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ABSTRACT

MicroRNAs (miRNAs) are small RNAs that modulate gene expression by binding target mRNAs. The hundreds of miRNAs
expressed in the brain are critical for synaptic development and plasticity. Drugs of abuse cause lasting changes in the limbic
regions of the brain that process reward, and addiction is viewed as a form of aberrant neuroplasticity. Using next-generation
sequencing, we cataloged miRNA expression in the nucleus accumbens and at striatal synapses in control and chronically cocaine-
treated mice. We identified cocaine-responsive miRNAs, synaptically enriched and depleted miRNA families, and confirmed
cocaine-induced changes in protein expression for several predicted synaptic target genes. The miR-8 family, known for its roles in
cancer, is highly enriched and cocaine regulated at striatal synapses, where its members may affect expression of cell adhesion
molecules. Synaptically enriched cocaine-regulated miRNAs may contribute to long-lasting drug-induced plasticity through fine-
tuning regulatory pathways that modulate the actin cytoskeleton, neurotransmitter metabolism, and peptide hormone processing.
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INTRODUCTION

Hundreds of microRNAs (miRNAs), a class of endogenous
21–25 nucleotide (nt) small RNAs that modulate gene
expression by binding complementary sequences in the
39-untranslated regions (39 UTRs) of their target mRNA
transcripts (Kim et al. 2009), are expressed in the mature
mammalian brain (Lagos-Quintana et al. 2002; Krichevsky
et al. 2003; Miska et al. 2004; Landgraf et al. 2007) and are
thought to be involved in synapse development and plastic-
ity (Schratt 2009). The biogenesis of mature miRNAs is
characterized by successive RNA cleavage events in which
long primary miRNA (pri-miRNA) transcripts are processed
into shorter preliminary miRNA (pre-miRNA) hairpins,
exported from the nucleus, and cleaved into z22 nt duplex
RNAs prior to being loaded into RNA-induced silencing
complexes (RISCs) (Kim et al. 2009). Each RISC contains
an Argonaute protein (AGO1-4 in human and mouse) and
a miRNA (Höck and Meister 2008). The RISC then interacts
with the target mRNAs through base-pairing interactions

specified by the miRNA, and either represses translation or
induces mRNA degradation. AGO2, the only catalytically
active AGO family member in humans and mice, has en-
donuclease (‘‘slicer’’) activity and the ability to cleave target
mRNAs (Kim et al. 2009).

Exposure to drugs of abuse such as cocaine triggers
persistent cellular and molecular changes in the limbic
regions of the brain that process reward. The limbic system,
in particular the striatum, is considered the epicenter of the
long-term molecular and morphological changes that un-
derlie addiction (Nestler 2001). The ventral striatum (nucleus
accumbens) is considered the primary striatal subregion with
limbic functions. Neurons can modulate gene expression
with subcellular precision; polyribosomes and mRNAs are
found at the base of dendritic spines and are involved in
localized protein synthesis (Rao and Steward 1991; Kiebler
and DesGroseillers 2000). Both AGO2 and DICER, an
RNase III enzyme required for miRNA biogenesis, have been
localized to dendritic spines (Lugli et al. 2005). Emerging
evidence supports an autonomous role for individual syn-
apses in the local control of protein translation coupled to
neuronal excitation (Schratt 2009; Zukin et al. 2009).

Data from broad expression studies using microarray
technology and from focused single-gene approaches in-
dicate that cocaine exposure elicits widespread changes in
the transcriptional landscape (Kauer and Malenka 2007).
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Several recent studies have begun to investigate the role
of AGO2 and miRNAs in the biochemical, molecular, and
behavioral response to cocaine (Chandrasekar and Dreyer
2009; Hollander et al. 2010; Im et al. 2010; Schaefer et al.
2010). For example, qPCR and in situ analysis of specific
bioinformatically determined miRNAs identified let-7d,
miR-124, and miR-181a as cocaine regulated in rats
(Chandrasekar and Dreyer 2009). Two studies by the Kenny
group identified induction of miR-132 and miR-212 in
dorsal striatum after 7 d of cocaine self-administration
in rats and implicate miR-212 in the behavioral and
motivational response to cocaine through CREB, MeCP2,
and brain-derived neurotrophic factor (BDNF) signaling
(Hollander et al. 2010; Im et al. 2010). In addition, Schaefer
et al. identified an overlapping subset of cocaine-induced
and AGO2-knockdown-depleted miRNAs in D2 dopamine
receptor (Drd2) expressing neurons of the NAc, and showed
a reduction in cocaine self-administration when AGO2 is
depleted from Drd2 neurons (Schaefer et al. 2010). Consistent
with these findings, we observed cocaine-induced increases in
Ago2 mRNA levels upon performing RNA-Seq (JE Eipper-
Mains, DD Kiraly, MO Duff, MJ Horowitz, G May, CJ
McManus, RE Mains, BA Eipper, and BR Graveley, in prep.).
Together, these studies provide evidence that miRNA-medi-
ated gene regulation plays an important role in cocaine-related
changes in neurotransmission and behavior. However, all of
these studies were targeted to a small number of candidate
miRNAs or used microarrays, which suffer from issues of
cross-hybridization, higher background signal, lower dynamic
range, and lack the ability to identify unknown miRNAs
(Metzker 2010), and therefore do not provide a complete
picture of cocaine-induced changes in miRNA levels.

Here, we have more closely examined the role of AGO2
and miRNAs in response to chronic cocaine exposure. First,
we confirmed synaptic Ago2 mRNA and protein expression in
the striatum and increased expression upon chronic cocaine
exposure. We also determined the repertoire of miRNAs
expressed in total nucleus accumbens (NAc) tissue lysates and
purified striatal post-synaptic densities (PSDs) harvested from
saline- and cocaine-treated mice. This led to the identification
of a subset of cocaine-regulated miRNAs in whole tissue and
at the synapse, and the characterization of miRNAs by degrees
of synaptic enrichment and depletion. We also identified
mRNAs that are potentially targeted by the differentially
expressed miRNAs, and validated cocaine-induced changes
in protein levels for several of the identified targets. These
data provide an overview of the global regulation and
synaptic enrichment of miRNAs in response to cocaine.

RESULTS

Cocaine regulates striatal AGO2

To assess whether AGO2 protein was present at striatal
synapses, we subjected adult mouse striatum to subcellular

fractionation (Fig. 1A). Strong enrichment of NR2B, an
NMDA receptor subunit, in the PSD fraction, and depletion
of Synaptophysin, a presynaptic protein, verified the success
of the preparation (Petralia et al. 1994; Kornau et al. 1995;
Ma et al. 2008). The ER lumenal protein BiP showed strong
enrichment in the ER and Golgi fraction. bIII-tubulin was
most abundant in the cytoplasmic fractions. Likewise, the
striatally enriched cytoplasmic protein DARPP32 (Walaas
and Greengard 1984) was highly enriched in soluble frac-
tions and was absent from synaptic fractions. As expected,
AGO2 was enriched in the ER/Golgi fraction and present in
the cytoplasmic fractions. Consistent with prior studies
demonstrating synaptic localization of AGO2 in hippocam-
pus and frontal cortex (Lugli et al. 2005, 2008), our data
indicate that AGO2 was present in striatal PSDs (Fig. 1A).

We next used quantitative-PCR to examine whether
chronic cocaine administration affected Ago2 mRNA expres-
sion in the ventral striatum and found a significant increase
in the level of Ago2 mRNA following cocaine exposure (Fig.
1B). We then determined the impact of chronic cocaine on
AGO2 protein levels at the PSD. Striata (dorsal and ventral)
and medial prefrontal cortices (mPFCs) from 12 cocaine-
treated and 12 saline-treated wild-type male C57BL/6 mice
were pooled and subjected to subcellular fractionation.
Levels of AGO2 and bIII-tubulin in PSDs purified from
striata and mPFCs were assessed by quantitative Western
blotting. We observed a 24% increase in synaptic AGO2 pro-
tein after cocaine treatment in the striatum, but not the
mPFC (Fig. 1C,D). Together these results indicate that AGO2
is localized to the striatal PSD and increases after cocaine
treatment. Because up-regulation of AGO2 was specific to the
striatum, we chose to focus our subsequent analyses on this
brain region.

The nucleus accumbens and purified striatal PSDs
share abundant microRNAs

Given the synaptic localization and cocaine responsiveness
of AGO2 protein, we hypothesized a role for AGO2 and
miRNAs in regulating mRNA stability or translation at the
striatal PSD in response to cocaine. To explore this idea,
we used next-generation sequencing to analyze the global
miRNA expression profiles in both NAc total lysates and
purified striatal PSDs. For the NAc lysates, we sequenced
2.53 and 4.46 million reads from the saline and cocaine
samples, respectively (Supplemental Table S1). We also gen-
erated 3.67 and 4.60 million reads from the striatal PSD
saline and cocaine samples, respectively (Supplemental Table
S1). After removing the 39 linker sequence, reads ranging
from 18 to 30 nt were aligned to the miRBase database
(version 16) (Griffiths-Jones et al. 2006, 2008) using Bowtie
(version 0.12.7) (Langmead et al. 2009) to identify and assess
the abundance of known miRNAs.

We generated pairwise scatter plots to compare expres-
sion of each mature miRNA (as a percentage of total reads)
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across all four samples (Fig. 2A). The two NAc total lysate
samples correlated more closely with each other (R2 = 0.97)
than with either striatal PSD sample (R2 = 0.90–0.93). The
converse was also true, with striatal PSD miRNAs exhibit-
ing a higher correlation to one another (R2 = 0.97) than to
the NAc samples. For both the total tissue lysates and
the PSDs, a handful of individual miRNAs appeared to be
cocaine-regulated; cocaine treatment did not cause wide-
spread alterations in the global miRNA profile.

While the total tissue lysate and purified PSD expression
profiles differed, the most highly expressed miRNAs were
largely identical; 11 of the 15 most abundantly sequenced
miRNAs in both groups were the same (Fig. 2B,C). Of note,
a number of miRNAs known to be brain-specific or neu-
rally enriched, such as miR-9, miR-30, miR-127, miR-138,
miR-181, and let-7 (Lagos-Quintana et al. 2002; Krichevsky
et al. 2003; Miska et al. 2004; Landgraf et al. 2007), were
very abundant in these samples.

We detected one or more reads mapping to a total of
500 (74%) of the 672 mouse pre-miRNAs annotated in
miRBase, of which 475 and 476 miRNAs were detected in the
NAc and striatal PSD libraries, respectively (Table 1). We set

a lower limit of 100 reads per miRNA for further analysis as
we found that reliable qPCR validation of changes necessi-
tated this level of expression. Although this read requirement
decreased the diversity of miRNAs considered for further
analysis, the miRNAs meeting the expression cutoff account
for 99.7% and 99.8% of all reads in the NAc and striatal PSD
libraries, respectively. A summary of the individual miRNAs
and miRNA families identified in these experiments is pre-
sented in Table 1.

Cocaine modulates expression of ventral
striatum microRNAs

There were 283 mature miRNAs detected with at least 100
reads in both NAc lysate libraries (Table 1); 10% of these
miRNAs exhibited at least a 1.5-fold change in expression,
with 16 miRNAs up-regulated and 13 down-regulated after
cocaine treatment. The NAc total lysate miRNAs that
exhibit the largest changes in expression following cocaine
are shown in Figure 3A. The regulated miRNAs were gen-
erally of low-to-moderate abundance, detected at a level be-
tween 100 and 1000 reads. One notable exception, miR-29b,

FIGURE 1. Subcellular fractionation. (A) Wild-type mouse striata were subjected to subcellular fractionation. Aliquots containing equal amounts
of protein (10 mg; 5 mg, PSD) were fractionated by SDS-PAGE, transferred, and analyzed by Western blot. NR2B, AGO2, and Synaptophysin were
visualized from one gel; BiP, bIII-tubulin, and DARPP32 were visualized from an identical gel. PSD, post-synaptic density. (B) Total NAc RNA
from adult male mice treated with saline or cocaine (four per group) was analyzed by qPCR; Ago2 mRNA expression was normalized to Gapdh.
(C,D) PSDs purified from the striata (C) and prefrontal cortices (PFCs) (D) of saline (S)- and cocaine (C)-treated mice were fractionated by SDS-
PAGE. AGO2 levels were normalized to bIII-tubulin by densitometry for the varying amounts of protein loaded; plot shows average C/S ratio for
AGO2. Significance was tested by the two-tailed Student’s t-test with unequal (B) or equal (C,D) variance. *P < 0.05; **P < 0.01.
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was among the 15 most abundantly expressed miRNAs in
the NAc (Fig. 2B).

We used qPCR to validate cocaine-induced changes in
several of the most highly regulated miRNAs and to validate
RNA-Seq data for miRNAs known to be brain-enriched or
synaptically relevant (Supplemental Fig. S3). Commercially
available probes were used for qPCR; these probes measure
only one mature miRNA product, which did not always
correspond to the most abundantly sequenced product due
to 39-end heterogeneity (Supplemental Fig. S4). Neverthe-
less, strong agreement across the two methods (r = 0.68) was
observed when the cocaine/saline ratios obtained by qPCR
and RNA-Seq were plotted (Fig. 3B). Importantly, interplat-
form agreement was consistent over a broad range of overall
expression levels.

Cocaine regulates microRNAs in striatal PSDs

A specific subset of mRNAs is transported along dendrites
and local protein synthesis occurs in stimulated dendritic
spines, altering the components of the synapse (Rao and
Steward 1991; Kiebler and DesGroseillers 2000). As AGO2
protein is localized to the PSD and its levels at the PSD
increased following chronic cocaine exposure, we deter-

mined whether any PSD localized miRNAs were responsive
to cocaine. There were 312 mature miRNAs detected at
100 reads or more in both striatal PSD libraries (Table 1);
11% of these miRNAs exhibited at least a 1.67-fold change
in expression, with four times as many miRNAs down-
regulated (28) as up-regulated (7) after cocaine treatment.
Figure 4A shows those striatal PSD miRNAs with at least
100 reads that demonstrated the largest change in expres-
sion following cocaine. Similar to what was observed for
the NAc miRNAs, the cocaine-regulated PSD miRNAs were
generally of low-to-medium abundance, detected with 100
to 10,000 reads.

We again turned to qPCR to confirm responses observed
with RNA-Seq. A comparison of the ratios of cocaine/saline

FIGURE 2. High-throughput sequence analysis of NAc and PSD miRNA. (A) Pairwise scatter plots of miRNA expression data for NAc lysate and
striatal PSD libraries (saline and cocaine) prepared from an adult mouse; shown as log10(normalized miRNA frequency) per sample. R2 values
were calculated by least squares best fit. Expression data for the 15 most abundant miRNAs in NAc lysates (B) and striatal PSDs (C) are shown as
reads (adjusted for equal total reads per sample). The miRNAs in black italics are highly expressed in both NAc and PSD; miRNAs in red italics
are highly expressed only in that sample.

TABLE 1. Classification of miRNAs detected by RNA-Seq

Total in
miRBase v16

All
data

NAc
lysates

Striatal
PSDs

Pre-miRNAs 672 500 (280) 475 (242) 476 (264)
Mature miRNAs 1055 771 (342) 718 (283) 732 (312)
miRNA families 253 222 (159) 214 (137) 216 (147)
miRNAs in families 502 410 (266) 392 (230) 394 (253)
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measured by RNA-Seq and qPCR showed a high degree of
concordance between the two techniques (r = 0.76) (Fig.
4B). Cross-platform agreement spanned a very broad range
of expression levels, as seen in NAc lysates.

Synaptically enriched microRNA families

To determine the subset of miRNAs that are enriched or
depleted at the synapse, we calculated the relative abun-
dance of each miRNA in all four samples. We then com-
puted the average abundance of each miRNA in the two
NAc lysate and striatal PSD samples, and calculated the
log10 ratio of the PSD average over the NAc average. The
miRNAs with higher PSD-to-NAc lysate ratios are synap-
tically enriched (Fig. 5), whereas those with lower ratios are
synaptically depleted (Supplemental Fig. S5). Z-scores of
relative expression were calculated for each sample and the
data are displayed as heat maps (Fig. 5A,B).

Of the 672 annotated murine miRNAs, 75% (502) can
be grouped into 253 families based on sequence homology
in the ‘‘seed region’’ (nucleotides 2–8 at the 59-end of the
miRNAs) and the observation that these miRNAs are often
functionally redundant (Kim et al. 2009). We detected
expression of at least one member of 222 (88%) of the 253
annotated miRNA families, with 159 families expressed at
100 reads or more (Table 1). Strikingly, several of the syn-
aptically enriched miRNAs we identified were members
of the same family, as indicated by text color in Figure 5B.
All five members of the miR-8 family (miR-141, miR-200a,
miR-200b, miR-200c, and miR-429) were synaptically en-
riched. The same was true for the miR-7 and miR-142
families. The mouse genome contains 12 loci encoding
members of the let-7 family, three of which were synapti-
cally enriched (Fig. 5B). In contrast, we did not observe
family enrichment in the subset of PSD-depleted miRNAs
(Supplemental Fig. S5B).

FIGURE 3. Cocaine-regulated miRNAs in NAc total lysates. (A) NAc lysate libraries (saline and cocaine) analyzed by high-throughput
sequencing of miRNAs. The eight most cocaine down- and up-regulated miRNAs detected at >100 reads are shown as adjusted reads (equal total
reads per sample) on log10 scale. The number above the bars indicates fold change. (B) Pairwise scatter plot comparing log10 ratio of Coc/Sal
expression for selected miRNAs in NAc tissue lysate as computed from RNA-Seq data (vertical axis) and qPCR data (horizontal axis). Size of
circle is proportional to average RNA-Seq expression value. Pearson’s Coefficient represents the linear correlation coefficient, r.
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PSD-localized, cocaine-regulated microRNAs target
a functionally related subset of mRNAs

To provide insight into the role of the cocaine-regulated
miRNAs, we performed a computational search for po-
tential target mRNAs. First, we compiled a list of 1041
dendritically and synaptically localized mRNAs reported in
the literature (Tian et al. 1999; Eberwine et al. 2002; Moccia
et al. 2003; Sung et al. 2004; Poon et al. 2006; Suzuki
et al. 2007; Supplemental Table S2). Of those mRNAs, 424
were PSD enriched in rat forebrain by microarray (Suzuki
et al. 2007), and this subset of synaptically localized genes
(Supplemental Table S2) was cross-referenced with the
putative miRNA target genes identified by analysis using
the miRanda microRNA target prediction algorithm (Betel
et al. 2008, 2010). Briefly, each predicted miRNA binding
site in the 39 UTR of a given gene has a precomputed
mirSVR score; this value directly correlates with the extent
of mRNA down-regulation predicted by miRNA binding,
and the composite score for each gene in Figure 6 represents

the sum of all cataloged mirSVR scores across the queried
miRNAs (Betel et al. 2010).

We performed target prediction on the 16 PSD-localized
cocaine-regulated miRNAs depicted in Figure 4A. A subset
of the list of synaptically localized predicted target genes
for the cocaine-regulated striatal-PSD miRNAs sorted by
mirSVR score is shown in Figure 6. A number of the iden-
tified target genes were predicted to have multiple binding
sites for a given miRNA in their 39 UTR (depicted by the
number of + symbols) and the majority of the predicted
target genes had putative binding sites for both up- and
down-regulated miRNAs.

We carried out gene ontological analysis using DAVID
(Dennis et al. 2003; Huang et al. 2009a,b) to investigate
the functional properties of the identified target genes. The
colored boxes next to the genes in Figure 6 show the en-
riched gene ontological categories (P < 0.05). Most of the
enriched categories (cell junction, regulation of synaptic
transmission, calcium ion binding, dendrite/neuron pro-
jection, cell–cell signaling, cytoskeleton, phosphate metabolic

FIGURE 4. Cocaine-regulated miRNAs in striatal PSDs. (A) Striatal PSD libraries (saline and cocaine) analyzed by high-throughput sequencing
of miRNAs. The eight most cocaine down- and up-regulated miRNAs detected at >100 reads are shown as adjusted reads as described in Fig. 3.
(B) Pairwise scatter plot comparing log10 ratio of Coc/Sal expression for selected miRNAs in striatal PSDs as computed from RNA-Seq data
(vertical axis) and qPCR data (horizontal axis) as described in Fig. 3.

Eipper-Mains et al.

1534 RNA, Vol. 17, No. 8

 Cold Spring Harbor Laboratory Press on June 4, 2017 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


process, transmembrane, growth factor binding) are pro-
cesses generally linked to synaptic plasticity, learning,
and memory.

Identified target genes exhibit differential expression
at striatal synapses after cocaine

Schematic drawings for Ntrk2, E-cadherin, Mtdh, and Pcsk2,
potential target genes of cocaine-regulated synaptic miRNAs
(Fig. 7; Supplemental Fig. S6), depict the sites within their
annotated 39 UTRs that are predicted to bind up- and down-
regulated miRNAs. As these synaptically enriched transcripts
may interact with multiple regulated miRNAs, the direction
of cocaine-mediated changes in synaptic protein levels are
difficult to predict.

We used quantitative Western blotting to investigate the
effect of cocaine administration on the protein level of
several potential target genes of cocaine-regulated synaptic
miRNAs (Fig. 7). One identified target gene is Ntrk2 (also
known as TrkB), a member of the neurotrophin receptor
tyrosine kinase family, which binds BDNF and is critically

involved in the process of activity-de-
pendent synaptic plasticity and long-
term potentiation (Minichiello 2009).
The Ntrk2 39 UTR is targeted by four
miR-8 family members (miR-200a, miR-
200b, miR-200c, and miR-429), which are
down-regulated by cocaine, and by miR-
33 and miR-130b, which are up-regulated
by cocaine (Fig. 6; Supplemental Fig. S6).
The level of synaptic TRK protein in-
creased 18% in the striatum after chronic
cocaine administration (Fig. 7A).

Similarly, synaptic expression of
Metadherin (MTDH), encoded by Mtdh,
the top synaptically regulated miRNA
target gene (Fig. 6), increased to 142%
of the saline level after chronic cocaine
treatment (Fig. 7B). Mtdh is targeted by
miR-183 and four miR-8 family mem-
bers, which are down-regulated by co-
caine, and by miR-16, miR-32, miR-33,
miR-130b, and miR-153, which are up-
regulated by cocaine (Fig. 6; Supplemen-
tal Fig. S6). Although not a direct target
of the identified cocaine-regulated syn-
aptically localized miRNAs, E-cadherin
(also known as Cdh1 or ECAD) ex-
pression is controlled by transcriptional
repressors (ZEB1 and ZEB2), which are
directly targeted by members of the
miR-8 family of miRNAs (Inui et al.
2010), and by several other miRNAs,
which are down-regulated by cocaine
and by a number of miRNAs, which are

up-regulated by cocaine (Fig. 7B; Supplemental Fig. S6).
Two forms of ECAD were detected at the synapse by
Western blot (Fig. 7B). The 105 kDa major band is mature
ECAD (black arrow) and the higher molecular weight
band represents the precursor, proECAD (Miyashita and
Ozawa 2007; van Roy and Berx 2008). The level of mature
ECAD decreased to 68% of the saline level following
chronic cocaine.

The prohormone convertase PC2 (also known as Pcsk2)
was also identified in our bioinformatic analysis as a po-
tential target of the cocaine-regulated miRNAs. Pcsk2 is
targeted by three miR-8 family members and miR-370,
which are down-regulated by cocaine, and by miR-32 and
miR-218, which are up-regulated by cocaine (Fig. 6; Sup-
plemental Fig. S6). Several forms of PC2 were detected
at striatal PSDs by Western blot (Fig. 7C). The smaller
molecular weight band represents mature PC2, the middle
band represents proPC2, and the upper band is the size
of preproPC2 (Bloomquist et al. 1991), indicative of den-
dritic synthesis and processing. When normalized to bIII-
tubulin, mature PC2, and proPC2/preproPC2 increased

FIGURE 5. Identification of miRNA families enriched at the PSD. (A) Normalized miRNA
frequency data for saline- and cocaine-treated NAc lysate and striatal PSD libraries of wild-type
mice were calculated; heat map is sorted by decreasing average PSD frequency/NAc frequency
ratio. Z-score was computed on normalized miRNA frequency across all samples. Blue in-
dicates low expression and yellow indicates high expression. (B) Expansion of heat map
showing top PSD-enriched miRNAs. Text color indicates miRNA families with two or more
family members appearing in the list.
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significantly, 67% and 61%, respectively, after cocaine
treatment.

DISCUSSION

The role of miRNAs in response to drugs of abuse is largely
unknown. Here, we used deep sequencing to identify miRNAs
that are differentially regulated in response to cocaine expo-
sure, both in purified NAc tissue and at striatal synapses. This
catalog of synaptically enriched and cocaine-regulated miRNAs
provides new insight into the molecular mechanisms of the
cocaine-response and serves as a resource for future studies.

Intriguingly, many (18) of the synaptically enriched
miRNAs we identified are encoded in miRNA clusters—
precursor transcripts that contain multiple miRNAs—or
are members of the same miRNA families. Moreover, the
expression patterns of the clustered miRNAs are similar to
one another. Particularly strong examples include the two
clusters encoding miR-8 family members (miR-429/200a/b
and miR-141/200c), the cluster encoding let-7 family mem-
bers (let-7f/miR-98), and clusters miR-1/133a, miR-182/96/
183, and miR-216a/217 (Supplemental Fig. S7). This in-

dicates that many of the miRNAs we identified are co-
ordinately regulated by virtue of being encoded in clusters
and potentially control the same set of mRNA targets as
they share the same seed sequences.

It is well established that the growth and remodeling
that occur in dendritic spines following synaptic activity
require de novo protein synthesis, and that blocking pro-
tein synthesis attenuates formation of long-term memory
(Schratt 2009). The ability to modulate the synthesis of a
subset of synaptic proteins affords neurons the capacity to
integrate and fine-tune extracellular cues with subcellular
resolution, in individual dendrites or at specific synapses
(Wang et al. 2009). MicroRNAs represent ideal candidates for
regulating local translation of specific mRNAs at the synapse.
It is therefore intriguing that we observed both increased
levels of synaptically localized AGO2 protein and altered
levels of specific miRNAs upon cocaine exposure. These
observations indicate that modulations in miRNA-mediated
gene regulation play an important role in the response to
cocaine. Programmed changes in miRNA levels may result in
specific changes in the stability and/or the translation rate
of target mRNAs at the synapse.

FIGURE 6. Target prediction for cocaine-regulated miRNAs. The 16 most cocaine-regulated striatal PSD miRNAs from Fig. 4 were subjected to
bioinformatic target prediction using miRanda. The list of potential target mRNAs was cross-referenced with the 424 PSD-enriched mRNAs
identified by Suzuki et al. (2007) (Supplemental Table S2) and sorted by ascending mirSVR score. + symbols show presence of predicted miRNA
binding site in 39 UTR of target gene; number of + signs denotes number of predicted miRNA binding sites. The 36 target genes shown were run
through gene ontology analysis using DAVID; colored boxes indicate enriched gene ontological functions with P < 0.05.
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We identified several miRNAs that were synaptically
enriched or depleted (Fig. 5B; Supplemental Fig. S5B). A
comparison of our data to earlier microarray experiments
performed in adult (2 mo old) mouse cortex and hippo-
campus (Fig. 8A; Lugli et al. 2008) revealed significant
overlap. Notably, four of the five miR-8 family members
(miR-200a/b/c/429) are highly enriched in both data sets.

Additionally, miR-182 and miR-183 are highly PSD enriched
in both data sets, whereas miR-126, miR-143, miR-145, miR-
150, and miR-451 are synaptically depleted in both data sets
(Fig. 8A). We also observed strong agreement between our
data and a second microarray study that identified synapto-
somally enriched and depleted miRNAs from rat P15 total
forebrain samples (Siegel et al. 2009). In both data sets,

FIGURE 7. Validation of target predictions. PSDs purified from the striata of saline (S)- and cocaine (C)-treated mice were fractionated by SDS-
PAGE; three different amounts of protein were analyzed to establish response linearity. Levels for pan-TRK (A); ECAD (ð) and Metadherin
(MTDH) (B); and PC2 (ð), proPC2 (�), and preproPC2 (�) (C) were normalized to bIII-tubulin by densitometry for the varying amounts of
protein loaded; plot shows average C/S ratio. Based on published reports, the higher molecular weight band (z120 kDa) above the major 105 kDa
ECAD band corresponds to the precursor, proECAD (�) (Miyashita and Ozawa 2007; van Roy and Berx 2008). For PC2, the smaller molecular
weight band represents mature PC2 (ð), the middle band represents proPC2 (�), and the upper band is the size of preproPC2 (�) (Bloomquist
et al. 1991). Schematic drawings represent mRNAs of indicated genes; open reading frame (ORF) is gray, 39 UTR is striped, arrowheads show
miRanda predicted miRNA binding sites for miRNAs up-regulated (m) or down-regulated (.) after cocaine at PSD. Significance was tested by
the two-tailed Student’s t-test with equal variance. *P < 0.05; **P < 0.01. Error bars represent the standard deviation (SD).
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miR-219-5p, miR-21, miR-377, miR-98, miR-376b, miR-
218, miR-7a/b, and miR-29a are synaptosomally or PSD
enriched, whereas miR-143, miR-145, and miR-150 are
depleted (Fig. 8B). The high degree of concordance

between these three data sets, which
used different experimental platforms
and strikingly different samples, may
reflect the prevalence of glutamatergic
synapses and other features common
to these brain regions.

The increased levels of AGO2 and
altered levels of specific miRNAs at the
synapse in response to cocaine strongly
suggest that these factors play a role
in controlling translation of localized
mRNAs. To explore this, we identified
potential mRNA targets from a set of
PSD-enriched mRNAs (Fig. 6; Suzuki
et al. 2007). Due to the fact that most
mRNAs we identified are predicted to
be targeted by many of the regulated
miRNAs, it was difficult to predict
whether translation of the targets would
increase or decrease in response to co-
caine. Nonetheless, we confirmed changes
in protein levels for three predicted tar-
gets (TRKB, MTDH, and PC2) and one
indirect target (ECAD) upon exposure to
cocaine. One of the validated targets,
TRKB (NTRK2), has also been shown
to increase in the NAc of rats after
chronic cocaine self-administration
(Graham et al. 2009), and TRKB-BDNF
signaling in the NAc may modulate be-
havioral responses to cocaine (Lobo et al.
2010). Importantly, several other pre-
dicted targets have been implicated in
various aspects of the cocaine response
(Przew1ocka and Lasoń 1995; Hemby
et al. 2005; Hubert et al. 2008).

Recent studies have demonstrated the
importance of miRNAs in the patho-
physiology of several neuropsychiatric
disorders and mental retardation syn-
dromes (Conrad et al. 2010; Sulzer 2011),
including schizophrenia (Burmistrova
et al. 2007; Beveridge et al. 2010; Moreau
et al. 2011; Santarelli et al. 2011), bipolar
disorder, Fragile X mental retardation
(Edbauer et al. 2010; Krol et al. 2010;
Wulff et al. 2011), Rett syndrome
(Wu et al. 2010), Alzheimer’s disease,
Parkinson’s disease (Junn et al. 2009), and
Huntington’s disease (Martı́ et al. 2010).
A number of the cocaine-responsive

miRNAs identified in this study are important in control-
ling dendritic morphology; these miRNAs, and many
others, may contribute to long-lasting forms of drug-
mediated synaptic plasticity through control of regulatory

FIGURE 8. Comparison of data for striatum and cortex/hippocampus. (A) Pairwise scatter
plot comparing miRNA synaptic enrichment ratios from Lugli et al. 2008 (adult mouse cortex
and hippocampus; measured by microarray) with RNA-Seq data (adult mouse striatum) from
these experiments (Lugli et al. 2008). Horizontal axis, data from Lugli et al. 2008 computed as
ratio of PSD (Syn)/total tissue (Tot) expression; vertical axis, data from RNA-Seq computed as
PSD/NAc lysate ratio of average of saline and cocaine expression levels for adult mouse striatal
PSD and NAc lysate. Blue circles were identified as cocaine-regulated and/or were assayed by
qPCR, green circles indicate miRNAs enriched at striatal PSDs by RNA-Seq, red circles indicate
miRNAs depleted at striatal PSDs by RNA-Seq, and gray circles represent all other miRNAs.
Size of circle is proportional to average RNA-Seq expression value. (B) Synaptosomal
enrichment and depletion categories for miRNAs from Siegel et al. 2009 as determined by
microarray analysis of rat forebrain samples (Siegel et al. 2009). Heat map shows high-
throughput sequencing data for saline- and cocaine-treated NAc lysates and striatal PSDs of
wild-type mice; normalized miRNA frequency was calculated and Z-score was computed on
normalized miRNA frequency across all samples. Blue indicates low expression and yellow
indicates high expression.

Eipper-Mains et al.

1538 RNA, Vol. 17, No. 8

 Cold Spring Harbor Laboratory Press on June 4, 2017 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


pathways that modulate changes to the actin cytoskeleton,
neurotransmitter metabolism, and peptide hormone pro-
cessing. It is likely that the miRNAs we identified are but
one aspect of an exquisitely complex regulatory system that
includes dendritic mRNA trafficking and excitation-coupled
modulation of translation and protein phosphorylation to
fine-tune translation of synaptically localized miRNAs. As
the breadth of information about the molecular changes
that occur in the brain in response to cocaine and other
drugs of abuse increases, the importance of integrating these
data in a meaningful and biologically informative way be-
comes increasingly clear.

MATERIALS AND METHODS

Cocaine treatment of mice

Adult wild-type C57BL/6 mice (Jackson Laboratories, Bar Harbor,
ME; 2–5 mo old) were used for these experiments. All mice were
allowed to acclimate to the colony for at least 1 wk before
handling or injections. Mice were kept in the University of
Connecticut Health Center animal facility on a 12-h light/dark
cycle (lights on from 7:00 am to 7:00 pm) and handled in
accordance with University of Connecticut Health Center In-
stitutional Animal Care and Use Committee guidelines. To
reduce stress from handling during the injections, animals in
all groups were handled for 1 min/animal/day for 2–3 d prior to
the start of injections. During injections, animals were brought
into the behavior room to acclimate to the new environment for
45–60 min each day before the beginning of experiments.

For these studies, we used two slightly different cocaine in-
jection paradigms, both of which have been shown to produce
robust locomotor sensitization. For all experiments, animals were
given a saline or cocaine injection and had their locomotor ac-
tivity monitored for the subsequent 45 min. In the experiments in
which RNA from NAc lysates was used for miRNA-Seq library
preparation, animals were given injections of 20 mg/kg cocaine or
saline (10 mL/kg) intraperitoneally for 7 d. Our group and others
have demonstrated the efficacy of this method at eliciting robust
locomotor sensitization (Hiroi et al. 1999; Kiraly et al. 2010). For
all other experiments (both RNA and protein), animals received
a lower dose of cocaine (10 mg/kg) on the first and last (seventh)
day, with the standard 20 mg/kg cocaine dose on days 2–6 (Kalivas
and Duffy 1993; Pierce et al. 1996). The extent of locomotor
sensitization was taken as the ratio of activity on day 7/day 1 (Pierce
et al. 1996). We chose to switch to this method because it provided
a clearer distinction between those animals that had sensitized and
those that did not. Protein biochemistry from our laboratory has
shown no biochemical differences between sensitized animals from
the two paradigms (DD Kiraly, unpubl.). Neither tissue nor data
from these different treatment paradigms were pooled. For all
experiments, animals were sacrificed 24 h after the final injection.

Whole tissue lysate preparation and subcellular
fractionation

Adult male mouse ventral striatum (nucleus accumbens, NAc)
punches were harvested. For whole tissue protein studies, samples

were sonicated and boiled in 1% SDS, 50 mM TrisHCl ½pH 7.4�,
5 mM EDTA, 50 mM NaF, 2 mM sodium orthovanadate, 1 mM
PMSF, and protease inhibitor cocktail as described (Ma et al.
2008). Total RNA from tissue lysates for individual mice was
prepared from freshly dissected tissue with TRIzol (Invitrogen)
following the manufacturer’s instructions, except that isopropanol
precipitation was carried out overnight at �20°C with two ethanol
washes instead of one.

For subcellular fractionation, whole striata (40 mg wet weight/
mouse) or medial prefrontal cortices (mPFC) (30 mg/mouse)
from 12 identically treated male mice were pooled, homogenized,
and fractionated by differential centrifugation followed by sucrose
gradient centrifugation. After extraction of the PSD-enriched
fraction with 0.5% Triton X-100, PSDs were pelleted and sub-
jected to Western blot analysis as described (Ma et al. 2008; Kiraly
et al. 2010). The protocol is similar to that of Lugli et al. (2008)
and was modified to protect against RNA degradation as follows:
All rotors, homogenizers, pestles, and ultracentrifuge tubes were
rinsed with RNaseZAP (Applied Biosystems) and DEPC water
and air dried prior to use; fractionation buffers were prepared
using DEPC water and were treated with RNASecure (1:25 dilution
from stock; Applied Biosystems) at 60°C for 10 min; aliquots of
different subcellular fractions were diluted into TRIzol for prepa-
ration of total RNA as described previously.

Small RNA cloning and sequencing

Small RNA sequencing libraries were prepared following the
manufacturer’s instructions for the Small RNA Sample Prep Kit
(Illumina). Total RNA used for NAc tissue lysate library prepa-
ration was pooled in equal parts from RNA isolated from eight
male mice from each treatment group. One saline and one cocaine
NAc lysate library were prepared from the pooled RNA and these
are referred to as NAc lysate saline and cocaine libraries. Total
RNA used for striatal post-synaptic density (PSD) library prepa-
ration was isolated as outlined earlier from the pooled striata of
11 mice (7 male, 4 female) from each treatment group; these
libraries are referred to as striatal PSD saline and cocaine li-
braries. Small RNAs of 18–35 nt were gel-purified from 1 mg of
pooled total RNA. Eluted RNAs were ligated to 59 and then to
39 adaptors with RNA ligase, with gel purification following
each ligation. RNAs were reverse transcribed and cDNAs were
PCR-amplified for 16 cycles. PCR products were purified on
a nondenaturing acrylamide gel and sequenced on the Illumina
Genome Analyzer IIx for 50 (NAc lysate libraries) or 40 (striatal
PSD libraries) cycles.

Small RNA genomic analysis

Sequences were extracted from image files using Firecrest and
Bustard. The 39 adaptor sequences were trimmed from the reads,
and reads 18–30 nt in length were aligned to all annotated
mouse microRNAs from miRBase (www.mirbase.org; version
16) (Griffiths-Jones et al. 2006, 2008) with Bowtie (bowtie-bio.
sourceforge.net; version 0.12.7) (Langmead et al. 2009); only
perfectly aligning reads were considered for miRNA expression
level analysis. A custom Perl script was used to calculate the
number of reads aligning to each specific miRNA gene and data
were normalized by the total number of reads obtained in that
sequencing run. A cutoff of 100 reads or more for an individual
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miRNA was required for it to be included in further expression
analyses.

To identify reads mapping to a variety of noncoding genes and
repetitive elements, the remaining non-miRNA sequences were
aligned to the Rfam database (rfam.sanger.ac.uk; version 10.0), the
Repbase database (www.girinst.org/repbase/index.html; version
16.01), and NONCODE (noncode.org; version 2.0). We subse-
quently mapped the remaining reads to the mouse transcriptome,
including exons, introns, and exon–exon junctions annotated
on the UCSC genome browser (genome.ucsc.edu; mm9; NCBI
Build 37) as the following tracks: UCSC Genes, RefSeq Genes,
Vega Protein Coding Annotations, and Ensembl Gene Pre-
dictions. Finally, the remaining reads were aligned to the mouse
genomic sequence (genome.ucsc.edu; mm9; NCBI Build 37). All
of these alignments were performed using Bowtie and allow-
ing 1-mismatch. Alignment data are shown in Supplemental
Figure S1.

Importantly, the trimmed reads were also aligned to miRBase
allowing one or two mismatches. Neither the overall expression
pattern nor the list of the most cocaine-responsive miRNAs
changed significantly when allowing for more mismatches (JE
Eipper-Mains, unpubl.). Read numbers presented in this paper
were calculated from the 0-mismatch alignment.

The raw and processed sequence data have been deposited in
GEO (GSE29261).

Generation of heat maps

Normalized miRNA frequency across all four sequenced libraries
was calculated; expression in one sample of 100 reads or more was
required. Z-scores were computed from frequency data using the
following equation: (x � m)/s, where x is the sample frequency;
m is the mean across all samples; and s is the standard deviation
across all samples. Blue indicates low expression and yellow in-
dicates high expression; heat maps were generated using Java
Treeview software (sourceforge.net/projects/jtreeview/files).

Target gene prediction

MicroRNA target genes were identified using miRanda (www.
microrna.org; August 2010 release) (Betel et al. 2008, 2010).
Prediction scores were computed using the miRanda database of
highly conserved target sites with good mirSVR scores (Betel et al.
2010). We chose this database because programs requiring target
conservation across a broad range of species are more stringent
than those with more relaxed definitions of conservation. For the
miRanda-generated target gene list for PSD-localized cocaine-
regulated miRNAs, we filtered the list to include only those target
genes with supporting experimental data indicating dendritic or
synaptic localization; data compiled from six
studies (Tian et al. 1999; Eberwine et al.
2002; Moccia et al. 2003; Sung et al. 2004;
Poon et al. 2006; Suzuki et al. 2007) yielded
a list of 1041 target genes (Supplemental
Table S2).

Functional analysis of target genes

We used the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID;

david.abcc.ncifcrf.gov) to interrogate multiple databases in
parallel with a list of target genes (Dennis et al. 2003; Huang
et al. 2009a,b). We used the GoCharts module to analyze a
subset of the target mRNAs identified from miRanda analysis.
GoCharts uses the classifications of the Gene Ontology Consor-
tium (GO; www.geneontology.org), which assigns functional
terms to annotated genes and proteins. Only those GO terms
identified by DAVID with enrichment P < 0.05 were included in
Figure 6.

Quantitative polymerase chain reaction (qPCR)

The cDNAs from tissue lysate total RNA were prepared using
iScript (BioRad) with random primers; a 5-min 65°C step was
added to the iScript protocol before chilling and adding the
enzyme. Pairwise statistical comparisons used the t-test for two
samples assuming unequal variance and the two-tailed value are
reported. Real-time PCR for mRNAs was performed using an
Eppendorf Realplex2 machine and Sybr-Green (BioRad), with the
following parameters: 95°C 2 min; 95°C 15 sec, 55°C 15 sec, and
68°C 40 sec; repeat 40X. Maximal rates of amplification per cycle
were calculated for all primer pairs and all samples in all assays
and averaged 2.03 6 0.06 (SD) in six runs of 96-well plates. Data
are calculated with respect to GAPDH for each sample within an
assay, and data across assays were then averaged because the
values with respect to GAPDH for each transcript were very
consistent. Primer pairs were chosen to keep the melt temperature
(Tm) between 60°C and 62°C (calculated using www.basic.
northwestern.edu/biotools/oligocalc.html) and products in the
120 6 5-nt size range (Table 2). Differences between saline and
cocaine samples were evaluated using the two-tailed Student’s
t-test with unequal variances.

MicroRNA qPCR

Reverse transcription using mature miRNA-specific primers was
performed on 1–10 ng total RNA from tissue lysates per the
manufacturer’s instructions for the TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems) using the suggested pa-
rameters (ice 5 min, 16°C 30 min, 42°C 30 min, and 85°C 5 min).
Quantification was performed using the TaqMan MicroRNA
Assay (Applied Biosystems) with the manufacturer’s recom-
mended amplification parameters (95°C 10 min, 95°C 15 sec, and
60°C 60 sec; repeat 403). NAc lysate qPCR was performed on
RNA isolated from individual animals, whereas striatal-PSD qPCR
was carried out on the pooled preparations. Data are calculated
with respect to an empirically determined endogenous control
miRNA; total NAc lysate and striatal-PSD miRNA levels were
calculated with respect to miR-9 and miR-101a, respectively.

TABLE 2. qPCR primers

Primer name Sequence Tm (°C)
Product

length (nt)

Gapdh-for 59-TTGTCAGCAATGCATCCTGCACCACC-39 61 119
Gapdh-rev 59-CTGAGTGGCAGTGATGGCATGGAC-39 61
Ago2-for 59-GACTATCAGCCAGGAATCACGTTCATCG-39 61 121
Ago2-rev 59-CCACGGTTGTGCCTGCGGGAATG-39 62
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Western blot analysis

Gels (4%–15% Mini-PROTEAN TGX precast gels, BioRad) of
subcellular fractions were loaded with 1–10 mg protein, which was
measured using the Bicinchoninic Acid Assay with bovine serum
albumin as the standard (Pierce). Commercially available mouse
monoclonal antibodies were used: bIII-tubulin (TUJ1; Covance;
1:1000), NR2B (clone N59/20; NeuroMab; 1:1000), Ago2 (2E12-
1C9; Novus Biologicals; 1:1000), and Synaptophysin (SVP-38;
Sigma; 1:10,000). Commercially available rabbit polyclonal anti-
bodies were also used: BiP/GRP78 (Affinity BioReagents; 1:500),
DARPP32 (2303; Cell Signaling Technology; 1:1000), pan-Trk
(MCTrks, SC-414; Santa Cruz Biotechnology; 1:250), E-cadherin
(ab53033; Abcam; 1:1000), and Metadherin (Ab2989; Millipore;
1:500). Rabbit polyclonal antibody JH1159 (1:250) (Zhou and
Mains 1994) to the C-terminal 13 residues (amino acids 626-638)
of rat PC2 was affinity-purified using the antigenic peptide linked
to AffiGel 15 beads (Bio-Rad Laboratories).

For quantitative analysis of purified PSDs from saline- and
cocaine-treated mice, three different amounts of sample were
analyzed to verify the linearity of the response. After transfer to
polyvinylidene difluoride membranes (Millipore), blots were
stained with Coomassie Brilliant Blue R-250 and cut to separate
the proteins of interest. Blots were incubated in primary antibody
overnight at 4°C, washed, and incubated for 1 h at room tem-
perature in the appropriate horseradish peroxidase-conjugated
secondary antibody (Pierce). Washed blots were incubated in
Super Signal West Pico chemiluminescence substrate (Pierce) for
5 min and multiple exposures were collected using a Syngene
imaging system. Signals were quantified using GeneTools soft-
ware; for each dilution of each PSD sample, the signal for each
protein was normalized to bIII-tubulin and the cocaine-to-saline
ratio was determined.

Statistical analyses

Data across qPCR assays were averaged because the values with
respect to the endogenous control for each miRNA were very
consistent. Outliers were determined with the GraphPad Grubbs’
test outlier calculator (graphpad.com/quickcalcs/Grubbs1.cfm).
Differences between saline and cocaine samples were evaluated
using the two-tailed Student’s t-test with unequal variances (NAc
lysates) or equal variance (striatal-PSDs). For PSD Western blot
quantification, cocaine-to-saline ratios for the three amounts of
each sample were averaged and differences were evaluated using
the two-tailed Student’s t-test with equal variance. Pearson’s
coefficient represents the linear correlation coefficient between
two samples, X and Y. Pearson’s r = covariance(X,Y)/sXsy,
where s is the standard deviation.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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