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Abstract 17 

Stress-related psychiatric disorders, including anxiety, are complex diseases that have genetic, and environmental 18 

causes. Stressful experiences increase the release of prefrontal amygdala neurotransmitters, a response that is relevant to 19 

cognitive, emotional, and behavioral coping. Moreover, exposure to stress elicits anxiety-like behavior and dendritic 20 

remodeling in the amygdala. Members of the miR-34 family have been suggested to regulate synaptic plasticity and 21 

neurotransmission processes, which mediate stress-related disorders. Using mice that harbored targeted deletions of all 22 

3 members of the miR-34-family (miR-34-TKO), we evaluated acute stress-induced basolateral amygdala (BLA)-23 

GABAergic and medial prefrontal cortex (mpFC) aminergic outflow by intracerebral in vivo microdialysis. Moreover, 24 

we also examined fear conditioning/extinction, stress-induced anxiety, and dendritic remodeling in the BLA of stress-25 

exposed TKO mice.  26 

We found that TKO mice showed resilience to stress-induced anxiety and facilitation in fear extinction. Accordingly, no 27 

significant increase was evident in aminergic prefrontal or amygdala GABA release, and no significant acute stress-28 

induced amygdalar dendritic remodeling was observed in TKO mice. Differential GRM7, 5-HT2C, and CRFR1 mRNA 29 

expression was noted in the mpFC and BLA between TKO and WT mice. Our data demonstrate that the miR-34 has a 30 

critical function in regulating the behavioral and neurochemical response to acute stress and in inducing stress-related 31 

amygdala neuroplasticity. 32 

 33 

Keywords: miR-34; Stress; Prefrontal Cortex; Amygdala; Anxiety. 34 
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1.1 Introduction 43 

All stress-related psychiatric disorders, including anxiety, are complex diseases involving genetic, and environmental 44 

causes.  45 

MicroRNAs (miRs), a class of small, noncoding RNAs, regulate gene expression at the post-transcriptional level and 46 

have been shown to play a crucial role in many neurobiological processes and in regulating stress response (Issler and 47 

Chen, 2015; Malan-Müller et al., 2013; O'connor et al., 2012; Schouten et al., 2013). In particular, human and animal 48 

studies indicate that members of the miR-34 family of miRs are involved in several psychopathological phenotypes 49 

(Bavamian et al., 2015; Dias et al., 2014a; Dickson et al., 2013; Haramati et al., 2011; Parsons et al., 2008; Zhou et al., 50 

2009). Three miR-34 precursors are produced from two transcriptional units; the human miR-34a is transcribed from 51 

chromosome 1, miR-34b and miR-34c precursors are co-transcribed from a region on chromosome 11. MiR-34 has also 52 

been proposed to be a target for the actions of mood  stabilizers and antidepressants (Bavamian et al., 2015; Bocchio-53 

Chiavetto et al., 2013; Liu et al., 2014; Zhou et al., 2009) and to modulate the dendritic remodeling underlying 54 

neuroplasticity (Agostini et al., 2011; Bavamian et al., 2015). 55 

Accumulating evidence also implicates miR-34 in the stress response, particularly in the manifestation of behaviors 56 

relevant to fear, anxiety as well as fear memory consolidation (Dias et al., 2014a; Haramati et al., 2011).  57 

A corpus  of data implicates dysfunctions of the neural circuit connecting the prefrontal cortex and amygdala in the 58 

pathophysiology of fear and anxiety-like disorders induced by stress exposure (Arikav and Moroun, 2007; Holmes, 59 

2008; Shin and Liberzon, 2010). Exposure to stress induces increased neurotransmitters release in this circuit which is 60 

considered relevant for cognitive, emotional and behavioral responses (Andolina et al., 2013, 2014; Pascucci et al., 61 

2007) and the increase, stress-induced, of prefrontal catecholamine release is considered a relevant response for 62 

cognitive, emotional and behavioral coping (Di Segni et al., 2015; Finlay et al., 1995; Pascucci et al., 2007; Ventura et 63 

al., 2013). It has also been demonstrated that aminergic transmission in the medial prefrontal cortex (mpFC), through 64 

regulation of subcortical structures such as amygdala,  modulates the stress response (Andolina et al., 2013, 2014; 65 

Pascucci et al., 2007). A wide projection from mpFC to Basolateral Amygdala (BLA) has been described (Likhtik et al., 66 

2005). We have previously shown that mpFC serotonergic neurotransmission modulates the amygdalar response to 67 

stress in mice, and this could be via effects on GABA-ergic inhibitory neurons in the basolateral amygdala (BLA) 68 

(Andolina et al., 2013, 2014). These BLA interneurons have a critical influence on behavior, emotionality and stress-69 

induced dendritic plasticity (Andolina et al., 2013, 2014; Rodríguez-Manzanares et al., 2005). Previous work has also 70 

shown that stress can induce  hypertrophy of BLA neurons (Maroun et al., 2013; Mitra et al., 2005; Rao et al., 2012). 71 
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Here, we directly evaluated the role of miR-34 in the mpFC-BLA stress response by using mice carrying a targeted 72 

deletion of all three members of the miR-34 family (TKO). First, we tested the hypothesis that miR-34 modulates the 73 

behavioral response to stress exposure. Since GABA-ergic neurotransmission within the BLA plays a critical role in 74 

regulating stress response and the prefrontal serotonergic input into this region regulates amygdalar GABA-ergic 75 

neurotransmission (Andolina et al., 2013; 2014), we evaluate, by in vivo intracerebral microdialysis, the BLA GABA-76 

ergic outflow and mpFC aminergic outflow in Control and TKO mice subjected to acute restraint stress. Furthermore, 77 

because numerous genes associated with stress and neuropsychiatric disorders, including metabotropic glutamate 78 

receptor 7 (GRM7) (Zhou et al., 2009), synaptotagmin 1(Syt1) (Agostini et al., 2011), Serotonin 2C receptor (5-HT2C), 79 

and corticotropin-releasing factor receptor 1 (CRFR1) (Dias et al., 2014a; Haramati et al., 2011) are putative or 80 

validated miR-34 targets, we also evaluate the effects of acute stress on mRNA expression of these genes in the mpFC 81 

and BLA of WT and TKO mice.  82 

Finally, because stress-induced anxiety behavior has been related, in animal models, to hypertrophy of BLA neurons 83 

(Mitra et al., 2005; Moroun et al., 2013; Rao et al., 2012), in the last experiment we also assess dendritic remodeling in 84 

the BLA of TKO and WT mice exposed to acute stress.  85 

 86 

2.1 Materials and Methods 87 

2.1.1 Animals 88 

MiR-34 knockout (TKO) mice were generated as described (Concepcion et al., 2012). WT and TKO male mice, aged 8-89 

9 weeks, were used for the experiments. All experiments were conducted in accordance with Italian national laws 90 

(D.Lgs no. 116/1992) governing the use of animals for research. 91 

 92 

2.1.2 Stress Protocols 93 

The restraint apparatus has been described (Cabib and Puglisi-Allegra, 1991). In the behavioral experiments, mice were 94 

restrained for 30 min to induce anxiety-like behavior, based on previous studies (Haramati et al., 2011; Macneil et al. 95 

1997). In the microdialysis experiments, WT and TKO mice were restrained for 2 hours to evaluate the time-dependent 96 

changes induced by stress exposure in prefrontal aminergic release and BLA GABAergic outflow.  97 

 98 

2.1.3 Elevated Plus Maze, Dark-Light Test, and Open Field Test 99 

Based on previous studies (Haramati et al., 2011; Resstel et al., 2009), 24 hours after exposure to acute stress (restraint- 100 

30 minutes), mice were tested individually in a single session of the elevated plus maze (EPM), dark-light test (DLT), 101 
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or open field (OF) test. The EPM apparatus comprised a central section (5x5 cm); 2 opposing open arms (15x5 cm), and 102 

2 opposing closed arms (15x5x15 cm), and the white light that was cast across the arena was 30 lux. The percentage of 103 

time spent in the open arms [(time in open/open closed) x100], the percentage of entries in the open arms [(open 104 

entries/open closed) x100], and the distance traveled in the apparatus were recorded for 5 min. The DLT apparatus was 105 

a rectangular box divided by a partition into 2 environments: a dark compartment (35x20x30 cm; white light: <30 lux) 106 

and a brightly illuminated compartment (35x20x30 cm; white light: 80-110 lux). The compartments were connected by 107 

a small passage at the bottom center of the partition. The latency to entry into the dark compartment, the number of 108 

visits to the lighted compartment, the percentage of time spent and the distance covered in the aversive lighted 109 

compartment were recorded for 15 min. 110 

The open field (OF) apparatus consisted of a circular Plexiglas box (60 cm in diameter and 30 cm in height). The center 111 

region (30x30 cm) was defined as the central area, and the white light that shone throughout the arena was 30 lux. 112 

Latency to the first exit from the center, the number of visits to the center, the percentage of time spent in the center, 113 

and the distance traveled in the apparatus were recorded for 5 min. 114 

 115 

2.1.4 Fear conditioning and extinction 116 

The fear conditioning and extinction procedure was performed as described by Izquierdo et al., 2006. In brief, to train in 117 

fear conditioning (Panlab, HARVARD APPARATUS), mice were placed in the conditioned chamber (25 x 25 x 25 cm, 118 

with black and transparent walls and a metal grid floor, cleaned with a 79.5% water/19.5% ethanol/1% lemon extract 119 

solution), and after a 120-s acclimation period, they received 3 pairings (with 60-120-s variable interpairing intervals) 120 

of a conditioned stimulus (CS, 30 s, 80 dB, 3 kHz tone) and unconditioned stimulus (US, 2s, 0.6 mA scrambled 121 

footshock), in which US was delivered in the last 2 s of presentation of the CS. After a 120-s no-stimulus consolidation 122 

period (following the final CS-US pairing), the mice were returned to their home cage.  123 

Twenty-four hours after training, extinction learning was assessed. Mice were placed in a novel context (transparent 124 

cylinder in black/white-checkered walls and a solid Plexiglas white floor, cleaned with a 50% v/v ethanol solution). 125 

After an initial 120-s acclimation period, the mice were presented with the CS 40 times, each lasting 30 s and separated 126 

by a 5-s no-stimulus interval. Twenty-four hours later, the mice were returned to the original training chamber for 5 min 127 

to assess contextual fear memory. Freezing (evaluated as the complete absence of voluntary movements, except for 128 

respiratory movements) was scored every 5 s by an observer who was blinded to the experimental conditions and 129 

converted to percentage [(freezing observations/total observations) x 100]. Freezing during extinction was averaged into 130 

8-trial blocks for statistical analysis. 131 
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 132 

2.1.5 In vivo Microdialysis 133 

Animals were anesthetized with chloral hydrate (450 mg/kg), mounted in a stereotaxic frame (David Kopf Instruments, 134 

Tujunga, CA, USA) that was equipped with a mouse adapter, and implanted with a microdialysis probe in the mpFC 135 

and BLA using a dual-probe in vivo microdialysis procedure (Di Segni et al., 2015). Vertical concentric dialysis probes 136 

were prepared with AN69 fibers (Hospal Dasco, Bologna, Italy), according to the method of Di Chiara (Di Chiara et al., 137 

1993). The total length of the probe was 3 mm (dialysis membrane length 2 mm, o.d. 0.24 mm) for the mpFC and 5.5 138 

mm (dialysis membrane length 1 mm, o.d. 0.24 mm) for the BLA. Microdialysis experiments were performed 48 hours 139 

after surgery. The coordinates from the bregma [measured according to the atlas of Franklin and Paxinos (Franklin and 140 

Paxinos, 1997)] were: mpFC: 2.5 AP, 0.6 L and BLA: -1.16 AP, -3,55 L. The day before use, the membranes were 141 

tested to verify in vitro norepinephrine (NE), dopamine (DA), 5-HT, and GABA recovery. 142 

The microdialysis probe was connected to a CMA/100 pump (Carnegie Medicine, Stockholm, Sweden) through PE-20 143 

tubing and an ultralow-torque dual-channel liquid swivel (Model 375/D/22QM, Instech Laboratories, Inc., Plymouth 144 

Meeting, PA, USA) to allow free movement.  145 

Artificial cerebrospinal fluid (CSF) was pumped through the dialysis probe at a constant flow rate of 2 µL/min. The 146 

mean concentration of the 3 samples, collected immediately before treatment (<10% variation), was taken as the basal 147 

concentration. Twenty microliters of dialysate sample was analyzed by HPLC with regard to 5-HT, NE, and DA as 148 

described (Andolina et al., 2013, 2014; Ventura et al., 2013). GABA concentrations in the dialysates were determined 149 

as described (Andolina et al., 2013, 2014; Rea et al., 2005). The detection limit of the assay was 4.2 and 0.1 pg per 20 150 

µl (signal-to-noise ratio 2) for GABA and amine (5-HT, DA, NE), respectively. 151 

 152 

2.1.6 Probe placement 153 

At the end of the experiments, the mice were killed by decapitation. Brains were postfixed in 4% paraformaldehyde, 154 

and correct probe placement was assessed by visual inspection of the probe tracks on Nissl- stained coronal sections (40 155 

µm). Only mice with correctly placed probes in the BLA and mpFC were considered. 156 

 157 

2.1.7  Plasmatic Corticosterone 158 

WT and TKO animals were randomly assigned to “basal” or “stress” conditions; in the former condition, mice were 159 

extracted from their home cages and sacrificed immediately, whereas in the latter, mice were sacrificed immediately 160 

after the end of an acute stressful experience (restraint) that lasted 30 or 120 min. 161 
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Trunk blood samples were collected after decapitation and immediately centrifuged. After blood centrifugation (20 min, 162 

4°C, 16,000 rpm), serum samples were stored at -80°C until the assays were conducted. Corticosterone levels were 163 

measured using commercial ELISA kits (EIA kit Assay Design) in duplicate. 164 

 165 

2.1.8 RT-qPCR  166 

Sixty minutes after the end of restraint-induced stress (30 min) (Haramati et al., 2011), the brain was removed, and the 167 

expression of miR-34 (a,c), CRFR1, GRM7, 5-HT2C, and Syt1 mRNA was measured by RT-qPCR (Concepcion et al, 168 

2012). RNA was extracted from punches of the mpFC and BLA from WT and TKO mice using Trizol (Invitrogen). 169 

Punches were obtained from brain slices (coronal sections) that were not thicker than 300 µm. Stainless steel tubes (1.0-170 

mm inside diameter) were used. The coordinates were measured according to the atlas of Franklin and Paxinos 171 

(Franklin and Paxinos, 1997). qPCR was performed using primers and probes from Applied Biosystems according to 172 

the manufacturer’s instructions. Sno-135 and GAPDH were used to normalize miR-34 (a,c) and CRFR1, GRM7, 5-173 

HT2C, and Syt1 mRNA levels. 174 

 175 

2.1.9  Morphological analysis 176 

Twenty-four hours following exposure to acute stress (restraint, 30 minutes), the brains of all groups of mice [WT 177 

unstressed (US), WT stressed (AS), TKO US, and TKO AS] were impregnated with a standard Golgi-Cox solution as 178 

described (Andolina et al., 2011). Coronal sections (120 µm) were sliced on a vibratome, mounted on gelatinized slides, 179 

stained according to the  the Gibb and Kolb method, and covered with Eukitt (Kindler GmbH & Co., Germany) (Gibb 180 

and Kolb, 1998). Measurements were made on impregnated neurons under low magnification (20X/0.4 numerical 181 

aperture). The analysis of the BLA was restricted to pyramidal-like neurons that lay between -1.34 and -2.06 mm from 182 

the bregma [measured according to the the atlas of Franklin and Paxinos (Franklin and Paxinos, 1997)]. Golgi-183 

impregnated neurons were selected according to criteria proposed by  Vyas et al. (Vyas et al., 2002). An average of 5-6 184 

neurons were analyzed for each mouse and were randomly selected from both hemispheres. A total of 104 neurons were 185 

identified and included in the statistical analyses. An experimenter who was blinded to the experimental groups 186 

performed the morphological analyses. Dendritic length and number of branch points were analyzed using 3D 187 

reconstructions of the selected neurons on a NeuroLucida image analysis system (mbf, Bioscience) that was connected 188 

to an Olympus BX53 microscope (100X/1.25 numerical aperture). Using the same NeuroLucida system (100X/1.25 189 

numerical aperture, Olympus BX53), all protrusions, irrespective of their morphological characteristics, were counted 190 

on each dendritic branch order as spines if they were in direct contact with the dendritic shaft. 191 
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 192 

2.2 Statistics 193 

Statistical analyses for the elevated plus maze, the dark-light and open field tests, corticosterone levels (30, 120 min), 194 

mRNA expression, and morphological data (spine density, number of branch points, and dendritic length) were 195 

performed by two-way ANOVA (genotype, 2 levels: WT, TKO; treatment, 2 levels: stressed, unstressed). For the 196 

microdialysis experiments, statistical analyses were performed on raw data (concentration of pg/20 µl). For the 197 

microdialysis and fear conditioning/extinction experiments, data were analyzed by repeated-measures ANOVA with 1 198 

between factor (genotype, 2 levels: WT, TKO) and 1 within factor [microdialysis: time, seven levels: 0, 20, 40, 60, 80, 199 

100, and 120 min; fear conditioning/extinction: time points (fear conditioning: 3 levels; fear extinction: 8 levels]. For 200 

the microdialysis (including basal extracellular levels of 5-HT, NE, and DA in the mpFC and basal extracellular GABA 201 

levels in the BLA) and fear conditioning/extinction experiments, simple effects were assessed by one-way ANOVA for 202 

each time point. The effects of restraint (30 min) on the expression of miR-34 (a,c) were analyzed in the mpFC and 203 

BLA of unstressed and stressed WT mice by student’s t-test. 204 

For all experiments, individual between-group comparisons were performed, when appropriate, by post hoc test 205 

(Duncan’s multiple-range test). 206 

 207 

3.1 Results 208 

3.1.1 Elevated plus maze, dark-light test, and open field test 209 

We hypothesized that miR-34 modulates the behavioral response to stress. To test this hypothesis, we examined the 210 

function of miR-34 in stress-induced anxiety by administering 3 behavioral tests (EPM, DLT, and OF) to miR-34 TKO 211 

and WT mice. 212 

Concerning EPM results, two-way ANOVA revealed a no significant genotype (p=0.49) effect, and a significant 213 

treatment (F(1,28)=4.58; p<0.05) effect and genotype x treatment interaction (F(1,28) = 4.99; p<0.05) with regard to the 214 

percentage of time spent in the open arms (Figure 1A).  215 

Two-way ANOVA revealed no significant genotype (p=0.41) or treatment (p=0.75) effect and genotype x treatment 216 

interaction (p=0.15) concerning the percentage of entries in the open arms (Figure 1B). Finally, the effects of genotype 217 

(p=0.08) and treatment (p=0.96) and the genotype x treatment interaction (p=0.82) were not significant for the total 218 

distance covered (cm) over the EPM apparatus (Figure 1C).  219 

By Duncan’s test, we noted a significant decrease in the percentage of time spent in the open arms in stressed versus 220 

unstressed WT mice (df=7.53; p<0.05), whereas restraint exposure had no significant effect in TKO mice (p=0.9) 221 
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(Figure 1A). Although the percentage of time spent in the open arms in the EPM levels was low, several groups have 222 

reported similar levels in mice (i.e. Abbas et al., 2015; Matsuo et al., 2009; Mozhui et al., 2010; Tsujimura et al., 2008). 223 

For DLT experiment, two-way ANOVA, revealed a no significant effect of genotype (p=0.08) or treatment (p=0.78) 224 

and a significant genotype x treatment interaction (F(1,25) = 8.54; p<0.01) regarding the latency to entry into the dark 225 

compartment (Figure 2A).  226 

Regarding the number of visits to the lighted compartment, two-way ANOVA revealed no significant genotype (p=0.1) 227 

or treatment (p=0.15) effect and a significant genotype x treatment interaction (F(1,25)=4.75; p<0.05) (Figure 2B). 228 

No significant genotype (p=0.05) or treatment (p=0.88) effect or genotype x treatment interaction (p=0.33) was 229 

observed concerning the percentage of time spent in the lighted compartment (Figure 2C). The genotype (F(1,25)=8.08; 230 

p<0.01) and treatment (F(1,25)=6.02; p<0.05) effects were significant but the genotype x treatment interaction was not 231 

(p=0.13) for the distance (cm) that was covered in the light compartment (Figure 2D). 232 

Duncan's test showed that the acute restraint elicit a no significant decrease of the latency (p=0.07) (Figure 2A) but  233 

significantly decreased the number of visits (df=7.73; p<0.05) (Figure 2B) and the distance covered (df=4.95; p<0.05) 234 

(Figure 2D) in the lighted compartment in stressed WT compared with unstressed WT mice. No significant effect of 235 

restraint exposure was evident in TKO mice, except for latency, for which stressed TKO mice showed an increased 236 

levels versus unstressed TKO mice (Figure 2A).  237 

In the DLT, the effect of genotype (WT, TKO) was not significant except for the distance in lighted compartment, 238 

wherein unstressed WT mice had significantly higher levels compared with unstressed TKO mice (df=813.3; p<0.05) 239 

(Figure 2D). Concerning the OF, two-way ANOVA, revealed a significant genotype effect (F(1,24)=9; p<0.01), no 240 

significant treatment effect (p=0.67), and a significant genotype x treatment interaction (F(1,24)=16.24; p<0.01) for the 241 

latency to exit from the center (Figure 3A). 242 

Two-way ANOVA revealed a no significant genotype effect (p=0.14), a significant treatment effect (F(1,24)=12.54; 243 

p<0.01), and a no significant genotype x treatment interaction (p=0.61) for the number of visits to the center (Figure 244 

3B). The genotype (p=0.51) and treatment effects (p=0.16) and the genotype x treatment interaction (p=0.22) were not 245 

significant with regard to the percentage of time spent in the center was evident. However, a reduction in time spent in 246 

the center in stressed versus unstressed WT, and no effect in TKO mice was evident (Figure 3C). Regarding the traveled 247 

distance (cm) in the apparatus, two-way ANOVA revealed a no significant genotype (p=0.19) and treatment effects 248 

(p=0.15) and the genotype x treatment interaction (p=0.89) was not significant (Figure 3D). 249 

Duncan's test showed that, acute restraint exposure produced a significant decrease of the latency (df=1.69; p<0.05) 250 

(Figure 3A) and the number of visits to the center (df=7.73; p<0.05) (Figure 3B) in stressed WT compared with 251 
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unstressed WT mice.  252 

No significant effect of restraint exposure was evident in TKO mice, except for latency (df=1.83; p<0.05) (Figure 3A) 253 

and the number of visits to the center (df=5.78; p<0.05) (Figure 3B), for which stressed TKO mice showed increased 254 

and decreased values, respectively, versus unstressed TKO mice. The effect of genotype (WT, TKO) was not significant 255 

for latency (p=0.56) (Figure 3A).  256 

 257 

3.1.2 Fear Conditioning and Extinction 258 

Because dysfunction of the prefrontal cortex-amygdala neural circuit is associated with alterations in the fear 259 

response—a process that is dysregulated in certain anxiety disorders—we also evaluated the effects of miR-34 lack on 260 

fear conditioning/extinction. 261 

Two-way ANOVA revealed no significant genotype effect (p=0.15), a significant time effect (F(3,56)=29.78; p<0.01) 262 

and no significant genotype x time interaction (p=0.24) for freezing during the fear conditioning phase. No significant 263 

genotype effect (p=0.16) and a significant time effect (F(7,98)=11.82; p<0.01) as well as significant genotype x time  264 

interaction (F(7,98)=2.95; P<0.01) were evident between TKO and WT mice for freezing during the extinction phase 265 

(Figure 4). One-way ANOVA for each time point showed that although freezing progressively decreased in both WT 266 

and TKO mice over the extinction trial blocks, WT mice showed significantly higher freezing than TKO mice on the 267 

fifth (F(1,14)=6.04; p<0.05) and seventh (F(1,14)=7.74; p<0.05) extinction trial blocks and a significant trend on the 268 

second (p=0.07), third (p=0.1) and eighth (p=0.1) extinction trial blocks (Figure 4). One-way ANOVA for freezing in 269 

the contextual fear memory test carried out 24h after extinction procedure shows no significant difference between WT 270 

and TKO mice (p=0.43). 271 

 272 

3.1.3 In vivo Microdialysis  273 

Because GABAergic transmission in the BLA has a critical function in regulating stress responses and because we have 274 

demonstrated that prefrontal serotoninergic transmission governs amygdalar GABAergic transmission, we evaluate 275 

BLA GABAergic and mpFC aminergic outflow in TKO and WT mice subjected to acute restraint stress by in vivo 276 

intracerebral microdialysis. Two-way ANOVA, revealed a no significant genotype (p=0.8) or time (p=0.26) effect but a 277 

significant genotype x time interaction (F(6,102) =2.32; P<0.05) for prefrontal 5-HT (Figure 5A). Regarding NE, two-278 

way ANOVA revealed a no significant genotype effect (p=0.69) but time effect (F(6,96)=11.51; p<0.01) and the 279 

genotype x time interaction (F(6,96) =2.60; P<0.05) were significant (Figure 5B). The amygdalar GABA analysis 280 

revealed a no significant genotype effect (p=0.39), a significant time effect (F(6,96)=1.87; p<0.05), and a significant 281 
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genotype x time interaction (F(6,96) =2.91; p<0.05) (Figure 5D) for release induced by restraint exposure. Consistent 282 

with previous reports, restraint stress induced a significant time-dependent increase in prefrontal 5-HT, NE, and DA and 283 

GABA release in WT mice compared with basal levels (Andolina et al., 2013, 2014; Ventura et al., 2013). In contrast, 284 

prefrontal 5-HT and amygdala GABA release in TKO animals were unchanged versus basal values (Figure 5A,D). 285 

Concerning NE outflow, TKO animals showed significantly greater release compared with basal values only at the first 286 

time point (20 min) (Figure 5 B).  287 

Finally, no significant genotype effect (p=0.2), a significant time effect (F(6,78)=3.25; p<0.01), and a no significant the 288 

genotype x time interaction (p=0.45) were evident in  prefrontal DA release (Figure 5C). Prefrontal 5-HT, NE, and DA 289 

levels and BLA GABA basal levels were similar between WT and TKO mice (5-HT: WT= 0.73+0.05, TKO= 290 

0.84+0.08; NE: WT= 0.77+0.06, TKO= 1.02+0.09; DA: WT= 0.29+0.07, TKO= 0.39+0.07; GABA: WT= 39.3+5.31, 291 

TKO= 47.07+9.83).  292 

 293 

3.1.4 Plasmatic Corticosterone 294 

Peripheral corticosterone (CORT) levels were evaluated in baseline and after 30 and 120 minutes of exposure to stress 295 

in the WT and TKO groups to assess common peripheral stress responses. 296 

Two-way ANOVA revealed significant genotype (F(1,36) = 16.46; p<0.01) and treatment F(2,36) = 31.40; P< 0.01) 297 

effect but their interaction was  not significant (p=0.31) (Figure 6). Duncan test, revealed that TKO animals had 298 

significant higher levels of corticosterone under basal (unstressed) conditions versus WT animals (df=267.21; p<0.05) 299 

(Figure 6).  300 

The WT and TKO groups showed a significant rise in CORT levels after 30 min [WT unstressed (US) vs. WT stressed 301 

(AS) (30 min): df=290.64; p<0.05; TKO US vs. TKO AS (30 min): df =373.27, p<0.05] and 120 min [WT US vs. WT 302 

AS (120): df=681.69, p<0.05; TKO US vs. TKO AS (120 min): df =792.14; p<0.05] of restraint compared with the 303 

respective unstressed groups (Figure 6).  304 

 305 

3.1.5 RT-qPCR  306 

To verify the increase in stress-induced miR-34 (a,c) expression, we performed RT-qPCR in stressed and unstressed 307 

WT mice. Also, the mRNA levels of GRM7, Syt1, 5-HT2C, and CRFR1 were measured in the mpFC and BLA of 308 

unstressed and stressed WT and TKO mice. 309 

Student’s t test for the mpFC and BLA, revealed a significant increase expression of miR-34a in the mpFC (t=2.22, 310 

df=0.451 p<0.05) (Figure 7A), as did miR-34c in the BLA (t=3.4, df=2.14 p<0.01) (Figure 7B) of stressed WT versus 311 
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unstressed WT. miR-34a levels in the BLA (p=0.19) (Figure 7A) and miR-34c in the mpFC (p=0.98) were unchanged 312 

between stressed and unstressed WT mice (Figure 7B). The absolute and relative levels of miR-34a and miR-34c in the 313 

mpFC and BLA of unstressed and stressed WT and TKO mice are reported in Supplementary Table 1. 314 

Concerning mRNA levels, two-way ANOVA revealed a significant effect of genotype on mpFC 5-HT2C 315 

(F(1,12)=30.31; p<0.01) and BLA CRFR1 levels (F(1,13)=4.92; p<0.05) and a nearly significant effect on mpFC 316 

GRM7 (p=0.08). There was no significant effect of treatment (mpFC= CRFR1: p=0.92; GRM7: p=0.72; SYT1:  317 

p=0.66; 5-HT2C: p=0.56. BLA= CRFR1: p=0.33; GRM7: p=0.75; SYT: p=0.28; 5-HT2C: p=0.46) or the genotype x 318 

treatment interaction for the mRNA levels (mpFC= CRFR1: p= 0.34; GRM7: p= 0.23; SYT1: p= 0.63; 5-HT2C: p= 319 

0.51. BLA= CRFR1: p= 0.14; GRM7: p=0.52; SYT: p=0.89; 5-HT2C: p=0.62) (Figure 8). Duncan’s test, showed 320 

significantly higher mRNA levels of 5-HT2C (df=0.263; p<0.05) in the mpFC of unstressed WT compared with 321 

unstressed TKO mice. Moreover, stressed WT mice had significantly higher levels of 5-HT2C mRNA in mpFC than 322 

stressed TKO animals (df=0.238; p<0.05) (Figure 8A). Regarding the BLA, Duncan’s test showed significantly higher 323 

levels of  mRNA CRFR1 in stressed WT versus stressed TKO mice (df=0.278; p<0.05) (Figure 8B). 324 

3.1.6 Morphological analysis  325 

Because stress-induced anxiety has been linked to hypertrophy of BLA neurons in animal models, we decided to 326 

examine dendritic remodeling induced by stress in the BLA neurons of TKO and WT mice. Two-way ANOVA, 327 

revealed a significant genotype (F(1,100)=5.26; p<0.05) and treatment (F(1,100)=21.79; p<0.01) effect and genotype x 328 

treatment interaction (F(1,100) = 20.27; p<0.01) with regard to the density of dendritic spines (Figure 9A, D). 329 

Concerning the number of branch points, two-way ANOVA revealed no significant genotype effect (p=0.31) and a 330 

significant treatment effect (F(1,100) = 7.91; p<0.01) and genotype x treatment interaction (F(1,100) =18.31; p<0.01) 331 

(Figure 9B, E). Two-way ANOVA revealed no significant genotype (p=0.32) and treatment (p=0.13) effects and a 332 

significant genotype x treatment interaction (F(1,100) = 11.77; p<0.01) for dendritic length (Figure 9 C, E). Single 333 

comparisons between groups showed that whereas restraint exposure induced a significant increase in all morphological 334 

parameters [numbers of dendritic spines (df=1.68; p<0.05) (Figure 9A), number of branch points (df=5.03; p<0.05) 335 

(Figure 9B), and dendritic length (df=355.49; p<0.05) (Figure 9C)] in the BLA neurons of stressed WT mice versus 336 

unstressed WT, the effect of stress was no significant between stressed and unstressed TKO mice [density of dendritic 337 

spines (p=0.9) (Figure 9A), number the of branch points (p=0.27) (Figure 9B), and dendritic length (p=0.13) (Figure 338 

9C)]. Moreover, between unstressed groups, there were significantly more branch points (df=2.32; p<0.05) in TKO 339 

versus WT mice (Figure 9 B) and no significant difference in density of dendritic spines (p=0.13) (Figure 9A) or 340 

dendritic length (p=0.12) (Figure 9C).  341 
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 342 

4.1 Discussion 343 

We have found that mice that lack miR-34 (TKO mice) show a strong reduction in behavioral, morphological, and 344 

neurochemical responses to acute stress compared with the WT group, suggesting a sort of resilience to the aversive 345 

effects of stress.  346 

Overall, stress induced anxiety-like behaviors and changes in morphology of BLA neurons in WT mice but  the impact 347 

of stressful experiences was mitigated in TKO. The TKO mice also showed facilitation of extinction fear memory, 348 

supporting our interpretation that absence of miR-34 confers a phenotype that is resilient to stress. 349 

Under unstressed conditions, WT and TKO mice had similar profiles in anxiety-like behavior and locomotor activity, as 350 

measured by the EPM, DLT, and OF. The sole difference between unstressed WT and TKO mice concerned the 351 

distance covered in the lighted compartment in the dark-light test. Although unstressed TKO mice showed a reduction 352 

in distance moved versus WT mice, this parameter was unaffected by exposure to stress. Because the distance traveled 353 

in the dark compartment can not be evaluated in our DLT apparatus, the distance measured in the light compartment is 354 

merely a partial index of general locomotor activity. However, the overall comparison between WT and TKO mice in 355 

all behavioral tests (EPM, DLT, OF) suggests that small differences in basal locomotion and anxiety are unlikely to 356 

explain the robust differences between WT and TKO after stress.  357 

Stress significantly altered anxiety-like behavior in WT mice, as evaluated by the DLT, EPM, and OF. Although the 358 

percentage of time spent in the open arms in the EPM levels was low, several groups have reported similar levels in 359 

mice (i.e. Abbas et al., 2015; Matsuo et al., 2009; Mozhui et al., 2010; Tsujimura et al., 2008). In contrast, there was no 360 

significant effect on anxiety-like behavioral parameters in stressed versus unstressed TKO animals, except for the 361 

latency, wherein stressed TKO mice increased the time to exit from aversive zone versus unstressed TKO mice 362 

(indicating reduced anxiety-like behavior) and for number of visits to the center in the OF, wherein stressed TKO mice 363 

made fewer visits versus unstressed TKO mice. Although the last result could suggest a weak effect of stress on 364 

anxiety-like behavior in TKO mice, all of the anxiety-related parameters observed in the EPM, DLT, and OF tests make 365 

difficult to supports this interpretation. Note that although elevated plus maze, dark-light box and open-field tests all 366 

assess anxiety-like behaviors, they do that in differing way, exploring different aspects of the same phenotype. This 367 

could explain the not totally overlapping results obtained (in this and other studies) using different anxiety-based 368 

behavioral tests. 369 

Concerning DLT, whereas stress decreased the latency to enter in the dark compartment, the number of visits, and the 370 

distance traveled in the light compartment in WT mice, only latency to enter the dark compartment rose significantly in 371 
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stressed TKO mice compared with unstressed animals, indicating a strongly reduced effect of stress in animals that lack 372 

miR-34. Also, no significant effect of stress on the percentage of time spent in the light compartment was observed in 373 

WT or TKO mice. This result could be explained by the genetic background or the type of stress. Conflicting data have 374 

been reported depending on stress exposure protocol (acute vs repeated) and genetic background (Bluett et al., 2014; 375 

Chotiwat and Harris et al., 2006; Delgado-Morales, 2012; Ihne et al., 2012; Mozhui et al., 2010). Consistent with the 376 

DLT results, the EPM data showed a significant effect of stress on the percentage of time spent in the open arms only in 377 

WT mice. Finally concerning OF results, while an decrease of the latency to exit from the center, a reduced number of 378 

visits as well as the time spent in the center during the open field test were evident in stressed WT compared with 379 

unstressed animals, stress only reduced the number of visits to the center in TKO mice and significantly increased the 380 

latency to exit from the center, the latter suggesting a reduced impact of stress in TKO compared to WT mice.  381 

Stress exposure induces anxiety disorders through elaborate mechanisms that are related to neural plasticity in brain 382 

regions that are involved in emotionality. Several studies have reported that neurons into the BLA that are highly 383 

sensitive to stress and anxiety-inducing stimuli undergo significant remodeling on exposure to stress. Further, acute 384 

stress increases anxiety and induces dendritic hypertrophy in the BLA (Grillon et al., 2007; Haramati et al., 2011; 385 

Maroun et al., 2013; Mitra et al., 2005; Rao et al., 2012). Our data clearly indicate selective effects of stress exposure on 386 

morphology only in WT mice, paralleling the behavioral results. 387 

No significant difference was observed in morphological parameters in the BLA of unstressed WT and TKO groups, 388 

except for a slight increase in branch node number in the TKO group versus WT mice. However, this effect was 389 

unrelated to changes in basal anxiety-like behavior. Consistent with these data, the inhibition of miR-34a expression 390 

increases the number of branch nodes in cortical neurons (Agostini et al., 2011) and is unrelated to alterations in basal 391 

anxiety-like behavior in unstressed mice (Dias et al., 2014a). In the stressed groups, the number of dendritic spines, 392 

dendritic length, and number of dendritic nodes increased  significantly in the BLA neurons of WT animals compared 393 

with unstressed WT mice, but there was no significant effect on these morphological parameters in stressed versus 394 

unstressed TKO animals.  395 

Our data on increased anxiety-like behavior and morphological alterations in the BLA of stressed WT mice are 396 

consistent with other evidence (Grillon et al., 2007; Haramati et al., 2011; Maroun et al., 2013; Mitra et al., 2005; Rao et 397 

al., 2012). However, they contrast other studies that have reported delayed—or a lack of—behavioral and 398 

morphological modifications (Mitra et al., 2005) and dendritic retraction in the right hemisphere (Maroun et al., 2013) 399 

on exposure to stress. Several factors can explain this discrepancy. In fact, stress-induced modifications of BLA 400 

dendritic neurons are “sensitive” to the type and duration of stress (Maroun et al., 2013; Mitra et al., 2005; Vyas et al., 401 
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2006), the animal’s age (Padival et al., 2015), and the strain (Mozhui et al., 2010). Notably, the results in TKO mice 402 

conflict with a previous work that showed that lentivirally mediated overexpression of miR34c in the central amygdala 403 

(CeA) induces anxiolytic behavior after challenge (Haramati et al., 2011). This discrepancy might be attributed to the 404 

site of manipulation and disparate compensatory mechanisms. Whereas Haramati and colleagues overexpressed miR-405 

34c in the central amygdala, we studied the effects of stress on the BLA, and it has been suggested that stress 406 

differentially affects different areas of the amygdala (central vs basolateral amygdala) (Andolina et al., 2013; Quirk et 407 

al., 2003). Moreover, because we used miR-34 TKO mice (instead of lentivirally mediated overexpression of miR34), 408 

compensatory mechanisms that are related to development and that affect our results can not be ruled out. 409 

Several miRs have been shown to modulate synaptic plasticity under various stress conditions in several brain areas 410 

(Malan-Müller et al., 2013; Schouten et al., 2013), and miRs levels have been reported to be altered in patients who are 411 

affected by depression and anxiety and in preclinical models using  psychological stress (Issler and Chen, 2015; Malan-412 

Müller et al., 2013; O'connor et al., 2012; Schouten et al., 2013). Clinical studies have reported strong downregulation 413 

in peripheral levels of miRs-34c due to antidepressant treatment in depressed patients (Bocchio-Chiavetto et al., 2013) 414 

and have suggested dysregulation of miR-34a in the pathogenesis of bipolar disorder (Bavamian et al., 2015). 415 

Accordingly, preclinical studies have reported that the antidepressant effects of 7-CTKA (an NMDA receptor 416 

antagonist) are mediated by alterations in miR-34a levels (Liu et al., 2014) and that mood stabilizers downregulate 417 

hippocampal expression of miR-34a (Zhou et al., 2009). Moreover, stressful challenges also alter miR expression in 418 

various brain structures (Issler and Chen, 2015; Malan-Müller et al., 2013; O'connor et al., 2012; Schouten et al., 2013). 419 

We found that acute stress increases miR-34c expression in the BLA of WT mice, whereas, consistent with other 420 

reports (Dias et al., 2014a), no significant increase in miR-34a was evident. Notably, one of the major targets of miR-34 421 

is corticotrophin-releasing factor receptor 1 (CRFR1) mRNA (Dias et al., 2014a; Haramati et al., 2011). The BLA 422 

expresses high levels of CRFR1, and the CRF system, including CRFR1, is involved in amygdalar synaptic plasticity 423 

and anxiety-like behavior. The decrease in anxiety-like behavior is associated with low levels of CRFR1 mRNA in the 424 

BLA of adult mice (Sztainberg et al., 2010), and CRFR1 agonist (BLA infusion) and antagonist treatment increase and 425 

reduce BLA neuronal plasticity and anxiety-like behavior, respectively (Rainnie et al., 2004; Sandi et al., 2008). 426 

Accordingly, we found that TKO mice showed a decrease in stress-induced BLA CRFR1 mRNA, anxiety-like behavior, 427 

and dendritic remodeling in BLA neurons compared with WT mice. Thus, it is possible to hypothesize that miR-34c in 428 

the BLA, acting through CRFR1 mRNA, promote neuroplastic stress-induced alterations, mediating the anxiety-like 429 

behavior in WT mice. Further experiments are in progress in our laboratory to test this hypothesis. 430 

An alternative hypothesis concerning corticosterone levels has to be considered. Elevated levels of corticosterone that 431 
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precede acute stress prevent the stress effects on BLA synaptic connectivity and anxiety-like behavior (Rao et al., 432 

2012). Consistent with this evidence, we found that TKO mice, which do not increase anxiety-like behavior or BLA 433 

spine density following restraint-induced stress, had higher corticosterone levels under basal (unstressed) conditions 434 

versus WT mice. Although unstressed TKO mice have higher blood corticosterone levels than unstressed WT animals, 435 

blood corticosterone levels were higher in both groups of stressed mice (WT, TKO) at 30 and 120 min compared with 436 

the respective unstressed groups. 437 

Concerning the neurochemical response induced by restraint stress, a time-dependent increase in 5-HT, DA, and NE 438 

output in the mpFC and in GABA in the BLA of WT mice was observed, consistent with previous reports (Andolina et 439 

al., 2013, 2014; Di Segni et al., 2015; Ventura et al., 2013). However, TKO mice showed only a significant increase in 440 

prefrontal DA in response to restraint exposure and no significant increase in 5-HT or NE outflow in the mpFC as well 441 

as in GABA in the BLA. Prefrontal NE release was similar between WT and TKO mice at the first time point (20 min). 442 

The increased prefrontal NE at this time point could be needed to redirect attention toward particularly arousing events 443 

(Chandler et al., 2014; Sara and Bouret, 2012; Ventura et al., 2013) to process salient or potentially dangerous stimuli. 444 

The prefrontal cortex and amygdala are key structures in the stress response and in anxiety behavior (Holmes, 2008; 445 

Sara and Bouret, 2012; Shin and Liberzon, 2010). Stress-induced alterations in GABAergic transmission in the 446 

amygdala are an important pathophysiological mechanism that underlies anxiety and stress disorders. Moreover, the 447 

mpFC is a critical regulator of BLA activity (Andolina et al., 2013, 2014; Likhtik et al., 2005). The pFC is involved in 448 

the integration and subsequent regulation of stimulus-driven responses in the amygdala, via glutamatergic  projections 449 

to a neuronal population in the amygdala (Likhtik et al., 2005; Quirk et al., 2003). Changes in prefrontal aminergic 450 

neurotransmission modify the function of specific prefrontal cellular networks (Del Arco and Mora, 2009) and, 451 

consequently, the function of subcortical structures, including the BLA (Andolina et al., 2013, 2014). Dysfunctions in 452 

such regulation are involved in stress-related psychopathologies (Akirav and Maroun, 2007; Holmes, 2008).  453 

Our results point to a modulatory function for miR-34 on mpFC 5-HT and NE and BLA GABAergic transmission under 454 

stress, consistent with recent studies that have suggested specific functions for various miRs in regulating brain 455 

neurotransmitters activity (Baundy et al., 2010; Issler et al., 2014; Launay et al., 2011). MiR-34 regulates the expression 456 

of proteins that are involved in neurotransmitter processes, having a key function in stress-related disorders. Differential 457 

expression of mpFC 5-HT2C and GRM7 mRNA was evident in unstressed TKO mice versus unstressed WT mice, 458 

although the difference in GRM7 was not significant. GRM7 and 5-HT2C regulate neurotransmission in the 459 

mammalian CNS. For instance, it has been reported that selective GRM7 agonists produce modifications in 5-HT and 460 

NE function (Pelkey et al., 2007; Sukoff Rizzo et al., 2011), and 5-HT2C receptors mediate the release of 5-HT in 461 
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response to acute stress and anxiety (Liu et al., 2007; Mongeau et al., 2010). Thus, miR-34  could modulate prefrontal 462 

5-HT and NE release by differentially regulating prefrontal 5-HT2C and GRM7 in stressed WT and TKO and thus 463 

governing amygdalar GABAergic release (Andolina et al., 2013, 2014). Our results implicate miR-34 in the 464 

development and expression of stress-induced psychopathologic phenotypes, such as anxiety-like behavior. 465 

Although stress is one of the most important risk factors of several psychiatric disorders, interindividual differences 466 

exist to stress response underlie the vulnerability or resilience to negative stress effects. The mechanisms of the 467 

resilience to stress effects involve the complex interplay between genetic, and environmental factors (Feder et al., 2009; 468 

Russo et al., 2009). Our data, consistent with recent studies indicating an important function of miR in response to stress 469 

effects (Dias et al., 2014b; Issler et al., 2014), strongly suggest that the lack of miR-34 renders mice more resistant to 470 

behavioral aversive stress effects. 471 

 472 

 473 

 474 

Acknowledgements: We thank Dr Sergio Papalia for his skillful assistance. This research was supported by ‘Ricerca 475 

Corrente’, Italian Ministry of Health and Ateneo 2011, Sapienza University of Rome and SIR “RBSI14G1HH”, Italian 476 

Ministry of Education, Universities and Research. 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

References 510 

Abbas, M.G., Shoji, H., Soya, S., Hondo, M., Miyakawa, T., Sakurai,T.  2015. Comprehensive Behavioral Analysis of 511 

Male Ox1r (-/-) Mice Showed Implication of Orexin Receptor-1 in Mood, Anxiety, and Social Behavior. Front Behav 512 

Neurosci.  9, 324. 513 

 514 

Agostini, M., Tucci, P., Steinert, J.R., Shalom-Feuerstein, R., Rouleau, M. Aberdam, D., Forsythe, I.D., Young, K.W., 515 

Ventura, A., Concepcion, C.P., Han, Y.C., Candi, E., Knight, R.A., Mak, T.W., Melino, G.,  2011. microRNA-34a 516 

regulates neurite outgrowth, spinal morphology, and function. Proc Natl Acad Sci U S A. 108, 21099-104.   517 

 518 

Akirav, I., Maroun M., 2007. The role of the medial prefrontal cortex amygdala circuit in stress effects on the extinction 519 

of fear. Neural Plast. 30873. 520 

 521 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

Andolina, D., Conversi, D., Cabib, S., Trabalza, A., Ventura, R., Puglisi-Allegra, S., Pascucci, T., 2011. 5-522 

Hydroxytryptophan during critical postnatal period improves cognitive performances and promotes dendritic spine 523 

maturation in genetic mouse model of phenylketonuria. Int J Neuropsychopharmacol. 14, 479-89. 524 

 525 

Andolina, D., Maran, D., Valzania, A., Conversi, D., Puglisi-Allegra, S., 2013. Pre-frontal/amygdalar system 526 

determines stress coping behavior through 5-HT/GABA connection. Neuropsychopharmacology. 38, 2057-67. 527 

 528 

Andolina, D., Maran, D., Viscomi, M.T., Puglisi-Allegra, S., 2014. Strain-dependent variations in stress coping 529 

behavior are mediated by a 5-HT/GABA interaction within the prefrontal corticolimbic system. Int J 530 

Neuropsychopharmacol. 18(3). 531 

 532 

Baudry, A., Mouillet-Richard, S., Schneider, B., Launay, J.M., Kellermann, O., 2010. miR- 16 targets the serotonin 533 

transporter: a new facet for adaptive responses to antidepressants. Science. 329, 1537-41.  534 

 535 

Bavamian, S., Mellios, N., Lalonde, J., Fass, D.M., Wang, J., Sheridan, S.D., Madison, J.M., Zhou, F., Rueckert, E.H., 536 

Barker, D., Perlis, R.H., Sur, M., Haggarty, S.J., 2015. Dysregulation of miR-34a links neuronal development to genetic 537 

risk factors for bipolar disorder. Mol Psychiatry. 20, 573-84 538 

 539 

Bluett, R.J., Gamble-George, J.C., Hermanson, D.J., Hartley, N.D., Marnett, L.J., Patel, S. 2014. Central anandamide 540 

deficiency predicts stress-induced anxiety: behavioral reversal through endocannabinoid augmentation. Transl 541 

Psychiatry.  4:e408. 542 

 543 

Bocchio-Chiavetto, L., Maffioletti, E., Bettinsoli, P., Giovannini, C., Bignotti, S., Tardito, D., Corrada, D., Milanesi, L., 544 

Gennarelli, M., 2013. Blood microRNA changes in depressed patients during antidepressant treatment. Eur J 545 

Neuropsychopharmacol. 23, 602-11. 546 

 547 

Cabib, S., Puglisi-Allegra, S., 1991 . Genotype-dependent effects of chronic stress on apomorphine-induced alterations 548 

of striatal and mesolimbic dopamine metabolism. Brain Res. 542, 91-96. 549 

 550 

Chandler, D.J., Waterhouse, B.D., Gao, W.J., 2014. New perspectives on catecholaminergic regulation of executive 551 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

circuits: evidence for independent modulation of prefrontal functions by midbrain dopaminergic and noradrenergic 552 

neurons. Front Neural Circuits. 8, 53. 553 

 554 

Chotiwat, C., Harris, R.B. 2006. Increased anxiety-like behavior during the post-stress period in mice exposed to 555 

repeated restraint stress. Horm Behav. 50,489-95. 556 

 557 

Concepcion, C.P., Han, Y.C., Mu, P., Bonetti, C., Yao, E., D'Andrea, A., Vidigal, J.A., Maughan, W.P., Ogrodowski, 558 

P., Ventura, A., 2012. Intact p53-dependent responses in miR-34-deficient mice. PLoS Genet 8:e1002797. 559 

 560 

Del Arco, A., Mora, F., 2009. Neurotransmitters and prefrontal cortex-limbic system interactions: implications for 561 

plasticity and psychiatric disorders. J  Neural  Transm.  116, 941-952.  562 

 563 

Delgado-Morales, R., del Río, E., Gómez-Román, A., Bisagno, V., Nadal, R., de Felipe, C., Armario A. 2012. 564 

Adrenocortical and behavioural response to chronic restraint stress in neurokinin-1 receptor knockout mice. Physiol 565 

Behav. 105, 669-75. 566 

 567 

Di Chiara, G., Tanda, G., Frau, R., Carboni, E., 1993. On the preferential release of dopamine in the nucleus accumbens 568 

by amphetamine: further evidence obtained by vertically implanted concentric dialysis probes. Psychopharmacology 569 

(Berlin). 112, 398–402. 570 

Di Segni, M., Andolina, D., Luchetti, A., Babicola, L., D'Apolito, L.I., Pascucci, T., Conversi, D., Accoto, A., D'Amato, 571 

F.R., Ventura, R., 2015. Unstable Maternal Environment Affects Stress Response in Adult Mice in a Genotype-572 

Dependent Manner. Cereb Cortex. pii: bhv204. 573 

 574 

Dias, C., Feng, J., Sun, H., Shao, N.Y., Mazei-Robison, M.S., Damez-Werno, D., Scobie, K., Bagot, R., LaBonté, B., 575 

Ribeiro, E., Liu, X., Kennedy, P., Vialou, V., Ferguson, D., Peña, C., Calipari, E.S., Koo, J.W., Mouzon, E., Ghose, S., 576 

Tamminga, C., Neve, R., Shen, L., Nestler, E.J., 2014b. β-catenin mediates stress resilience through Dicer1/microRNA 577 

regulation. Nature. 516, 51-5. 578 

 579 

Dias, B.G., Goodman, J.V., Ahluwalia, R., Easton, A.E., Andero, R., Ressler, K.J., 2014a. Amygdala-dependent fear 580 

memory consolidation via miR-34a and Notch signaling. Neuron. 83, 906-18. 581 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 582 

Dickson, J.R., Kruse, C., Montagna, D.R., Finsen, B., Wolfe, M.S., 2013. Alternative polyadenylation and miR-34 583 

family members regulate tau expression. J Neurochem. 127, 739-49. 584 

 585 

Feder, A., Nestler, E.J., Charney, D.S., 2009. Psychobiology and molecular genetics of resilience. Nat Rev Neurosci. 586 

10, 446–457. 587 

 588 

Finlay, J.M., Zigmond, M.J., Abercrombie, E.D., 1995. Increased dopamine and norepinephrine release in medial 589 

prefrontal cortex induced by acute and chronic stress: effects of diazepam. Neuroscience. 64, 619-628. 590 

 591 

Franklin, K.B.J., Paxinos, G., 1997. The Mouse Brain: In Stereotaxic Coordinates (Academic, San Diego). 592 

 593 

Gibb, R., Kolb, B., 1998. A method for vibratome sectioning of Golgi-Cox stained whole rat brain. Journal of 594 

Neuroscience Methods. 79,1-4. 595 

 596 

Grillon, C., Duncko, R., Covington, M.F., Kopperman, L., Kling, M.A., 2007. Acute stress potentiates anxiety in 597 

humans. Biol Psychiatry. 62, 1183-6.  598 

 599 

Haramati, S., Navon, I., Issler, O., Ezra-Nevo, G., Gil, S., Zwang, R., Hornstein, E., Chen, A., 2011. MicroRNA as 600 

repressors of stress-induced anxiety: the case of amygdalar miR-34. J Neurosci. 31, 14191-14203. 601 

 602 

Holmes, A., 2008. Genetic variation in cortico-amygdala serotonin function and risk for stress-related disease. Neurosci 603 

Biobehav Rev. 32, 1293-314.  604 

 605 

Ihne, J.L., Fitzgerald, P.J., Hefner, K.R., Holmes A. 2012. Pharmacological modulation of stress-induced behavioral 606 

changes in the light/dark exploration test in male C57BL/6J mice. Neuropharmacology. 62:464-73. 607 

 608 

Issler O, Chen A. 2015. Determining the role of microRNAs in psychiatric disorders. Nat Rev Neurosci. 16:201-12.  609 

 610 

Issler, O., Haramati, S., Paul, E.D., Maeno, H., Navon, I., Zwang, R., Gil, S., Mayberg, H.S., Dunlop, B.W., Menke, A., 611 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

Awatramani, R., Binder, E.B., Deneris, E.S., Lowry, C.A., Chen, A., 2014. MicroRNA 135 is essential for chronic 612 

stress resiliency, antidepressant efficacy, and intact serotonergic activity. Neuron. 83, 344-60. 613 

 614 

Izquierdo, A., Wellman, C.L., Holmes, A. 2006.  Brief uncontrollable stress causes  dendritic retraction in infralimbic 615 

cortex and resistance to fear extinction in mice. J Neurosci. 26, 5733-8. 616 

 617 

Launay, J.M., Mouillet-Richard, S., Baudry, A., Pietri, M., Kellermann, O., 2011. Raphe mediated  signals control the 618 

hippocampal response to SRI antidepressants via miR-16. Transl Psychiatry. 1, e56. 619 

Likhtik, E., Pelletier, J.G., Paz, R., Paré, D., 2005. Prefrontal control of the amygdala. J Neurosci. 25:7429-7437. 620 

  621 

Liu, S., Bubar, M.J., Lanfranco, M.F., Hillman, G.R., Cunningham, K.A., 2007. Serotonin2C receptor localization in 622 

GABA neurons of the rat medial prefrontal cortex: implications for understanding the neurobiology of addiction. 623 

Neuroscience.  146, 1677-1688. 624 

 625 

Liu, B.B., Luo, L., Liu, X.L., Geng, D., Liu, Q., Yi, L.T., 2014. 7-Chlorokynurenic acid (7-CTKA) produces rapid 626 

antidepressant-like effects: through regulating hippocampal microRNA expressions involved in TrkB-ERK/Akt 627 

signaling pathways in mice exposed to chronic unpredictable mild stress. Psychopharmacology (Berl). 232, 541-50. 628 

 629 

MacNeil, G., Sela, Y., McIntosh, J., Zacharko, R.M., 1997. Anxiogenic behavior in the light-dark paradigm follwoing 630 

intraventricular administration of cholecystokinin-8S, restraint stress, or uncontrollable footshock in the CD-1 mouse. 631 

Pharmacol Biochem Behav. 58, 737-46. 632 

 633 

Malan-Müller, S., Hemmings, S.M., Seedat, S., 2013. Big effects of small RNAs: a review of microRNAs in anxiety.  634 

Mol Neurobiol. 47, 726-39.  635 

 636 

Maroun, M., Ioannides, P.J., Bergman, K.L., Kavushansky, A., Holmes, A., Wellman, C.L., 2013. Fear extinction 637 

deficits following acute stress associate with increased spine density and dendritic retraction in basolateral amygdala 638 

neurons. European Journal of Neuroscience. 38, 2611-2620.  639 

 640 

Matsuo, N., Tanda, K., Nakanishi, K., Yamasaki, N., Toyama, K., Takao, K., Takeshima, H., Miyakawa, T. 2009. 641 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

Comprehensive behavioral phenotyping of ryanodine receptor type 3 (RyR3) knockout mice: decreased social contact 642 

duration in two social interaction tests. Front Behav Neurosci. 3, 3.  643 

 644 

Mitra, R., Jadhav, S., McEwen, B.S., Vyas, A., Chattarji, S., 2005. Stress duration modulates the spatiotemporal 645 

patterns of spine formation in the basolateral amygdala. Proc Natl Acad Sci U S A 102, 9371-6. 646 

 647 

Mongeau, R., Martin, C.B., Chevarin, C., Maldonado, R., Hamon, M., Robledo, P., Lanfumey, L., 2010. 5-HT(2c) 648 

receptor activation prevents stress-induced enhancement of brain 5-HT turnover and extracellular levels in the mouse 649 

brain: modulation by chronic paroxetine treatment. J Neurochem. 115, 438–449. 650 

 651 

Mozhui, K., Karlsson, R.M., Kash, T.L., Ihne, J., Norcross, M., Patel, S., Farrell, M.R., Hill, E.E., Graybeal, C., Martin,  652 

K.P., Camp, M., Fitzgerald, P.J., Ciobanu, D.C., Sprengel,  R., Mishina, M., Wellman, C.L., Winder, D.G., Williams, 653 

R.W., Holmes, A., 2010. Strain differences in stress responsivity are associated with divergent amygdala gene 654 

expression and glutamate-mediated neuronal excitability. J Neurosci. 30, 5357-67.  655 

 656 

O'Connor, R.M., Dinan, T.G., Cryan, J.F., 2012. Little things on which happiness depends: microRNAs as novel 657 

therapeutic targets forthe treatment of anxiety and depression. Mol Psychiatry. 17, 359-76. 658 

 659 

Padival, M.A., Blume, S.R.,Vantrease, J.E., Rosenkranz, J.A., 2015. Qualitatively different effect of repeated stress 660 

during adolescence on principal neuron  morphology across lateral and basal nuclei of the rat amygdala. Neuroscience. 661 

291,128-45. 662 

 663 

Parsons, M.J., Grimm, C.H., Paya-Cano, J.L., Sugden, K., Nietfeld, W., Lehrach, H., Schalkwyk, L.C., 2008. Using 664 

hippocampal microRNA expression differences between mouse inbred strains to characterise miRNA function. Mamm 665 

Genome. 19, 552-60. 666 

 667 

Pascucci, T., Ventura, R., Latagliata, E.C., Cabib, S., Puglisi-Allegra, S., 2007. The medial prefrontal cortex determines 668 

the accumbens dopamine response to stress through the opposing influences of norepinephrine and dopamine. Cereb 669 

Cortex. 17,2796-2804. 670 

 671 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 

Pelkey, K. A., Yuan, X., Lavezzari, G., Roche, K. W., and McBain, C. J., 2007. mGluR7 undergoes rapid 672 

internalization in response to activation by the allosteric agonist AMN082. Neuropharmacology 52, 108–117. 673 

 674 

Quirk, G.J., Likhtik, E., Pelletier, J.G., Pare, D., 2003. Stimulation of medial prefrontal cortex decreases the 675 

responsiveness of central amygdala output neurons. J Neurosci. 23, 8800-8807. 676 

 677 

Rainnie, D.G., Bergeron, R., Sajdyk, T.J., Patil, M., Gehlert, D.R., Shekhar, A., 2004. Corticotrophin releasing factor-678 

induced synaptic plasticity in the amygdala translates stress into emotional disorders. J Neurosci. 24, 3471-9.  679 

 680 

Rao, R.P., Anilkumar, S., McEwen, B.S., Chattarji, S., 2012. Glucocorticoids protect against the delayed behavioral and 681 

cellular effects of acute stress on the amygdala. Biol Psychiatry. 72, 466-75. 682 

 683 

Rea, K., Cremers, T.I., Westerink, B.H., 2005. HPLC conditions are critical for the detection of GABA by 684 

microdialysis. J Neurochem. 94, 672-679. 685 

 686 

Resstel, L.B., Tavares, R.F., Lisboa, S.F., Joca, S.R., Corrêa, F.M., Guimarães, F.S., 2009. 5 HT1A receptors are 687 

involved in the cannabidiol induced attenuation of behavioural and cardiovascular responses to acute restraint stress in 688 

rats. Br J Pharmacol. 56, 181-8.  689 

 690 

Rodríguez Manzanares, P.A., Isoardi, N.A., Carrer, H.F., Molina, V.A., 2005. Previous stress facilitates fear memory, 691 

attenuates GABAergic inhibition, and increases synaptic plasticity in the rat basolateral amygdala. J Neurosci. 25, 8725-692 

34. 693 

 694 

Russo, S.J., Murrough, J.W., Han, M.H., Charney, D.S., Nestler, E.J., 2012. Neurobiology of resilience. Nat Neurosci. 695 

15, 1475–1484. 696 

 697 

Sandi, C., Cordero, M.I., Ugolini, A., Varea, E., Caberlotto, L., Large, C.H., 2008. Chronic stress-induced alterations in 698 

amygdala responsiveness and behavior--modulation by trait anxiety and corticotropin-releasing factor systems. Eur J 699 

Neurosci. 28, 1836-48. 700 

 701 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 

Sara, S.J.,  Bouret, S., 2012. Orienting and reorienting: the locus coeruleus mediates cognition through arousal. Neuron. 702 

76, 130-41.  703 

 704 

Schouten, M., Aschrafi, A., Bielefeld, P., Doxakis, E., Fitzsimons, C.P., 2013. microRNAs and the regulation of 705 

neuronal plasticity under stress conditions. Neuroscience. 241, 188-205.  706 

 707 

Shin, L.M., Liberzon, I., 2010. The neurocircuitry of fear, stress, and anxiety disorders. Neuropsychopharmacology. 35, 708 

169-191.  709 

 710 

Sukoff Rizzo, S. J., Leonard, S. K., Gilbert, A., Dollings, P., Smith, D. L., Zhang, M. Y., Di, L., Platt, B. J., Neal, S., 711 

Dwyer, J. M., Bender, C. N., Zhang, J., Lock, T., Kowal, D., Kramer, A., Randall, A., Huselton, C., Vishwanathan, K., 712 

Tse, S. Y., Butera, J., Ring, R. H., Rosenzweig-Lipson, S., Hughes, Z. A., Dunlop, J., 2011. The metabotropic 713 

glutamate receptor 7 allosteric modulator AMN082: A monoaminergic agent in disguise? J. Pharmacol. Exp. Ther. 338, 714 

345–352. 715 

 716 

Sztainberg, Y., Kuperman, Y., Tsoory, M., Lebow, M., Chen, A., 2010. The anxiolytic effect of environmental 717 

enrichment is mediated via amygdalar CRF receptor type 1. Mol Psychiatry.15, 905-17. 718 

 719 

Tsujimura, A., Matsuki, M., Takao, K., Yamanishi, K., Miyakawa, T., Hashimoto-Gotoh, T. 2008. Mice lacking the kf-720 

1 gene exhibit increased anxiety-but not despair-like behavior. 2008. Front Behav Neurosci.  8, 2-4. 721 

 722 

Ventura, R., Coccurello, R., Andolina, D., Latagliata, E.C., Zanettini, C., Lampis, V., Battaglia, M., D'Amato, F.R., 723 

Moles, A., 2013. Postnatal aversive experience impairs sensitivity to natural rewards and increases susceptibility to 724 

negative events in adult life. Cereb Cortex. 23, 1606-17. 725 

 726 

Vyas, A., Jadhav, S., Chattarji, S., 2006. Prolonged behavioral stress enhances synaptic connectivity in the basolateral 727 

amygdala. Neuroscience. 143, 387-93. 728 

 729 

Vyas, A., Mitra, R., Shankaranarayana Rao, B.S., Chattarji, S., 2002. Chronic stress induces contrasting patterns of 730 

dendritic remodeling in hippocampal and amygdaloid neurons. J Neurosci. 22,6810-6818. 731 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 

 732 

Zhou, R., Yuan, P., Wang, Y., Hunsberger, J.G., Elkahloun, A., Wei, Y., Damschroder-Williams, P., Du, J., Chen, G., 733 

Manji, H.K., 2009. Evidence for selective microRNAs and their effectors as common long-term targets for the actions 734 

of mood stabilizers. Neuropsychopharmacology. 34, 1395-1405. 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

Legends 754 

Figure 1. Effects of stress exposure (30 min of restraint) on (A) the percentage of time spent in the open arms (B) the  755 

percentage of entries in the open arms, (C) the traveled distance in the apparatus  in elevated plus maze in WT (WT 756 

Unstressed (US) n=8; WT stressed (WT AS) n=8) and TKO (TKO US n=8; TKO AS n=8) mice. Data are expressed as 757 

mean ±SE. *P < 0.05. 758 

 759 

Figure 2. Effects of stress exposure (30 min of restraint) on (A) the latency to entry in the dark compartment, (B) the 760 

number of visits in the lighted compartment, (C) the percentage of time spent in the lighted compartment and (D) the 761 
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distance covered in the lighted compartment in the dark/light test in WT (WT Unstressed (US) n=7; WT stressed (WT 762 

AS) n=7) and TKO (TKO US n=7; TKO AS n=8) mice.  Data are expressed as mean ±SE. *P < 0.05. 763 

 764 

Figure 3. Effects of stress exposure (30 min of restraint) on (A) the latency to exit from the center, (B) the number of 765 

visit in the center, (C) the percentage of time spent in the center and (D) the traveled distance in the apparatus in WT 766 

(WT Unstressed (US) n=6; WT stressed (WT AS) n=7) and TKO (TKO US n=7; TKO AS n=8) mice. Data are 767 

expressed as mean ±SE. *P < 0.05. 768 

 769 

Figure. 4  Effects of the genotype (WT, n=8; TKO, n=8) on fear memory extinction following contextual and cued fear 770 

conditioning training. Data are expressed as mean +SE of percent freezing. *P < 0.05. 771 

 772 

Figure 5. Effects of stress exposure (120 min. of restraint) on (A) Serotonin (5-HT), (B) Norepinephrine (NE), (C) 773 

Dopamine (DA) outflow in the medial prefrontal cortex (mpFC) and (D) GABA outflow in the Basolateral Amygdala 774 

(BLA) of WT (NE, n=9; DA, n=8; 5-HT, n=7; GABA, n=9) and TKO (NE, n=9; DA, n=7; 5-HT, n=12; GABA, n=9) 775 

mice. Results are expressed as percent changes (mean +SE) from basal values. Statistical analyses were performed on 776 

raw data.  § P<0.05 in comparison with the corresponding time point of miR-34s TKO group. *P< 0.05 from basal 777 

values.  778 

 779 

Figure 6. CORT levels in basal condition and after 30 or 120 min of acute restraint stress exposure in WT (WT basal, 780 

n=8; WT stressed (AS) 30 min., n=8; WT AS 120 min., n=6) and TKO mice (TKO basal, n=8; TKO stressed (AS) 30 781 

min., n=7; TKO AS 120 min., n=6 mice). Data are expressed as mean +SE. *P < 0.05. § P<0.05 from basal values. 782 

 783 

Figure 7. Effects of stress exposure (30 min. of restraint) on (A) miR-34a and (B) miR-34c expression in the medial 784 

prefrontal cortex (mpFC) and Basolateral Amygdala (BLA) of WT (WT Unstressed (US), mpFC miR-34a, n=9; mpFC 785 

miR-34c, n=8; BLA miR-34a, n=8; BLA miR-34c, n=8); WT stressed (AS), mpFC miR-34a, n=8; mpFC miR-34c, 786 

n=6; BLA miR-34a, n=9; BLA miR-34c, n=9)) mice. Data are expressed as mean +SE. *P < 0.05. 787 

 788 

Figure 8. Effect of the stress exposure (30 min of restraint) on genes mRNA expression in the (A) medial prefrontal 789 
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cortex (mpFC) and (B) Basolateral amygdala (BLA) of WT  (WT Unstressed (US), mpFC n=4, BLA n=4; WT stressed 790 

(AS), mpFC n=4, BLA n=5) and  TKO  (TKO US, mpFC n=4, BLA n=4; TKO AS, mpFC n=4, BLA n=4) mice. Data 791 

are expressed as mean +SE. *P < 0.05. 792 

 793 

Figure 9. Effect of the stress exposure (30 min of restraint) on (A) spines density, (B) numbers of branch points, and 794 

(C) dendritic length in the Basolateral Amygdala (BLA) of WT (WT Unstressed (US), n=5/neurons=26; WT stressed 795 

(AS), n=5/neurons=26) and TKO (TKO Unstressed (US), n=5/neurons=25; TKO stressed (AS), n=5/neurons=27) mice. 796 

(D) High-power photomicrographs of the representative dendritic segment in the BLA of WT and TKO mice. (E) 797 

Representative camera lucida drawing the neurons of WT and miR-34 TKO mice. Data are expressed as mean +SE.  798 

*P < .05. 799 
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     Highlights (for review) 

 
 
 

- Mice lacking miR-34 no show neurochemical, behavioral and morphological response to stress 

 

- Potential role of miR-34  in modulating prefrontal-amygdala response to stress 

 

- Mice model of resilience to stress effects 

 

- Potential role of miR-34 in modulating the stress-induced anxiety 

 

 

 

   

 
 

 

  

 


