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Abstract
Rationale Early life stress is a major risk factor for co-
caine addiction; however, the underlying molecular
mechanisms remain relatively unexplored. MicroRNA-
212 (miR-212) and methyl CpG binding protein 2
(MeCP2) have recently emerged as key regulators of
brain-derived neurotrophic factor (BDNF) signaling dur-
ing the acquisition and maintenance of cocaine-seeking
behaviors.

Objectives We therefore investigated the effect of maternal
separation (MS) on cocaine-induced conditioned place prefer-
ence (CPP) during periadolescence and how this influences
miR-212, Mecp2, and Bdnf expressions in the prefrontal
cortex.
Methods Male BALB/c mice subjected to MS (3 h/day) from
postnatal day 2 to 15 or normal animal facility rearing (AFR)
were tested for CPP at postnatal day 45, or not exposed to
experimental manipulations (drug-naïve animals). Cultured
primary cortical neurons were used to determine miR-212
expression changes following depolarization by KCL
treatment.
Results MS increased cocaine-induced CPP and de-
creased Bdnf exon IV expression, which correlated with
higher CPP scores in such animals. An experience-
dependent decrease in miR-212 expression was observed
following CPP test. This effect was mimicked in prima-
ry cortical neurons in vitro, under activity-dependent
conditions. In contrast, increased Mecp2 expression
was found after CPP test, suggesting an opposing rela-
tionship between miR-212 and Mecp2 expression fol-
lowing cocaine place preference acquisition. However,
these effects were not present in mice exposed to MS.
Conclusions Together, our results suggest that early life stress
can enhance the motivational salience for cocaine-paired cues
during periadolescence, and that altered expression of miR-
212, Mecp2, and Bdnf in the prefrontal cortex is involved in
this process.
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Introduction

Exposure to adverse experiences early in life can dramatically
affect brain development and neuroendocrine responses to
stress, leading to altered cognition and behavioral phenotypes
(Anand and Scalzo 2000; McEwen et al. 2015). Enduring
changes in neurogenesis (Boku et al. 2015), synaptogenesis
(Andersen and Teicher 2004), and hypothalamo-pituitary-
adrenal (HPA) axis functioning (Leussis and Andersen 2008)
are some of the pronounced effects induced by chronic early life
stress. Recently, the molecular pathways that underlie these
experience-dependent changes have been explored, and altered
brain-derived neurotrophic factor (BDNF) signaling emerged as
one potential candidate for mediating the effects elicited by early
life adversity on brain and behavior (Blaze et al. 2015; Xiao
et al. 2015). This neurotrophin has a major role in neuronal
function and synaptic plasticity, and chronic stress exposure
can lead to a persistent decrease in the expression of BDNF,
particularly in the hippocampus and the prefrontal cortex
(PFC) (Blaze et al. 2015; de Lima et al. 2011).

BDNF plays an important role in neuroplasticity elicited by
the effects of drugs of abuse in the brain (Choi et al. 2012; Liu
et al. 2006). There is abundant evidence that cocaine increases
BDNF protein and Bdnf mRNA levels in reward-related re-
gions including the ventral tegmental area, nucleus accumbens,
and the PFC, an effect that regulates cocaine-induced behaviors
(Choi et al. 2012; Li and Wolf 2015; Liu et al. 2006).
Accordingly, altered cocaine-related phenotypes are a major
consequence of early life stress. Repeated maternal separation
(MS), as an animal model of chronic early life adversity, can
induce higher locomotor response to cocaine (Kikusui et al.
2005), as well as enhanced acquisition of cocaine self-
administration (Moffett et al. 2007). However, while the role
of BDNF on reward-induced neuroplasticity has been widely
explored (Li and Wolf 2015), fewer studies investigated how
BDNF could be involved with stress-induced enhancement of
cocaine-related phenotypes, particularly following early life
stress exposure (Martini and Valverde 2012).

The induction of Bdnf gene expression during acquisition
and maintenance of cocaine-seeking behaviors has been re-
cently shown to be dynamically regulated by microRNA-212
(miR-212) and methyl CpG binding protein 2 (MeCP2) (Im
et al. 2010). MicroRNAs are small non-coding RNA tran-
scripts that elicit post-transcriptional repression of their target
genes and have been shown to be critically involved in neu-
ronal functioning (Bredy et al. 2011). The brain-enriched
miR-212 plays an important role in neuronal morphogenesis
and synaptogenesis particularly through gene expression reg-
ulation of extracellular signal-regulated kinase (ERK), cAMP
response element-binding protein (CREB), and neurotrophic
factors (Remenyi et al. 2010). Specifically following cocaine
administration, higher levels of miR-212 levels in the striatum
of rats were observed, whereas overexpression of miR-212

decreased responsiveness to the motivational properties of
cocaine (Hollander et al. 2010). Furthermore, miR-212 targets
and inhibits MeCP2 signaling during the maintenance of
cocaine-related phenotypes (Im et al. 2010). MeCP2 is an
epigenetic regulator that binds to methylated cytosines in
DNA, including Bdnf promoter regions, thereby regulating
Bdnf gene expression (Chahrour et al. 2008; Lonetti et al.
2010). However, despite the role of miR-212 and MeCP2 in
Bdnf gene expression, the detailed effects of early life stress in
their transcriptional activity remain unknown, particularly in
the context of cocaine-associated behaviors.

Therefore, we investigated the effects of MS on cocaine-
induced conditioned place preference (CPP) during
periadolescence and how this influences miR-212, Mecp2, and
Bdnf expressions in the PFC. The CPP is a classical conditioning
procedure that provides ameasure of themotivational effects of a
particular stimulus previously paired with the effects of cocaine
(Yap and Miczek 2008). We focused our molecular experiments
specifically in the PFC, since cocaine-induced neuroplasticity in
the PFC correlates with CPP acquisition scores (Munoz-Cuevas
et al. 2013) and exposure to previously drug-paired cues induces
hyperactivity of this brain region (Ciccocioppo et al. 2001).

In addition, given that epidemiological studies indicated
that the association between childhood maltreatment and drug
use manifests at an alarmingly young age (Andersen and
Teicher 2009), resulting in 2- to 4-fold increase in the risk of
illicit drug use by age 14 (Dube et al. 2003), as well as en-
hanced drug cue-induced craving symptoms (Elton et al.
2015), we hypothesize that animals exposed to MS would
presen t inc reased coca ine - induced CPP dur ing
periadolescence. Moreover, we propose that alterations in
Bdnf gene expression following CPP would be associated
with the effects of early life stress on enhanced cocaine place
preference, and differential expression of miR-212 and its tar-
get geneMecp2would be involved in subsequent downstream
changes in Bdnf expression.

Material and methods

Animals

The study was performed with male BALB/c mice, since pre-
vious evidence indicated that male, but not female, mice are
more sensitive to the effects of cocaine after repeated exposure
to MS (Kikusui et al. 2005). All animals were housed under a
12 h/12 h light–dark cycle in ventilated cages with tempera-
ture maintained at 21 ± 1 °C. Food and water were available
ad libitum. The experiments were conducted in accordance
with the NIH laboratory animal care guidelines and approved
by the Ethical Committee on the Use of Animals of the
Pontifical Catholic University of Rio Grande do Sul, Brazil.
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Maternal separation

The MS model of early life stress consists of exposing infant
animals to daily episodes of maternal care deprivation during
the first days of life (Plotsky and Meaney 1993). Thus, preg-
nant females were visually checked daily for the presence of
pups. On the day of birth, the litters were randomly assigned to
one of two groups: MS or animal facility rearing (AFR) con-
trol animals. The AFR litters were left undisturbed until
weaning, except for cage cleaning at postnatal day (PND)
10. TheMS litters were subjected to a procedure that was used
in previous studies with BALB/C mice (Bhansali et al. 2007;
Wang et al. 2011). In this procedure, pups were separated from
their dams daily for 180 min (15:00–18:00), from PND 2 to
PND 15. To do this, first, the dam was transferred to another
cage. Then, the whole litter was transferred to another clean
cage with bedding material and placed in another room, to
prevent vocal communication between the dam and pups.
The temperature of pups’ cage (33 ± 2 °C) was controlled
using a digital heating pad placed under the cage to compen-
sate for the dams’ body heat. After the separation period, the
pups were returned to their home cage, followed by the dam.
All pups were weaned at PND 21 and remained together with
their same-sex littermates (two or three animals per cage) un-
der standard housing conditions.

In this study, 14 different mice litters were used, in which 7
were assigned to MS group and 7 were assigned to AFR condi-
tion, and each litter contributed with one to three animals for
each experimental group (MS-CPP group: MS-litter 1 n = 1,
MS-litter 2 n = 1, MS-litter 3 n = 1, MS-litter 4 n = 1, MS-
litter 5 n = 3, MS-litter 6 n = 2, MS-litter 7 n = 1; AFR-CPP
group: AFR-litter 1 n = 1, AFR-litter 2 n = 3, AFR-litter 3 n = 1,
AFR-litter 4 n = 1, AFR-litter 5 n = 1, AFR-litter 6 n = 3, AFR-
litter 7 n = 3;MS drug-naïve group:MS-litter 1 n = 2,MS-litter 2
n = 1,MS-litter 3 n = 1,MS-litter 4 n = 1,MS-litter 5 n = 1,MS-
litter 6 n = 0, MS-litter 7 n = 1; AFR drug-naïve group: AFR-
litter 1 n = 1, AFR-litter 2 n = 1, AFR-litter 3 n = 1, AFR-litter 4
n = 1, AFR-litter 5 n = 1, AFR-litter 6 n = 1, AFR-litter 7 n = 1).

Cocaine-induced CPP

The CPP is a Pavlovian conditioning task, in which drug expo-
sure is repeatedly paired with a neutral environment. Thus, ro-
dents learn to associate a specific spatial context with the effects
of cocaine and later animals have an opportunity to choose, in
the absence of the drug state, to enter and explore the environ-
ment pairedwith the drug or a non-paired environment (Eisener-
Dorman et al. 2011). Cocaine-induced CPP was performed
using an unbiased two-chambered acrylic apparatus (30 cm
long × 15 cm wide × 15 cm high), similar to that described in
Cunningham et al. (2006). The apparatus consisted of two
choice compartments (15 × 15 cm) divided by an acrylic barrier
(3.2 mm tick). Each compartment had a specific visual cue

pattern printed in a white background. One cue consisted of
black circles while the other cue consisted of wide black lines
arranged in parallel. Visual cue patterns were covered with a
smooth plastic and were placed directly under the apparatus,
serving as the floor during conditioned place preference ses-
sions. Cue patterns were also printed and taped to the outside
of the acrylic walls of each chamber.

The CPP was performed following three sequential phases:
habituation (PND 34), conditioning (PND 35 to PND 44), and
post-conditioning test (PND 45) (Fig. 1a), which developmen-
tally represents the mice periadolescence (Laviola et al. 1999).
For all phases, mice were placed into the chambers for a total of
30 min each day. In the habituation, mice were placed at the
center of the apparatus and had free access to both chambers and
no injections were administered. The time spent in both com-
partments was recorded in order to calculate the pre-
conditioning value for place preference analysis. In addition,
such values were analyzed to establish a potential side prefer-
ence of each animal prior to conditioning training. Preference
bias was defined as more than 70 % of the habituation time
spent in only one chamber. No animals exceeded this threshold.

For the conditioning procedure, mice were assigned to re-
ceive cocaine in one of the two conditioning chambers and
saline in the other. The chamber in which each animal spent
less time during the habituation was selected as the cocaine-
paired side/cue chamber. Mice were given five pairing ses-
sions of cocaine and five pairing sessions of saline in an alter-
nating manner over 10 subsequent days, with one pairing ses-
sion per day. Half of animals received cocaine on conditioning
days 1, 3, 5, 7, and 9 and saline on days 2, 4, 6, 8, and 10. The
other half received cocaine on conditioning days 2, 4, 6, 8, and
10 and saline on days 1, 3, 5, 7, and 9. On the following day,
after the last conditioning session, to test for cocaine-induced
CPP, mice were allowed free access to the two conditioning
chambers with no drug/saline administration. CPP scores
were calculated in seconds by subtracting the time spent in
the cocaine-paired chamber during the post-conditioning test
by the time spent during the pre-test habituation phase, as
previously described (Eisener-Dorman et al. 2011).

The CPP apparatus was cleaned using 70 % isopropyl be-
fore each behavioral session. To minimize stress reaction due
to animal relocation, mice were transported to the test room
30min before any behavioral experiment. In addition, animals
were only handled by two researchers during all procedures.

Drugs

Cocaine hydrochloride was dissolved in a sterile 0.9 % saline
solution at a concentration of 20 mg/ml and administered at a
dose of 20 mg/kg (i.p.). The 20-mg/kg dose was chosen based
on previous studies with BALB/c mice showing that this con-
centration optimally induces place preference (Eisener-
Dorman et al. 2011).
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Brain sample preparation

Animals were euthanized by cervical dislocation without anes-
thesia at the PND 45 following 2 h after the CPP test. We select-
ed this time point since previous evidence indicated enhanced
Bdnf gene expression and epigenetic modifications around Bdnf
promoter regions in the PFC after 2 h of behavioral training
(Bredy et al. 2007). The brains were removed immediately by
decapitation and then were directly submerged in RNAlater
(Ambion) solution (1 ml). After overnight tissue incubation in
RNAlater at 4 °C, PFC was dissected on ice by a coronal cut
made at 3 mm anterior to Bregma and included all frontal areas
(medial, ventral, and orbital PFC) without the olfactory bulb.
Samples were then stored at −80 °C and hemispheres were al-
ternated so that within a given group, half of the samples were
from the left hemisphere and half from the right hemisphere.
Additionally, in order to only investigate the effects of MS on

transcriptional levels without the effects of CPP or drug admin-
istration, a group of drug-naïve animals were submitted toMS or
AFR rearing conditions, but were not exposed to any experimen-
tal manipulations during periadolescence (CPP, drug administra-
tion, or handling), and brain tissue was harvested on the same
day (PND 45) as for the other animals.

Primary cortical neuron culture

Cortical tissue was isolated from E18 mouse embryos following
cervical dislocation of a normally reared pregnant female in a
sterile atmosphere. To dissociate the tissue, it was finely chopped
followed by digestion in 0.125 % Trypsin (GIBCO 25200) for
12 min. Cells went through the 40-μm cell strainer (BD Falcon
352340) and were plated onto six-well plate coated with poly-L-
ornithine (Sigma P2533) and fibronectin (GIBCO 33016-015) at
a density of 1 × 106 cells per well. The medium used was

Fig. 1 a Schematic procedure of cocaine-induced CPP experiment. b
Time spent in cocaine-paired chamber, exploration time in seconds
(n = 24). c CPP score comparison between animal facility rearing
(AFR) and maternal separation (MS) group (AFR n = 13, MS n = 11).
CPP scores were calculated by subtracting the time spent in the cocaine-
paired chamber during the post-conditioning test by the percent time
spent during the habituation pre-test phase. d CPP score comparison
between CPP training order 1 (saline first and cocaine last) and CPP

training order 2 (cocaine first and saline last) (n = 12 per condition). e
CPP score comparison between cocaine-paired cue 1 (strips) and cue 2
(dots) (n = 12 per condition). f Body weight comparisons between AFR
and MS at PND 21 and PND 45 (n = 21 per condition). Between group
comparisons using Student’s t tests. Data expressed as mean ± SEM.
Single asterisk represents p value below 0.05 and double asterisks
represents p value below 0.001
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neurobasal medium (GIBCO 21103) containing 5% serum, B27
supplement (GIBCO 17504-044), and 0.5–1 % Pen/Strep
(GIBCO 15140). After 2 weeks of growth, primary cortical neu-
rons were treated with KCl (concentration of 20 mM) to induce
neural activity and depolarization (Li et al. 2014).

Transcript mRNA and miRNA levels

Total RNAwas extracted using QIAzol (Qiagen) according to
the reagent manufacturer’s protocol and reconstituted in 25 μl
of RNase-free water. The concentration of RNAwasmeasured
using Qubit RNA Broad Range Assay in a Qubit Fluorometer
2.0 (Life Technologies), and RNA purity was assessed using
the Nanodrop 2000 Spectrophotometer (Thermo Scientific).
Two hundred fifty nanograms of RNA from each sample was
reverse transcribed using the miScript II RT Kit (Qiagen) and
cDNA generated was used for both mRNA and miRNA gene
expressions. Specifically, template RNA was combined with
4 μl 5× miScript HiFlex Buffer, 2 μl 10× miScript Nucleics
Mix, 2 μl miScript Reverse Transcriptase Mix, and RNase-
free water to a final reaction volume of 20 μl. Reactions were
incubated for 60 min at 37 °C and for 5 min at 95 °C. The
resulting 20 μl of reverse transcription products were diluted
with 80 μl of RNase-free water to a total volume of 100 μl,
and then samples were stored at −20 °C.

One microliter of cDNA samples was used in each RT-
qPCR reaction, performed in a StepOne PCR machine
(Applied Biosystems), using the miScript SYBR Green PCR
kit (Qiagen). Messenger RNA assays were performed using
7.5 μl of SYBR Green, 1.5 μl of QuantiTect primer (Qiagen),
5 μl of RNase-free water, and 1 μl of cDNA template.
MicroRNA assays were performed using 7.5 μl of SYBR
Green, 1.5 μl of miScript miRNA primer (Qiagen), 1.5 μl of
miRNA-specific universal primer (Qiagen), 3.5 μl of RNase-
free water, and 1 μl of cDNA template.

The following Qiagen primers were used: BDNF exon I (n°
QT00097118), MeCP2 (n° QT00268555), GAPDH (n°
QT01658692), and mature miR-212-3p (n° MS00024570),
while the following Invitrogen primers were also used: BDNF
exon IV (forward, 5′-GCAGCTGCCTTGATGTTTAC-3′; re-
verse, 5′-CCGTGGACGTTTACTTCTTTC-3′) (Baker-
Andresen et al. 2013), BDNF exon IX (forward, 5′-
GCAGCTGGAGTGGATCAGTAA-3 ′ ; reverse, 5 ′-
CATTCACGCTCTCCACAGTCCC-3′) (Dong et al. 2015),
and U6 (forward, 5′-CTCGCTTCGGCAGCACA-3′; reverse,
5′-AACGCTTCACGAATTTGCGT-3′) (Baroukh et al. 2007).
To verify primer specificities, melting curve analyses were per-
formed. Each PCR reaction was run in duplicate for each sample
andwas repeated one time. Three negative (no template) controls
were performed to verify genomic DNA contamination for each
PCR plate. The fold change relative expression was calculated
using the ΔΔCt method (Livak and Schmittgen 2001) with the
AFR drug-naïve group as a reference for in vivo and primary

cortical neurons with no KCl for in vitro analyses. GADPH ct
values were used as endogenous control for mRNAs analysis,
and U6 snRNA ct values for miR-212 analysis.

Data analyses and statistics

All data were normally distributed, and differences between
groups in miRNA and mRNA expression were investigated
using two-way analysis of variance (ANOVA) followed by
Bonferroni post-tests. Student’s independent t tests, paired
sample t tests, one-way ANOVA, and Pearson correlations
were used when appropriate. Statistical analyses were con-
ducted using α of 0.05 in the SPSS version 20.0.

Results

MS increased cocaine-induced CPP at the end
of periadolescence

We found a significant effect of cocaine treatment regardless
of group condition, showing that periadolescent male BALB/c
mice exhibited cocaine-induced place preference (20 mg/kg)
with an increase in time spent in the drug-paired chamber after
conditioning training (Fig. 1b, t(23) = 5.75; p < 0.001).
Comparisons between the two postnatal rearing conditions
revealed that the MS group presented significant higher CPP
scores (time spent in the cocaine-paired chamber during the
post-conditioning test, minus time spent during the pre-test
habituation phase) compared with the AFR group (Fig. 1c,
t(22) = 2.21; p < 0.05). Additionally, to analyze the effects of
potential confounds on CPP paradigm, conditioning training
sequence bias (cocaine or saline as the first substance admin-
istered) (Fig. 1d, t(22) = 0.91; n.s.) and visual cue bias (Fig. 1e,
t(22) = 0.67; n.s.) were examined using these conditions as
independent variables on CPP scores and no significant dif-
ference was found. Regarding body weight, MS produced a
significant difference at the weaning day (Fig. 1f, PND 21;
t(39) = 3.48; p < 0.01). However, there was no significant body
weight difference at the end of periadolescence when CPP test
was performed (Fig. 1f, PND 45; t(39) = 1.02; n.s.), suggesting
that body weight did not play a role in CPP score differences
between rearing conditions.

Effects of MS and cocaine-induced CPP on Bdnf mRNA
levels

The Bdnf gene contains multiple promoters that are used
to generate distinct mRNA transcripts (Choi et al. 2012;
Liu et al. 2006). We identified decreased Bdnf exon I
mRNA levels in AFR mice following CPP test relative
to AFR drug-naïve animals (Fig. 2a, 2-way ANOVA,
significant interaction effect F(3,24) = 12.98, p < 0.01;
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Bonferroni, AFR-CPP < AFR-naïve, p < 0.01). In addi-
tion, in drug-naïve conditions, animals exposed to MS
had lower Bdnf exon I levels in comparison with AFR
animals (Bonferroni, p < 0.01). No significant differ-
ences were found between AFR and MS animals fol-
lowing CPP test (Bonferroni, n.s.).

Increased levels of Bdnf exon IV mRNA were ob-
served following CPP test (Fig. 2b, 2-way ANOVA,
significant treatment effect F(3,24) = 5.24, p < 0.05),
while MS exposure strongly decreased Bdnf exon IV
levels in both drug-naïve and CPP trained conditions
(significant group effect F(3,24) = 17.27, p < 0.001;
Bonferroni AFR-naïve > MS-naïve , p < 0.05;
Bonferroni AFR-CPP > MS-CPP, p < 0.01). Multiple
comparison analyses revealed higher Bdnf exon IV
levels in AFR group only fol lowing CPP test
(Bonferroni AFR-CPP > AFR-naïve, p < 0.01), but
not in maternally separated animals (Bonferroni, n.s.).
There were no significant treatments or group effects
o n Bd n f e x o n IX mRNA l e v e l s ( F i g . 2 c ,
F(3,24) = 1.64; n.s.).

Given that both cocaine-induced CPP and MS expo-
sure independently altered Bdnf exon I and IV gene
expressions, we performed correlational analysis and
found a negative association between Bdnf exon IV
mRNA levels and CPP scores (Fig. 2d, Pearson’s cor-
relation, R = −0.55, R2 = 0.30, p < 0.05), indicating
that lower Bdnf exon IV levels in the PFC of animals
exposed to MS were correlated with higher cocaine-
induced place preference during periadolescence.

Divergent effects of cocaine-induced CPP on miR-212
and Mecp2 transcript levels

To assess the role of neuronal activation on transcriptional
levels of miR-212, we first applied an in vitro approach using
primary cortical neurons. A time-dependent decrease in miR-
212 levels was observed in response to KCl-induced neural
activation compared with no KCl treatment (Fig. 3a, one-way
ANOVA, F(5,13) = 77.49, p < 0.001) after 30 min (Bonferroni,
p < 0.001), 1 h (Bonferroni, p < 0.001), 3 h (Bonferroni,
p < 0.001), 5 h (Bonferroni, p < 0.001), and 7 h (Bonferroni,
p < 0.001). In vivo, a similar decrease in miR-212 levels was
observed following CPP test (Fig. 3b), but such effect was
evident in AFR mice only, resulting in significant treatment
and interaction effects in a two-way ANOVA (treatment effect
F(3,24) = 6.31, p < 0.01; interaction effect F(3,24) = 4.39,
p < 0.05; Bonferroni, AFR-CPP < AFR-naïve, p = 0.05).
There were no significant differences between AFR and MS
groups following CPP test in miR-212 expression, as well as
in drug-naïve conditions (Bonferroni, n.s.).

In contrast,Mecp2mRNA levels were increased following
CPP test (Fig. 3c, two-way ANOVA, significant treatment
effect F (3,24) = 8.68, p = 0.01; Bonferroni, AFR-
CPP > AFR-naïve, p = 0.05), but similarly, such effect was
significant in the AFR group only and not in maternally sep-
arated animals (Bonferroni, n.s.). No significant differences in
Mecp2 levels were found between AFR and MS animals fol-
lowing CPP test and in drug-naïve conditions (Bonferroni,
n.s.). Therefore, this suggests that after 2 h of cocaine-
induced CPP test, miR-212 levels are decreased while

Fig. 2 a Two-way ANOVA,
significant interaction effect on
Bdnf exon 1 mRNA levels,
F(3,24) = 12.98, p < 0.01. b Two-
way ANOVA on Bdnf exon IV
mRNA levels, significant
treatment effect F(3,24) = 5.24,
p < 0.05; significant group effect
F(3,24) = 17.27, p < 0.001. c No
significant effects were detected
onmRNA levels of Bdnf exon IX.
d Pearson’s correlation,
R = −0.55, R2 = 0.30, p < 0.05.
AFR-naïve n = 7,MS-naïve n = 7,
AFR-CPP n = 7—samples
collected from the animals with
higher CPP scores, MS-CPP
n = 7—samples from the animals
with higher CPP scores. Data
expressed as mean ± SEM. Single
asterisk represents p value below
0.05 and double asterisks
represents p value below 0.01 in
Bonferroni multiple comparisons
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Mecp2 expression is increased in the PFC of normally reared
animals, an effect that is blunted in maternally separated mice.

Discussion

Here, we examined the effects ofMS on cocaine-induced CPP
and how such conditions could affect cortical Bdnf, miR-212,
and Mecp2 expression. We found that MS increased CPP

during periadolescence and that decreased Bdnf exon IV ex-
pression correlated with the higher CPP scores observed in
maternally separated animals. Additionally, significant and
opposite changes in miR-212 and Mecp2 levels following
cocaine-induced CPP were revealed in normally reared ani-
mals, while these effects did not occur in mice exposed toMS.

Higher cocaine-induced CPP in mice exposed to MS

Previous studies demonstrated that early life stress can alter
cocaine-seekingbehaviors.For instance,MScan induceaheight-
ened locomotor response to cocaine regardless of sex (Kikusui
et al. 2005), as well as rapid acquisition of cocaine self-
administration with lower drug doses (Moffett et al. 2007). The
observation that MS increases cocaine-induced CPP during
periadolescence, however, is novel and relevant. We report that
during a critical developmental period to drug experimentation
andabuse,previousexposure toearly lifestressmightenhancethe
motivationalsalienceevokedbydrug-pairedenvironmental stim-
uli. However, while CPP reflects the rewarding properties of a
drug through conditioned association of the incentive properties
of cocaine with environmental cues (Schechter and Calcagnetti
1993, 1998), our conclusions are limited to the effects of early life
stress incontrolledcocaineuseandcannotbegeneralized tocom-
pulsive drug taking or drug seeking as observed in self-
administrationmodels of drug addiction.

Furthermore, when the effects of early life stress on cocaine-
induced CPP were studied with lower drug doses (2 mg/kg),
reduced CPP scores following MS were observed (Hays et al.
2012). Furthermore, another study that investigated CPP in ad-
olescent rodents found no differential sensitivity to drug reward-
ing effects in animals exposed to MS using morphine instead of
cocaine (Roma et al. 2007). These findings suggest that MS
effects on CPP acquisition could depend on the drug and dose
used. This is supported by a recent finding showing that gluco-
corticoid receptor signaling in dopamine neurons is key for
cocaine-induced molecular and behavioral responses, but not
for morphine (Barik et al. 2010), and altered glucocorticoid
receptor functioning is a well-known consequence elicited by
early life stress (Kikusui et al. 2005). Despite the discrepancies,
it is evident that there are significant effects of MS on CPP,
which appears to be both task and strain specific.
Corroborating with this, human research found that cocaine
users who were previously exposed to childhood maltreatment
demonstrate heightened anticipatory responses to drug cues
(Elton et al. 2015) and a more pronounced withdrawal severity
during cocaine abstinence (Francke et al. 2013).

Exon-specific effect on Bdnf gene expression associated
with MS and cocaine-induced CPP

The observation that MS resulted in lower Bdnf exon I and IV
mRNA levels is in agreement with previous studies (Blaze et al.

Fig. 3 a One-way ANOVA showing reduced miR-212 levels following
KCl treatment in primary cortical neurons with different time-points after
stimulation (n = 3 per group). b Two-way ANOVA on miR-212 levels
showed a treatment effect F(3,24) = 6.31, p < 0.05, and interaction effect
F(3,24) = 4.39, p < 0.05. c Two-way ANOVA on Mecp2 mRNA levels
showed a significant effect of treatment F(3,24) = 8.68, p < 0.01. AFR-
naïve n = 7, MS-naïve n = 7, AFR-CPP n = 7—samples collected from
the animals with higher CPP scores, MS-CPP n = 7—samples from the
animals with higher CPP scores. Data expressed as mean ± SEM. Single
asterisk represents p value below 0.05 and double asterisks represents p
value below 0.001 in Bonferroni multiple comparisons
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2015; de Lima et al. 2011; Kundakovic et al. 2013). Evidence
suggests a long-lasting epigenetic influence of early life stress,
through permanently increased 5-methylcytosine occupancy at
multiple Bdnf promoter regions in the PFC, which results in
reduced Bdnf gene expression (Roth et al. 2009). Therefore,
altered BDNF signaling attributed to early life stress has been
associated with learning and memory deficits (de Lima et al.
2011), as well as with increased depression- and anxiety-like
behaviors (Kundakovic et al. 2013; Roth et al. 2009).

Regarding cocaine effects, a series of previous studies re-
vealed the key role of BDNF-signaling in the PFC on cocaine-
induced neuroadaptations that can suppress cue-induced drug
craving and drug-seeking behavior (Berglind et al. 2007; Sun
et al. 2015; Whitfield et al. 2011). For instance, elevation of
cortical BDNF levels through infusions of exogenous BDNF
into the medial PFC reduces acquisition of cocaine-induced
CPP, attenuates motivation to cocaine seeking following self-
administration training, and diminishes drug relapse (Li and
Wolf 2015). These protective effects are mediated by the high-
affinity BNDF receptor TrkB and through downstream regu-
lation of CREB, ERK, and glutamatergic and GABAergic
signaling (Choi et al. 2012; Lu et al. 2010; Sun et al. 2015;
Whitfield et al. 2011).

Furthermore, cocaine selectively induces transcription of
Bdnf exon IV in the PFC and such effect is evident from
30 min to 24 h after cocaine injections (Fumagalli et al.
2007; Li and Wolf 2015; Sadri-Vakili et al. 2010). Our data
corroborates such previous findings, since relative to drug-
naïve animals, we observed increased Bdnf exon IV gene ex-
pression in the PFC 2 h after cocaine-induced CPP test. Given
the protective role of cortical BDNF signaling and that
shRNA-mediated suppression of Bdnf exon IV expression in
the PFC results in higher cocaine seeking (Sadri-Vakili et al.
2010), we propose that one mechanism whereby early life
stress can enhance associations between cocaine exposure
and drug-paired cues may be via interference with cortical
Bdnf exon IV expression. Specifically, we observed that re-
duced Bdnf exon IV levels found in maternally separated an-
imals correlated with higher CPP scores. Such idea is support-
ed by previous findings showing that chronic stress exposure
prevents cocaine-induced activation of BDNF signaling in the
PFC, which is a potential mechanism for higher vulnerability
to cocaine effects following repeated stress exposure
(Fumagalli et al. 2009). In this sense, upregulation of
BDNF-signaling in the PFC might have potential therapeutic
value for the treatment of cocaine addiction (McGinty et al.
2010), particularly when baseline BDNF levels are decreased
as a consequence of early life adversity exposure. However,
given that the medial PFC and the orbital PFC have differen-
tial sensitivities to cocaine and Bdnf expression during
reward-related behavior (Crombag et al. 2005; Sun et al.
2012), it is important to consider that our data were generated
in whole PFC tissue, which is a limitation of the current study.

Changes in miR-212 and Mecp2 transcription levels
following cocaine-induced CPP and MS in the PFC

Recently, a key role of miRNAs in drug-induced remodeling
of brain reward systems was revealed, particularly with re-
spect to miR-212 (Bali and Kenny 2013). Here, we observed
that cocaine-induced CPP led to decreased miR-212 levels in
the PFC of normally reared animals, an effect that was also
produced by KCl-induced depolarization in primary cortical
neurons. In contrast, increasedMecp2mRNA levels were ob-
served following CPP, suggesting a plausible relationship be-
tween miR-212-mediated silencing of Mecp2 expression fol-
lowing cocaine place preference test, an effect that was simi-
larly observed in the striatum of rats following cocaine self-
administration training (Im et al. 2010; Quinn et al. 2015).
Since miR-212 binds to Mecp2 mRNA inhibiting protein
translation, our data of activity-dependent decrease in miR-
212 expression complements previous data showing higher
MeCP2 protein levels following neuronal activation (Zhou
et al. 2006). Specifically, MeCP2 phosphorylation is triggered
by the release of glutamate at excitatory synapses of cultured
neurons, suggesting that synaptic activation may regulate
MeCP2 function as part of an adaptive response to neuronal
stimulation (Chen et al. 2003; Zhou et al. 2006).

However, we found no such effect on miR-212 and
Mecp2 transcriptional activities following CPP test in
animals exposed to MS. This is interesting because
MeCP2 induces Bdnf gene expression while miR-212
would fine-tune drug-induced neuroplasticity by regu-
lating BDNF signaling indirectly through MeCP2
(Wanet et al. 2012). A blunted response of this regula-
tory mechanism would result in reduced Bdnf expres-
sion following cocaine-induced CPP, an effect observed
in MS animals specifically on Bdnf exon IV mRNA
levels. Indeed, MeCP2 phosphorylation relieves its tran-
scriptional repressor function on Bdnf promoter IV,
which provides evidence that MeCP2 selectively regu-
lates Bdnf exon IV isoform gene expression (Rousseaud
et al. 2015). Furthermore, reduced brain MeCP2 protein
levels in animals exposed to MS were previously asso-
ciated with higher frequency of methamphetamine self-
administration (Lewis et al. 2013), while impaired
MeCP2 signaling was shown to induce excitation/
inhibition imbalance and impaired synaptic functioning
in neurons following stimulation (Calfa et al. 2015). In
this sense, the present findings support a role of miR-
212 and MeCP2 on the acquisition of cocaine-induced
CPP and that MS exposure can alter this regulatory
mechanism. Future experiments will shed further light
on the effects of early life stress and subsequent
cocaine-induced CPP on the functional relationship be-
tween miR-212 and MeCP2 on the regulation of Bdnf
gene expression.
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Conclusion

The acquisition of cocaine-induced CPP is associated with
reduced miR-212 and increased Mecp2 and Bdnf exon IV
mRNA levels in the PFC. Early life stress seems to disrupt
such homeostatic mechanisms by blunting dynamic changes
in miR-212 and Mecp2 expression and decreasing Bdnf gene
expression in the PFC, which is associated with higher
cocaine-induced CPP during periadolescence. This is relevant
since the PFC has a protracted development that continues
throughout periadolescence, which may render it increasingly
vulnerable to the effects of stress and cocaine abuse.

Compliance with ethical standards The experiments were conducted
in accordance with the NIH laboratory animal care guidelines and ap-
proved by the Ethical Committee on the Use of Animals of the Pontifical
Catholic University of Rio Grande do Sul, Brazil.
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