatively correlated with miR-125b levels. Lu-
ciferase reporter assay show that miR-125b expression
negatively regulates the activity of PARP-1 3’UTR and site
directed mutagenesis confirm the direct binding of miR-
125b to the PARP-1 3’UTR. Finally, we define that cocaine’s
effect on miR-125b/PARP-1 axis is dependent on its binding
to dopamine transporter (DAT). These studies establish that
miR-125b is a key post-transcriptional regulator of PARP-1
in neurons.

Materials and Methods
Reagents

Cocaine hydrochloride, all-trans-retinoic acid (ATRA),
and nomifensine were purchased from Sigma-Aldrich.
Anti-PARP-1 and anti-caspase-9 antibodies were from
Cell Signaling Technology, anti-DAT and anti-tyrosine hy-
droxylase (TH) antibodies were purchased from Abcam
and anti-GAPDH and anti-� actin antibodies were pro-
cured from Sigma-Aldrich.

Cell culture and cocaine treatment
Human neuroblastoma cell line (SH-SY5Y) was pur-

chased from American type Culture Collection and was
maintained in a 1:1 mixture of DMEM and Ham’s F12
medium (Gibco) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Gibco), 2 mM glu-
tamine, and 1% antibiotics (penicillin-streptomycin) at
37°C in a humidified 5% CO2 atmosphere. For differenti-
ation, the maintenance media was replaced with serum-
free medium supplemented with ATRA at a final
concentration of 10 �M and the cells were cultured for 4-6
d with change of media every alternate day. In all the
experiments, appropriate number of SH-SY5Y cells were
seeded and after differentiation, treated with cocaine in a
dose-dependent manner from 1 �M to 100 �M. These
concentrations were used based on published literature
that highlight their physiologic relevance (Van Dyke et al.,
1976; Mittleman and Wetli, 1984; Peretti et al., 1990;
Karch et al., 1998; Blaho et al., 2000; Heard et al., 2008).
The HEK-293T cells with stable expression of YFP-tagged
DAT was grown and maintained in DMEM supplemented
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with 10% (v/v) heat-inactivated FBS, 2 mM glutamine, and
1% antibiotics (penicillin–streptomycin) at 37°C and 5%
CO2. For acute treatment, cells were treated with cocaine
overnight, whereas for chronic treatment, cells were ex-
posed to cocaine once daily for 7 d.

Phase contrast microscopy
SH-SY5Y cells were cultured and maintained in serum

free-differentiation medium for 5 d on collagen coated
six-well plates. Phenotypic changes were observed and
monitored under bright field microscope. The differentia-
tion was assessed by changes compatible with neuron-
like morphology and neurite outgrowth from the cell body.
Neurite extensions on captured images were measured
using ImageJ 2.0 software (NIH) and lengths of individual
neurites were calculated in pixels. Calculated values of
neurite lengths were plotted as an average of field views
for each sample (n � 10).

Immunostaining and confocal microscopy
SH-SY5Y cells were seeded and differentiated on col-

lagen coated glass coverslips. After differentiation the
cells were fixed with 3.7% formaldehyde in PBS (1�) for
30 min, washed two times in PBS (1�) followed by block-
ing/permeabilization in a solution of PBS (1�) containing
10% FBS and 0.1% Triton X-100 for 30 min at room
temperature. The cells were then stained at room temper-
ature for 30 min with rat anti-DAT [1:200] and rabbit
anti-TH (1:1500) prepared in blocking/permeabilization
solution. Following incubation, the cells were washed
three times with PBS (1�) for 5 min and then incubated
with secondary antibodies such as chicken anti-rat IgG
Alexa Fluor 488 conjugate and donkey anti-rabbit IgG
Alexa Fluor 546, prepared in blocking/permeabilization
solution, respectively, at room temperature for 30 min.
The cells were then washed three times with PBS (1�)
and mounted with ProLong Gold Antifade reagent with
DAPI (Life Technologies) for nuclear staining on to glass
slides. Confocal images were acquired using a Nikon
TE2000-U laser-scanning confocal microscope, and data
analysis was performed with NIS-Elements AR software
(Nikon).

Real-time PCR analysis
For measuring miRNA expression, total RNA was iso-

lated by using miRNeasy mini kit (QIAGEN) as per manu-
facturer’s instructions. The cDNA was synthesized from
the isolated total RNA using the miRCURY LNA Universal
RT cDNA Synthesis kit (Exiqon). SYBR Green-based
quantitative real-time PCR (qPCR) was used to quantify
miR-125b or 5s ribosomal RNA (5srRNA) in a reaction
mixture containing 50 ng of the cDNA as template and
300 nM LNA-based primers specific for miR-125b and
5srRNA (Exiqon). qPCR assay was performed in a C1000
Touch CFX96 system (Bio-Rad) as per manufacturer’s
instructions. The expression levels (Ct values) of miR-
125b are normalized to expression levels of 5s rRNA as
�Ct values. For multiple samples involving untreated con-
trol and treated samples, the relative expression levels of
miR-125b is expressed as 2-� Ct values by comparing the
�Ct values of untreated control to the treated samples.

Fold change in miR-125b expression was calculated by
comparing the 2-� Ct values of the treated sample with
that of untreated control.

For measuring PARP-1 mRNA expression, total RNA
was isolated from untreated- and cocaine-treated cells
and tissues using RNAesy Mini kit (QIAGEN) and cDNA
synthesis was conducted using iScript cDNA synthesis kit
(Bio-Rad). qPCR assay was performed by subjecting 50
ng of cDNA to iTaq Universal SYBR Green chemistry
(Bio-Rad) using primers specific for PARP-1 (forward:
5’-GAGGTGGATGGGTTCTCTGA-3’ and reverse: 5’-
ACACCCCTTGCACGTACTTC-3’) and GAPDH (forward:
5’-GAAGGTGAAGGTCGGAGTC-3’ and reverse: 5’-
GAAGATGGTGATGGGATTTC-3’) as per manufacturer’s
instructions. The expression levels of PARP-1 mRNA were
normalized to that of GAPDH mRNA levels. Relative ex-
pression of PARP-1 mRNA in untreated control and
treated samples is expressed as 2-� Ct values as de-
scribed previously and fold changes are calculated by
comparing the 2-� Ct values of the treated sample with
that of untreated control.

Bioinformatics analysis
Prediction of miR-125b binding sites in the 3’UTR of the

PARP-1 gene was conducted by submitting the miR-125b
sequence and 3’UTR sequence of the PARP-1 gene (Gen-
bank accession number: NM_001618.3) to RNAhybrid 2.1
(Rehmsmeier et al., 2004) using default parameters. RNA-
hybrid analysis revealed three putative miR-125b binding
sites in the PARP-1 3’UTR based on sequence match and
predicted secondary structures. The putative targets ob-
tained were further analyzed for sequence conservation
across mammalian species using Clustal Omega multiple
sequence alignment program (Sievers et al., 2011). The
sequence with the highest identity (�90%) highlighted its
functional significance and was chosen for further analy-
ses in this study.

Western blotting
SH-SY5Y cells were treated with various concentra-

tions of cocaine for 24 h, after which the cells were
harvested and washed with PBS (1�). Cell lysates were
prepared using standard protocol and total protein con-
centrations were quantified by BCA protein assay (Pierce).
Equal amounts of total protein from cell lysates were
electrophoresed on SDS-polyacrylamide gels and trans-
ferred to nitrocellulose membranes using a semidry blot-
ter (Bio-Rad). Membranes were blocked with 5% (w/v)
nonfat milk in Tris-buffered saline (TBS; pH 8.0; Sigma).
Blots were then probed with the primary antibody in
blocking buffer, and subsequently by a secondary anti-
body conjugated to horseradish peroxidase (1:2000). All
blots were washed in TBS with Tween 20 (pH 8.0; Sigma)
and developed using the enhanced chemiluminescence
(ECL) procedure (Pierce). Blots were routinely stripped by
treating with Restore Plus stripping buffer (Pierce) and
reprobed with anti-GAPDH or anti-�-actin monoclonal
antibodies (Sigma) to serve as loading controls. Anti-
rabbit antibody (Santa Cruz) was used as secondary an-
tibody. Densitometry analyses were performed using LI-
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COR Image Studio version 5.2 software (LI-COR). Data
were normalized to levels of GAPDH or �-actin.

Flow cytometry
Neuronal apoptosis was determined by flow cytometry

using the fluorescein isothiocyanate (FITC)–conjugated
Annexin V apoptosis kit (Beckman Coulter) according to
the manufacturer’s instructions. Untreated and cocaine-
treated SH-SY5Y cells (1 � 106) were washed in 1�
annexin binding buffer and incubated for 15 min with
Annexin V (AV)-FITC at 4°C. After two washes with bind-
ing buffer, propidium iodide (PI; 100 �g/mL) was added.
Thereafter, cells were immediately analyzed by flow cy-
tometry using FACSCalibur (Becton Dickinson). Positive
staining of the plasma membrane with AV and lack of
concomitant staining of nuclei with PI was measured as
apoptosis at an early stage, whereas positive staining of
cells with both AV and PI was indicative of apoptosis at
later stages.

Knockdown and overexpression of miR-125b in
SH-SY5Y cells

miR-125b inhibitors/mimics and controls were pur-
chased from GE-Dharmacon. Differentiated SH-SY5Y
cells (2 � 105 cells/well) grown in six-well culture plates
were transfected with 100-300 pM anti-miRNAs/mimics
or scrambled controls using Lipofectamine 3000 (Life
Technologies). After transfection, cells were incubated for
48 h at 37°C/5% CO2, washed with PBS (1�), and har-
vested by gentle scraping for RNA and protein isolation.

Luciferase assay
The luciferase reporter plasmid containing the full-

length (763 nt) 3’UTR region of the PARP-1 gene
(Genbank accession number: NM_001618.3) cloned
downstream of the luciferase ORF in the pMirTarget vec-
tor (pPARP-3’UTR) was obtained from OriGene Technol-
ogies. To generate the control plasmid (pPARP-Null), the
PARP-1 3’UTR insert was removed from pPARP-3’UTR
by restriction digestion and the linearized plasmid was
blunted using Klenow Polymerase (NEB) and subse-
quently religated using T4 DNA ligase (Promega). For
mutating miR-125b binding site in the PARP-1 3’UTR
(pPARP-3’UTRMut), we conducted site-directed mu-
tagenesis using the QuikChange II XL Site-Directed Mu-
tagenesis kit (Agilent Technologies) as per manufacturer’s
protocol. Differentiated SH-SY5Y cells (4 � 104 cells/well)
in a 24-well plate were transfected with either the control
plasmid without PARP-1 3’UTR (pmiRTarget) or plasmid
harboring the full length PARP-1 3’UTR (pmiRTarget-
UTR), or the pPARP3’UTRMut using Lipofectamine 3000
(Invitrogen) and incubated for 48 h. The transfection effi-
ciency was measured by red fluorescence protein (RFP)
expression. Transfected cells after treatment were lysed
using 1� passive lysis buffer (Promega) and luciferase
activity in the cell extracts was measured using a plate
reader (BioTek). Samples were assayed in triplicate and
the data are shown as luciferase activity normalized to
RFP expression.

Animals
All protocols were approved by the Institutional Animal

Care and Use Committee at Icahn School of Medicine at
Mount Sinai. For all experiments, 9- to 11-week-old
C57BL/6J male mice (The Jackson Laboratory) were
group housed (five per cage) in a colony room set at a
constant temperature (23°C) on a 12/12 h light/dark cycle
(lights on from 7 A.M. to 7 P.M.) with ad libitum access to
food and water. For acute cocaine treatment the mice
were injected (i.p.) with cocaine at 20 mg/kg body weight
for 1 h while for chronic cocaine treatment the animals
received daily i.p. injections for seven consecutive days of
cocaine at 20 mg/kg unless otherwise stated. For time
course experiments, animals were given daily injections
(i.p.) of cocaine (20 mg/kg) and sacrificed on day 2, 4, or
6. Control mice for all groups received saline injections.
Bilateral 14-gauge NAc punches were taken from each
animal and frozen immediately.

Isolation of total RNA, protein, and
immunoprecipitation

Total RNA, including miRNA and protein were extracted
from NAc, PFC or VTA punches using All-in-One kit (Nor-
gen Biotek) as per the manufacturer’s instructions. The
isolated total RNA was used to perform miRNA and
PARP-1 mRNA expression analyses as described before.
The extracted proteins were used for immunoprecipita-
tion. Equal amount of protein extracts were mixed with 1
�l of anti-PARP-1 (46D11) monoclonal antibody (Cell Sig-
naling) in 200 &micro;l of IP buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 2.5 mM EGTA,
0.1%Tween 20, 10% glycerol, and 1 mM DTT) containing
protease inhibitors. The mixture was incubated with rota-
tion at 4°C overnight. After which protein G-agarose sus-
pension was added and further incubated with rotation at
4°C overnight. The beads were washed four times with IP
buffer. Finally, the beads were resuspended in SDS sam-
ple buffer, heated at 95°C for 10 min, and briefly centri-
fuged. The proteins were separated by electrophoresis
and detected by Western blotting.

Statistical analysis
Data were expressed as mean � SD obtained from

three independent experiments. Significance of differ-
ences between control and treated samples was deter-
mined by Student’s t test. Values of p � 0.05 were
considered statistically significant.

Results
Cocaine downregulates miR-125b expression in
dopaminergic neuronal cell models and in the
mouse NAc

Earlier work in our laboratory showed that cocaine
treatment resulted in the downregulation of miR-125b
expression in lymphocytes (Mantri et al., 2012). Since
miR-125b plays crucial roles in neuronal function (Le
et al., 2009a and 2009b), we investigated the effects of
cocaine exposure on miR-125b expression in neuronal
cells. In initial studies, we used differentiated SH-SY5Y
neuroblastoma cells (Fig. 1A) that express markers of
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dopaminergic neurons (Hartfield et al., 2014) such as DAT
and TH (Fig. 1B,C). These cells were treated with varying
concentrations of cocaine and miR-125b expression in
these cells was measured by qPCR. Cocaine exposure
resulted in the reduction of miR-125b expression in a
dose-dependent manner relative to the untreated cells
(Fig. 1D). Cells treated with 1 &micro;M cocaine showed
a minimal reduction in miR-125b expression, whereas
with 100 &micro;M cocaine, miR-125b level was re-
duced significantly when compared to the untreated
cells (Fig. 1D).

Next, we examined the effects of cocaine exposure on
miR-125b expression in a rodent model. Cocaine (20
mg/kg, i.p.) was administered to mice under acute con-
ditions and the NAc, a key reward region of the brain, was
isolated to measure miR-125b expression. qPCR analysis
showed a significant reduction in miR-125b expression
(�80%) in the NAc of animals exposed to cocaine relative
to the saline control animals (Fig. 1E). Collectively, the
results in Figure 1 show that acute cocaine exposure
downregulates miR-125b expression in a dopaminergic
neuronal cell model and in the NAc of mice.

Figure 1. Cocaine exposure downregulates miR-125b expression. SH-SY5Y cells were cultured overnight and then differentiated for
3–5 d. A, Dopaminergic phenotype of these cells was monitored via neurite length measurement by phase-contrast microscopy.
B, Western blot analysis of DAT expression in differentiated SH-SY5Y cells. C, DAT and TH expression in differentiated SH-SY5Y cells
were detected by confocal microscope. Data are representative of three independent experiments. D, Differentiated SH-SY5Y cells
were treated with varying concentrations of cocaine. Cells were harvested and miRNA expression was analyzed by qPCR. miR-125b
expression was normalized to the 5S rRNA levels. Relative expression of miR-125b in cocaine-treated cells was compared to the
untreated control cells and are plotted as fold change. E, Mice were injected (i.p.) with a single dose of cocaine (20 mg/kg weight of
mice) or saline and animals were sacrificed. NAc tissues were used for miRNA isolations and were subjected to qPCR. miR-125b
expression was normalized to the 5s rRNA levels and relative expression of miR-125b in the NAc of cocaine-treated mice (n � 6) are
expressed as fold changes to the NAc of saline-treated mice (n � 6). �p � 0.05 for the comparison of cocaine-treated samples versus
untreated controls.
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Cocaine induces PARP-1 expression without eliciting
neuronal apoptosis

miR-125b negatively regulates p53 and a network of
p53-induced genes that play critical roles in cellular apo-
ptosis (Le et al., 2009a and 2009b). Therefore, we tested
whether downregulation of miR-125b on cocaine treat-
ment resulted in neuronal apoptosis. Differentiated SH-
SY5Y cells were treated with increasing concentrations of
cocaine and apoptosis was measured by flow cytometry
using AV and PI staining. Surprisingly, cells treated with
cocaine showed minimal increase in AV or PI staining
compared to the untreated cells (Fig. 2A). Even in cells
treated with the highest concentration of cocaine (100
&micro;M), AV and PI staining remained relatively un-

changed indicating minimal induction of neuronal apopto-
sis. We also measured expression of apoptotic markers
such as caspase-9 and PARP-1 in cells treated with
cocaine. Western blot analysis of the cellular lysates
showed that cocaine treatment has no/minimal effect on
the expression of caspase-9 or its cleaved forms (data not
shown). Similarly, levels of cleaved PARP-1 remained
unchanged in cells treated with or without cocaine (Fig.
2B), supporting the data in Figure 2A that cocaine expo-
sure has minimal impact on neuronal apoptosis. Unpre-
dictably, cocaine treatment resulted in a significant
induction of total PARP-1 expression in these cells (Fig.
2B). Densitometry analysis showed a �eight to nine fold
increase in total PARP-1 expression in cells treated with

Figure 2. Cocaine exposure induces PARP-1 protein expression without increasing mRNA levels. A, Differentiated SH-SY5Y cells
were exposed to different concentrations of cocaine overnight and apoptosis was measured by flow cytometry using AV- as an early
apoptosis marker and PI- as the late apoptotic marker. After cocaine treatment, cells were harvested and stained with FITC-
conjugated AV/PI and analyzed by flow cytometry. Representative dot blot data showing percentage of cells stained positive for AV,
PI, and AV 	 PI. B, Differentiated SH-SY5Y cells were treated with varying concentrations of cocaine. Cells were harvested, and cell
lysates were electrophoresed on denaturing acrylamide gels and transferred onto nitrocellulose membrane by electroblotting.
Western blot analyses were performed using appropriate antibody and ECL kit. Representative data of PARP-1 expression in
untreated and cocaine-treated cells. C, Densitometry of PARP-1 expression from three independent experiments. D, Mice were
injected (i.p.) with a single dose of cocaine (20 mg/kg weight of mice, i.p.) or saline. Animals were sacrificed and NAc was isolated.
Lysates prepared from the NAc tissues were subjected to western blot analysis. (E) Relative expression of PARP-1 in the NAc of
cocaine-treated mice (n � 6) compared to the NAc of saline-treated mice (n � 6). �p � 0.05 for the comparison of cocaine-treated
samples versus untreated controls. (F) Differentiated SH-SY5Y cells were treated with varying concentrations of cocaine overnight.
Cells were harvested and total RNA was isolated. PARP-1 mRNA expression was measured by qPCR and was normalized to the
levels of GAPDH mRNA. PARP-1 mRNA in cocaine-treated cells were expressed as fold changes over the untreated control cells
based on ��Ct values. G, Mice were injected (i.p.) with a single dose of cocaine (20 mg/kg weight of mice) or saline. Animals were
sacrificed and NAc was isolated. Total RNA was isolated from the NAc tissues and were subjected to qPCR. PARP-1 mRNA
expression was normalized to the GAPDH mRNA levels and fold changes in PARP-1 mRNA in the NAc of cocaine-treated mice (n �
6) over the NAc of saline-treated mice (n � 6) were calculated based on ��Ct values.
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100 �M cocaine compared to the untreated cells (Fig. 2C).
Accordingly, induction of PARP-1 in the NAc of mice has
been reported during chronic cocaine administration
(Scobie et al., 2014). Therefore, we examined whether
acute exposure of cocaine induced PARP-1 expression in
the NAc of mice. Western blot analysis showed that
PARP-1 expression was significantly induced in the NAc
of mice treated with cocaine compared to the control
animals (Fig. 2D,E). In addition, the levels of cleaved
PARP-1 in the NAc was undetectable both in cocaine-
treated and -untreated animals. The level of increased
PARP-1 in NAc was consistent with the report by Scobie
et al. (2014), albeit to a lower degree when compared to
the neuronal cells. Nevertheless, results in Figure 2 sug-
gest that cocaine-induced downregulation of miR-125b is
not associated with neuronal apoptosis and induction of
PARP-1 play important roles in the cellular and molecular
effects of cocaine that is distinct from its reported role in
cellular apoptosis.

Cocaine induces PARP-1 expression through a
post-transcriptional mechanism

PARP-1 expression is regulated transcriptionally by
transcription factors Sp1, YY-1, and NF-�B (Oei et al.,
1997; Hassa and Hottiger, 1999; Zaniolo et al., 2007;
Doetsch et al., 2012). Thus, to test whether PARP-1-
induction by cocaine is transcriptionally regulated, we
quantified PARP-1 mRNA levels. Total mRNA from differ-
entiated SH-SY5Y cells and the NAc tissues were sub-
jected to qPCR. Interestingly, qPCR data revealed that
PARP-1 mRNA levels were not significantly altered on
cocaine treatment (Fig. 2F), although total PARP-1 protein
levels were significantly increased in cocaine-treated cells
(Fig. 2B). Similarly, minimal effect in the PARP-1 mRNA
expression was observed in the NAc of cocaine-treated
mice when compared to the saline-treated animals (Fig.
2G). These data suggest that cocaine-induced PARP-1
expression is not dependent on increased transcription
and are consistent with the observation that transcrip-
tional regulation does not sufficiently account for the in-
creased PARP-1 expression by chronic cocaine exposure
(Scobie et al., 2014).

PARP-1 expression is post-transcriptionally
regulated by miR-125b

Based on the data in Figure 2F,G, we envisioned that
cocaine treatment induces PARP-1 expression via post-
transcriptional mechanism. Although involvement of such
mechanism in neuronal cells or by cocaine has not been
previously reported, post-transcriptional regulation of
PARP-1 has been documented in cancer cells (Schiewer
and Knudsen, 2014). Interestingly, our data showed that
cocaine exposure downregulated miR-125b levels (Fig. 1),
concurrent with upregulation of PARP-1 expression (Fig.
2). Since miRNAs negatively regulate protein expression
by binding to the 3’UTR of target mRNA (Bartel, 2009),
we hypothesized that PARP-1 expression is post-
transcriptionally regulated by miR-125b. In initial studies,
we employed in silico analysis (Rehmsmeier et al., 2004)
and identified three putative miR-125b binding sites at the
5’-end of the 3’UTR of PARP-1 mRNA (data not shown).

Secondary structural analysis suggest that the site span-
ning the nucleotides 326-348 position of PARP-1 3’UTR is
optimal for miR-125b binding (Fig. 3A). Importantly, this
putative binding site, but not the other two, is evolution-
arily conserved in the PARP-1 3’UTRs of several mam-
malian species (Fig. 3B). Thus, we tested a functional role
of miR-125b in PARP-1 expression, by conducting knock-
down and overexpression studies using anti-miR and
miR-mimic oligonucleotides. Anti-miR-125b or miR-125b
mimics were transfected into differentiated SH-SY5Y cells
and expression of PARP-1 protein was measured in the
cellular lysates by immunoblot. Results from these anal-
yses showed that reducing miR-125b levels increased
PARP-1 expression relative to that of the scrambled con-
trols (Fig. 3C). Conversely, increasing miR-125b levels by
miR-125b mimics markedly reduced PARP-1 protein lev-
els (Fig. 3D). These data strongly suggested that miR-
125b may serve as a negative regulator of PARP-1
expression in neuronal cells.

MiR-125b binds to PARP-1 3’UTR to negatively
regulate PARP-1 protein expression

MiRNAs regulate protein translation by primarily bind-
ing to the 3’UTR of the target mRNA (Bartel, 2004; Jonas
and Izaurralde, 2015; Lin and Gregory, 2015). Therefore,
we examined whether miR-125b binds PARP-1 3’UTR
through luciferase reporter assay. We used a vector con-
taining the PARP-1 3’UTR downstream of the luciferase
stop codon. The PARP-1 3’UTR construct (pPARP-
3’UTR) or the control plasmid (pPARP-Null) was cotrans-
fected into HEK-293T cells with or without miR-125b
mimic or anti-miR-125b. Measurement of luciferase activ-
ity in the lysates of these cells showed that enhanced
miR-125b expression significantly decreased luciferase
activity relative to the control cells (Fig. 4A). Conversely,
reducing miR-125b levels by transfection of anti-miR-
125b resulted in a significant increase in luciferase activity
(Fig. 4B). Since HEK-293T cells do not express endoge-
nous DAT and lack the differentiated neuronal properties,
we tested the effects of miR-125b expression on PARP-1
3’UTR activity in differentiated SH-SY5Y cells. Overex-
pression of miR-125b resulted in a significant reduction in
luciferase activity (Fig. 4C), whereas knockdown studies
of miR-125b enhanced luciferase activity (Fig. 4D). These
data indicated a negative correlation between miR-125b
expression and PARP-1 3’UTR driven luciferase activity.

To probe direct binding of miR-125b to PARP-1 3’UTR,
we mutated specific nucleotides in the PARP-1 3’UTR
sequence that are predicted to bind miR-125b (Fig. 4E).
Then, we cotransfected pPARP-3’UTR or the control
plasmid (pPARP-Null) in the presence of miR-125b mimic
or miR-125b mutant into HEK-293T cells. As expected,
luciferase activity measurements showed that overex-
pression of miR-125b reduced luciferase activity relative
to the control cells (Fig. 4E). However, enhanced expres-
sion of miR-125b in cells cotransfected with the PARP-1
3’UTR mutant did not lead to reduction in luciferase ac-
tivity (Fig. 4E). These data indicated that miR-125b neg-
atively regulates PARP-1 by directly binding to the 3’UTR
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and support the hypothesis that PARP-1 is post-
transcriptionally regulated by miR-125b in neuronal cells.

Cocaine-induced downregulation of miR-125b is
dependent on DAT

DAT is well established to play critical roles in the
cellular and molecular effects of cocaine addiction and
reward (Kuhar et al., 1991). Thus, we examined whether
binding of cocaine to DAT is key for the downregulation of
miR-125b by using DAT-expressing and DAT-null HEK-
293T cells (Fig. 5A). These cells serve as appropriate
models since they endogenously express miR-125b (Fig.
5B,C). Exposure of DAT-expressing cells to increasing
concentrations of cocaine resulted in a dose-dependent
reduction in miR-125b levels (Fig. 5B), mirroring the ob-
servations with dopaminergic neuronal cells and animal
studies (Fig. 1). Interestingly, in DAT-null cells, cocaine
exposure did not result in the reduction of miR-125b
expression even with the highest dose of cocaine (Fig.
5C), suggesting that DAT plays a critical role in the down-
regulation of miR-125b expression. To further probe the

involvement of DAT, we used “nomifensine,” a DAT
blocker and dopamine uptake inhibitor (Ferris et al., 2012).
Nomifensine treatment alone did not alter miR-125b ex-
pression in DAT-expressing cells (Fig. 5D). Remarkably,
pretreatment of DAT-expressing cells with nomifensine
before cocaine treatment significantly abrogated cocaine-
induced reduction in miR-125b expression (Fig. 5D). Next,
we performed the nomifensine pretreatment studies in
differentiated SH-SY5Y cells as a model for dopaminergic
neurons. Similar to the data in Figure 5D, nomifensine
treatment did not change miR-125b expression in these
cells. However, pretreatment of cells with nomifensine
markedly reduced cocaine’s effect on miR-125b expres-
sion (Fig. 5E). Collectively, these data provide strong ev-
idence that miR-125b downregulation is dependent on
the binding of cocaine to DAT.

Binding of cocaine to DAT regulates
miR-125b/PARP-1 axis

Our studies with the dopaminergic neuronal cells illus-
trated that miR-125b expression negatively regulates

Figure 3. miR-125b expression negatively correlates with PARP-1 protein levels. A, In silico analysis predicts putative binding site of
miR-125b in the 3’UTR of PARP-1 mRNA. B, Sequence alignment of miR-125b binding site in the 3’UTR of PARP-1 mRNA among
different mammalian species. C, upper panel, miR-125b knockdown. Chemically synthesized anti-miR-125b oligonucleotides were
transfected into differentiated SH-SY5Y cells and reduction of miR-125b expression was measured 24 h post-transfection by qPCR.
C, lower panel, PARP-1 expression in miR-125b knocked-down cells was measured in the cellular lysates by immunoblot. D, upper
panel, miR-125b overexpression. Chemically synthesized miR-125b mimic oligonucleotides were transfected into differentiated
SH-SY5Y cells and miR-125b expression was measured 24 h post-transfection by qPCR. D, lower panel, PARP-1 expression in
miR-125b overexpressing cells was measured in the cellular lysates by immunoblot. Data in C, D are representative of three independent
experiments. �p � 0.05 for the comparison of anti-miR-125b or miR-125b mimic samples versus scrambled controls.
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PARP-1 expression (Fig. 3). Data in Figure 5B,C showed
that downregulation of miR-125b expression is depen-
dent on binding of cocaine to DAT. Based on these ob-
servations, we hypothesized that cocaine exposure
activates miR-125b mediated regulation of PARP-1 by
binding to DAT and inhibition of DAT binding abrogates
cocaine’s effect on miR-125b/PARP-1 axis. To test this,
we treated differentiated SH-SY5Y cells with cocaine and
asked whether pretreatment of nomifensine affected
cocaine-induced PARP-1 expression. Lysates of cells ex-
posed to cocaine with or without nomifensine pretreat-
ment were subjected to Western blot analysis. As
expected cocaine treatment increased PARP-1 expres-
sion, whereas nomifensine treatment did not alter PARP-1
levels (Fig. 5F,G). However, cocaine-induced PARP-1 ex-
pression was abrogated in cells that were pretreated with
the inhibitor (Fig. 5F,G). These data provided further evi-
dence that cocaine-induced PARP-1 expression and the
concurrent miR-125b downregulation is primarily driven
by direct binding of cocaine to DAT. Finally, we tested
whether overexpression of miR-125b abrogates cocaine’s
effect on PARP-1 expression. miR-125b mimics were trans-
fected into differentiated SH-SY5Y cells and overexpression

of miR-125b was confirmed by qPCR (data not shown).
Then, these cells were treated with cocaine (50 &micro;M)
overnight and PARP-1 expression was measured by immu-
noblot. Results in Figure 5H show that cocaine treatment
induced PARP-1 expression in control cells (lane 2 and lane
4). However, miR-125b overexpression inhibited induction
of PARP-1 on cocaine treatment (lane 3). These observation
strongly support the hypothesis that cocaine’s effect on
PARP-1 expression is regulation by miR-125b

Chronic cocaine exposure activates
miR-125b/PARP-1 axis

Our results showed that acute cocaine exposure down-
regulates miR-125b leading to the upregulation of
PARP-1. It has also been reported that chronic cocaine
exposure upregulates PARP-1 expression in NAc of mice
(Scobie et al., 2014). Therefore, we examined whether
cocaine targets miR-125b under chronic exposure condi-
tions both in vitro and in vivo. Differentiated SH-SY5Y
cells were exposed to cocaine (50 �M) for 7 d. To reduce
degradation of cocaine in the culture media, we used
heat-inactivated serum in the media. qPCR analysis
showed that chronic cocaine exposure resulted in a dose-

Figure 4. miR-125b targets 3’UTR of PARP-1 mRNA. We used a luciferase reporter vector, pPARP-3’UTR, containing the 3’UTR of
PARP-1 mRNA cloned downstream of the luciferase stop codon. The pPARP-3’UTR was transfected into HEK-293T cells or
differentiated SH-SY5Y cells in the presence or absence of miR-125b mimics or anti-miR-125b. A, Luciferase activity of cellular
lysates prepared from HEK-293T cells cotransfected with (pPARP-3’UTR) and scrambled control or miR-125b mimics. B, Luciferase
activity in cellular lysates prepared from HEK-293T cells cotransfected with (pPARP-3’UTR) and scrambled control or anti-miR-125b.
C, Luciferase activity in cellular lysates prepared from differentiated SH-SY5Y cells cotransfected with (pPARP-3’UTR) and scrambled
control or miR-125b mimics. D, Luciferase activity in cellular lysates prepared from differentiated SH-SY5Y cells cotransfected with
(pPARP-3’UTR) and scrambled control or anti-miR-125b. E, Site-directed mutagenesis of miR-125b binding site within the PARP-1
3’UTR. Upper panel, PARP 3’UTRMut represents mutation of two critical residues GG � TT. Lower panel, Luciferase activity in cellular
lysates prepared from differentiated SH-SY5Y cells transfected with pPARP 3’UTR and pPARP 3’UTRMut in the presence or absence
of miR-125b mimics. �p � 0.05 for the comparison of anti-miR-125b or miR-125b mimic samples versus scrambled controls.
E, ��p � 0.05 for the comparison of miR-125b mimic samples of pPARP-3’UTR versus pPARP-3’UTRMut.
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dependent reduction in miR-125b expression (Fig. 6A). In
addition, Western blot analysis illustrated increased
PARP-1 levels in cocaine exposed neuronal cells without
significant change in the cleaved form (Fig. 6B,C). Simi-
larly, cocaine was administered to mice under chronic
conditions (7 d with one dose daily) and NAc regions of
mice either treated with cocaine or saline were isolated.
Total RNA and protein were isolated from NAc for analy-
ses of miR-125b and PARP-1 expression, respectively.
We observed that, similar to the acute cocaine treatment,
chronic cocaine exposure significantly downregulated
miR-125b expression in NAc compared to saline-treated
mice (Fig. 6D). Moreover, we also observed increased
PARP-1 protein levels in the NAc of mice exposed to
chronic cocaine treatment albeit accompanied by a slight
increase in cleaved PARP-1 level (Fig. 6E,F).

To better understand the effects of cocaine exposure
on miR-125b and PARP-1 expression, we conducted time
course analysis of miR-125b downregulation and PARP-1
induction on cocaine treatment. Animals were given daily
injections of cocaine (20 mg/kg) and sacrificed on day 2,

4, and 6. NAc was isolated and analyzed for miR-125b
and PARP-1 expression. qPCR data showed that miR-
125b expression remained downregulated throughout the
6 d of cocaine administration (Fig. 7A–C). Immunoblot
analysis revealed that PARP-1 expression was consis-
tently upregulated during treatment period (Fig. 7D-F).
Taken together, these results illustrate that cocaine-
induced downregulation of miR-125b is associated with
increased levels of PARP-1 expression both under acute
and chronic conditions.

Effects of cocaine exposure on miR-125b and
PARP-1 in the VTA and PFC

To examine whether cocaine regulates miR-125b and
PARP-1 expression specifically in the NAc, we tested the
effects of cocaine in other regions of the brain’s reward
pathway including VTA and PFC. Cocaine (20 mg/kg) was
administered to mice under acute and chronic conditions
and the VTA and PFC were isolated. RNA and protein
preparations of these tissues were subjected to qPCR
and immunoblot analysis to measure miR-125b and

Figure 5. Cocaine-induced downregulation of miR-125b and concurrent upregulation of PARP-1 is dependent on DAT. A, Detection
of DAT in the HEK-293T-DATNull and HEK-293T-DAT cells by immunoblot. Fold change in miR-125b expression in (B) HEK-293T-
DAT cells and (C) HEK-293T-DAT-Null cells on exposure to varying concentration of cocaine relative to untreated cells as measured
by qPCR. D, Fold change in miR-125b expression in HEK-293T-DAT cells pretreated with nomifensine. E, G, Differentiated SH-SY5Y
cells with or without nomifensine pretreatment were treated with cocaine. E, miR-125b expression was measured in these cells by
qPCR. F, PARP-1 expression was measured in the cell lysates by Western blotting. G, Densitometry of PARP-1 expression from three
independent experiments. H, Differentiated SH-SY5Y cells were transfected with miR-125b mimics or scrambled controls and then
treated with cocaine (50 �M) overnight. PARP-1 expression was measured in the lysates of these cells by immunoblot. Lower panel
shows representative data, whereas upper panel shows fold change in PARP-1 expression from three independent experiments.
�p � 0.05 for the comparison of cocaine-treated samples versus untreated controls. D, E, G, ��p � 0.05 for the comparison of
cocaine-treated samples versus nomifensine 	 cocaine-treated samples. H, ��p � 0.05 for the comparison of cocaine-treated
samples versus miR-mimic 	 cocaine-treated samples.

New Research 10 of 15

July/August 2017, 4(4) e0089-17.2017 eNeuro.org



PARP-1 expression, respectively. Data from these analy-
sis revealed that both acute and chronic cocaine treat-
ment minimally affected miR-125b expression (Fig. 8A)
and PARP-1 expression (Fig. 8B,C) in PFC. However, in
the VTA, while PARP-1 expression was not affected (Fig.
8E,F), miR-125b levels were significantly elevated by
acute and chronic cocaine treatment (Fig. 8D). These
results suggest that miR-125b levels is not negatively
correlated with PARP-1 expression in the VTA. Still, these
results show that a marked effect on the downregulation
of miR-125b and PARP-1 induction is largely restricted to
the NAc after acute and chronic cocaine exposure.

Discussion
Cocaine-induced alterations in cellular miRNA expres-

sion and subsequent post-transcriptional regulation of
gene expression in specific brain regions are well docu-
mented (Hollander et al., 2010; Chen et al., 2013; Xu et al.,
2013; Doura and Unterwald, 2016). In the mesolimbic
dopaminergic system, chronic cocaine administration
downregulates expression of let-7d and miR-124 while
upregulating miR-181a (Chandrasekar and Dreyer, 2009;
Chandrasekar and Dreyer, 2011), Accordingly, in the dor-
sal striatum, cocaine exposure upregulates miR-212
along with its homolog miR-132 (Im et al., 2010). In the
hippocampus, cocaine upregulates miR-181a (Chan-
drasekar and Dreyer, 2009) and several other miRNAs,
including miR-134, miR-152, and miR-26b (Chen et al.,

2013). A set of miRNAs were also shown to be specifically
modulated in the striatal post-synaptic densities (PSDs;
Eipper-Mains et al., 2011). Altered expression of these
cellular miRNAs has been demonstrated to play functional
roles in cocaine reward and addiction. Results described
in this report provide evidence that miR-125b is important
for cocaine’s action in the brain.

MiR-125b is highly expressed in the mammalian brain
and regulates several key functions including neuron sur-
vival, differentiation, and synaptic plasticity (Lagos-
Quintana et al., 2002; Le et al., 2009). Previous work from
our laboratory has demonstrated that cocaine downregu-
lates miR-125b expression in human CD4	 T cells (Mantri
et al., 2012). In this study, we report that both acute and
chronic cocaine exposure downregulates miR-125b ex-
pression in an in vitro model of dopaminergic neuronal
cells and in vivo in the NAc region of mice (Fig. 1). Al-
though downregulation of miR-125b is well established to
activate cellular apoptotic pathway (Le et al., 2009a and
2009b), exposure of cocaine did not induce neuronal
apoptosis as measured by AV/PI staining and cleavage of
PARP-1 (Fig. 2). Surprisingly, a significant increase in the
total PARP-1 protein was observed in response to co-
caine exposure both in vitro (Fig. 2) and in vivo (Fig. 6).
These results are in accordance with the reported induc-
tion of PARP-1 protein levels in NAc on chronic cocaine
administration (Scobie et al., 2014).

Figure 6. Chronic cocaine exposure reduces miR-125b expression and upregulates PARP-1 expression. A–C, Differentiated
SH-SY5Y cells were treated daily with varying concentrations of cocaine for 7 d. Cells were harvested, and miR-125b expression was
measured by qPCR (A), whereas PARP-1 expression was detected by Western blotting (B, C). A, miR-125b expression was
normalized to 5S rRNA levels and plotted as fold changes in miR-125b expression in cocaine-treated cells relative to untreated
control. B, Representative immunoblot of PARP-1 expression in control and cocaine-treated cells. C, Relative PARP-1 expression in
cocaine-treated cells and untreated cells as quantified by densitometry from three independent experiments. D-F, Mice were injected
(i.p.) with cocaine (20 mg/kg weight of mice) or saline for 7 d. Thereafter, animals were sacrificed and NAc was isolated. RNA and
lysates from the NAc tissues were subjected to qPCR and Western blotting, respectively. D, miR-125b expression was normalized
to the 5s rRNA levels and relative expression of miR-125b in the NAc of cocaine-treated mice (n � 6) compared to the NAc of
saline-treated mice (n � 6) are expressed as fold changes. E, Representative immunoblot showingPARP-1 expression in the NAc of
cocaine-treated mice and saline-treated control mice. F, Relative expression of PARP-1 in the NAc of cocaine-treated mice (n � 6)
compared to the NAc of saline-treated control mice (n � 6) based on densitometry analysis. �p � 0.05 for the comparison of
cocaine-treated samples versus untreated controls.
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PARP-1 is a highly conserved nuclear enzyme that
plays a central role in cellular stress response, DNA dam-
age, and repair (Lupo and Trusolino, 2014; Morales et al.,
2014; Schiewer and Knudsen, 2014). PARP-1 also regu-
lates cellular gene expression (Fontan-Lozano et al.,
2010; Verdone et al., 2015), since activation of PARP-1
results in the addition of negatively charged PAR (aka
PARylation) to histones that induce chromatin remodeling
(Krishnakumar and Kraus, 2010; Wei and Yu, 2016). Be-
cause of these essential roles, PARP-1 is also involved in
neuronal function, learning and memory (Ha and Snyder,
2000; Cohen-Armon et al., 2004; Fontan-Lozano et al.,
2010; Wang et al., 2012). For example, recent evidence
suggests that PARP-1 and PARylation play crucial roles in
cocaine induced molecular, neural, and behavioral plas-
ticity (Scobie et al., 2014; Scobie, 2015). Yet, the cellular
mechanisms that regulate PARP-1 expression are poorly

defined. There is evidence that PARP-1 expression is
transcriptionally regulated by transcriptional factors such
as Sp1, YY1, AP-2, ETS, and NF-1 (Oei et al., 1997; Hassa
and Hottiger, 1999; Zaniolo et al., 2007; Doetsch et al.,
2012). Accordingly, in silico studies of the PARP-1 pro-
moters of several mammalian species predicted potential
binding sites of several other transcriptional factors (Oei
et al., 1997; Hassa and Hottiger, 1999; Zaniolo et al.,
2007; Doetsch et al., 2012). Interestingly, in cancer cells,
PARP-1 expression has been reported to be post-
transcriptionally regulated by miR-124 (Chen et al., 2015).
Similarly, a negative correlation between miR-223 expres-
sion and PARP-1 mRNA levels was also observed (Me-
loche et al., 2015). However, the cellular and molecular
determinants that regulate PARP-1 expression in neurons
are largely unknown.

Figure 7. Time-dependent effects of cocaine exposure on miR-125b and PARP-1 expression in NAc. Mice were injected (i.p.) with
cocaine (20 mg/kg weight of mice) or saline for 2, 4, and 6 d. Thereafter, animals were sacrificed, and NAc regions were isolated. RNA
and lysates from the NAc tissues were subjected to qPCR and Western blotting for measuring miR-125b and PARP-1 expression,
respectively. A–C, Fold changes in miR-125b expression in cocaine-treated (n � 6) and saline-treated control (n � 6) animals on (A)
day 2, (B) day 4, and (C) day 6. D–F, PARP-1 protein expression in the NAc tissues was analyzed by immunoblot and subjected to
quantification by densitometry. Upper panels show representative data of PARP-1, whereas lower panels show densitometry of
PARP-1 expression from cocaine-treated mice (n � 6) and saline-treated control animals (n � 6). Fold changes in PARP-1 expression
in cocaine-treated mice and saline-treated controls as measured by densitometry of immunoblots of samples on (D) day 2, (E) day
4, and (F) day 6. �p � 0.05 for the comparison of cocaine-treated samples versus untreated controls.
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We provide strong evidence that PARP-1 is post-
transcriptionally regulated by miR-125b in neuronal cells.
We observed that PARP-1 induction is correlated with
reduction in miR-125b expression both in dopaminergic
neuronal cultures and NAc of mice by acute and chronic
cocaine exposure (Figs. 1E,F, 6A,E ). Interestingly, our
qPCR analysis showed that cocaine exposure minimally
increased PARP-1 mRNA levels (Fig. 2F,G), similar to the
observations by Scobie et. al. that induction of PARP-1
protein expression by cocaine is not entirely dependent
on increase in mRNA levels (Scobie et al., 2014). These
observations led us to hypothesize that cocaine-mediated
downregulation of miR-125b is the key driver of the in-
creased PARP-1 expression through post-transcriptional
mechanism(s). Initial in silico analysis predicted a binding
site of miR-125b in the 3’UTR sequence of PARP-1 that is
conserved in several mammalian species (Fig. 3A,B). Ge-
netic experiments demonstrated that altering miR-125b
levels either by anti-miRs or miR-mimics negatively cor-
related with PARP-1 protein expression in neuronal cells
(Fig. 3C,D). Subsequently, luciferase reporter based anal-
ysis revealed that miR-125b targets the 3’UTR region of
PARP-1 mRNA (Fig. 4A-D). Finally, specific mutations in
the 3’UTR of PARP-1 confirmed that miR-125b directly
binds to PARP-1 3’UTR to inhibit protein translation (Fig.
4E). These results identify miR-125b as a key post-tran-
scriptional/translational regulator of PARP-1 expression in
neuronal cells.

Differential regulation of miRNAs in brain reward re-
gions in response to cocaine has been reported by sev-
eral laboratories (Chandrasekar and Dreyer, 2009; Eipper-
Mains et al., 2011; Heyer and Kenny, 2015). Accordingly,
we observed downregulation of miR-125b and induction
of PARP-1 by cocaine in a region specific manner. Co-
caine exposure reduced miR-125b levels and enhanced

PARP-1 expression primarily in the NAc (Figs. 1E, 2D,E )
but not in the PFC (Fig. 8A–C). PARP-1 expression also
remained unchanged in the VTA region in response to
cocaine (Fig. 8E,F). However, increased levels of miR-
125b were observed in VTA on cocaine treatment (Fig.
8D). The lack of negative correlation between miR-125b
expression and PARP-1 levels in the VTA suggested al-
ternative regulatory mechanism(s) in this region of the
brain. It is well recognized that regionally selective gene
expression patterns drive the behavioral changes involved
in drug addiction and reward (Nestler, 2004). One of the
hallmark effects of cocaine-induced behavioral changes
are mediated by alteration in structure and function of
medium spiny neurons (MSNs) and their inputs (Lee et al.,
2006; Anderson and Self, 2017). These alterations are
dependent on localized de novo protein synthesis at
specific synapses that modulate dendrite morphology
(Schratt et al., 2006). Cocaine-responsive miRNAs have
been identified that could possibly regulate dendritic mor-
phology and long-lasting cocaine mediated synaptic plas-
ticity (Schratt et al., 2006; Magill et al., 2010; Giusti et al.,
2014). For example, overexpression of miR-125b induced
formation of long thin spines, while reduced miR-125b
increases the width of dendritic spines. (Edbauer et al.,
2010). Thus, reduced miR-125b levels in the NAc by
cocaine treatment may regulate dendritic spine formation.
In addition, PARP-1 expression in NAc after chronic co-
caine administration was shown to modulate dendritic
plasticity via targeting sidekick-1 (SDK1; Scobie et al.,
2014; Scobie, 2015). Therefore, miR-125b alone or by
upregulating PARP-1 expression may regulate dendritic
spine structure that plays important role in the behavioral
response to cocaine addiction.

The rewarding and reinforcing effects of cocaine are
mediated primarily by dopaminergic neurotransmission

Figure 8. Effects of cocaine exposure on miR-125b and PARP-1 expression in PFC and VTA. Mice were injected (i.p.) with cocaine
(20 mg/kg weight of mice) or saline under acute and chronic conditions. Thereafter, animals were sacrificed and PFC (A–C) and VTA
(D–F) were isolated. RNA and lysates from the tissues were subjected to qPCR and Western blotting for measuring miR-125b and
PARP-1 expression, respectively. Fold changes in miR-125b expression in (A) the PFC and (D) the VTA of cocaine-treated animals
and saline-treated control animals were calculated. PARP-1 expression in (B) the PFC and (E) the VTA of cocaine-treated mice and
saline-treated controls as measured by immunoblot. Fold changes in PARP-1 protein expression in (C) the PFC and (F) the VTA of
cocaine-treated mice (n � 6) compared to saline-treated control mice (n � 6). �p � 0.05 for the comparison of cocaine-treated
samples versus untreated controls.
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(Kuhar et al., 1991). Cocaine inhibits reuptake of dopa-
mine by binding to DAT (Beuming et al., 2008) resulting in
an increased levels of extracellular dopamine that stimu-
lates reward pathways in the brain (Kalivas, 2007). In
addition, mice that express a cocaine insensitive DAT
variant do not elevate extracellular dopamine levels as
compared to wild type mice and do not exhibit cocaine-
induced reward (O’Neill et al., 2014; Wu et al., 2014).
Since DAT is central to cocaine action, we probed
whether binding of cocaine to DAT is essential for the
downregulation of miR-125b. To test this, we used the
DAT blocker- nomifensine (Ferris et al., 2012). Nomi-
fensine serves as an excellent probe to study DAT, since
this compound binds to a pocket on DAT that is believed
to be not targeted by cocaine (Tella et al., 1997). Due to
this differential binding, the neuroadaptive molecular
changes induced by nomifensine, have been suggested
to cause limited abuse potential compared to cocaine
(Tella et al., 1997; Jones et al., 1995). For example, up-
regulation of DAT in caudate putamen and NAc was
observed only with cocaine but not with nomifensine
(Jones et al., 1995). This was also substantiated in our
studies, wherein cocaine exposure resulted in the down-
regulation of miR-125b in DAT expressing cells while
nomifensine had no effect (Fig. 5D). These properties of
nomifensine enabled us to specifically demonstrate that
binding of cocaine to DAT is critical for the downregula-
tion of miR-125b. We observed that pretreatment of nomi-
fensine to dopaminergic neuronal cells, abrogated both
cocaine’s effect on miR-125b expression (Fig. 5E), and
cocaine-induced enhancement of PARP-1 protein ex-
pression (Fig. 5F,G). We further confirmed the role of DAT
in cocaine-induced downregulation of miR-125b, by using
HEK-293T cells that stably express DAT and endoge-
nously express miR-125b (Fig. 5B). Whether this depen-
dence on DAT in a neuronal cell model will also be
applicable in vivo and the DAT-dependent downregulation
of miR-125b is dependent on increased levels of dopa-
mine are currently being investigated. Nevertheless, it is
plausible that the role of DAT on miR-125b/PARP-1 axis in
the neuronal cells could be attributed to local variability in
extracellular dopamine levels.

In conclusion, we have demonstrated a post-transcriptional
mechanism of regulation of PARP-1 expression via miR-125b.
The persistent downregulation of miR-125b in the NAc during
acute and chronic cocaine treatment suggest the importance
of this brain enriched miRNA in cocaine-induced response.
Thus, understanding the biology of miR-125b may advance the
cellular and molecular mechanisms of cocaine addiction and
reward.
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