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Abstract

BACKGROUD—Variations in the expression of the Netrin-1 guidance cue receptor DCC 
(Deleted in colorectal cancer) appear to confer resilience or susceptibility to psychopathologies 

involving prefrontal cortex (PFC) dysfunction.
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METHODS—Using postmortem brain tissue, mouse models of defeat stress, and in vitro analysis, 

we assessed microRNA (miRNA) regulation of DCC and whether changes in DCC levels in the 

PFC lead to vulnerability to depression-like behaviors.

RESULTS—We identify miR-218 as a posttranscriptional repressor of DCC, and detect co-

expression of DCC and miR-218 in pyramidal neurons of human and mouse PFC. We find that 

exaggerated expression of DCC and reduced levels of miR-218 in the PFC are consistent traits of 

mice susceptible to chronic stress and of major depressive disorder in humans. Remarkably, 

upregulation of Dcc in mouse PFC pyramidal neurons causes vulnerability to stress-induced social 

avoidance and anhedonia.

CONCLUSION—These data are the first demonstration of miRNA regulation of DCC and 

suggest that, by regulating DCC, miR-218 may be a switch of susceptibility versus resilience to 

stress-related disorders.
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microRNA; guidance cue; resilience; major depressive disorder; neurodevelopment; chronic social 
defeat stress

INTRODUCTION

The netrin-1 guidance cue receptor, DCC (deleted in colorectal cancer), directs growing 

axons towards appropriate targets and organizes fine neuronal connectivity across the 

lifespan by controlling target recognition, axon arborization, and synapse formation (1–3). 

Variations in DCC expression appear to bring about resilience or susceptibility to psychiatric 

disorders involving prefrontal cortex (PFC) dysfunction (4,5). Dcc haploinsufficiency in 

mice protects against the development of adult phenotypes that resemble traits observed in 

PFC-related psychopathologies, including deficits in cognitive flexibility and behavioral 

inhibition (4–6). In contrast, DCC expression in the PFC is increased in putative rodent 

models of these disorders (5,7). Most notably, DCC mRNA expression is upregulated 

(~50%) in the PFC of non-medicated depressed individuals who died by suicide in 

comparison to psychiatrically-healthy sudden death controls (4).DCC and its molecular 

regulators may be targets of protective or risk factors and serve as biomarkers of 

vulnerability. Currently, however, there is a lack of information about the mechanisms 

controlling DCC gene expression in the brain and about how environmental challenges 

modulate these processes.

MicroRNAs (miRNAS) are non-coding RNAs (~22 nucleotides) that regulate gene 

expression at a posttranscriptional level. By binding to the 3′-untranslated region (3′UTR) 

of a target mRNA, miRNAs induce RNA transcript degradation or prevent mRNA 

translation (8). Altered expression of miRNAs in the brain has been associated with major 

psychiatric conditions, including MDD (9–11). Indeed, the control that miRNAs exert on 

gene expression is emerging as an important molecular link between environmental risk 

factors and psychopathology (11–14). Here we combined postmortem human brain tissue 

analysis and mouse models of stress-induced psychopathologies to investigate whether (a) 
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DCC expression is under miRNA regulation and (b) variations in DCC expression in the 

PFC confer vulnerability to depression-like behaviors.

MATERIALS AND METHODS

Detailed description of procedures is provided in Supplemental Materials and Methods.

Animals

Experimental procedures were performed in accordance with the guidelines of the Canadian 

Council of Animal Care, and approved by the McGill University and Douglas Hospital 

Animal Care Committee.

Adult male C57BL/6 wild-type mice (PD 75±15) and male CD-1 retired breeder mice (<4 

months) were obtained from Charles River, Canada. Dcclox/lox mice (PD 75±15) were 

obtained from Dr. Berns (University of Amsterdam) (15) and are bred at the 

Neurophenotyping center of the Douglas Mental Health University Institute. See 

Supplemental Materials and Methods for further details.

Chronic social defeat stress paradigm (CSDS)

The CSDS protocol we used as in (16,17) and consisted of 10 daily sessions in which an 

adult wild-type C57BL/6 experimental mouse was exposed to 5min of physical aggression 

by a novel CD-1 mouse, previously screened for aggressive behavior. Control C57BL/6 mice 

were housed with a different littermate every day but no physical contact was permitted. 

Twenty-four hours after the last CSDS session, C57BL/6 mice were assessed in the social 

interaction test (17). Briefly, mice were allowed to explore an open field in the absence 

(session 1) or presence (session 2) of a novel CD1 mouse for a period of 2.5min each 

session. The social interaction ratio was calculated (time spent in the interaction zone with 

CD-1 present/time spent in the interaction zone with CD-1 absent) and defeated mice were 

classified as susceptible (ratio<1) or resilient (ratio≥1) (16). Complete description of the 

CSDS is available in Supplemental Materials and Methods.

Behavioral testing

Test for elevated plus maze, sucrose preference and fear conditioning were conducted as 

described in Supplemental Materials and Methods.

Antibodies

All the antibodies used in this study and their specificity are described in detail in Table S1 

in Supplemental Materials and Methods.

Tissue dissection

Mice were euthanized by decapitation 24h after the social interaction test. Bilateral punches 

of the pregenual medial PFC (mPFC) were taken from 1mm coronal sections corresponding 

to plates 15–18 of the Paxinos & Franklin mouse atlas (18) as previously (6,7). Ventral 

tegmental area (VTA) punches from 1mm coronal were obtained as described previously 

(19). See Supplemental Materials and Methods for further details.
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Western blot

mPFC tissue punches were processed for western immunoblot as before (6,19). Protein 

samples (25μg) were separated on a 10% SDS-PAGE and transferred to a nitrocellulose 

membrane which was incubated with antibodies against DCC (BD Pharmingen, 

Mississauga, ON, Canada) and α-tubulin (Sigma-Aldrich, Oakville, ON, Canada) (Table 

S1). See Supplemental Materials and Methods for details.

RNA extraction and quantitative real time-PCR for mouse tissue

Total RNA, including microRNA fraction, was isolated with the miRNeasy Micro-Kit 

protocol (Qiagen, Toronto, ON, Canada). Reverse transcription was performed using iScript 

(Bio-Rad, Saint-Laurent, QC, Canada). Real time PCR was carried out with an Applied 

Biosystems 7900HT RT-PCR system. Complete description of the procedure is available in 

Supplemental Materials and Methods.

Neuroanatomical experiments with mouse brain tissue

Mice were anesthetized with overdose injection of ketamine 50mg/kg, xylazine 5mg/kg, and 

acepromazine 1mg/kg (i.p) and perfused transcardially with 0.9% saline and 4% PFA in 

PBS. Double-labeled immunofluorescence was performed on coronal sections of the 

pregenual mPFC (Table S1). Immunostaining was visualized with either Alexa 488-, Alexa 

Fluor 555- or Alexa Fluor 633-conjugated secondary antibodies (Life technologies, Toronto, 

ON, Canada). See Table S1 and Supplemental Materials and Methods for details.

In situ hybridization

Frozen coronal sections of the pregenual mPFC were treated with sense and antisense 5′ 
digoxigenin-labeled LNA probes against miR-218 (Table S2). PFC tissue was incubated 

with anti-DIG antibody coupled to horseradish peroxidase (Roche, Mississauga, ON, 

Canada) and anti-DCC antibody #2473 (20). MiRNA expression and DCC 

immunofluorescence were revealed with tyramide-coupled to Cy3 (Perkin Elmer, Montréal, 

QC, Canada) and Alexa 488-coupled secondary antibody (Life Technologies, Toronto, ON, 

Canada), respectively. Complete description is available in Supplemental Materials and 

Methods.

In silico analysis and miRNA identification

Candidate miRNAs to regulate DCC expression were predicted using five miRNA target 

prediction databases: miRWalk (21), miR and a (22), miRDB (23), Diana-microT (24), and 

TargetScan (25). Only miRNAs that were predicted by at least three out of the five databases 

and were confirmed to be expressed in human and mouse brain were selected for 

downstream experiments. MiRNAs were ranked according to their mirSVR predicting score, 

which is a prediction system that determines the potential of a miRNA to regulate the 

expression of specific target genes (26), and selected the miRNA with the highest mirSVR 

score.
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Quantification of miR-218 and DCC expression in human brain samples

The expression of miR-218 and DCC was quantified in prefrontal cortex (Brodmann area 

44; BA44) tissue samples obtained from two different cohorts, using Real Time PCR. 

Complete description is available in Supplemental Materials and Methods.

Validation cohort

11 depressed subjects who committed suicide and 12 sudden-death controls. All depressed 

subjects were antidepressant-free for at least 3-months prior to death by suicide. A subset of 

this group had history of substance abuse (n=4).

Original cohort

24 depressed subjects who committed suicide and 35 sudden-death controls. The depressed 

group included subjects with comorbid MDD and substance abuse (n=2) to match the 

diagnostic characteristics of the validation cohort.

RNA isolation and quantitative Real time-PCR for human tissue

Total RNA (including miRNA fraction) was isolated from human postmortem frozen brain 

tissue as we reported previously (4). Total mRNA was reverse transcribed using M-MLV 

reverse transcriptase and oligo (dT) 16 primers. miRNA was reverse transcribed using 

TaqMan RT-PCR microRNA assays (Table S2; Applied Biosystems, Toronto, ON, Canada). 

Real-time PCR reactions were run in technical quadruplets using the ABI 7900HT Fast 

Real-Time PCR System (Applied Biosystems, Toronto, ON, Canada). Expression levels 

were calculated using the Absolute Quantitation (AQ) standard curve method, with GAPDH 
used as the reference gene for mRNA quantification and RNU6B for miRNA. The 

efficiencies of RT-PCR ranged between 90% and 110%, with slopes between −3.10 to −3.50. 

See details in Supplemental Materials and Methods.

Neuroanatomical experiment with human brain tissue

Coronal sections (14μm-thick) derived from BA44 and corresponding to plates 09 to 10 of 

the human brain atlas (27) were treated as described in detail in Supplemental Materials and 

Methods.

Human neuroblastoma IMR-32 cell line

IMR-32 cells were kindly provided by Dr. Lamarche-Vane (McGill University). IMR-32 

cells were culture in Dulbecco’s modified Eagle’s medium (DMEM; Wisent Inc., Saint-

Jean-Baptiste, QC, Canada) containing 10% fetal bovine serum, supplemented with 50 

units/ml penicillin and 50μg/ml streptomycin (Invitrogen, Toronto, ON, Canada) in a 5% 

CO2 humidified incubator at 37°C.

DCC immunofluorescence

Culture IMR-32 cells were platted on glass coverslips for 24h. Cells were fixed with 4% 

PFA and were permeabilized with 0.1% Tween in PBS and blocked with 2% BSA and 2% 

Goat serum. Incubation against DCC antibody #2473 (20) in blocking solution was 

performed overnight at 4°C, see Supplemental Materials and Methods.
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Western blot

IMR-32 cells were harvested from DMEM medium and cleaned with PBS before 

homogenization. Protein samples (25μg) were processed for immunoblotting as described 

above (6).

MiRNA Mimic transfection experiment

A total of 4x105 IMR-32 cells were grown in the continuous presence of either transfection 

reagent alone (Mock), a miR-218 mimic (5nM), or a miR-mimic scramble (5nM) control for 

24h, according to the manufacturer’s protocol (Qiagen, Toronto, ON, Canada). A mimic is a 

synthetic double-stranded miRNA that comprises the same function as endogenous miRNAs 

(28).

Target protector experiment

A total of 4x105 cells were grown for 24hr with transfection reagent alone, or transfection 

reagent in combination of the miR-218 mimic and two target protectors, according to the 

manufacturer’s protocol (Qiagen, Toronto, ON, Canada). A target protector is an 

oligonucleotide designed to prevent miRNAs from binding specific mRNA targets (28). 

Confluent cultures were homogenized using the miRNeasy Mini-Kit (Qiagen, Toronto, ON, 

Canada). The expression of DCC mRNA, ROBO1 mRNA and miR-218 were assessed with 

real time PCR as described above.

Stereotaxic surgery

Adult Dcclox/lox mice were deeply anesthetized with Isoflurane and placed in a stereotaxic 

apparatus. A total volume of 0.5μl of Adeno-Associated Virus (AAV8) expressing a Cre-

GFP fusion protein under the control of the calcium calmodulin kinase II alpha (CaMKIIα) 

promoter (AAV8-CaMKIIα-Cre-GFP) or control virus (AAV8-CaMKIIα-GFP) was infused 

bilaterally into the prelimbic/infralimbic subregion of the mPFC: +2mm (A/P), ±0.5mm 

(M/L), and −2.7mm (D/V) relative to Bregma. Viral constructs were obtained from 

University of North Carolina (UNC Vector Core, Chapel Hill, NC, USA). Mice were 

allowed to recover for 21 days before behavioral and neuroanatomical experiments. 

Additional details are described in Supplemental Materials and Methods.

Stereology

The total number of SMI-32-positive pyramidal neurons at the site of injection between PrL 

and IL subregions of the mPFC was estimated using a stereological fractionator sampling 

design, with the optical fractionator probe of the Stereo Investigator® software 

(MicroBrightField, Williston, VT, USA) as described in detail in Supplemental Materials 

and Methods.

Statistical analysis

All values were represented as scatterplot with the mean ± s.e.m. A significance threshold of 

α<0.05 was used in all the experiments. Statistical differences between two groups were 

analyzed with Student’s t-tests. Correlations were calculated using the Pearson correlation 
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coefficient with one-tailed analysis. Otherwise one-way or two-way ANOVAs were 

performed, followed by Bonferroni’s or Tukey’s multiple comparison tests.

RESULTS

First, we tested the validity of our previous finding (4) by measuring DCC mRNA 

expression in an independent PFC sample derived from postmortem brains of 11 

antidepressant-free subjects with MDD who committed suicide and of 12 psychiatrically-

healthy sudden death controls (Figure 1A). Indeed, we confirmed increased DCC mRNA 

expression (~40%) in the MDD group as compared to controls (Figure 1B). Despite 

differences in sample size, the magnitude of DCC overexpression is similar between the 

independent studies emphasizing the consistency of this trait. From here onwards we use 

“validation” to refer to this second cohort and “original” to refer to the original cohort (4).

To investigate possible mechanisms underlying DCC upregulation in depression we explored 

the role of miRNAs, which fine-tune gene expression with high spatiotemporal selectivity 

(11). We identified miRNAs that could regulate DCC by cross-referencing candidates 

predicted by five web-based algorithms. We selected only miRNAs predicted by at least 

three databases and expressed in human and mouse brain. Twelve miRNAs met our criteria 

(Figure 1C - Table S3). We focused on miR-218 because it has the highest mirSVR score 

(i.e. the potential of a miRNA to regulate the expression of a target gene) (26) and is 

regulated in rodent PFC by chronic corticosterone treatment (29).

We performed quantitative real-time PCR (qRT-PCR) on RNA obtained from the same PFC 

postmortem tissue we used in our original study (4) (Figure 1D). The expression of miR-218 

in the PFC is reduced (~50%) in the MDD versus control group (Figure 1E). Moreover, there 

is a negative correlation between DCC and miR-218 expression in the depressed group only 

(Figure 1F - FigureS1). To validate this finding, we measured miR-218 expression in PFC 

tissue derived from the validation cohort and again found reduced expression in the 

depressed group (Figure 1G). Therefore, increased DCC and reduced miR-218 expression in 

the PFC thus seems to be a robust finding in depression and is consistent with the inverse 

relationship between miRNAs and gene expression (8). Indeed, DCC and miR-218 co-

express in single PFC neurons in postmortem brains from adult psychiatrically-healthy 

subjects, consistent with a direct miR-218-DCC interaction (Figure 1H–I).

As shown in Table S3, miR-1237 is a primate-specific miRNA expressed in brain that has 

the second highest probability to regulate DCC (mirSVR score= −1.22). Thus, we assessed 

for changes in its expression in PFC postmortem tissue obtained from the original human 

cohort. We found no differences in miR-1237 expression between depressed-suicide and 

control groups (Figure S3).

We next examined whether mice that develop depression-like phenotypes show changes in 

DCC and miR-218 expression in the mPFC similar to those observed in depressed humans. 

We used the chronic social defeat stress (CSDS) paradigm (30), a validated mouse model of 

depression that differentiates between resilient and susceptible mouse populations based on 

a social interaction test (16) (Figure 2A−B). Similar to humans, susceptible mice exhibit 
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greater PFC Dcc mRNA (~40%) and protein expression as compared to resilient and control 

mice (Figure 2C). Furthermore, PFC miR-218 expression is diminished in susceptible mice 

(~50%) in comparison to resilient and control groups (Figure 2C). Finally, as in humans, 

there is robust DCC and miR-218 co-expression in single PFC neurons in adult stress-naïve 

mice (Figure 2D).

Several reports demonstrate that CSDS induces molecular and physiologic abnormalities in 

VTA dopamine neurons (16,30,31). Thus, it is possible that the stress-induced changes in 

Dcc and miR-218 expression in the PFC of susceptible mice are associated with similar 

changes in the VTA. To this end we measured Dcc and miR-218 expression in the VTA of 

control, susceptible, and resilient mice one day after the social interaction test. However, we 

did not find differences in Dcc or miR-218 levels in the VTA between groups (Figure S4), 

suggesting that the Dcc and miR-218 alterations observed in susceptible mice are PFC-

specific.

Because most, if not all, pyramidal neurons across all cortical layers are DCC-positive 

(Figure 3A), we next micro infused AAV-CaMKIIα-CreGFP or AAV-CaMKIIα-GFP 

(control vector) bilaterally into the PFC of adult Dcclox/lox mice to delete Dcc from 

pyramidal neurons exclusively. Mice were exposed toCSDS3 weeks later (Figure 3B). 

Socially-defeated Dcclox/lox mice infected with control vector display the expected social 

avoidance; an effect lost in mice infected with the Cre-expressing vector (Figure 3C). 

Defeated Dcclox/lox mice infected with control vector also spend more time in the corners 

farthest away from the interaction zone when the social target is present than control mice 

that did not undergo CSDS. This behavior is completely prevented in defeated mice that had 

Dcc deletion in PFC pyramidal neurons (Figure 3D). Importantly, results from fear 

conditioning experiments indicate that Dcc deletion from PFC pyramidal neurons does not 

lead to learning deficits (Figure S5). Furthermore, locomotor activity is not altered by Dcc 
deletion (Figure 3E).

We also tested sucrose preference in Dcclox/lox mice that received control or AAV-

CaMKIIα-CreGFP infections and underwent CSDS or served as controls. Defeated 

Dcclox/lox mice infected with control vector show less sucrose preference than control mice 

that did not undergo CSDS. Dcc deletion from PFC pyramidal neurons prevents this 

anhedonia-like effect (Figure 3F). Finally, we exposed mice to the elevated plus maze and 

found that CSDS-exposed mice, regardless of viral infection, display a pro-anxiety-like 

effect (Figure 3G). Thus, knocking out Dcc from pyramidal neurons in PFC results in 

resilience against stress-induced depression-like phenotypes specifically.

Brain sections through the medial PFC of mice injected with AAV-CaMKIIα-CreGFP or 

AAV-CaMKIIα-GFP viruses were triple immunolabeled with GFP (green), DCC (red), and 

SMI-32 (blue; neurofilament heavy antibody; which is a marker for pyramidal neurons (32)). 

A robust decrease in DCC immunoreactivity was observed in SMI-32-positive pyramidal 

neurons infected with the AAV-CaMKIIα-CreGFP virus, but not with the control AAV-

CaMKIIα-GFP (Figure 3H). This is in line with our previous Dcc knock-out experiments 

using Dcclox/lox mice and similar viral-mediated gene transfer techniques (4). Importantly, 

the expression of the AAV-CaMKIIα-GFP control construct or with AAV-CaMKIIα-
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CreGFP (along with the accompanying loss of DCC expression) does not compromise 

SMI-32 neuron survival (Figure 3I) and it is specific to pyramidal neurons (Figure S6).

To investigate the regulation of DCC expression by miR-218, we used the human 

neuroblastoma cell line IMR-32 which expresses endogenous DCC mRNA and protein 

(Figure 4A). IMR-32 cells transfected with a synthetic miR-218 (“mimic”) decreases DCC 
expression 24h after treatment (Figure 4B). We confirmed overexpression of miR-218 in 

IMR-32 cells that received the mimic (Figure 4C). The 3′UTR of DCC contains two binding 

sites for miR-218, from nucleotides 66–73 (binding site 1) and from 513–518 (binding site 

2; Figure 4D). To prove that miR-218 binds directly to DCC and downregulates its 

expression, we transfected IMR-32 cells with single-stranded and modified RNAs (“target 

protectors”) designed to interfere with the two binding sites between miR-218 and the 

3′UTR of DCC without affecting other targets (Figure 4E). Remarkably, these target 

protectors reverse completely the downregulation in DCC expression induced by the 

miR-218 mimic (Figure 4F).

To further test the specificity of the DCC-selective target protector, we measured the mRNA 

levels of ROBO1; the receptor of the guidance cue, Slit, and a validated target of miR-218 

(33–35). Transfection with the miR-218 mimic alone indeed results in a significant 

downregulation in the expression of ROBO1 mRNA (~45%). Importantly, cells treated with 

the DCC-selective target protector also show miR-218 mimic-induced downregulation of 

ROBO1 mRNA (Figure 4G). This result demonstrates specificity of the target protector for 

DCC and miR-218 binding. To our knowledge this is the first demonstration thatmiR-218 

binds directly to DCC mRNA to repress its expression and that this mechanism occurs in 

nerve cells.

DISCUSSION

An understanding of the pathophysiology of stress-related disorders, including MDD, is 

necessary for developing novel preventive strategies and overcoming the lack of 

effectiveness of current treatments. One way to advance this knowledge is to identify 

candidate molecular determinants of vulnerability and of resiliency using post-mortem 

human brain tissue of subjects who manifest such conditions. Another strategy is to take 

advantage of pre-clinical models to characterize the enduring plastic alterations occurring in 

the brain caused by stress. In this study we combined these two approaches and 

demonstrated that increased DCC expression in PFC neurons causes susceptibility to stress-

induced depressive-like behaviors whereas dampened DCC expression is protective. These 

findings are in line with our idea that DCC receptors mediate detrimental, enduring effects 

of environmental risk factors, but are also involved in conferring resilience (4,5,36). 

Therefore, the expression of DCC and/or of its molecular regulators could serve as a 

biomarker of vulnerability to MDD.

In this study we identified miR-218 as a repressor of DCC gene expression and found a 

significant reduction in miR-218 expression in the PFC of (a) adult mice that are susceptible 

to chronic stress-induced social avoidance and (b) adult non-medicated human with MDD 

who died by suicide. In fact, the expression of miR-218 and DCC in the PFC are negatively 
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correlated in MDD. These findings indicate that miR-218 could potentially serve as both a 

non-invasive biomarker of DCC function and a target of therapeutic interventions. 

MicroRNAs can be measured in blood with the advantage of being stable and resistant to 

changes in temperature (37). Furthermore, levels of circulating miRNAs can change in 

parallel to alterations in brain expression (38) and have been shown after antidepressant 

treatment (9) and cognitive behavioral therapy (10) and are promising predictors of 

antidepressant response (9).

Whether increased Dcc expression in susceptible mice to chronic stress is a preexisting 

factor or results from exposure to chronic social defeat stress is an important question to be 

elucidated in future experiments. DCC protein expression in the mouse PFC is high during 

embryonic and early postnatal age, but decreases substantially in adolescence, achieving low 

levels in adulthood (39). It is possible that susceptible mice fail to show downregulation of 

DCC expression in adolescence and that its enduring elevated levels in the PFC alter the 

structural and functional maturation of PFC pyramidal neurons, rendering this region more 

vulnerable to detrimental effects of chronic stress. We are currently examining changes in 

circulating miR-218 as a result of adverse experiences in adult mice and whether these 

alterations match those induced in the PFC.

Our previous work on the development of the dopamine system shows that DCC signaling 

within VTA dopamine neurons determines the extent of their innervation to the PFC (4,40). 

Importantly, this effect is restricted to the adolescent period and can be modified by 

exposure to drugs of abuse during this age (41). Furthermore, by controlling dopamine input 

to the PFC in adolescence, DCC determines the structural maturation of PFC pyramidal 

neurons (4). The fact that adult exposure to CSDS does not lead to changes in Dcc and 

miR-218 in the VTA suggests that the changes observed in PFC of susceptible mice are not 

initiated by altered Dcc function within dopamine neurons. Future experiments will 

determine whether chronic stress in adolescence (e.g. social isolation) regulates DCC and 

miR-218 in both PFC and VTA and whether these changes are causally related. It is 

intriguing that CSDS in adulthood induces a decrease in the firing activity of mesocortical 

dopamine neurons and that selective inhibition of these neurons leads to social avoidance in 

mice (31). It would be interesting to establish whether inhibition of the mesocortical 

dopamine pathway leads to reduce miR-218 in the adult PFC and, in turn, to increase Dcc 
expression.

To assess the role of Dcc in stress-induced social avoidance and anhedonia we used a 

homozygous knockout of Dcc in pyramidal neurons. However, in our previous studies we 

have shown that variations, rather than absence, of DCC protein result in alterations in 

neuronal connectivity and plasticity (4). Moreover, complete knockout of Dcc may lead to 

compensatory changes that could diminish the effects of Dcc on normal neuronal function. 

In the future we plan to assess whether knocking down Dcc in single PFC pyramidal 

neurons also confers resilience to stress-induced social avoidance and anhedonia and 

whether Dcc haploinsufficient mice show resistance against or reduced sensitivity to chronic 

social defeat stress. Notably, DCC haploinsufficiency exists in humans (42,43).

Torres-Berrío et al. Page 10

Biol Psychiatry. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



How variations in DCC expression lead to susceptibility or resilience to depression-like 

behaviors remains to be determined. During development, DCC receptors guide growing 

axons towards Netrin-1-secreting targets (44). However, DCC receptors also dictate the fine 

organization of synaptic connectivity by controlling axon arborization, dendritic growth (45) 

and synapse formation (46). These different actions are specific to particular brain systems 

and maturational states, including adulthood, and are modified by experience (5). By tuning 

DCC expression in PFC pyramidal neurons, miR-218 may lead to subtle, but very distinct 

changes in pyramidal neuron synaptic connectivity. Interestingly, miR-218 has been shown 

to repress the expression of the guidance cue receptors, Roundabout (Robo)-1 and 2(47). 

Robo-1 and DCC can form receptor complexes to alter axonal responses to Netrin-1(48). 

MiR-218 may thus act as a spatiotemporal regulator of guidance cue receptor genes to 

orchestrate the effects of environmental risk and protective factors across the lifespan.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Opposite DCC and miR-218 regulation in PFC in MDD. (A) Summary of the information 

about the age and gender of the human subjects in the validation cohort. Brain samples were 

compared for age, RNA integrity number (RIN), post-mortem intervals (PMI), and pH value. 

There are no differences between groups (Age: t(21)=0.39; RIN: t(21)=0.55; PMI: t(21)= 1.44; 

pH: t(21)=0.92, p values >0.05). (B) DCC mRNA in the PFC is increased in MDD versus 

controls (t(21)=2.50;*p=0.02) in the validation cohort. (C) miRNAs predicted to bind DCC. 

(D) Summary of the information about subjects in the original cohort. There are no 
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differences between groups (Age: t(57)=0.71; RIN: t(57)=t=0.84; PMI: t(57)= 0.33; pH: 

t(57)=1.25). (E) Reduction in miR-218 in depressed versus control groups 

(t(57)=2.71;*p=0.008) in original cohort (4). (F) Negative DCC-miR-218 correlation in 

MDD. (G) Decreased miR-218 in PFC of depressed versus control groups in validation 

cohort (t(21)=2.30;*p=0.031). (H) DCC+ neurons and (I) DCC and miR-218 co-expression 

in PFC neurons. Scale bar= 50μm. The error bars represent the SEM.
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Figure 2. 
Opposite expression of Dcc and miR-218 in PFC is associated with susceptibility to stress-

induced depression-like behaviors. *† indicate different from control (CON) and resilient 

(RES), respectively. (A) CSDS protocol. (B) Social interaction ratio in CON (n=26), 

susceptible (SUS; n=27) and RES (n=27). F(2,77)=94.37;p< 0.0001;*†p<0.01. (C) Increased 

PFC Dcc expression in SUS (n=12–13; F(2,34)=6.725;p=0.003,*†p<0.01). Decreased PFC 

miR-218 expression in SUS (n=10–11; F(2,28)=5.85; p=0.0075,*p<0.01; †p<0.05). Elevated 

PFC DCC protein in SUS (n= 4; F(2,9)= 8.085; p=0.098, *†p<0.05). The mRNA, microRNA, 

and protein data were derived from tissue samples of susceptible, resilient and control mice 

collected from 3 different and independent CSDS experiments.(D) Co-expression of DCC/

miR-218 in PFC neurons. Scale bars =50 μm.
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Figure 3. 
Knocking out Dcc in PFC pyramidal neurons protects against stress-induced depression-like 

behaviors. (A) DCC expression in SMI-32+ medial PFC pyramidal neurons in adult stress-

naïve mice (white arrows). (B) Timeline of infection experiments and injection site. PFC 

pyramidal neuron Dcc deletion prevents social avoidance induced by CSDS. (C) Ratio: Two-

way ANOVA: stress: F(1,30)=10.91; p=0.0025; stress by virus interaction: F(1,30)=8.87; 

p=0.0057; Tuckey test: *¤†p<0.05. (D) Corners: Two-way ANOVA: stress: F(1,30)=8.77; 

p=0.0059; stress by virus interaction: F(1,30)=7.83; p=0.0089;*†p<0.05, ¤p<0.01. Symbols 

indicate different from *control-AAV-CaMKIIα-GFP (n=7), ¤control-AAV-CaMKIIα-Cre-

GFP (n=10) and †defeat-AAV-CaMKIIα-Cre-GFP (n=9); p<0.05.(E) Locomotor activity 

during the social interaction test is similar across all groups: Two-way ANOVA: stress by 

virus interaction: F(1,30)= 0.004; p= 0.94, group: F(1,30)= 0.36; p= 0.55, and virus: 

F(1,30)=0.48; p=0.49).(F) Sucrose preference: Two-way ANOVA: stress by virus interaction: 

F(1,26)=5.26; p=0.030. (G) Deletion of Dcc does not prevent anxiety-related behaviors 

induced by CSDS: Two-way ANOVA: significant main effect of stress, F(1,30)=15.81; 

p=0.0004; *different from control; p<0.05). (H) Deletion of Dcc in individual GFP+/
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SMI-32+ neurons (I) Stereological analysis show that Dcc deletion does not compromise the 

survival of medial PFC SMI-32+ neurons (t(8)= 0.57, p=0.58). Scale bars =50 μm.
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Figure 4. 
miR-218 regulates DCC expression.(A) Immunofluorescence and Western blot experiments 

showing endogenous DCC expression in the IMR-32 cell line. Numbers on top of the DCC 

bands represent micrograms of protein loaded. Scale bar= 50μm. (B) Significant decreased 

of DCC mRNA expression in IMR-32 cells 24h after transfection with a miR-218 mimic 

(n=3) in comparison to transfection with reagent alone (mock; n=3) or mimic scramble 

(miR-Scr; n=3) (F(2,6)=11.75; p=0.008; *different from mock; †different from miR-Scr, 

*†p<0.05). (C) Transfection with mimic in comparison to transfection reagent (mock) or 

mimic scrambled (miR-Scr) increases miR-218 in IMR-32 cells 24h after. One-way 

ANOVA: F(2,6)=17.25; p<0.01; *different from mock; †different from miR-Scr; *†p<0.001). 

(D) miR-218 and DCC base pairing at the two binding sites. (E) Target protector 

experiment. (F) Decreased DCC expression in IMR-32 cells by miR-218 mimic 24 after 

transfection is reversed by target protectors (F(6,16)=5.493; p= 0.0030; *different from mock; 
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†different from negative control *p<0.05). n=3–5. (G) miR-218-induced downregulation of 

ROBO1 in IMR-32 cells is not prevented by DCC-specific target protectors (F(6,16)= 4.546; 

p= 0.0071; *different from mock. *p<0.05). n=3–5.
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