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A role for miR-132 in learned safety
Marianne Ronovsky1, Alice Zambon1, Ana Cicvaric  1, Vincent Boehm  2, Bastian Hoesel3, 
Bernhard A. Moser  3, Jiaye Yang1, Johannes A. Schmid  3, Wulf E. Haubensak  2, 
Francisco J. Monje1 & Daniela D. Pollak1

Learned safety is a fear inhibitory mechanism, which regulates fear responses, promotes episodes 
of safety and generates positive affective states. Despite its potential as experimental model for 
several psychiatric illnesses, including post-traumatic stress disorder and depression, the molecular 
mechanisms of learned safety remain poorly understood, We here investigated the molecular mediators 
of learned safety, focusing on the characterization of miRNA expression in the basolateral amygdala 
(BLA). Comparing levels of 22 miRNAs in learned safety and learned fear trained mice, six safety-related 
miRNAs, including three members of the miR-132/-212 family, were identified. A gain-of-function 
approach based upon in-vivo transfection of a specific miRNA mimic, and miR-132/212 knock-out mice 
as loss-of-function tool were used in order to determine the relevance of miR-132 for learned safety at 
the behavioral and the neuronal functional levels. Using a designated bioinformatic approach, PTEN 
and GAT1 were identified as potential novel miR-132 target genes and further experimentally validated. 
We here firstly provide evidence for a regulation of amygdala miRNA expression in learned safety 
and propose miR-132 as signature molecule to be considered in future preclinical and translational 
approaches testing the transdiagnostic relevance of learned safety as intermediate phenotype in fear 
and stress-related disorders.

As fear can be generated and increased by learning processes, likewise also learned fear inhibitory mechanisms 
exist. One of these mechanisms is referred to as “learned safety” as it involves the learning about safety signals, 
which act to inhibit conditioned fear in the summation and retardation tests1–5.

Similar to learned fear, the learned safety paradigm can be examined experimentally in humans as well as in 
animals, including rodents1,6. Learned fear is studied by a fear conditioning paradigm in which a neutral condi-
tioned stimulus (CS) such as a tone is positively correlated with an aversive unconditioned stimulus (US) such 
as an electric shock. In contrast, in the learned safety paradigm, CS and US are always presented unpaired, and 
therefore the CS is perceived as a signal of safety, indicating protection from imminent danger1. Learned safety 
signals exert effects beyond the regulation of fear responses: through the identification of episodes of security they 
also relate to positive affective states, elicit a reward-related approach and a reduction of depression-like behavior 
in mice2,3,7.

A candidate structure involved in learned safety processing is the amygdala. It was previously demonstrated 
that neural activity and spine synapse size are reduced upon learned safety in this particular brain region3,7,8. 
A detailed electrophysiological characterization revealed the presence of specific “safety neurons” in the basal 
amygdala, which could be further distinguished by either a selective response to safety cues alone or activation in 
response to safety cues coupled to a rewarding stimulus9. This cellular analysis further complemented previously 
obtained behavioral data2,3,7 supporting the notion of shared neural mechanisms of safety and reward processing 
in the amygdala. While elegantly delineated at the behavioral and neural levels, information on the molecular 
underpinnings of learned safety is limited. In our previous study, we investigated gene expression changes in the 
BLA underlying the acquisition of learned safety and reported a specific “fingerprint” of mRNA expression in the 
BLA2. However, how gene expression is regulated in response to the recall of learned safety has so far remained 
unexplored, which led us to examine the involvement of specific microRNAs (miRNAs) as molecular mediators.

miRNAs are small noncoding RNAs regulating gene expression on the posttranscriptional level and have been 
demonstrated with a multitude of functions in the physiology and pathology of the brain10–13. In several studies, 
a role for miRNAs in amygdala-dependent fear learning was already demonstrated14,15. Furthermore, miRNAs in 
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the BLA exert crucial functions in fear extinction, a learned safety-related fear inhibitory paradigm, proposing an 
involvement of miRNAs in inhibitory emotional learning and memory16,17.

Using a focused, discovery-driven approach led us to the detection of six safety-associated miRNAs, three of 
which belong to the cluster of miRNAs forming the miR-212/-132 family, whose members are highly relevant for 
the neuronal function during development and in adulthood and have been implicated in several disorders of the 
brain (see for review18). We therefore here decided to further characterize the role of miR-132 in learned safety 
behavior in-vivo and in BLA functional activity ex-vivo and identify novel miR-132 target genes using combined 
in-silico and in-vitro approaches.

Materials and Methods
Animals. 8–12 weeks old male C57Bl/6N mice were used for all wildtype experiments. miR-132/212 knockout 
mice have been previously described19. miR-132/212 knockout mice were generated by crossing heterozygous 
parents and compared to wildtype littermate controls for all experiments. All animals were housed under stand-
ard conditions and experiments followed the ARRIVE guidelines and the U.K. Animals Scientific Procedures Act, 
1986 and associated guidelines (EU Directive 2010/63/EU for animal experiments) and were approved by the 
national ethical committee on animal care and use (BMWF-66.009/0200-WF/V/3b/2016; Bundesministerium 
für Wissenschaft und Forschung).

Conditioning. Conditioning procedures followed a previously published protocol2. All mice were handled 
once per day for two days prior to experiments, in order to accustom the animals to the experimenter. At least 
30 minutes before the conditioning trial, mice were transported to a habituation room close to the experimental 
room. In all instances the unconditioned stimulus (US) consisted of a 0.6 mA electric shock and the conditioned 
stimulus (CS) of a white noise at 75 dB. Following the end of the conditioning session, mice were removed from 
the conditioning chamber, placed back into their home cage and returned to the habituation room. The chamber 
was carefully cleaned with 70% ethanol after each animal.

For the learned safety and the matching learned fear procedure (Figs 1 and 2A–F) mice were trained on three 
consecutive days with one training session per day lasting a total 680 seconds. Each training session comprised 
four CS and four US presentations, which were delivered in an explicitly unpaired manner for learned safety and 
in a paired presentation mode for learned fear. For the “traditional” fear conditioning protocol, mice received 
one training session per day (two paired CS-US presentations), lasting for 360 seconds on two consecutive days. 
Shock-alone controls were exposed to the US only with identical times spent in the conditioning chamber as the 
learned safety and learned fear groups.

In each instance, a memory recall test was performed 24 hours after the last training session which lasted 
for 210 seconds and comprised a single CS presentation. All behavioral experiments were recorded using the 
near-infrared (NIR) Video Conditioning System from Med Associates (MedAssociates Inc., St. Albans, USA) and 
analyzed by the Video Freeze® (MedAssociates Inc.) software.

Stereotactic Surgery. The stereotactic procedure was conducted following a previously published proce-
dure20. Briefly, guide cannulas (Plastics One, Roanoke, USA; cut length: 5 mm, 24 gauges) were introduced 1 mm 
above the target site (BLA) at AP: −1.4 mm, ML: +/−3.15 mm, DV: −5 mm. All animals were allowed a 2 weeks 
recovery period before further experiments.

In-vivo miRNA transfection. For in-vivo transfection of a miR-132 mimic, the jetSI™ 10 mM in-vivo trans-
fection reagent (Polyplus-transfection SA, Illkirch, France) was prepared according to the manufacturer’s instruc-
tions. 0.5 µL of the miRNA-132 mimic or the negative control (C.elegans miR-67 mimic) (both: GE Healthcare 
Dharmacon Inc., Lafayette, USA) were injected into the BLA at a rate of 0.25 µL/min.

Electrophysiology. Coronal slices (300 µm) containing the BLA were prepared from mice 24 hours after 
in-vivo transfection for gain-of-function experiments and from miR-132 KO and WT animals for loss-of-function 
experiments. Long-term potentiation (LTP) was induced and recorded according to published methods21. In brief, 
animals were anesthetized via i.p. injection of a ketamine/xylazine cocktail at 100 mg/kg ketamine (Ketanest® 
S, Pfizer Corporation Austria Gesellschaft m.b.H., Vienna, Austria) and 40 mg/kg xylazine (Rompun®, Bayer, 
Germany) and transcardially perfused with ~20 mL of a saline cutting solution containing (in mM): 220 Sucrose, 
2.4 KCl, 26 NaHCO3, 10 Glucose, 5 L-Ascorbate, 3 Sodium Pyruvate, 0.5 CaCl2, 10 MgCl2. Brains were quickly 
dissected and sliced in frosty cutting solution under constant carbogen perfusion (95% O2/5% CO2) using a 
vibratome (Vibrating Microtome 7000 Model 7000smz-2, Campden Instruments Ltd., Loughborough, Leics., 
U.K.). Slices were then transferred to a home-made recovery chamber containing an artificial cerebrospinal fluid 
(aCSF) solution containing (in mM): 118 NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 20 Glucose, 2 CaCl2, 1 
MgCl2, and slices rested during at least 60 min at 33 °C under constant carbogen perfusion. For electrophysiol-
ogy recordings, each slice was transferred to a recording chamber superfused with carbogen-aCSF solution and 
electrically stimulated via a custom-built bipolar tungsten electrode insulated to the tip and located at the lateral 
nucleus of the amygdala, right below the cortical inputs endings. For recordings, pipettes from borosilicate glass 
capillaries were prepared using a horizontal puller (Sutter Instrument, Novato, CA, USA) backfilled with aCSF 
(resistance 2–4 MΩ) and placed at the upper portion of the basolateral nucleus22. Stimulation was delivered using 
an ISO-STIM 01D isolator stimulator (NPI Electronics, Tamm, Germany). Input/output curves were obtained 
from the changing values in field decaying slopes upon delivery of incremental pulses of voltage (0–7 V, 1 V incre-
ments, 200 μs duration) and used to determine the strength of synaptic transmission. For synaptic potentiation 
recordings, stable basal synaptic transmission baselines were recorded for at least 10 min using a stimulus input 
(200 μs duration, 0.03 Hz) eliciting ~30% of maximal input/output value. LTP was induced by delivering 2 trains 
of only 0.5 s of high frequency electrical stimulation (100 Hz, 200 μs/pulse, 10 s intertrain interval) also applying 
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Figure 1. BLA miRNA expression in learned safety (LS) and learned fear (LF). (A) Percentage of time spent 
freezing before (preCS) and during (CS) presentation of the conditioned stimulus in LS and LF trained mice 
(n = 13–14 per group). Relative miRNA expression of (B) miR-132, (C) miR-132*, (D) miR-212-5p, (E) miR-
100, (F) miR-92a and (G) miR-15b determined by qRT-PCR in BLA tissue of LS and LF mice sacrificed 2 hours 
after the memory test. Results were normalized to SNORD61 as reference RNA and plotted relative to the mean 
of LF (n = 7-8 per group). (H) Relative CREB protein expression in BLA tissue of LS and LF mice sacrificed 
12 hours after the memory test revealed by Western Blot (n = 3 per group). Data are displayed as mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001.
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the stimulus amplitudes that elicited ~30% of maximal synaptic response as determined from input/output curves 
(intensity values which elicited comparable field responses in all experimental groups). Elicited fEPSPs were sub-
sequently recorded for at least 30 min. Synaptic strengthening was determined by examining the temporal pro-
gression of the linear slope decays of fEPSPs induced after high frequency stimulation normalized to respective 
baseline values. All recordings were conducted using an AxoClamp-2B amplifier (Bridge mode) and a Digidata 
1550A interface (Axon Instruments, Molecular Devices, Berkshire, UK). Data analysis was performed using the 
pClamp10 Software (Molecular Devices, Sunnyvale, CA, USA).

Figure 2. BLA miRNA expression in learned safety (LS), learned fear (LF) and shock alone (SA) controls. 
Relative miRNA expression of (A) miR-132, (B) miR-132*, (C) miR-212-5p, (D) miR-100, (E) miR-92a and 
(F) miR-15b determined by qRT-PCR in BLA tissue of LS mice compared to SA mice 2 hours after the memory 
test. Results were normalized to SNORD61 as reference RNA and plotted relative to the mean of the SA group 
(n = 6–7 per group). Relative miRNA expression of (G) miR-132, (H) miR-132*, (I) miR-212-5p, (J) miR-100, 
(K) miR-92a and (L) miR-15b determined by qRT-PCR in BLA tissue of LF mice compared to SA mice 2 hours 
after the memory test. Results were normalized to SNORD61 as reference RNA and plotted relative to the mean 
of the SA group (n = 7–8 per group). All data are displayed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Brain dissection and micropunch procedure. Mice were sacrificed via neck dislocation, brains were 
rapidly dissected over ice and stored in optimal cutting temperature compound at −80 °C for collection of BLA 
samples using a micropunch procedure23 and manual dissection of hippocampal tissue.

Cell culture and in-vitro transfections. 3t3 cells (American Type Culture Collection (ATCC), Manassas, 
USA) were maintained in DMEM medium (Gibco, Thermo Fisher Scientific Inc., Waltham, USA) containing 
10% fetal bovine serum (Sigma-Aldrich, Vienna, Austria), PenStrep (100 U/mL Penicilium and 100 μg/mL 
Streptomycin) (Gibco, Thermo Fisher Scientific Inc.) and Glutamine (2 mM) (Gibco, Thermo Fisher Scientific 
Inc.) and transfected with 0.1 nM miR-132 mimic or miRNA mimic negative control (both from GE Healthcare 
Dharmacon Inc.) diluted in lipofectamine 2000 (Invitrogen, Carlsbad, USA). Cells were harvested 24 hours after 
the transfection.

RNA extraction, cDNA synthesis and qRT-PCR. RNA extraction and cDNA synthesis. Total RNA 
was extracted using a commercial kit (miRNeasy microKit, Qiagen, Hilden, Germany). cDNA synthesis from 
mature miRNAs was obtained using the miScript II RT Kit (Qiagen). For cDNA synthesis from mRNA the 
DyNamo Kit (Thermo Fisher Scientific Inc.) was used. 500 ng of RNA was used for cDNA synthesis in each case. 
Manufacturer’s instructions were followed in all instances.

qRT-PCR. For miRNA qRT-PCR the miScript SYBR® Green PCR Kit (Qiagen) and for mRNA the SYBR® 
Green PCR Master Mix (Applied Biosystems®) was used. In both instances, the manufacturer’s instructions were 
followed. Each cDNA sample was tested in duplicate (as in comparable studies24–26 and dCT was determined 
by normalization of the Ct value to the Ct value of the reference small nucleolar RNA SNORD61 (Qiagen) for 
miRNA or to beta-actin (Invitrogen, Carlsbad, USA) for mRNA. Data were transformed into relative values by 
calculating: 2−ΔΔCT (ddCT) as previously described23.

Protein isolation and Western Blot. Proteins were purified from 3t3 cells and BLA tissue. Cells and tis-
sue were lysed using a lysis buffer containing Tris pH 7.4 50 mM, NaCl 150 mM, EDTA 5 mM, Triton X-100 
1%, protease inhibitors cocktail (Roche, Mannheim, Germany) and protease and phosphatase inhibitors cocktail 
(ThermoScientific, Rockford, USA)). Cell/tissue homogenate was sonicated and total protein content was quan-
tified using a commercial kit (PierceTM BCA Protein Assay Kit, Thermoscientific) with assistance of the software 
GEN5 (BioTek, Vermont, USA).

Western Blot analysis was conducted using the following primary antibodies and dilutions: anti-PTEN: 1:1000, 
ab154812 (Abcam, Cambridge, UK), anti-beta actin 1:2000, A0760–40 (USBiological, Massachusetts, USA) 
and anti-GAPDH 1:3000, ab9485 (Abcam), anti-CREB 1:250, 48H2 (Cell Signalling, Boston, Massachussets). 
Secondary antibody signals were detected using the ClarityTM Western ECL detection kit (BioRad, California, 
USA) and the software FluorchemTM HD2 (Alpha Innotech, Biozym, Vienna, Austria). Quantification of optical 
densities was performed using the program ImageJ (Maryland, USA) and values were normalized to those of 
housekeeping genes (beta actin and GAPDH).

Bioinformatics. To predict potential target genes for miR-132, the platforms targetscan (http://www.tar-
getscan.org), Miranda (http://www.microrna.org/microrna/home.do) and EIMMo3 (https://www.mirz.unibas.
ch/) were used as miRNA target prediction tools. Predicted target genes were further evaluated using the online 
tool AmiGO (http://amigo.geneontology.org/amigo), the Vienna RNA webserver (RNAfold, http://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) and the Allen mouse brain atlas (http://mouse.brain-map.org/).

Luciferase Assay. GAT1, PTEN and MeCP2 3´UTR fragments were amplified from genomic DNA using 
a Q5 High-Fidelity Taq Polymerase, digested with NheI and NotI and cloned in the pmirGLO Dual-Luciferase 
reporter vector (Promega GmbH, Mannheim, Germany)). All plasmids were sequenced before use. The following 
primers were used for cloning of GAT1, PTEN and MeCP2 fragments containing a predicted miR-132 binding 
site: GAT1_fwd: atattagctagccgaccaccacttgatgtctg and GAT1_rev: atattagcggccgcaaaatgcccttttcctgtg; PTEN_fwd: 
atattagctagctgtgtaatcaaggccagtgc and PTEN_rev: atattagcggccgctcttttttttgtgtgcag; MeCP2_fwd: atattagctag-
caaatcgacgcccgagttag and MeCP2_rev: atattagcggccgcgaaaattcctttcacccacca. Plasmids were co-transfected with 
the miR-132 mimic or a negative control (C.elegans miR-67 mimic) into Hela cells using DharmaFECT Duo 
transfection reagent (GE Healthcare Dharmacon Inc., Lafayette, CO, USA) according to the manufacturer’s pro-
tocol. Firefly luciferase activity was assessed as previously described27 using the Renilla-Glo Luciferase System 
(Promega) according to the manufacturer’s protocol.

Experimental Design and Statistical Analysis. The Grubb’s test was used to determine significant outli-
ers. For statistical comparisons of two experimental groups an unpaired two-tailed Student’s t test was conducted. 
Statistical analysis of three or more experimental groups was performed by an analysis of variance (ANOVA). 
Within- and between-subject variables were evaluated in a mixed model design ANOVA, with the repeated meas-
ure as within- subject variable and the injection/genotype (miR-132 mimic or C. elegans control; miR-132 KO 
or WT) as the between-subject variable. All statistical analyses were performed using the software SPSS (IBM, 
Rochester, USA) and p ≤ 0.05 was used as a criterion to define statistical significance in all instances.

Results
BLA miRNA expression in learned safety. We used a hypothesis-driven screening approach in order 
to examine the expression of specific miRNAs in the BLA of learned safety trained mice. Candidate miRNAs 
had been selected by a literature search focusing on functional categories considered of relevance for learned 
safety using the search term “miRNA” in combination with one of the following key words: “amygdala; stress; 
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depression; anxiety; learning and memory”. This screening led to the nomination of 22 candidate miRNAs 
(Table 1) whose expression in response to learned safety was surveyed in the mouse BLA, probing both sense and 
anti-sense forms. To this end, adult male C57Bl/6N mice were randomly assigned to two groups and trained and 
tested for either learned safety or learned fear using an established procedure based upon a three days protocol of 
explicitly unpaired/paired CS-US training2. The direct comparison to a learned fear group trained in a paradigm 
matching in numbers the CS and US presentations used for the learned safety protocol was selected as relevant 
and most suitable control group accounting for effects induced both by the experience of the CS and US, as also 
used in our previous study2. The memory recall test provided evidence for the expected significant reduction in 
the percentage of time spent freezing in response to the CS in learned safety trained and a significant increase in 
learned fear trained mice (F(1, 25) = 92.45, p = 0.0001, mixed-model repeated-measure ANOVA: time x training 
(LS/LF); Fig. 1A)). Quantitative real-time PCR (qRT-PCR; samples assayed in technical duplicates, mean SEM 
of duplicates = 0.1 cT) revealed that the expression of miR-132, miR-132*, miR-212-5p, miR-100, miR-92a and 
miR-15b was significantly reduced in the BLA of learned safety mice (miR-132 t(13) = 2.375, p = 0.034; miR-
132* t(12) = 3.447, p = 0.005; miR-212-5p t(13) = 3.354, p = 0.005; miR-100 t(13) = 3.359, p = 0.005; miR-92a 
t(13) = 2.65, p = 0.02; miR-15b t(13) = 2.388, p = 0.033; unpaired two-tailed Student’s t test) 2 hours after the 
memory test; Fig. 1B–G). No significant group differences for the remaining miRNAs were observed (Table 2). 
The activity-dependent transcription factor CREB has been described to regulate four out of the five exclusively 
safety-related miRNAs (i.e. miR-132, miR-132*, miR-212-5p and miR-15b). We therefore set-out to examine BLA 
CREB expression in learned safety trained mice and found significantly higher CREB protein levels in BLA tissue 
of learned safety as compared to learned fear trained animals (CREB: t(4) = 2.794, p = 0.049; unpaired two-tailed 
Student’s t test (Fig. 1H)) 12 hours after the memory test.

To further characterize the relevance of this change in expression with regards to the fear inhibitory and 
mood-enhancing properties of the memory recall for learned safety, we compared levels of miRNAs with signifi-
cant differences between safety and fear also between learned safety and a shock alone group in a separate exper-
iment. The expression of miR-132, miR-132*, miR-212-5p, miR-100, miR-92a and miR-15b was significantly 
increased in the BLA tissue of the learned safety group (miR-132 t(13) = 3.34, p = 0.005; miR-132* t(13) = 3.54, 
p = 0.004; miR-212-5p t(12) = 5.412, p = 0.000; miR-100 t(9.241) = 2.349, p = 0.043; miR-92a t(11) = 5.073, 
p = 0.000; miR-15b t(13) = 3.235, p = 0.007; unpaired two-tailed Student’s t test) 2 hours after the memory test 
(Fig. 2A–F). Additionally, we employed a “traditional” fear conditioning protocol based upon 2 CS-US pairings to 
compare BLA miRNA expression between learned fear and shock alone groups. No significant group differences 
in BLA expression of miR-132, miR-132*, miR-212-5p, miR-100 and miR-15b were observed, while miR-92a 
levels were significantly higher in learned fear as compared to shock alone. (miR-132 t(10.857) = 0.827, p = 0.426; 
miR-132* t(11) = 0.681, p = 0.51; miR-212-5p t(8.833) = 1.338, p = 0.214; miR-100 t(11) = 1.059, p = 0.312; miR-
92a t(9) = 4.704, p = 0.001; miR-15b t(9.707) = 0.721, p = 0.488; Fig. 2G–L).

We next focused on the members of the miR-212/-132 family in order to investigate the temporal specificity 
of the observed change in BLA miRNA expression of learned safety mice. No differences in BLA expression 
of miR-132, miR-132*, miR-212-5p were found 24 hours after the memory test (p > 0.05 for all analyzed miR-
NAs; unpaired two-tailed Student’s t test) (Table 3). Evidence for regional specificity was obtained as no differ-
ences in the expressional profile of miR-132, miR-132* and miR-212-5p in hippocampal tissue of safety and fear 
trained mice was found by qRT-PCR 2 or 24 hours after the memory recall test (p > 0.05 for all analyzed miRNAs, 
unpaired two-tailed Student’s t test) (Tables 4 and 5).

The role of BLA miR-132 in learned safety. Considering strong indications from the literature for a 
pivotal role of the miR-212/-132 family in brain function (see for review18), we selected the most prominent 
representative, miR-132, for further experimentally assessment of its role in the behavioral expression of learned 
safety and related BLA neural activity. miR-132 (or miR-132-3p) is more commonly expressed than its “minor” 
sequence miR-132* (or miR-132-5p), which arises from the same pre-miR structure, and miR-212-5p, the 5p-arm 
of miR-212, and was therefore selected for all subsequent in-vivo, ex-vivo and in-vitro analyses.

miRNA Effect Reference

miR-15a expression level changes after acute stress in mouse amygdala 55

miR-15b expression level changes after acute stress in mouse amygdala 55

miR-34c expression level changes after acute stress in mouse amygdala 55

miR-34a expression level changes after acute stress in mouse amygdala chronic treatment with valproate 
and lithium changes expression level in rat hippocampus

55,56

miR-92a expression level changes after acute stress in mouse amygdala 55

miR-100 expression level changes after acute stress in mouse amygdala 55

miR-134 downregulates CREB and BDNF, SIRT1 inhibits expression of miR134 plasma levels of miR134 
decreased in manic patients increased expression level after acute stress in rat amygdala

57–59

miR-132 targets BDNF and MeCP2 is regulated by the CREB pathway 52,60

miR-18a reduces glucocorticoid receptor levels in neuronal cell culture 61

miR-183 increased expression level after acute stress in rat amygdala 59

miR-212 most highly expressed in hippocampus and amygdala compared to various brain regions 62

Table 1. miRNAs selected for analysis in the BLA of learned safety and learned fear mice.
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Gain-of function experiments were conducted employing a miR-132 mimic, consisting of a double-stranded 
RNA oligonucleotide, which imitates the function of the endogenous, mature miRNA and is designed to favorably 
program the RISC complex with the active microRNA strand.

Intra-BLA delivery of the miR-132 mimic was used for the in-vivo transfection approach in order to examine 
the behavioral consequences of augmented BLA miR-132 levels. These experiments were conducted 24 hours 
after the last training day, as to prevent interference of the stress of the manipulation required to introduce the 
miRNA mimic into cannulated mice, on memory consolidation28. The memory recall test was scheduled 24 hours 
after the in-vivo transfections. To ensure that the memory for learned safety persisted over time and was prop-
erly expressed after 48 hours a memory recall test was carried out 24 and 48 hours after the last training session. 
Memory for learned safety, as indicated by significantly reduced freezing behavior to the conditioning context 
during the presence of the safety CS was present at both time-points (main effect of time points 24 h/48 h F(1, 
20) = 6.05, p = 0.023; main effect of period preCS/CS F(1, 20) = 64.996, p = 0.0001; Fig. 3A).

Having confirmed the required experimental premises, the miR-132 mimic or negative control mimic 
(C.elegans miR-67) together with an in-vivo transfection reagent was injected into the BLA of cannulated mice 
24 hours after the last training session (Fig. 3B). The C.elegans miR-67 mimic was selected as suitable negative 
control due to its minimal sequence identity with mouse miRNAs and the confirmed absence of detectable effects 
on examined mouse miRNA functions (www.http://dharmacon.gelifesciences.com/).

miRNA
Mean ctrl 
(LF) ± SEM

Mean LS relative to 
ctrl (LF) ± SEM p-value t-value

miR-15a* 1 ± 0,11 0,69 ± 0,08 0,052 4,658

miR-100* 1 ± 0,16 0,75 ± 0,05 0,178 1,912

miR-183 1 ± 0,18 0,73 ± 0,08 0,217 1,755

miR-34a 1 ± 0,09 0,83 ± 0,09 0,285 1,336

miR-18a 1 ± 0,09 0,90 ± 0,05 0,349 0,821

miR-134* 1 ± 0,08 0,91 ± 0,07 0,465 0,559

miR-34a* 1 ± 0,28 1,21 ± 0,10 0,556 0,239

miR-134 1 ± 0,11 1,09 ± 0,07 0,565 0,3

miR-34c* 1 ± 0,08 0,85 ± 0,07 0,594 0,304

miR-212-3p 1 ± 0,21 0,87 ± 0,10 0,6 0,273

miR-183* 1 ± 0,11 0,82 ± 0,18 0,655 0,522

miR-18a* 1 ± 0,30 0,81 ± 0,26 0,719 0,137

miR-34c 1 ± 0,17 0,89 ± 0,24 0,761 0,104

miR-15b* 1 ± 0,38 0,64 ± 0,27 0,779 0,356

miR-15a 1 ± 0,15 0,94 ± 0,10 0,782 0,071

miR-92a* 1 ± 0,21 0,89 ± 0,09 0,801 0,098

Table 2. Expression of 22 selected miRNAs in the BLA of learned safety (LS) compared to learned fear (LF) 
mice 2 hours after the memory test. Relative miRNA expression determined by qRT-PCR in BLA tissue of LS 
and LF mice 2 hours after the memory test. Results were normalized to SNORD61 as reference RNA and plotted 
relative to the mean of LF (n = 7-8 per group). Data are displayed as mean ± SEM.

miRNA
Mean 
LF ± SEM

Mean LS relative 
to LF ± SEM p-value t-value

miR-132 1 ± 0,05 1,06 ± 0,03 0,418 −0,837

miR-132* 1 ± 0,05 0,97 ± 0,02 0,558 0,599

miR-212-5p 1 ± 0,03 0,92 ± 0,03 0,125 1,634

Table 3. Expression of the miR-132/-212 family 24 h after the memory test in the BLA of learned safety (LS) 
compared to learned fear (LF) mice. Results were normalized to SNORD61 as reference RNA and plotted 
relative to the mean of controls (LF). Data are displayed as mean ± SEM. n = 7-8 per group.

miRNA
Mean 
LF ± SEM

Mean LS relative 
to LF ± SEM p-values t-values

miR-132 1 ± 0,11 1,14 ± 0,16 0,514 −0,674

miR-132* 1 ± 0,04 0,99 ± 0,14 0,952 0,061

miR-212-5p 1 ± 0,11 1,09 ± 0,10 0,427 −0,824

Table 4. Expression of the miR-132/-212 family 2 h after the memory test in the hippocampus (HC) of learned 
safety (LS) compared to learned fear (LF) mice. Results were normalized to SNORD61 as reference RNA and 
plotted relative to the mean of controls (LF). Data are displayed as mean ± SEM. n = 7-8 per group.
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A significant enhancement in miR-132 levels in mimic as opposed to control animals was confirmed 24 hours 
after injection (t(21) = −5.081, p = 0.000; unpaired two-tailed Student’s t test; Fig. 3C). In a parallel group of 
animals we examined the behavioral consequences of increased BLA miR-132 and found that enhanced BLA 
miR-132 was associated with an impairment in the behavioral recall of learned safety in the memory test (F(1, 
23) = 4.226, p = 0.037; mixed-model repeated-measure ANOVA: time (preCS/CS) x treatment (miR-132 mim-
ic/C.elegans miR-67 control; Fig. 3D). Corrected localization of the cannula was confirmed via toluol blue staining 
and only animals with proper cannula placement were considered for the analysis (Fig. 3E).

The same approach was used to analyze the consequences of enhanced miR-132 levels on neural activity 
patterns in the BLA, previously associated with learned safety, as the recall of the safety CS has been found to 
induce long-lasting depression of activity in the lateral nucleus of the amygdala3. Analysis of long-term poten-
tiation induced by stimulation of cortical inputs in the BLA 24 hours after injection of the miR-132 and con-
trol C. elegans miRNA mimic revealed a significantly augmented stability of the induced long-term potentiation 
over time in amygdala slices after in-vivo miR-132 enhancement (F(82, 984) = 1.371, p = 0.019, mixed-model 
repeated-measure ANOVA: time x treatment, miR-132 mimic/C.elegans miR-67 control (Fig. 3F,G)). No differ-
ences in the input-output relationship of evoked fEPSPs was detected between groups (p = 0.07, F(1, 13) = 4.03, 
n = 6–8 mice; Fig. 3H).

We next set out to complement gain-of-function experiments by the investigation of the role of the endog-
enous miRNA for learned safety in-vivo in a loss-of function approach. To this end we resorted to previously 
described miR-132/212 knockout mice (miR-132 KO)19. miR-132 KO and wildtype littermate controls (WT) 
were subjected to the learned safety paradigm and the performance in the recall test was evaluated. Mixed model 
repeated-measure ANOVA revealed a significant effect of genotype on the percentage of time spent freezing in 
the memory trial (F(1, 17) = 5.1656, p = 0.036; Fig. 4A). To mirror the gain-of-function set-up we also examined 
amygdala LTP ex-vivo in slices of miR-132/212 KO and WT mice. A significant main effect of genotype and a 
significant time x treatment interaction on amygdala long-term potentiation were observed in a mixed model 
repeated-measure ANOVA (main effect of genotype F(1, 8) = 12.2096, p = 0.0081; time x treatment interaction 
F(43, 344) = 3.911, p = 0.00001; Fig. 4B,C). An effect of genotype on the input-output relationship of evoked fEP-
SPs was observed (p = 0.03, F(1, 9) = 7.92) which was more evident at higher voltages than at input voltages used 
for LTP experiments (corresponding to ~30% of maximal input/output value) (Fig. 4D).

miR-132 target gene analysis. Having confirmed an involvement for miR-132 for the behavioral display 
and the BLA neural signature of learned safety, we next went on to search for possibly relevant miR-132 target 
genes in this context. To this end, a dedicated bioinformatics workflow was designed to specifically increase 
the likelihood of identifying miR-132 target genes related to learned safety. The first inclusion benchmark for 
potential target genes comprised the prediction by more than one of the three used publically available miRNA 
target gene analysis tools (targetscan, MiRanda, EimMo3). Additional criteria for potential target genes were, 
if the predicted target gene belonged to a gene ontology considered of relevance for learned safety (eg. “multi-
cellular response to stress”, “learning or memory”, neurotransmitter transport”, “regulation of neurotransmitter 
levels”). The next step consisted in determining whether the presumed target gene is expressed in the BLA, as 
determined by comparison to expressional data provided by the Allen brain atlas (http://www.brain-map.org). 
Finally, accessibility of the predicted miRNA target site on the mRNA for the gene silencing complex RISC was 
evaluated by structural analysis using the RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi)29. This analysis is based on the observation that miRNA binding sites are located exclusively in 
“unstable”, linear mRNA structures. Due to their linearity resulting from less internal folding of the mRNA, these 
regions possess higher accessibility for the RISC complex30,31. The RNAfold server enables prediction of internal 
folding of the miRNA target site on the basis of its nucleotide sequence. Additionally, the RNAfold server predicts 
minimum free energy (dG) values of a given nucleotide sequence, thereby providing a numeric value represent-
ing the degree of internal mRNA folding. A high likelihood miRNA target site contains a dG value higher than 
the average dG value of 60 random 3′ UTRs (70 bp each) in the corresponding species, which for the mouse is 
−13.4 kcal/mol29.

For miR-132 three target genes containing miRNA target sites with dG value higher than −13.4 kcal/mol, 
namely GABA transporter 1 (GAT1), MeCP2 (Methyl-CpG-Binding Protein 2) and Phosphatase and Tensin 
homolog (PTEN) were predicted. PTEN carries three miRNA target sites with dG values higher than −13.4 kcal/
mol while MeCP2 - an already validated target gene for miR-132 and miR-21218 and GAT1 both contain one such 
miRNA target site (Table 6).

We therefore went on to experimentally validate the selected target genes in an in-vitro model, using the 
murine 3t3 cell line, endogenously expressing both GAT1 and PTEN32,33. Significantly and more than 5-fold 

miRNA
Mean 
LF ± SEM

Mean LS relative 
to LF ± SEM p-value t-value

miR-132 1 ± 0,05 1,07 ± 0,02 0,214 −1.311

miR-132* 1 ± 0,05 1,00 ± 0,03 0,957 −0,055

miR-212-5p 1 ± 0,05 1,09 ± 0,03 0,346 −0,977

Table 5. Expression of the miR-132/-212 family 24 h after the memory test in the hippocampus (HC) of learned 
safety (LS) compared to learned fear (LF) mice. Results were normalized to SNORD61 as reference RNA and 
plotted relative to the mean of controls (LF). Data are displayed as mean ± SEM. n = 7–8 per group.

http://www.brain-map.org
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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Figure 3. Effects of miR-132 enhancement on the behavioral expression of learned safety (LS) and on 
BLA long-term potentiation (LTP). (A) Percentage of time spent freezing before (preCS) and during (CS) 
presentation of the conditioned stimulus in LS trained mice 24 and 48 hours after the last training session 
(n = 9–13 per group). (B) Workflow for the experimental analysis for the role of miR-132 in learned safety (LS). 
Repeated measure ANOVA revealed a significant main effect of time points 24 h/48 h and a significant main 
effect of period preCS/CS. (C) miRNA expression 24 hours after the injection of a miRNA-132 mimic into the 
BLA. Relative expression of miR-132 determined by qRT-PCR in BLA tissue 24 hours after the injection of a 
miRNA-132 mimic. Results were normalized to SNORD61 as reference RNA and plotted relative to the mean 
of controls (injected with C. elegans miRNA mimic) (n = 10–13 per group). (D) Percentage of time spent 
freezing before (preCS) and during (CS) presentation of the conditioned stimulus in miR-132 mimic treated 
mice compared to controls (injected with C. elegans miRNA mimic). Mixed-model design ANOVA analysis 
revealed a significant interaction between time (preCS/CS) and injection (miR-132 mimic/control) (n = 12–14 
per group). Data are displayed as mean ± SEM. *p < 0.05. (E) Toluol Blue injections via the implanted cannula 
targeting the BLA. Implantation of the cannula at the coordinates Anterior/Posterior −1.4 mm, Medial/Lateral 
+/− 3.15 mm, Dorsal/Ventral – 5.0 mm and subsequent injection of Toluol Blue via the cannula. (F) Effect of 
miR-132 enhancement in the BLA on long-term potentiation (LTP). Temporal course of the field excitatory 
postsynaptic potentials (fEPSP) normalized to baseline in BLA slices (n = 7–9 per group). Data are displayed 
as mean ± SEM. *p < 0.05 for time x treatment interaction. (G) Representative traces of field excitatory 
postsynaptic potentials (fEPSP) in miR-132 mimic treated versus control mice. (H) Analysis of basal synaptic 
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increased miR-132 levels were observed 24 hours after transfection of the miR-132 mimic as compared to the 
control (C.elegans miR-67) (t(10) = −19.266, p = 0.000; unpaired two-tailed Student’s t test (Fig. 5A)). In parallel, 
the expression of both GAT1 and PTEN mRNA levels was significantly reduced in the mimic as compared to the 
control transfected cells, suggesting both genes as targets of miR-132 (GAT1: t(10) = 9.036, p = 0.000; PTEN: 
t(10) = 2.444, p = 0.035; unpaired two-tailed Student’s t test (Fig. 5B,C)). We exemplarily verified the reduction 
of PTEN levels after transfection with the mimic at the protein level (PTEN: t(3) = 4.066, p = 0.027; Fig. 5D). 
Reversely, significantly higher PTEN protein levels were observed in miR-132 KO than in WT control mice under 
baseline conditions (PTEN: t(5) = −2.589, p = 0.049; Fig. 5E) while no differences were detected between geno-
types after safety training (PTEN: t(8) = 0.676, p = 0.539; unpaired two-tailed Student’s t test (Fig. 5F)). Finally, 
we used a luciferase reporter assay in order to confirm the direct regulatory effect of miR-132 on levels of GAT1, 
PTEN and MeCP2 as positive control. The co-expression of the miR-132 mimic, but not the control (C.elegans 
miR-67) and a plasmid with the 3′ untranslated region of either GAT1, PTEN or MeCP2 fused to the firefly 
luciferase gene significantly reduced luminescence representing Renilla luciferase activity (GAT1: t(6) = 3.875, 
p = 0.008; PTEN: t(6) = 6.247, p = 0.001; MeCP2: t(6) = 5.081, p = 0.002; unpaired two-tailed Student’s t test; 
Fig. 6A–C).

In order to further characterize the role of the identified targets in the learned safety behavior we examined 
the expression of PTEN in amygdala tissue of learned safety and learned fear trained animals 12 hours after the 
memory recall test. Western Blot analysis provided evidence for a reduction in PTEN protein levels in learned 
safety trained mice (t(6) = −3,284, p = 0.017; Fig. 6D). These data suggest a complex involvement and intricate 
molecular regulation of miR-132 and its effector genes in the neural mechanisms of learned safety.

Discussion
Our understanding of the neurobiological mechanisms underlying the most complex and excruciating mental 
illnesses, including depression, remains incomplete, hampering the development of novel diagnostic and ther-
apeutic approaches. Spearheaded by the RDoC project of the NIMH, the scientific focus has shifted recently 
towards approaches aiming to dissect entire psychopathological entities, such as depression, into different dimen-
sions of basic brain functioning underlying behavior. Along these lines, individual intermediate phenotypes may 
be established which are more amenable to experimental in-depth characterization at various levels, ranging 
from the analysis of neural circuitries to the investigation of cellular and molecular principles. The RDoC matrix 
explicitly lists “fear” and “threat” as relevant constructs within the “negative valence” system and internal or 
external stimuli predicting the possibility of the experience of reward stimuli as applicable sub-construct within 
the “positive valence” system (https://www.nimh.nih.gov/research-priorities/rdoc/constructs/index.shtml). As 
such, learned safety, a fear inhibitory paradigm with defined rewarding and antidepressant-like effects2,3 can be 
integrated into the positive valence system and may represent a valuable tool for the investigation of a distinct 
behavioral function relevant for several psychiatric disorders.

The present study shows that learned safety is associated with a distinguished signature of 6 miRNAs in the 
mouse BLA. Interestingly, the expression of all safety-related miRNAs (miR-132, miR-132*, miR-212-5p, miR-
100, miR-92a and miR-15b) was reduced in learned safety, suggesting the possibility for a common regulatory 
mechanism; eg. decreased levels of all six safety-related miRNAs may reflect a reduction in the activity of a shared 
controlling modulatory element, such as a transcription factor. Significant difference in the BLA levels of five of 
these miRNAs (miR-132, miR-132*, miR-212-5p, miR-100 and miR-15b) was revealed when comparing learned 
safety but not learned fear groups to their respective shock alone controls (i.e. matching training paradigm). It can 
be speculated that the higher number of shocks received in the learned safety-matched shock alone controls as 
compared to the learned fear matched shock alone controls may induce a higher level of arousal during the mem-
ory recall, rendering the re-exposure without further negative consequence a reinforcing experience34. Along 
these lines it has to be noted that for learned safety, as is the case for many other (behavioral) paradigms, the issue 
of determining the proper controls is critical and not trivial. We have, as in our previous study initially describing 
the antidepressant-like effects on learned safety2, opted to use a learned fear paradigm, in which the number of 
CS and US presentations have been matched to the learned safety protocol, as primary control. The rationale for 
this choice is based upon the equal number of shock and tone presentations in the two groups differing solely in 
the contingency between the two stimuli and was therefore considered to constitute the most appropriate control 
for the present set of experiments.

Interestingly, the regulation in the expression of the identified miRNAs by the memory recall of learned safety 
resulted in a rapid (2 hours), but not sustained (24 hours) reduction in the BLA of trained animals. This very 
quick decrease may be caused by several mechanisms including stimulus-induced fast decay of mature neuronal 
miRNA as previously demonstrated35,36. Of note, the observed enhancement of BLA CREB levels in learned safety 
trained mice suggests the possibility of a rather complex interrelationship between miR132 and CREB in learned 
safety. While miR-132 is induced by CREB it also forms part of a negative feedback mechanisms to restrain 
CREB-dependent transcription37 including regulation of its own regulation of its own expressional levels38.

The finding that expressional changes of safety-related miRNAs were found only in the BLA, but not in the 
hippocampus, supports the notion that the BLA and the hippocampus serve distinct functions in the neural cir-
cuit of learned safety4. As such, the involvement of the miR-212/-132 family in learned safety may more directly 
relate to the positive valence of the learned safety signal, which, together with its rewarding properties, seems to 
be distinctively regulated by a determined set of amygdala neurons9 and less to the inhibitory gating mechanisms 

transmission (input/output curves) recorded from amygdalar synapses in miR-132 mimic and control slices 
(n = 7–9 per group). All data are displayed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

https://www.nimh.nih.gov/research-priorities/rdoc/constructs/index.shtml
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attributed to the hippocampus39. However, it needs to be taken into consideration that even within the BLA sev-
eral microcircuits exist9,40–43 which, may be differentially involved in learned safety and contribute distinct gene 
expression profiles which were masked in the present approach by considering the BLA as whole.

Figure 4. Behavioral expression of learned safety (LS) and BLA long-term potentiation (LTP) in miR-132 
knockout mice. (A) Percentage of time spent freezing before (preCS) and during (CS) presentation of the 
conditioned stimulus in learned safety (LS) trained miR-132 knockout (KO) mice compared to wildtype 
littermate controls (WT). Mixed model design ANOVA revealed a significant effect of genotype on the 
percentage of time spent freezing in the memory trial (n = 10–9 per group). (B) Long term potentiation (LTP) 
in BLA slices of miR-132-KO compared to WT littermate controls (n = 4–6 per group). Temporal course of the 
field excitatory postsynaptic potentials (fEPSP) normalized to baseline is displayed. (C) Representative traces 
of field excitatory post synaptic potentials (fEPSP) in miR-132 KO and WT mice. (D) Analysis of basal synaptic 
transmission (input/output curves) recorded from amygdalar synapses in slices of miR-132 KO and WT mice 
(n = 4–6 per group). All data are displayed as mean ± SEM. *p < 0.05.
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The pivotal role of miR-132 in brain function led us to further investigate the involvement of this miRNA in 
the behavioral and neural expression of learned safety. Indeed, miR-132 likely constitutes one of the most inten-
sively studied miRNAs in the context of synaptic activity, synaptic plasticity and learning and memory (see for 
review44).

Based upon the reduction of BLA miR-132 expression in learned safety, we hypothesized that enhancing BLA 
miR-132 ought to constitute an inhibitory constraint on the performance in the recall test and confirmed this 
hypothesis in mice after intra-BLA injection of a miR-132 mimic. Reversely, in miR-132 KO we determined sig-
nificantly lower levels of freezing during the memory recall test. Interestingly, behavioral observations in different 
genetic mouse models of altered miR-132 expression have yielded, in part surprising, insights into the role of miR-
132 in learning and memory. The here employed conventional, full-body knock out of the miR-132/212 locus 
has led to the generation of mice with impaired recognition and spatial memory45. Curiously, forebrain-specific 
overexpression of miR-132 also led to aberrant learning and memory performance in mice46. While it may at first 
be considered confusing that gain-of-function and loss-of-function approaches have comparable outcomes, it 

Figure 5. miR-132 target gene analysis in response to miRNA mimic transfection and in miR-132 KO mice. 
(A) Relative miRNA expression of miR-132 in 3t3 cells 24 hours after transfection with a miR-132 mimic. 
Results were analyzed by qRT-PCR and were normalized to the reference gene SNORD 61. Relative mRNA 
expression of (B) GAT1 and (C) PTEN in 3t3 cells 24 hours after transfection with a miR-132 mimic (n = 6 
per group). Results were analyzed by qRT-PCR and were normalized to the reference gene beta-actin. (D) 
Relative protein expression of PTEN in 3t3 cells 24 hours after transfection with a miR-132 mimic. (n = 2–3 
per group) determined by Western Blot. Data are displayed as mean ± SEM. *p < 0.05. (E,F) Relative protein 
expression of PTEN in BLA tissue of miR-132 KO mice compared to WT control und (E) baseline conditions 
and (F) in learned safety trained mice (n = 3–4 per group) determined by Western Blot. All data are displayed as 
mean ± SEM. *p < 0.05, ***p < 0.001.

miRNA mRNA
binding 
site

5′ 70 bp 
dG

3′ 70 bp 
dG

miR-132 GAT1 (Slc6a1)

I −10,2 −23,7

II −19,4 −14,8

III −16 −23

miR-132 MeCP2 I −10,3 −19,1

miR-132 PTEN

I −5,2 −7,7

II −12,7 −9,6

III −12,6 −12,6

Table 6. High likelihood targets for miR-132 determined by minimum free energy (dG) values representing 
structural accessibility of miR-132 binding sites on the target gene. High likelihood target genes for miR-132 
with binding sites containing dG values higher than the average dG value of 60 random 3′ UTRs (70 bp each) in 
the corresponding species, which for the mouse is −13.4 kcal/mol.
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has been concluded that this observation is reflective of the biological principle that the levels of products miR-
132/212 locus must remain within a controlled range in order to ensure physiological neuronal functioning44.

We then followed up on the behavioral demonstrations by investigating a role of BLA miR-132 as restric-
tive constraint at the neural network level and observed that local increases in miR-132 strengthened BLA LTP 
induced by stimulation of cortical afferents. Interestingly, the constitutive deletion of miR-132 in KO mice also 
resulted in an augmentation of theta-burst induced BLA LTP, paralleling a previous report in hippocampal slices 
in this mouse line19. This observation is intriguing and whilst the precise operative mechanisms of miR-132 in 
BLA LTP cannot be delineated from the present set of experiments it can be speculated that the reduction of 
miR-132 in trained animals may serve to augment the potential of the safety CS to repress neural plasticity in the 
BLA1. Indeed, miR-132 has been reported to constitute a major regulator of basal synaptic activity and functional 
plasticity (see for review44,47), in part through the regulation of neuronal morphology and growth48–50. This criti-
cal role of miR-132 for synaptic function might also explain the small alterations in basal synaptic transmission in 
amygdala slices of miR-312 KO mice specifically at high voltage inputs which is in agreement with previous obser-
vations in hippocampal slices51. However, since compared to WT controls miR-312 KO slices displayed lower 
responses in the input-output curve, but larger increases in the slope of fEPSPs in the LTP experiments, results 
from the input-output analysis are unlikely to present a confound for the interpretation of LTP experiments.

A thorough electrophysiological investigation at the single cell level elegantly demonstrated in freely moving 
rats, that the safety CS leads to the differential firing pattern in a defined set of neurons in the basal amygdala, 
in comparison to fear and overlapping with reward stimuli9. As both increases and decreases in the firing rate 
of defined neuronal population were observed, future studies may be designed in order to specifically address a 
potential overlap in the expressional pattern of miR-132 with neurons displaying reduced activity in response 
to the safety CS and their corresponding molecular identity with regards to GABAergic and glutamatergic 
neurotransmission.

In order to shed light onto the molecular mechanisms by which miR-132 may be involved in the regulation of 
BLA function and the expression of learned safety, we turned towards investigating potential miR-132 target genes. 
Using a multilevel, integrated coherent bioinformatics workflow led to the nomination of three high likelihood 
target genes for miR-132 with possible relevance for learned safety: the already experimentally validated target gene 
MeCP252 and the predicted, potential target genes GAT1 and PTEN. We used two independent, selective in-vitro 
approaches in order to demonstrate the regulation of GAT1 and PTEN by miR-132; indeed, both miR-132 mimic 
and luciferase assays experimentally confirm GAT1 and PTEN as miR-132 target genes. The expression of PTEN 
was reduced in the BLA tissue of learned safety trained mice after the memory recall test which parallels a similar 
observation in the learned safety-related fear extinction paradigm53. Together these data suggest that an intricate 
network of transcriptional and posttranscriptional mechanisms involving several miRNAs (eg. also miR-144-3p53) 
and other regulatory principles may be in place to fine tune the expression of a high relevance neural target gene.

Hence, we postulate that, in the framework of the behavioral expression and neural signature of learned safety in 
the BLA, miR-132 may determine neural excitability and synaptic plasticity through modulation of the expression 
of its target genes, including GAT1 and PTEN, both of which have also been identified as molecular key players in 
fear extinction, a learned safety-related fear inhibitory paradigm16,54. Further experiments, including the temporary 
controlled inhibition of miR-132 in-vivo - complementing the constitutive deletion experiments in the miR-132 KO 

Figure 6. miR-132 target gene expression in learned safety. Relative luminescence in the renilla luciferase 
assay comparing the effects of miR-132 mimic versus control (C. elegans miRNA mimic) on the 3′UTR region 
of putative miR-132 target genes fused to the renilla luciferase gene: (A) GAT1 (B) PTEN and (C) MeCP2 
(control) (n = 4 per group). (D) Relative protein expression of PTEN in BLA tissue of learned safety (LS) trained 
mice compared to control (learned fear (LF) trained mice) (n = 4 per group) as analyzed by Western Blot. All 
data are displayed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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mice - as well as in-vivo knockdown approaches centering on GAT1 and PTEN are required in order to delineate in 
greater detail the molecular involvement of miR-132 and its target genes in learned safety in the future.

Above all, we were able to provide the first experimental assessment of the involvement of miRNA expression 
in learned safety, which we propose as relevant construct within the positive valence system of the RDoc matrix. 
Following the suggested in-depth characterization for individual intermediate phenotypes, we have carried out a 
comprehensive assessment from the behavioral systemic, to the neural network and molecular levels and propose 
a central role of miR-132 in the regulation of learned safety. The suggested function of miR-132 as inhibitory and 
signature molecule may be considered in future preclinical and translational approaches testing the transdiagnos-
tic relevance of learned safety as intermediate phenotype across fear and stress-related disorders.

References
 1. Pollak, D. D., Monje, F. J. & Lubec, G. The learned safety paradigm as a mouse model for neuropsychiatric research. Nat Protoc 5, 

954–962, https://doi.org/10.1038/nprot.2010.64 (2010).
 2. Pollak, D. D. et al. An animal model of a behavioral intervention for depression. Neuron 60, 149–161, https://doi.org/10.1016/j.

neuron.2008.07.041 (2008).
 3. Rogan, M. T., Leon, K. S., Perez, D. L. & Kandel, E. R. Distinct neural signatures for safety and danger in the amygdala and striatum 

of the mouse. Neuron 46, 309–320, https://doi.org/10.1016/j.neuron.2005.02.017 (2005).
 4. Kong, E., Monje, F. J., Hirsch, J. & Pollak, D. D. Learning not to fear: neural correlates of learned safety. Neuropsychopharmacology 

39, 515–527, https://doi.org/10.1038/npp.2013.191 (2014).
 5. Christianson, J. P. et al. Inhibition of fear by learned safety signals: a mini-symposium review. J Neurosci 32, 14118–14124, https://

doi.org/10.1523/jneurosci.3340-12.2012 (2012).
 6. Jovanovic, T. et al. Fear potentiation and fear inhibition in a human fear-potentiated startle paradigm. Biol Psychiatry 57, 1559–1564, 

https://doi.org/10.1016/j.biopsych.2005.02.025 (2005).
 7. Christianson, J. P. et al. Safety signals mitigate the consequences of uncontrollable stress via a circuit involving the sensory insular 

cortex and bed nucleus of the stria terminalis. Biol Psychiatry 70, 458–464, https://doi.org/10.1016/j.biopsych.2011.04.004 (2011).
 8. Ostroff, L. E., Cain, C. K., Bedont, J., Monfils, M. H. & Ledoux, J. E. Fear and safety learning differentially affect synapse size and 

dendritic translation in the lateral amygdala. Proc Natl Acad Sci USA 107, 9418–9423, https://doi.org/10.1073/pnas.0913384107 
(2010).

 9. Sangha, S., Chadick, J. Z. & Janak, P. H. Safety encoding in the basal amygdala. J Neurosci 33, 3744–3751, https://doi.org/10.1523/
jneurosci.3302-12.2013 (2013).

 10. Krol, J. B. V. et al. Characterizing light-regulated retinal microRNAs reveals rapid turnover as a common property of neuronal 
microRNAs. Cell 141(4), 618–631, https://doi.org/10.1016/j.cell.2010.03.039 (2010).

 11. O’Carroll, D. S. A. General Principals of miRNA Biogenesis and Regulation in the Brain. Neuropsychopharmacology 38, pages 39–54 
(2013).

 12. Issler, O. & Chen, A. Determining the role of microRNAs in psychiatric disorders. Nat Rev Neurosci 16, 201–212, https://doi.
org/10.1038/nrn3879 (2015).

 13. Higa, G. S. et al. MicroRNAs in neuronal communication. Mol Neurobiol 49(3), 1309–1326, https://doi.org/10.1007/s12035-013-
8603-7 (2014).

 14. Griggs, E. M., Young, E. J., Rumbaugh, G. & Miller, C. A. MicroRNA-182 regulates amygdala-dependent memory formation. J 
Neurosci 33, 1734–1740, https://doi.org/10.1523/jneurosci.2873-12.2013 (2013).

 15. Dias, B. G. et al. Amygdala-dependent fear memory consolidation via miR-34a and Notch signaling. Neuron 83, 906–918, https://
doi.org/10.1016/j.neuron.2014.07.019 (2014).

 16. Murphy, C. P. et al. MicroRNA-Mediated Rescue of Fear Extinction Memory by miR-144-3p in Extinction-Impaired Mice. Biol 
Psychiatry, https://doi.org/10.1016/j.biopsych.2016.12.021 (2016).

 17. Lin, Q. et al. The brain-specific microRNA miR-128b regulates the formation of fear-extinction memory. Nat Neurosci 14, 
1115–1117, https://doi.org/10.1038/nn.2891 (2011).

 18. Wanet, A., Tacheny, A., Arnould, T. & Renard, P. miR-212/132 expression and functions: within and beyond the neuronal 
compartment. Nucleic Acids Res 40, 4742–4753, https://doi.org/10.1093/nar/gks151 (2012).

 19. Remenyi, J. et al. miR-132/212 knockout mice reveal roles for these miRNAs in regulating cortical synaptic transmission and 
plasticity. PLoS One 8, e62509, https://doi.org/10.1371/journal.pone.0062509 (2013).

 20. Haubensak, W. et al. Genetic dissection of an amygdala microcircuit that gates conditioned fear. Nature 468(7321), 270–276, https://
doi.org/10.1038/nature09553 (2010).

 21. Jung, S. Y. et al. Input-specific synaptic plasticity in the amygdala is regulated by neuroligin-1 via postsynaptic NMDA receptors. 
Proc Natl Acad Sci USA 107(10), 4710–4715, https://doi.org/10.1073/pnas.1001084107 (2010).

 22. Wiltgen, B. J. et al. The alpha1 subunit of the GABA(A) receptor modulates fear learning and plasticity in the lateral amygdala. Front 
Behav Neurosci 3, 37, https://doi.org/10.3389/neuro.08.037.2009 (2009).

 23. Savalli, G. et al. Anhedonic behavior in cryptochrome 2-deficient mice is paralleled by altered diurnal patterns of amygdala gene 
expression. Amino Acids 47, 1367–1377, https://doi.org/10.1007/s00726-015-1968-3 (2015).

 24. Jaitner, C. et al. Satb2 determines miRNA expression and long-term memory in the adult central nervous system. eLife 5, e17361, 
https://doi.org/10.7554/eLife.17361 (2016).

 25. Higuchi, F. et al. Hippocampal MicroRNA-124 Enhances Chronic Stress Resilience in Mice. J Neurosci 36(27), 7253–7267, https://
doi.org/10.1523/JNEUROSCI.0319-16.2016 (2016).

 26. Hoye, M. L. et al. MicroRNA Profiling Reveals Marker of Motor Neuron Disease in ALS Models. J Neurosci 37(22), 5574–5586, 
https://doi.org/10.1523/JNEUROSCI.3582-16.2017 (2017).

 27. Hoesel, B. et al. Sequence-function correlations and dynamics of ERG isoforms. ERG8 is the black sheep of the family. Biochim 
Biophys Acta 1863, 205–218, https://doi.org/10.1016/j.bbamcr.2015.10.023 (2016).

 28. Roozendaal, B. Stress and memory: opposing effects of glucocorticoids on memory consolidation and memory retrieval. Neurobiol 
Learn Mem 78, 578–595 (2002).

 29. Gruber, A. R., Lorenz, R., Bernhart, S. H., Neubock, R. & Hofacker, I. L. The Vienna RNA websuite. Nucleic Acids Res 36, W70–74, 
https://doi.org/10.1093/nar/gkn188 (2008).

 30. Zhao, Y. et al. Dysregulation of cardiogenesis, cardiac conduction, and cell cycle in mice lacking miRNA-1-2. Cell 129, 303–317, 
https://doi.org/10.1016/j.cell.2007.03.030 (2007).

 31. Zhao, Y., Samal, E. & Srivastava, D. Serum response factor regulates a muscle-specific microRNA that targets Hand2 during 
cardiogenesis. Nature 436, 214–220, https://doi.org/10.1038/nature03817 (2005).

 32. Kilari, S. et al. Endothelial Cell Surface Expressed Chemotaxis and Apoptosis Regulator (ECSCR) Regulates Lipolysis in White 
Adipocytes via the PTEN/AKT Signaling Pathway. PLoS One 10, e0144185, https://doi.org/10.1371/journal.pone.0144185 (2015).

 33. Yao, M., Niu, G., Sheng, Z., Wang, Z. & Fei, J. Identification of a Smad4/YY1-recognized and BMP2-responsive transcriptional 
regulatory module in the promoter of mouse GABA transporter subtype I (Gat1) gene. J Neurosci 30, 4062–4071, https://doi.
org/10.1523/JNEUROSCI.2964-09.2010 (2010).

http://dx.doi.org/10.1038/nprot.2010.64
http://dx.doi.org/10.1016/j.neuron.2008.07.041
http://dx.doi.org/10.1016/j.neuron.2008.07.041
http://dx.doi.org/10.1016/j.neuron.2005.02.017
http://dx.doi.org/10.1038/npp.2013.191
http://dx.doi.org/10.1523/jneurosci.3340-12.2012
http://dx.doi.org/10.1523/jneurosci.3340-12.2012
http://dx.doi.org/10.1016/j.biopsych.2005.02.025
http://dx.doi.org/10.1016/j.biopsych.2011.04.004
http://dx.doi.org/10.1073/pnas.0913384107
http://dx.doi.org/10.1523/jneurosci.3302-12.2013
http://dx.doi.org/10.1523/jneurosci.3302-12.2013
http://dx.doi.org/10.1016/j.cell.2010.03.039
http://dx.doi.org/10.1038/nrn3879
http://dx.doi.org/10.1038/nrn3879
http://dx.doi.org/10.1007/s12035-013-8603-7
http://dx.doi.org/10.1007/s12035-013-8603-7
http://dx.doi.org/10.1523/jneurosci.2873-12.2013
http://dx.doi.org/10.1016/j.neuron.2014.07.019
http://dx.doi.org/10.1016/j.neuron.2014.07.019
http://dx.doi.org/10.1016/j.biopsych.2016.12.021
http://dx.doi.org/10.1038/nn.2891
http://dx.doi.org/10.1093/nar/gks151
http://dx.doi.org/10.1371/journal.pone.0062509
http://dx.doi.org/10.1038/nature09553
http://dx.doi.org/10.1038/nature09553
http://dx.doi.org/10.1073/pnas.1001084107
http://dx.doi.org/10.3389/neuro.08.037.2009
http://dx.doi.org/10.1007/s00726-015-1968-3
http://dx.doi.org/10.7554/eLife.17361
http://dx.doi.org/10.1523/JNEUROSCI.0319-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.0319-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.3582-16.2017
http://dx.doi.org/10.1016/j.bbamcr.2015.10.023
http://dx.doi.org/10.1093/nar/gkn188
http://dx.doi.org/10.1016/j.cell.2007.03.030
http://dx.doi.org/10.1038/nature03817
http://dx.doi.org/10.1371/journal.pone.0144185
http://dx.doi.org/10.1523/JNEUROSCI.2964-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.2964-09.2010


www.nature.com/scientificreports/

1 5SCIeNTIfIC RepoRts |           (2019) 9:528  | DOI:10.1038/s41598-018-37054-z

 34. Salay, L. D., Ishiko, N. & Huberman, A. D. A midline thalamic circuit determines reactions to visual threat. Nature 557, 183–189, 
https://doi.org/10.1038/s41586-018-0078-2 (2018).

 35. Krol, J., Loedige, I. & Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat Rev Genet 11, 
597–610, https://doi.org/10.1038/nrg2843 (2010).

 36. Rajasethupathy, P. et al. Characterization of small RNAs in Aplysia reveals a role for miR-124 in constraining synaptic plasticity 
through CREB. Neuron 63, 803–817, https://doi.org/10.1016/j.neuron.2009.05.029 (2009).

 37. Lagos, D. P. G. et al. miR-132 regulates antiviral innate immunity through suppression of the p300 transcriptional co-activator. Nat 
Cell Biol 12(5), 513–519, https://doi.org/10.1038/ncb2054 (2010).

 38. Liu, R. Y. C., Leonard, J. & Byrne, J. H. The requirement for enhanced CREB1 expression in consolidation of long-term synaptic 
facilitation and long-term excitability in sensory neurons of Aplysia. J Neurosci 31(18), 6871–6879, https://doi.org/10.1523/
JNEUROSCI.5071 (2011).

 39. Sotres-Bayon, F., Bush, D. E. & LeDoux, J. E. Emotional perseveration: an update on prefrontal-amygdala interactions in fear 
extinction. Learn Mem 11, 525–535, https://doi.org/10.1101/lm.79504 (2004).

 40. Beyeler, A. et al. Divergent Routing of Positive and Negative Information from the Amygdala during Memory Retrieval. Neuron 
90(2), 348–361, https://doi.org/10.1016/j.neuron.2016.03.004 (2016).

 41. Vogel, E. K. S., Gründemann, J., Wamsteeker Cusulin, J. I. & Lüthi, A. Projection-Specific Dynamic Regulation of Inhibition in 
Amygdala Micro-Circuits. Neuron 91(3), 644–651, https://doi.org/10.1016/j.neuron.2016.06.036 (2016).

 42. Namburi, P. B. A. et al. circuit mechanism for differentiating positive and negative associations. Nature 520(7549), 675–678, https://
doi.org/10.1038/nature14366 (2015).

 43. Senn, V. et al. Long-range connectivity defines behavioral specificity of amygdala neurons. Neuron 81(2), 428–437, https://doi.
org/10.1016/j.neuron.2013.11.006 (2014).

 44. Aten, S., Hansen, K. F., Hoyt, K. R. & Obrietan, K. The miR-132/212 locus: a complex regulator of neuronal plasticity, gene 
expression and cognition. RNA Dis 3 (2016).

 45. Hernandez-Rapp, J. et al. Memory formation and retention are affected in adult miR-132/212 knockout mice. Behav Brain Res 287, 
15–26, https://doi.org/10.1016/j.bbr.2015.03.032 (2015).

 46. Hansen, K. F. et al. Targeted deletion of miR-132/-212 impairs memory and alters the hippocampal transcriptome. Learn Mem 23, 
61–71, https://doi.org/10.1101/lm.039578.115 (2016).

 47. Tognini, P. & Pizzorusso, T. MicroRNA212/132 family: molecular transducer of neuronal function and plasticity. Int J Biochem Cell 
Biol 44, 6–10, https://doi.org/10.1016/j.biocel.2011.10.015 (2012).

 48. Pathania, M. et al. miR-132 enhances dendritic morphogenesis, spine density, synaptic integration, and survival of newborn 
olfactory bulb neurons. PLoS One 7, e38174, https://doi.org/10.1371/journal.pone.0038174 (2012).

 49. Vo, N. et al. A cAMP-response element binding protein-induced microRNA regulates neuronal morphogenesis. Proc Natl Acad Sci 
USA 102, 16426–16431, https://doi.org/10.1073/pnas.0508448102 (2005).

 50. Wayman, G. A. et al. An activity-regulated microRNA controls dendritic plasticity by down-regulating p250GAP. Proc Natl Acad Sci 
USA 105, 9093–9098, https://doi.org/10.1073/pnas.0803072105 (2008).

 51. Remenyi, J. et al. Regulation of the miR-212/132 locus by MSK1 and CREB in response to neurotrophins. Biochem J 428, 281–291, 
https://doi.org/10.1042/bj20100024 (2010).

 52. Klein, M. E. et al. Homeostatic regulation of MeCP2 expression by a CREB-induced microRNA. Nat Neurosci 10, 1513–1514, 
https://doi.org/10.1038/nn2010 (2007).

 53. Murphy, C. P. et al. MicroRNA-Mediated Rescue of Fear Extinction Memory by miR-144-3p in Extinction-Impaired Mice. Biol 
Psychiatry 81, 979–989, https://doi.org/10.1016/j.biopsych.2016.12.021 (2017).

 54. Heldt, S. A. R. K. J. Training-induced changes in the expression of GABAA-associated genes in the amygdala after the acquisition 
and extinction of Pavlovian fear. Eur J Neurosci 26(12), 3631–3644, https://doi.org/10.1111/j.1460-9568.2007.05970 (2007).

 55. Haramati, S. et al. MicroRNA as repressors of stress-induced anxiety: the case of amygdalar miR-34. J Neurosci 31, 14191–14203, 
https://doi.org/10.1523/jneurosci.1673-11.2011 (2011).

 56. Zhou, R. et al. Evidence for selective microRNAs and their effectors as common long-term targets for the actions of mood stabilizers. 
Neuropsychopharmacology 34, 1395–1405, https://doi.org/10.1038/npp.2008.131 (2009).

 57. Gao, J. et al. A novel pathway regulates memory and plasticity via SIRT1 and miR-134. Nature 466, 1105–1109, https://doi.
org/10.1038/nature09271 (2010).

 58. Rong, H. et al. MicroRNA-134 plasma levels before and after treatment for bipolar mania. J Psychiatr Res 45, 92–95, https://doi.
org/10.1016/j.jpsychires.2010.04.028 (2011).

 59. Meerson, A. et al. Changes in brain MicroRNAs contribute to cholinergic stress reactions. J Mol Neurosci 40, 47–55, https://doi.
org/10.1007/s12031-009-9252-1 (2010).

 60. Kawashima, H. et al. Glucocorticoid attenuates brain-derived neurotrophic factor-dependent upregulation of glutamate receptors 
via the suppression of microRNA-132 expression. Neuroscience 165, 1301–1311, https://doi.org/10.1016/j.neuroscience.2009.11.057 
(2010).

 61. Vreugdenhil, E. et al. MicroRNA 18 and 124a down-regulate the glucocorticoid receptor: implications for glucocorticoid 
responsiveness in the brain. Endocrinology 150, 2220–2228, https://doi.org/10.1210/en.2008-1335 (2009).

 62. Olsen, L. K. M., Helboe, L., Nielsen, F. C. & Werge, T. MicroRNAs Show Mutually Exclusive Expression Patterns in the Brain of Adult 
Male Rats. PLoS One 4(10), e7225, https://doi.org/10.1371/journal.pone.0007225 (2009).

Acknowledgements
F.J.M. and D.D.P. are supported by the Austrian Science Fund (FWF: P 31004). W. H. and V. B. were supported by 
a grant from the European Community’s Seventh Framework Programme (FP/2007-2013)/ERC grant agreement 
no. 311701, the Research Institute of Molecular Pathology (IMP), Boehringer Ingelheim and the Austrian 
Research Promotion Agency (FFG). Mouse embryos of the miR-132/212 knock out mouse line were generously 
provided by Prof. Arthur Simon, University of Dundee, UK.

Author Contributions
D.D.P. and F.J.M. designed the experiments, analyzed results and wrote the manuscript. M.R. and A.Z. conducted 
molecular and behavior experiments, A.C. and J.Y. carried out electrophysiological studies. V.B. and W.E.H. were 
responsible for surgical and molecular experiments. B.H., B.A.M. and J.A.S. were in charge of in-vitro assays

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/s41586-018-0078-2
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.1016/j.neuron.2009.05.029
http://dx.doi.org/10.1038/ncb2054
http://dx.doi.org/10.1523/JNEUROSCI.5071
http://dx.doi.org/10.1523/JNEUROSCI.5071
http://dx.doi.org/10.1101/lm.79504
http://dx.doi.org/10.1016/j.neuron.2016.03.004
http://dx.doi.org/10.1016/j.neuron.2016.06.036
http://dx.doi.org/10.1038/nature14366
http://dx.doi.org/10.1038/nature14366
http://dx.doi.org/10.1016/j.neuron.2013.11.006
http://dx.doi.org/10.1016/j.neuron.2013.11.006
http://dx.doi.org/10.1016/j.bbr.2015.03.032
http://dx.doi.org/10.1101/lm.039578.115
http://dx.doi.org/10.1016/j.biocel.2011.10.015
http://dx.doi.org/10.1371/journal.pone.0038174
http://dx.doi.org/10.1073/pnas.0508448102
http://dx.doi.org/10.1073/pnas.0803072105
http://dx.doi.org/10.1042/bj20100024
http://dx.doi.org/10.1038/nn2010
http://dx.doi.org/10.1016/j.biopsych.2016.12.021
http://dx.doi.org/10.1111/j.1460-9568.2007.05970
http://dx.doi.org/10.1523/jneurosci.1673-11.2011
http://dx.doi.org/10.1038/npp.2008.131
http://dx.doi.org/10.1038/nature09271
http://dx.doi.org/10.1038/nature09271
http://dx.doi.org/10.1016/j.jpsychires.2010.04.028
http://dx.doi.org/10.1016/j.jpsychires.2010.04.028
http://dx.doi.org/10.1007/s12031-009-9252-1
http://dx.doi.org/10.1007/s12031-009-9252-1
http://dx.doi.org/10.1016/j.neuroscience.2009.11.057
http://dx.doi.org/10.1210/en.2008-1335
http://dx.doi.org/10.1371/journal.pone.0007225


www.nature.com/scientificreports/

1 6SCIeNTIfIC RepoRts |           (2019) 9:528  | DOI:10.1038/s41598-018-37054-z

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://creativecommons.org/licenses/by/4.0/

	A role for miR-132 in learned safety
	Materials and Methods
	Animals. 
	Conditioning. 
	Stereotactic Surgery. 
	In-vivo miRNA transfection. 
	Electrophysiology. 
	Brain dissection and micropunch procedure. 
	Cell culture and in-vitro transfections. 
	RNA extraction, cDNA synthesis and qRT-PCR. 
	RNA extraction and cDNA synthesis. 
	qRT-PCR. 

	Protein isolation and Western Blot. 
	Bioinformatics. 
	Luciferase Assay. 
	Experimental Design and Statistical Analysis. 

	Results
	BLA miRNA expression in learned safety. 
	The role of BLA miR-132 in learned safety. 
	miR-132 target gene analysis. 

	Discussion
	Acknowledgements
	Figure 1 BLA miRNA expression in learned safety (LS) and learned fear (LF).
	Figure 2 BLA miRNA expression in learned safety (LS), learned fear (LF) and shock alone (SA) controls.
	Figure 3 Effects of miR-132 enhancement on the behavioral expression of learned safety (LS) and on BLA long-term potentiation (LTP).
	Figure 4 Behavioral expression of learned safety (LS) and BLA long-term potentiation (LTP) in miR-132 knockout mice.
	Figure 5 miR-132 target gene analysis in response to miRNA mimic transfection and in miR-132 KO mice.
	Figure 6 miR-132 target gene expression in learned safety.
	Table 1 miRNAs selected for analysis in the BLA of learned safety and learned fear mice.
	Table 2 Expression of 22 selected miRNAs in the BLA of learned safety (LS) compared to learned fear (LF) mice 2 hours after the memory test.
	Table 3 Expression of the miR-132/-212 family 24 h after the memory test in the BLA of learned safety (LS) compared to learned fear (LF) mice.
	Table 4 Expression of the miR-132/-212 family 2 h after the memory test in the hippocampus (HC) of learned safety (LS) compared to learned fear (LF) mice.
	Table 5 Expression of the miR-132/-212 family 24 h after the memory test in the hippocampus (HC) of learned safety (LS) compared to learned fear (LF) mice.
	Table 6 High likelihood targets for miR-132 determined by minimum free energy (dG) values representing structural accessibility of miR-132 binding sites on the target gene.




