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Abstract

Disruption of persistent, stress-associated memories is relevant for treating posttraumatic stress 

disorder (PTSD) and related syndromes, which develop in a subset of individuals following a 

traumatic event. We previously developed a stress-enhanced fear learning (SEFL) paradigm in 

inbred mice that produces PTSD-like characteristics in a subset of mice, including persistently 

enhanced memory and heightened cFos in the basolateral amygdala complex (BLC) with retrieval 

of the remote (30 day old) stress memory. Here the contribution of BLC microRNAs (miRNAs) to 

stress-enhanced memory was investigated because of the molecular complexity they achieve 

through their ability to regulate multiple targets simultaneously. We performed small-RNA 

sequencing (smRNA-Seq) and quantitative proteomics on BLC tissue collected from mice one 

month after SEFL and identified persistently changed microRNAs, including mir-135b-5p, and 

proteins associated with PTSD-like heightened fear expression. Viral-mediated overexpression of 

mir-135b-5p in the BLC of stress-resilient animals enhanced remote fear memory expression and 

promoted spontaneous renewal 14 days after extinction. Conversely, inhibition of BLC 

mir-135b-5p in stress-susceptible animals had the opposite effect, promoting a resilient-like 

phenotype. mir-135b-5p is highly conserved across mammals and was detected in postmortem 

human amygdala, as well as human serum samples. The mir-135b passenger strand, mir-135b-3p, 

was significantly elevated in serum from PTSD military veterans, relative to combat-exposed 

control subjects. Thus, miR-135b-5p may be an important therapeutic target for dampening 
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persistent, stress-enhanced memory and its passenger strand a potential biomarker for responsivity 

to a mir-135-based therapeutic.
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Introduction

Unlike memory formation, mechanisms supporting long-lasting, remote memory are largely 

unknown, yet highly relevant to psychiatric disorders marked by persistent, unwanted 

memories, such as posttraumatic stress disorder (PTSD). PTSD is a chronic, debilitating 

disorder in which patients exhibit heightened, perseverant and extinction-resistant memories 

of trauma1. Nearly everyone experiences at least one traumatic event, but only 10–20% 

display enduring symptoms of PTSD2. Exposure therapy, a form of cognitive behavioral 

therapy (CBT) that utilizes extinction of fearful memories, is considered the gold standard 

treatment. However, many patients are resistant or experience exacerbated symptoms with 

exposure therapy and, of those who respond, most retain their PTSD diagnosis3. Thus, 

development of adjunctive pharmacotherapies to enhance success of the various forms of 

CBT is needed. But first, deeper insight into the underlying neurobiology to identify 

potential targets is required. Specifically, there is a need to better understand the mechanisms 

that determine differential responses to stress and how those responses persist for extended 

periods of time.

To identify mechanisms governing persistent, differential stress susceptibility, we developed 

a stress-enhanced fear learning (SEFL) paradigm in inbred C57BL/6 mice that results in 

PTSD-like characteristics, including persistently enhanced memory, in a subset of mice 

termed stress susceptible (SS)4, 5. This contrasts with stress resilient (SR) mice that do not 

display stress-induced enhancements. Importantly, the protocol allows for the study of 

molecular phenotypes associated with selective vulnerability because SS mice can be 

identified from training data, avoiding the mechanistic confounds introduced by the 

additional phenotyping commonly required. We also reported differential expression of 

genes with known polymorphisms in human PTSD genomic studies between SS and SR 

animals4.

A role for miRNAs in mediating memory has emerged over the past decade6. miRNAs are 

endogenous ~20–24 nucleotide RNAs that act as translational repressors through direct 

binding to the 3’-UTR of target mRNAs and noncleavage degradation of target mRNA via 

deadenylation7. Protein translation is required for formation of new memories, and its 

regulation via synapse-specific miRNA localization can modulate synaptic plasticity8–10. 

Indeed, the expression of miRNA biogenesis regulators Dicer and Pasha influences fear 

memories11, 12. Fear conditioning (FC) regulates miRNA expression and modulation of 

these miRNAs impacts consolidation and retrieval13–18. However, these prior studies all 

focused on recent, not remote, fear memory and the additional impact of stress is unknown. 

Yet, miRNAs are excellent remote memory candidate regulators because their wide genomic 
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range of potential target proteins confers a complexity capable of handling the intricacies of 

memory. Importantly, mature miRNAs can have very long half-lives (i.e. months)19, lending 

themselves to the goal of memory persistence. Here we examined involvement of miRNAs 

in mediating susceptibility to remote, stress-enhanced memories in our SEFL paradigm, with 

the hypothesis that a unique miRNA signature defines susceptibility to stress-enhanced 

memory, differentiating it from stress resilience and providing a potential path for selective 

memory modulation20, 21.

Materials and Methods

Animals:

Adult C57BL/6 mice, 8–10 weeks of age (The Jackson Laboratory, Bar Harbor, ME), were 

maintained on a 12:12 hour light/dark cycle and supplied with food and water ad libitum. 

Mice were group housed 3–4/cage, acclimated to the facility for 1 week then handled for 3 

days prior to experiments. For additional details see Supplement 1.

Behavior:

Acute restraint stress and auditory fear conditioning (SEFL) were performed as previously 

described4. Extinction training consisted of 60 tone presentations over two days and retrieval 

consisted of 5 tones; both were performed in a context unique from training. Subthreshold 

training consisted of habituation to context A for 3×4 min trials 24 hours after Recall Test 1, 

followed by 2 CS-US pairings at 0.15mA the next day. 24 hours later, mice received Recall 

Test 2. For a full description of fear conditioning, extinction and anxiety tests (open field, 

elevated plus maze [EPM] and acoustic startle response), please refer to4 and Supplement 1.

Human serum samples:

Sequenced subjects (N=24) were part of a prospective cohort study of 1,032 Dutch military 

soldiers deployed to Afghanistan between 2005 and 2009 for four months22. All participants 

gave written informed consent and the study was conducted in accordance with the 

Declaration of Helsinki. For additional details see Supplement 1.

Human brain tissue:

Human amygdala containing all major sub-nuclei was dissected, snap frozen and stored at 

−80°C until further processing. Tissue was isolated from four control post-mortem brain 

samples (details below) from the Harvard Brain and Tissue Resource Center (HBTRC) at 

Mclean Hospital.

Sample Group Sex Age PMI RIN Cause of death

#30 Control F 44 10.7 7.8 cardiac arrest

#8 Control F 61 16.8 6.7 cardiopulmonary arrest/ myocardial infarction

#39 Control M 74 14.3 5.3 cardiopulmonary arrest/ myocardial infarction

#55 Control M 57 17.3 5.1 cardiac arrest; coronary artery disease

PMI: post-mortem interval in hours; RIN: RNA integrity number
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RNA extraction:

For rodent studies, total RNA was extracted from fresh frozen bilateral tissue punches using 

the miRVANA PARIS RNA extraction kit (Life Technologies, Carlsbad, CA). For human 

studies, total RNA was extracted using the Norgen RNA/DNA/Protein Purification Plus Kit 

(Norgen Biotek, Ontario, Canada) according to the manufacturer’s protocol. For additional 

details, please see supplemental methods.

miRNA Library Preparation, Sequencing and data analysis:

Single end smRNA-seq was performed on mouse BLC samples using the TruSeq small RNA 

library prep kit (Illumina, San Diego, CA) or the NEBNext Small RNA Library Prep Set for 

Illumina (New England BioLabs Inc., Ipswich, MA, USA). miRNAs that had at least 0.5 

log2 fold change between SS and SR in both sequencing runs were considered ‘candidate 

miRNAs’ and analyzed for pathway analysis. For human serum samples, libraries were also 

prepared with the TruSeq Kit For additional details, please see supplemental methods.

QPCR:

A cDNA library was created from 50ng of total RNA using the mirCURY LNA RT Kit 

(Qiagen, Germantown, MD) and PCR reactions were performed in triplicate for each sample 

using the miRCURY LNA SYBR Green PCR Kit and the following locked nucleic acid 

(LNA) SYBR green primers from Qiagen. Data were normalized using the ΔΔct method23. 

Please see supplemental methods for additional details.

Quantitative mass spectrometry:

Pooled samples from each treatment group were submitted for liquid chromatography–mass 

spectrometry (LC-MS) at the Harvard Mass Spectrometry and Proteomics Resource 

Laboratory. Raw data were submitted for analysis in Proteome Discoverer 2.1.0.81 (Thermo 

Fisher) software. Candidate proteins were identified as those that had at least 1.5 log2 fold 

change between treatment groups. Please see supplemental methods for additional details.

miRNA inhibitors and lenti-miR viruses:

Miridian miRNA hairpin inhibitors directed against mmu-miR-135b-5p or the 

nonmammalian miRNA cel-miR-67 were obtained from GE Dharmacon (Lafayette, CO). To 

overexpress (OE) mir-135b-5p, pre-miR-135b-5p or a scramble nontargeting control 

sequence in the lentiviral vector CD513 were obtained from System Biosciences (Palo Alto, 

CA). The OE vector was packaged with GFP into lentivirus using a 2nd generation 

packaging system at the Emory Viral Vector Core (Emory University, Atlanta, GA). Titers 

obtained were 3×108 iu/ml for OE.

Intra-amygdalar infusions:

miRNA inhibitors, non-targeting controls, or lenti-mirs were injected bilaterally into the 

BLC (AP: 1.5 mm, ML: ±3.2 mm from bregma and DV: – 4.7 mm from the skull) of mice as 

previously described20. Inhibitors were reconstituted in water then prepared with jetPEI 

transfection reagent (Polyplus Transfection, Illkirch, France). 1ul of 400ng/ul was injected 

28 days after fear conditioning and then animals were tested 48 hours later. For lentiviral 
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experiments, 1.5ul of viruses were injected 23 days after fear conditioning and animals were 

tested 1 week later to give sufficient time for viral expression.

Dual fluorescence in situ hybridization (FISH):

Expression analysis experiments to detect miRNAs were performed as described, with 

modification24. Please see supplemental methods for additional details.

Cell fractionation:

Fresh tissue was dissected from naïve animals and immediately placed into homogenization 

buffer as previously described25, with modification. Please see supplemental methods for 

additional details.

Statistics and data analysis:

All statistical results and sample sizes are reported in the figure legends. We identified 

candidate miRNAs based on fold change and reproducibility in two separate biological 

replicate cohorts of SEFL animals. miRNAs that had at least 0.5 log2 fold change difference 

between SS and SR animals were considered candidate regulators of traumatic memory. For 

comparisons with more than one group, an ANOVA was performed with post-hoc Tukey t-

tests. For comparisons with two groups, t-test were performed. For behavioral analyses of 

datapoints across time or extinction bins, a repeated measures ANOVA was performed. For 

correlations of two datapoints, a Pearson correlation was performed with the R squared 

value reported.

Results

Long-lasting dysregulation of miRNAs after stress-enhanced memory formation

SEFL was performed in male mice, followed by a remote memory test 30 days later (Fig. 

1A). As previously reported4, unbiased cluster analysis identifies varied memory strength at 

the recall test as a result of prior stress that was predicted by freezing during FC (Fig. 1B). 

Indeed, stressed animals that froze more during training displayed the highest freezing 

during the remote memory recall test and thus, were classified as SS. To interrogate 

mechanisms underlying differential memory strength between SS and SR animals, despite 

identical training and genetic homozygosity, we performed small RNA-sequencing 

(smRNA-Seq) and quantitative proteomics on basolateral amygdala complex (BLC; lateral 

and basolateral) tissue of SEFL-trained mice that did not undergo a retrieval test. Tissue was 

isolated 30 days after training to identify miRNAs in SS mice contributing to enhanced 

memory strength through persistent change following SEFL, not miRNA changes 

dynamically induced by the act of memory retrieval. The BLC was chosen because it is 

highly stress-responsive and fear memories rely on this region26. Further, we previously 

demonstrated that SS animals have exaggerated cFos activation in the BLC relative to SR 

and FC (no stress) animals, consistent with human PTSD imaging studies27. And, unlike 

hippocampus-dependent memories, for which influence shifts to the cortex as long-lasting 

memory develops, auditory fear memory continues to rely on the amygdala long after 

learning26. Importantly, freezing at the end of training, which classifies stress susceptibility, 

did not differ between SR and FC animals, but did differ between SR and SS (Fig. 1C).
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SmRNA-Seq was performed on two separate cohorts of animals at two genomics facilities 

employing different reagents and bioinformatics pipelines to yield miRNA profiles 

associated with susceptibility to stress-enhanced memory. We compared the two datasets and 

identified 42 miRNAs that were differentially expressed between SS and SR groups in both 

datasets (Fig. 1D, Supplemental Table 1 and Supplemental Excel Table.1–2). 41 of these 

were upregulated in SS animals. Pathway analysis with DIANA’s mirPATH software using 

the microCts algorithm identified target pathways predicted to be regulated by these 

differentially expressed miRNAs. It included pathways that critically regulate stress and 

learning processes, including ECM-receptor interaction, MAPK signaling pathway and 

Thyroid Hormone Signaling (Fig. 1E). DIANA mirPath also provides access to two other 

target predicting algorithms, TargetScan and Tarbase. We compared all three algorithms and 

used the results to guide sequencing validation to miRNAs predicted by at least 2 algorithms 

that have targets significantly involved in pathways related to learning and memory 

(Supplemental Table 2).

One miRNA on this list, mir-135b-5p, is predicted to target proteins in both ECM-receptor 

interaction and Thyroid Hormone Signaling pathways. Interestingly, thyroid hormone 

signaling has been implicated in amygdala-based memory processes28, 29 and family 

members of mir-135b-5p have been studied in depressive and anxiety-like behaviors30, 31, as 

well as cortical axon guidance32 and synaptic plasticity33. Importantly, mir-135b-5p is 

conserved from mouse to human brain tissue34. Only one study has examined mir-135b-5p 

in the context of neuronal processes, identifying both mir-135a and mir-135b as regulators 

of axon guidance, migration and regeneration in cultured cortical and hippocampal cells32. 

We examined mir-135b-5p expression in the adult mouse brain and found it is broadly 

expressed in brain areas involved in emotion and memory, such as the BLC, the 

hypothalamus and the frontal cortex (Fig. 1F). In situ hybridization revealed anatomical 

localization of mir-135b-5p throughout the BLC (Fig. 1G). Using a cell fractionation assay, 

mir-135b-5p expression was detected throughout cells, including synaptosomes, where it 

could regulate synaptic protein translation underlying memory (Fig. 1H). Confirming the 

smRNA-Seq results by qPCR in an independent cohort that was not sequenced and did not 

undergo extinction training, we found BLC mir-135b-5p levels were elevated in SEFL 

animals that displayed the greatest freezing one month earlier, during training (Fig. 1I). The 

increase in mir-135b-5p was specific to the BLC, as no change was observed in other brain 

regions assessed from SEFL animals that have known roles in stress resilience and memory, 

such as the hippocampus, nucleus accumbens and the frontal cortex (Fig. 1J). Further, the 

selective elevation of levels of mir-135b-5p in SS BLC developed over time, as levels were 

equivalent across groups 24 hours and 7 days after SEFL (Fig. 1K). This suggests 

recruitment of mir-135b-5p during “incubation” of the fear memory35, rather than during its 

initial formation or consolidation. The validation of mir-135b-5p upregulation specifically in 

the BLC of SS animals 30 days after SEFL indicated that this candidate miRNA may 

contribute to the long-lasting traumatic memory phenotype. Therefore, we further explored 

the role of mir-135b-5p with in vivo functional manipulations in the SEFL model.
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mir-135b-5p overexpression enhances memory expression in stress resilient mice

We examined the functional role of mir-135b-5p in regulating persistent stress-enhanced 

memory using a lentivirus that overexpresses (OE) pre-mir-135b-5p (premirOE-

mir-135b-5p) or a scrambled non-targeting sequence to mimic the elevated mir-135b-5p seen 

in SS mice. We injected premirOE-135b-5p into the BLC of SR mice 3 weeks after SEFL 

and performed extinction one week later (Fig. 2A). Enhanced memory expression was 

observed in SR-premirOE-135b-5p mice (Fig. 2B–C). Extinction was achieved with a strong 

protocol (Supplemental Fig. 1), yet mir-135b-5p levels remained elevated at the conclusion 

of extinction in SR-premirOE-135b-5p mice relative to SR-nontargeting control animals 

(Fig. 2D), suggesting the potential for spontaneous recovery if mediated by mir-135b-5p. 

Indeed, a 5-tone recall test two weeks after extinction demonstrated a return of enhanced 

fear memory in SR-premirOE-135b-5p animals (Fig. 2E). Anxiety-related open field, 

elevated plus maze and acoustic startle behaviors were no different in naïve animals injected 

with premirOE-135b-5p in the BLC or the nontargeting control, indicating that OE of 

mir-135b-5p is not simply anxiogenic (Supplemental Fig. S2).

mir-135b-5p inhibition selectively ameliorates stress-enhanced memory expression in 
stress susceptible mice

To explore the converse functional impact of mir-135b-5p on stress-enhanced memory, we 

utilized a synthetic hairpin mir-135b-5p inhibitor (INH) that sequesters mir-135b-5p to 

assess the consequence of mir-135b-5p inhibition on stress-enhanced memory in SS mice. 

We injected the INH into the BLC of mice 28 days after SEFL, followed by extinction 2 

days later (Fig. 3A). INH-mir-135b-5p reduced freezing in SS mice relative to a non-

targeting control inhibitor during the first 10 CS+ tone presentations (Fig. 3B–C). In 

addition, consistent with mir-135b-5p’s role in memory enhancement, the miRNA appeared 

to have been degraded during the extinction process in the INH-mir-135b-5p animals, which 

displayed reduced freezing, as its levels were markedly reduced in the INH-mir-135b-5p 

group by the end of the extinction protocol (2 days; Fig. 3D). Two weeks after the two day 

extinction protocol, which results in complete extinction (Supplemental Fig. 3), we assessed 

extinction retention with a 5-tone recall test and observed no differences between the groups 

(Fig. 3E). However, a subthreshold training protocol resulted in further enhancement of the 

fear memory in SS-INH-nontargeting controls that was absent in SS-INH-mir-135b-5p mice, 

suggesting a persistent dampening of memory via prior mir-135b-5p inhibition, rather than 

acute suppression of retrieval (Fig. 3F).

Interestingly, further knockdown of BLC mir-135b-5p in SR animals via BLC infusion of 

INH-mir-135b-5p did not alter memory (Fig. 3G). This may not be surprising, as levels of 

mir-135b-5p are not different between FC and SR males (Fig. 1I). We have previously 

reported that SEFL females do not cluster into stress-induced subgroups, but rather, display 

a more uniform SS-like phenotype4. Here we find that levels of mir-135b-5p do not differ 

between FC and SEFL females, regardless of their freezing during training (Fig. 3H). In 

accordance with this, INH-mir-135b-5p in SEFL females does not reduce memory strength 

(Fig. 3I). Together this suggests not only a sex-specific role for mir-135b-5p, but also a 

threshold of its expression must be reached to achieve pathologic memory effects and 

subsequent amelioration by reduction of mir-135b-5p levels. Further, BLC mir-135b-5p 
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levels are not merely anxiotropic, as we observed no differences in anxiety-related open field 

and elevated plus maze tasks after INH-mir-135b-5p infusion in naïve mice (Supplemental 

Fig. 2). Importantly, delivery of non-targeting viral and inhibitor controls to the BLC did not 

disrupt the expected phenotypic differences in memory strength between SS and SR 

animals4 (Supplemental Fig. 2), indicating that behavioral differences observed also cannot 

be attributed to technical manipulation of the BLC disrupting stress-associated phenotypes.

mir-135b is conserved in humans and elevated in serum of military personnel with PTSD

The mir-135b stem loop sequence is 100% conserved from mouse to human (Fig. 4A). 

While amygdala tissue from human PTSD subjects could not be obtained for this project, we 

measured levels of mature mir-135b-5p and the −3p arm, indicated to be the passenger 

strand by miRBase 22, in postmortem human amygdala tissue by qPCR (Fig. 4B and 

Supplemental Fig. 4). Both were detected, but −5p was expressed at much higher levels than 

−3p, indicating this is the major mir-135b isoform in the human amygdala. This is consistent 

with miRBase 22’s assignment of −3p as the passenger strand and our own finding that −3p 

levels in the mouse BLC and plasma are below the level of detection by qPCR. Interestingly, 

−5p levels are also below the level of detection in mouse plasma. We next measured levels of 

mir-135b-5p and −3p in serum samples collected from a cohort of well-characterized male 

Dutch military six months after a four month deployment in Afghanistan, at which time 

trauma exposure and PTSD symptomatology were assessed. mir-135b-3p was selectively 

elevated in members of the military diagnosed with PTSD (“susceptible”) relative to 

members without the diagnosis (“resilient”) and non-trauma exposed healthy military 

controls (Fig. 4C–D and Supplemental Excel Table 3). Consistent with levels of −3p being 

low, there were two samples with values of 0 in the data, one in the Control group and one in 

the PTSD Resilient group. To ensure that these two data points were not responsible for the 

significant elevation in the PTSD Susceptible group, we first confirmed they were not 

outliers by a Grubbs Test. They could not be statistically excluded based on a Grubbs test, 

but we still repeated the ANOVA without the data points and found that the statistical 

support for selective elevation of mir-135b-3p in PTSD Susceptible was further strengthened 

by their exclusion (F(2,15)=18.65, P<0.0001; Post hoc: Control vs PTSD Susceptible 

P=0.0002, PTSD Resilient vs Susceptible P=0.0012). Passenger strands have traditionally 

been thought to be degraded upon release from the mature strand at the site of production. 

However, growing evidence indicates they can enter circulation and functionally impact 

distal structures36. Therefore, it will be important to identify the sites and actions of elevated 

mir-135b-3p. Regardless, this identifies mir-135b-3p’s potential as a biomarker of PTSD.

Long-lasting BLC proteomic dysregulation in SS mice includes mir-135b-5p putative 
targets

While some studies on miRNAs in the brain have successfully identified an individual 

protein target capable of recapitulating the behavioral effect of the miRNA of interest, these 

protein targets often have a wide genomic impact themselves. Examples include 

transcription factors and epigenetic modifiers37, 38. However, one appealing aspect of 

miRNAs in the context of psychiatric disorders is the potential for a single miRNA to 

simultaneously titrate the levels of multiple protein targets to achieve behavioral outcomes. 

Therefore, we performed quantitative mass spectrometry (MS) on BLC tissue from SEFL 
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animals 30 days after training (no extinction) to identify proteome-wide potential 

mir-135b-5p targets that may participate in stress-enhanced memory. 3,560 proteins were 

detected in the BLC by MS, with 72 downregulated and 663 upregulated by at >1.5 log2 fold 

change between SS and SR (Fig. 5A and Supplemental Excel Table 4). The top 10 most 

significant pathways from Ingenuity Pathway Analysis (IPA) revealed functional annotations 

related to neuronal structure (e.g. Density of microtubules, Organization of cytoskeleton) in 

the downregulated protein list (Fig. 5B), while the upregulated pathways included transport 

of molecules and several related to cancers (Fig. 5C). The 5 proteins with the greatest 

increase in SS BLC are listed in Figure 5D. While many proteins are expected to participate 

in miRNA-independent processes, downregulation of SS proteins could reflect a coordinated 

interaction with upregulated miRNAs that are responsive to stress-enhanced memory, such 

as mir-135b-5p. A total of 272 mir-135b-5p targets were predicted by at least two of the 

three major databases (TargetScan, DIANA, mirDB), but only 76 were detected in BLC 

tissue at both the RNA and protein level (Fig. 5E). Interestingly, 24% (18) of predicted 

mir-135b-5p protein targets detected in the BLC were regulated between SS and SR animals 

in the proteomics dataset and included Ntrk2, the TrkB BDNF receptor well characterized 

for its role in amygdala-dependent fear and extinction learning, as well as PTSD (Fig. 5E–

F)39. Pathway analysis of these 18 mir-135b-5p putative targets that were changed by SEFL 

identified annotations related to neuronal function, including spatial learning, long-term 

depression of neurons, plasticity of synapse and excitatory postsynaptic potential of neurons 

(Fig. 5G). Because many predicted mir-135b-5p targets could be false positives, we also 

examined the BLC proteome of naïve animals injected with premirOE-135b-5p in the BLC 

at physiologically relevant levels. We aligned the MS datasets and identified 13 proteins 

downregulated by >50% in both SS animals and naive premirOE-135b-5p animals (Fig. 5H), 

with functions including protein folding and degradation (Bag3), chromosome looping 

(Hmgb2), ion channel trafficking (Caskin1) and vesicle transport (Arfgap1). The number of 

potential targets increased to 99 proteins with a criteria of downregulation by >25%. IPA 

identified pathways related to neuronal function (e.g. Neuromuscular disease, Disorder of 

basal ganglia), as well as non-neuronal pathways with molecules in need of future functional 

studies in the brain (Fig. 5I).

Discussion

Utilizing a stress-enhanced fear learning protocol we developed4, that results in differential 

stress susceptibility in an inbred mouse strain commonly used in neuroscience, c57bl/6, we 

identified 42 miRNAs differentially expressed in the amygdala between susceptible and 

resilient mice one month after training. Based on its conservation in humans and predicted 

regulation of processes that could be reasonably expected to contribute to memory, we 

selected one of these, mir-135b-5p, for in-depth study. After confirming that remote 

(between 7 and 30 days post-SEFL) upregulation of mir-135b-5p is selective to SS mice, we 

further determined the change was unique to the amygdala, in that mir-135b-5p levels were 

unchanged by SEFL in other memory and stress-related brain regions. Elevating local BLC 

levels of mir-135b-5p in resilient mice enhanced remote fear memory expression, 

phenocopying the stress-enhanced memory displayed by SS mice, and resulted in 

spontaneous renewal of the memory two weeks after complete extinction. Conversely, intra-
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amygdala inhibition of mir-135b-5p in SS mice resulted in a marked reduction in freezing 

and suppressed renewal of the memory with subthreshold training two weeks after complete 

extinction.

The bidirectional impact of mir-135b-5p manipulation on memory strength begs the 

question of what memory process is most likely being targeted. miRNA levels were 

measured by smRNA-seq one month after SEFL training in the absence of retrieval, in order 

to identify contributors to enhanced remote memory strength observed in SS mice, as 

opposed to dynamic, retrieval-induced changes. Our hypothesis that mir-135b-5p contributes 

to the long-term storage of remote, stress-enhanced memory will require development of a 

small molecule inhibitor in order to achieve tight temporal control of the miRNA’s 

activity40. However, some evidence in support of the memory storage hypothesis can be 

drawn from the present results. First, mir-135b-5p’s elevation associated with stress 

susceptibility is present in SS mice at rest in the home cage, rather than being retrieval-

induced. mir-135b-5p’s impact on memory could still be due to enhanced retrieval of remote 

fear memories in SS mice. However, prior inhibition of mir-135b-5p in SS mice prevented 

the return of fear after subthreshold training two weeks later, indicating this miRNA has a 

role beyond the acute blockade of retrieval. In addition, the lack of an effect of mir-135b-5p 

inhibition in SR males and SEFL females argues against INH-mir-135b-5p producing a 

retrieval deficit. Accelerated extinction is also an unlikely explanation for the reduction in 

fear memory strength in SS mice following knockdown of mir-135b-5p, as the inhibitor, 

delivered 48 hours prior, had an immediate effect on memory expression, present from the 

first conditioned stimulus presentation. A blockade of reconsolidation is also unlikely, as the 

reduction in memory strength in INH-mir-135b-5p SS mice was not retrieval-dependent; 

reduced freezing was present from the start of the first retrieval test. Taken together, the most 

parsimonious explanation is that mir-135b-5p specifically contributes to the storage of 

stress-enhanced fear memory within the amygdala. While a pharmacological approach will 

be needed to definitively address this, we are intrigued by the possibility that maladaptive, 

stress-enhanced memory could be selectively titrated, without influencing other memories, 

as suggested by the results presented in Figure 3. Indeed, there is precedent for the selective, 

retrieval-independent targeting of maladaptive memories, as we have previously identified a 

mechanism unique to the storage of methamphetamine-associated memory that allows for its 

selective disruption20, 21.

Combining smRNA-Seq with global quantitative MS identified a number of putative 

miRNA-dependent and -independent pathways differentially regulated between SS and SR 

animals that warrant further investigation, as many are likely critical regulators of the 

maladaptive behavioral and neurochemical adaptations associated with persistent, stress-

enhanced memory. This approach is also powerful, in that target identification is not limited 

to the miRNA target prediction algorithms, which are unable to take into account factors 

such as tissue and cell type-specificity and noncanonical miRNA-target interactions, such as 

center binding. Indeed, without this a priori prediction filter, our quantitative MS identified 

many proteins regulated in the context of mir-135b-5p overexpression that are not predicted 

mir-135b-5p targets by Targetscan. These changes are likely a combination of secondary 

responses to the overexpression and true, direct mir-135b-5p mediated suppression that 

warrant additional investigation. These include CASK Interacting Protein 1 (Caskin1), a 
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cytosolic protein that binds scaffolding membrane proteins such as CASK at presynaptic 

sites41; ADP Ribosylation Factor GTPase Activating Protein 1 (Arfgap1), a GTPase that 

regulates vesicle release and protein trafficking within the Golgi and endoplasmic 

reticulum42; and TANK Binding Kinase 1 (Tbk1), a serine/threonine kinase for which 

variants have been associated with early-onset Alzheimer disease43. It will be interesting to 

determine if disruption of a single mir-135b-5p target is sufficient to recapitulate the impact 

of inhibiting the miRNA itself, or if the simultaneous inhibition of several targets, a unique 

capability of miRNAs, is required.

Further bolstering the therapeutic potential of mir-135b-5p, we found that this conserved 

miRNA is expressed in human amygdala and the miRNA’s passenger strand, mir-135b-3p, 

is elevated in individuals from a well-characterized military cohort diagnosed with PTSD 

after a four month deployment to Afghanistan. The upregulation of mir-135b-3p was 

specific to susceptible individuals, as it was not elevated in individuals from the same 

military cohort that did not develop PTSD as a result of the same combat exposure. In Figure 

3 we report that the elevation of mir-135b-5p is specific to male mice, as is the behavioral 

impact of reducing intra-amygdala levels of the miRNA. Interestingly, the Dutch military 

cohort consisted solely of men. Thus, it will be important to ascertain the levels of mir-135b 

in females diagnosed with PTSD in order to determine the extent to which this miRNA’s 

impact is sex-specific. Regardless, the correspondence between the SEFL findings and 

results in humans with a PTSD diagnosis argues for the therapeutic discovery potential of 

the SEFL protocol4 and suggests that mir-135b-3p may serve as a biomarker capable of 

identifying individuals that would be responsive to a mir-135b-based therapeutic40.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SEFL induces long-lasting miRNA changes in the BLC
(A) Overview of experimental paradigm to study long-term memory storage in SEFL mice. 

(B) Pearson correlation between freezing during 5-tone recall test and freezing during cued 

FC in SEFL trained mice, with animals divided into SR (pink) or SS (red) subgroups based 

on training performance4, r = 0.601, p = 0.003, n = 22. (C) Cued FC profile of SEFL trained 

animals used for smRNA-seq (no retrieval). RM-ANOVA between SR and SS: F(1,14) = 

5.05; p = 0.041; post hoc t-test: t(14) = 3.315, p = 0.0005. n=6–9/group. (D) Volcano plot of 

miRNA expression in SS vs SR animals. (E) Pathway analysis of miRNAs listed in D using 

DIANA mirPath software and the microCts algorithm to identify pathways significantly 

targeted by SS miRNAs. (F) Characterization of mir-135b-5p expression in the adult mouse 

brain, n = 2–3/region. (G) Localization of mir-135b-5p in the BLC measured with in situ 

hybridization. (H) Characterization of mir-135b-5p expression in subcellular fractions to 

determine localization, n = 4/region. (I) qPCR validation of elevated BLC mir-135b-5p 

expression in SS mice. One-way ANOVA: F(3, 12) = 5.532; p = 0.0128; Post-hoc Tukey test 

p < 0.05 for high vs FC (*) and high vs moderate (#), n = 4–7/group. (J) mir-135b-5p levels 

in the hippocampus hippocampus (Hpc), nucleus accumbens (NAc) or the frontal cortex 

(FrCtx) of mice 30 days after SEFL (no extinction), n = 8–12/group. (K) mir-135b-5p levels 

in the BLC 24 hours or 7 days after SEFL (no extinction), n=6–8/group. Error bars are ± 

S.E.M.
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Figure 2. mir-135b-5p overexpression enhances traumatic memory expression in SR mice.
(A) Overview of strategy to OE BLC mir-135b-5p in SR animals. (B-C) Freezing during the 

first ten tones of extinction on Day 1. RM-ANOVA for 10 tones extinction Day 1: F(1,21) = 

6.04; p = 0.023. Unpaired t-test for average of 10 tones: t(21) = 2.457, p = 0.0228. 

Nontargeting virus n = 10, premirOE-135b-5p n = 13. (D) mir-135b-5p levels in SR mice 

after extinction. Unpaired t-test: t(18) = 2.532, p = 0.0209. Nontargeting virus n = 9; 

premirOE-135b-5p n = 11. (E) Extinction retention from the end of extinction day 2 

(average freezing to tones 28–30) to a 5 tone recall test 2 weeks later. RM-ANOVA 5 tone 

recall: F(1,20) = 5.27, p = 0.033. Post-hoc t-test for tone 1: t(20) = 2.673, p = 0.0146. 

Nontargeting virus n = 9, premirOE-135b-5p n = 13. Error bars are ± S.E.M.

Sillivan et al. Page 16

Mol Psychiatry. Author manuscript; available in PMC 2019 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. BLC inhibition of mir-135b-5p in SS mice weakens stress-enhanced memory 
expression.
(A) Overview of strategy to decrease BLC mir-135b-5p tone in SS animals. (B-C) Freezing 

during first 10 tones on Day 1 of extinction. RM-ANOVA for 10 tones extinction day 1: 

F(1,28)=5.814; p=0.023. Unpaired t-test for average of 10 tones: t(29) =2.638, p=0.0133. 

Nontargeting control n = 14, INH-mir-135b-5p n = 17. (D) mir-135b-5p levels in SS mice 

after inhibition. Unpaired t-test: t(18) = 2.987, p = 0.0079. Nontargeting control n = 9; INH-

mir-135b-5p n = 11. (E) Extinction retention from the end of extinction Day 2 to the first 5 

tone recall test. (F) Freezing after subthreshold re-training. Paired t-test SS-

nontargetingINH: t(3) = 3.927, p = 0.0294. Nontargeting control n = 4; INH-mir-135b-5p n = 

6. (G) Extinction (6 tone bins) for SR male mice injected with INH-mir-135b-5p or 

nontargeting control. (H) mir-135b-5p expression in the BLC of SEFL females (no 

extinction) 30 days after training. (I) Extinction (6 tone bins) for stressed female mice 

injected with INH-mir-135b-5p inhibitor or nontargeting control. Error bars are ± S.E.M.
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Figure 4. mir-135b is highly conserved in humans and elevated in the serum of PTSD-susceptible 
subjects.
(A) Conservation of the mouse pre-mir-135b sequence from mouse to human. The 

sequences of the 5’ and 3’ arms are highlighted in yellow. (B) qPCR expression of mir-135b 

isoforms in human amygdala, n = 3–4 brains. (C) Characteristics of human subjects used for 

the evaluation of circulating mir-135b in serum. (D) Sequencing expression of mir-135b 

isoforms in the serum of human subjects. One-way ANOVA for mir-135b-3p: F(2, 17) = 

15.32; p = 0.0002; Post-hoc Tukey test p < 0.05 for control vs susceptible (*) and resilient vs 

susceptible (#), n = 6–8/group. Error bars are ± S.E.M.
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Figure 5. Global proteomic profile identifies putative mir-135b-5p targets downregulated in SS 
animals.
(A) Summary of the protein changes identified in BLC tissue that are at least 1.5 log2fold 

change between SS and SR animals 30 days after SEFL and the top 10 significant pathways 

of downregulated (B) or upregulated proteins (C). (D) The top 5 upregulated proteins in SS 

vs SR animals that were identified in the proteomics screen. (E-F) Protein expression of 

putative mir-135b-5p targets obtained by mass spectrometry that are 1.5 log2 fold change or 

greater between SS and SR animals 30 days after SEFL and the top 10 significant pathways 

of regulated mir-135b-5p target proteins (G). (H-I) Proteins changed by at least 50% in BLC 

tissue after viral mediated mir-135b-5p overexpression or SEFL and the top regulated 

pathways in proteins changed by at least 25% in those groups.
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