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Aims: The aim of this study was to assess regional- and sex-dependent changes in miRNA expression re-
sulting from early-life stress (ELS). Materials & methods: Small RNA sequencing was used to determine
sex-dependent changes in miRNAs after maternal separation, a rodent model of ELS, across the prefrontal
cortex, amygdala and hippocampus. Results: Maternal separation induced anhedonia and altered miRNA
expression in a sex-dependent manner, particularly in the prefrontal cortex and hippocampus. Gene ontol-
ogy revealed that these miRNAs target genes with brain-specific biological functions. Conclusion: Using a
network approach to explore miRNA signaling across the brain after ELS, regional differences were high-
lighted as key to studying the brain’s stress response, which indicates that sex is critical for understanding
miRNA-mediated ELS-induced behavior.
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Early-life stress (ELS) is a major risk factor for psychiatric illness, including major depressive disorder (MDD) which
affects an estimated 15% of the US population, carries a substantial economic burden, and is a debilitating psychiatric
illness associated with loss of function and increased risk of suicide [1-5]. Moreover, ELS may increase the incidence
of anhedonia, which is a central feature of MDD [6]. Previous reports suggest that ELS in rodents consistently
results in anhedonic behavior (i.e., reduced sucrose preference), whereas other depressive phenotypes (e.g., reduced
swimming in the forced swim test) are less consistent [7]. The mechanism by which ELS leads to anhedonia and
MDD is not clearly understood. Furthermore, although men and women experience similar rates of ELS (child
abuse and neglect) [8], women are twice as likely to develop MDD [9].

miRNAs are small (∼22 nucleotides) noncoding RNAs that are particularly responsive to changes in the
environment, including the experience of stress [10–12]. Because each miRNA has many targets, they are considered
master regulators of gene expression [13]. Synthesized in the nucleus as hairpin loop-structured primary miRNA, they
are cleaved by the DROSHA/DGCR8 complex to form pre-miRNAs. Exportin-5 helps to transport pre-miRNA
into the cytoplasm, where it is further cleaved by DICER/TRBP into a double-stranded miRNA–miRNA duplex.
Finally, one of these strands is degraded and the other is bound to the RNA-induced silencing complex, which
binds to the 3′UTR of mRNAs, thus blocking their subsequent production of proteins. These miRNAs can be
localized throughout cells as well as extracellularly in synapses [14] and in extracellular vesicles such as exosomes [15].
MDD and stress affect many molecular pathways (e.g., dopamine, serotonin, glucocorticoids) throughout the
brain; therefore widespread gene regulation by miRNAs is a promising area of study for prospective treatments.

Significant differences in miRNA expression across the genome have been reported between MDD patients
and healthy individuals [16]. They have also been significantly correlated with MDD symptomology, response
to treatment, and stress-related gene expression changes [17–19]. Previous work has elucidated miRNA expression
changes in rodents showing depression-like behavior using behavioral and pharmacological manipulations [20,21].
As an extension of this work, we aimed to test how ELS can affect depression-related behaviors through miRNAs.
Studies have begun to show differences in miRNA expression as a result of ELS [22], but there are almost no studies
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that include both male and female subjects. Thus our understanding of how miRNAs contribute to sex-dependent
changes in MDD symptomology, particularly after ELS, is limited.

Maternal separation (MS) has been widely used as a rodent model of ELS, specifically neglect. A few studies using
the MS model of ELS have revealed miRNA changes across the brain during adulthood. It has been found that
180 min of MS per day significantly altered miR-132 and miR-124 [23]. Likewise, 90 min of daily MS altered miR-
124 in the dentate gyrus [24]. On the other hand, miR-598-5p and miR-451 responded to antidepressant treatment
in the hippocampus of MS rats [25]. It is thought that these region-specific miRNA changes may contribute to
depression susceptibility after ELS.

It is generally well agreed that brain regions function within interconnected networks. The prefrontal cortex
(PFC), amygdala and hippocampus have been identified as key brain regions for the maintenance of depression.
A study in mice who received postnatal unpredictable stress found increased resting state connectivity from
the amygdala out to both the PFC and hippocampus [26]. In MDD patients, psychotherapy reduces medial
PFC, hippocampus and amygdala activation [27]. Functional connectivity has even been used to differentiate
symptomology of patients with MDD and generalized anxiety disorder [28]. In females with MDD, ELS severity
has been negatively correlated with resting state connectivity between the amygdala and PFC [29]. One research
group reported that miR-124a and miR-18a were affected by adolescent chronic variable stress in the amygdala,
PFC and hippocampus; however, the relationship between these miRNA changes across different brain areas was
not evaluated [30,31]. Although brain regions cannot function in isolation, so far no study has explored regional
differences in miRNA expression after MS concurrently, let alone their covariation.

In this study we applied the MS model of ELS in rats and used miRNA sequencing to assess sex differences in
miRNA changes as well as the main effect of MS across the PFC, amygdala and hippocampus. Using correlation
hierarchical clustering, we revealed differences in miRNA expression across three brain regions in order to better
understand how brain regions coordinate miRNA responses to stress. Subsequent gene ontology (GO) and gene
path analysis were based on miRNAs that were significantly altered by MS and also correlated across brain regions,
creating a significantly correlated miRNA network. Our results, to our knowledge, provide insight for the first
time into how ELS can coordinate miRNA responses in different brain regions, leading to depression-related
behavioral susceptibility in a sex-dependent manner.

Materials & methods
Animals
The experiments were approved by the Institutional Animal Care and Use Committee at the University of Alabama
at Birmingham (AL, USA). The study was also designed to reduce the number of animals used as best possible.
Pregnant Sprague Dawley rats (Envigo Inc., IN, USA) were housed in animal facilities under standard housing
conditions (temperature 21 ± 1◦C, humidity 55 ± 5%, 12-h light/dark cycle). Water and food were available ad
libitum. Dams were monitored twice per day from gestational day 20 until pups were born (postnatal day [PND]
0). Litters were randomly assigned to MS or control cohorts; MS experiments were adapted from the methods
of Plotsky and Meaney [32]. From PND 2–16, MS pups were separated from the dam for 180 min each morning
and kept on a 30◦C heating pad. Control pups were handled for 5 min daily from PND 2–16 and then returned
to the dam. After PND 16, pups were housed with the dam until weaning at PND 21 and then separated into
groups of two or three until testing. Behavioral testing was conducted beginning on PND 60, and the animals
were sacrificed at PND 80. In order to study changes relevant to anhedonia, control and MS animals were selected
such that MS animals exhibited reduced sucrose preference (n = 5 males and 5 females in both control and MS
groups). 24 h after the last behavioral test, the animals were sacrificed and their brain tissues flash-frozen for storage
at -80◦C; during testing, experimenters were blinded to the group assignment.

Behavior testing
Sucrose preference test

These procedures were adapted from our previous publication [33] and are detailed in Supplementary File 1. At
PND 60, animals were given access to 1% sucrose solution for a 24-h acclimation. Half of the sucrose was then
replaced with water for another 24-h acclimation. On day 3, the animals fasted for 24 h. Finally, the animals were
housed individually and were given 500 ml of both sucrose solution and water, as well as food ad libitum. After
24 h the remaining volume of water and sucrose solution was recorded.
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Elevated plus maze

Animals were placed individually in the center of a raised plus-shaped platform (50 × 50 cm) with two open arms
and two walled arms (15 cm tall, open roof ). The animals were video-recorded for 5 min and Noldus Ethovision
XT 11.5 (Noldus IT, Wageningen, The Netherlands) was used to extract the time spent and number of entries in
the open and closed arms. The elevated plus maze (EPM) was scored using the anxiety index equation: 1−([(time
in open arms/total maze time) + (open arm entries/total maze exploration)]/2) [34].

Forced swim test

Prior to the test, the animals were acclimated to the swimming procedure for 15 min in a 30.5 × 45.7 cm Plexiglas
cylinder filled three-quarters full of room temperature water. 24 h later, the animals were tested in the same tank.
The animals were each video-recorded swimming for 6 min and were then dried and returned to their home cage.
The video was scored by a blind rater who recorded the time (s) spent actively swimming (i.e., escape behavior).

RNA isolation
Trizol™ was used to isolate total RNA from 10 mg of brain tissue from PFC, amygdala and hippocampus brain
regions of each animal. RNA was precipitated overnight with glycogen at -30◦C and spun at 20,000 × g for 25 min to
collect the RNA pellet. After washing in 70% ethanol, the pellet was dehydrated and resuspended in RNAse-free
water. RNA absorbance ratio >1.75 was considered pure (NanoDrop™ spectrophotometer; Thermo Scientific,
MA, USA). Samples were tested on agarose gel for RNA integrity prior to sequencing.

miRNA sequencing & analysis
Full sequencing and analysis methods are detailed in Supplementary File 1. The datasets generated and/or analyzed
during the current study are available from the corresponding author on reasonable request. Total RNA was used to
prepare miRNA sequencing and the libraries were quality tested prior to sequencing. The samples were captured on
Illumina flow cells and sequenced for 51 cycles on the NextSeq 500 (Illumina, CA, USA). The raw sequencing data
were quality checked and aligned to the reference genome. In edgeR, the trimmed mean of M-values method was
implemented to normalize raw reads as counts per million (CPM) with a false discovery rate (FDR) <0.05 [35].

Using R software (v 3.6.0), we applied a 2 × 2 analysis of variance to test for the effect of MS and sex on
miRNA expression (i.e., CPM) in each brain region (p < 0.05, fold change cutoff >1.3). Normalized CPM values
were correlated with behavior measures using Pearson correlation (FDR <0.05). miRNA–miRNA correlation
analyses were conducted between the significantly altered miRNAs across all brain regions, then the miRNA–
miRNA correlations were hierarchically clustered using cluster (https://CRAN.R-project.org/package=cluster) in R
using the DIANA algorithm [36]. The optimal cluster number was determined for each analysis using the silhouette
method (factoextra R package; https://CRAN.R-project.org/package=factoextra). miRNA–miRNA networks were
created based on significant (FDR <0.05) correlations between brain regions. Dendextend in R (https://cran.r-pro
ject.org/package=dendextend) was used to calculate entanglement (a direct comparison of hierarchical clustering
between groups). Scores vary from 0 to 1, with lower scores representing better overall alignment.

In silico chromosomal localization
Using miRDeep2 [37], we identified the chromosomal localization of each significantly altered miRNA and deter-
mined the proximity of miRNAs that were colocalized. Phenogram (http://visualization.ritchielab.org/phenogram
s/) was used for visualization.

In silico gene target prediction & gene ontology
The detailed method is described in Supplementary File 1. MiRWalk 2.0 (http://zmf.umm.uni-heidelberg.de/ap
ps/zmf/mirwalk2/) software was used to assess the validated and predicted gene targets of significantly altered and
strongly correlated miRNAs across brain regions. We based gene target prediction analysis on miRNAs that were
correlated with at least four other miRNAs in different brain regions or were correlated with miRNAs with
downstream miRNA correlations. Genes that were predicted by six or more prediction software in miRWalk were
included in the Ingenuity Path Analysis (IPA; Qiagen, MD, USA) path analysis. Predicted gene targets were used
for subsequent analysis due to the limited number of validated targets. In IPA, we filtered to include genes associated
with psychological disorders and created miRNA–gene target interaction maps.
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Figure 1. Behavioral effects of maternal separation and their correlation with miRNA expression. (A) MS animals
exhibited significantly decreased sucrose preference (F1,16 = 9.16, p < 0.01). There were no sex differences in sucrose
preference. (B) We found a trending increase in forced swim test escape time only in male animals (t4 = -2.51, p =
0.066). (C) In the elevated plus maze, male MS animals exhibited a trending increase in closed arm entries (t4 = -2.16, p
= 0.097). (D) However, there were no group differences in the anxiety index; data are shown in mean ± standard error
of the mean; *p < 0.05; #0.1 > p > 0.05. The relationship between miRNA expression and depressive behavior was
shown using Pearson correlations (false discovery rate <0.05). (E) In all animals, percentage sucrose preference
inversely correlated with expression of four miRNAs in the amygdala. (F) In males, sucrose preferences correlated
positively with prefrontal cortex miR-411-5p and inversely with miR-133b-3p in the amygdala. (G) In females, six
miRNAs were correlated with sucrose preference. (H & I) In all animals, four miRNAs were positively correlated (H)
and eight were negatively correlated (I) with forced swim escape time. (J) In male animals, 88 miRNAs were
significantly (false discovery rate <0.05) correlated with escape time; the top ten miRNAs are shown. Amygdala
miRNAs are shown in red hues with square markers, prefrontal cortex in blue hues with circular markers, and
hippocampal miRNAs in yellow hues with triangular markers. To aid in visualization, normalized counts per million
values were scaled to fit within the same y-axis; therefore relative expression is an arbitrary unit of measure which
maintains the slope of each significant correlation.
MS: Maternal separation.

Predicted gene targets were used for GO analysis. We determined highly represented ontology terms and their
network clustering using Metascape [38]. We assessed cellular component ontologies using ShinyGO (v.0.61) [39].

Results
Animal behavior
MS animals exhibited decreased preference for sucrose in the sucrose preference test (SPT) compared with control
animals (F1,16 = 9.16, p < 0.01) (Figure 1A) and sex had no effect on sucrose preference. There was a trending
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Figure 1. Behavioral effects of maternal separation and their correlation with miRNA expression (cont.). (A) MS animals exhibited
significantly decreased sucrose preference (F1,16 = 9.16, p < 0.01). There were no sex differences in sucrose preference. (B) We found a
trending increase in forced swim test escape time only in male animals (t4 = -2.51, p = 0.066). (C) In the elevated plus maze, male MS
animals exhibited a trending increase in closed arm entries (t4 = -2.16, p = 0.097). (D) However, there were no group differences in the
anxiety index; data are shown in mean ± standard error of the mean; *p < 0.05; #0.1 > p > 0.05. The relationship between miRNA
expression and depressive behavior was shown using Pearson correlations (false discovery rate <0.05). (E) In all animals, percentage
sucrose preference inversely correlated with expression of four miRNAs in the amygdala. (F) In males, sucrose preferences correlated
positively with prefrontal cortex miR-411-5p and inversely with miR-133b-3p in the amygdala. (G) In females, six miRNAs were correlated
with sucrose preference. (H & I) In all animals, four miRNAs were positively correlated (H) and eight were negatively correlated (I) with
forced swim escape time. (J) In male animals, 88 miRNAs were significantly (false discovery rate <0.05) correlated with escape time; the
top ten miRNAs are shown. Amygdala miRNAs are shown in red hues with square markers, prefrontal cortex in blue hues with circular
markers, and hippocampal miRNAs in yellow hues with triangular markers. To aid in visualization, normalized counts per million values
were scaled to fit within the same y-axis; therefore relative expression is an arbitrary unit of measure which maintains the slope of each
significant correlation.
MS: Maternal separation.

sex difference in forced swim test (FST) swim time, but it was not significant (F1,8 = 3.94, p = 0.08). A follow-up
pairwise t-test revealed a trending difference between male controls and MS animals in swim time (t4 = -2.51,
p = 0.07) (Figure 1B). There was a trending increase in EPM closed arm entries in MS animals (F1,8 = 3.57, p
= 0.09), but it did not reach significance; this effect was driven by a trending difference between male control and
MS animals (t4 = -2.16, p = 0.09) (Figure 1C). The Anxiety Index score was not significantly different based on
MS (p = 0.12) or the interaction (p = 0.79) (Figure 1D).

miRNA sequencing
After sequencing and normalization, 538 miRNAs were detected with a mean CPM ≥1 and were used for group
comparison analysis. Significant group differences in miRNA expression are listed by region in Table 1.
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Table 1. miRNAs significantly altered by maternal separation and the interaction between maternal separation and sex
across prefrontal cortex, amygdala and hippocampus.†

miRNAs altered by MS

CPM fold change

Accession ID Chromosome location miRNA MS: control p-value Sig.

Prefrontal cortex MIMAT0017093 chr2:165605923–165606020(+) miR-15b-3p 1.58 0.014 †

MIMAT0003211 chrX:140117518–140117589(-) miR-20b-5p 1.46 0.045 †

MIMAT0000847 chr10:75050839–75050925(+) miR-142-5p 1.33 0.003 §

MIMAT0000851 chr18:56969907–56969994(-) miR-145-5p 1.47 0.022 †

MIMAT0000876 chr6:136704961–136705057(+) miR-203a-3p 1.31 0.029 †

MIMAT0001547 chrX:158153377–158153467(+) miR-450a-5p 1.34 0.005 §

MIMAT0003121 chr1:215832088–215832160(-) miR-483-3p 1.70 0.036 †

Amygdala MIMAT0017105 chr8:55492542–55492625(-) miR-34b-3p 1.79 0.010 ‡

MIMAT0004723 chr8:55492024–55492100(-) miR-34c-3p 2.06 0.003 §

MIMAT0000814 chr8:55492024–55492100(-) miR-34c-5p 1.83 0.015 †

MIMAT0017122 chr11:88129773–88129854(+) miR-130b-5p -1.35 0.039 †

MIMAT0035734 chr14:30331049–30331131(-) miR-193b-3p 1.56 0.007 ‡

MIMAT0000877 chr1:240403000–240403109(+) miR-204-5p 1.36 0.013 †

MIMAT0017286 chr17:71809047–71809128(-) miR-466b-2-3p 1.39 0.008 ‡

MIMAT0037262 chr17:72066536–72066617(-) miR-466b-4-3p 1.39 0.008 ‡

MIMAT0024852 chr11:86857633–86857705(+) miR-1306-3p -1.38 0.047 †

Hippocampus MIMAT0001082 chr4:82199056–82199140(-) miR-196b-5p 2.59 0.048 †

MIMAT0000875 chr5:173490144–173490238(-) miR-200b-3p 1.57 0.028 †

MIMAT0017152 chr5:173490144–173490238(-) miR-200b-5p 2.66 0.011 †

MIMAT0000575 experimental miR-335 -1.36 0.028 †

MIMAT0017221 chr6:133877124–133877205(+) miR-487b-5p -1.43 0.033 †

MIMAT0017211 chr6:133706202–133706285(+) miR-540-5p -1.33 0.032 †

MIMAT0024853 chr13:44719335–44719401(+) miR-3473 1.34 0.025 †

miRNAs altered by the interaction between MS and sex

CPM fold change

Accession ID Chromosome location miRNA M MS: M controls F MS: F controls p-value Sig.

Prefrontal
cortex

MIMAT0017087 chr11:16052873–16052966(+) let-7c-1-3p -1.23 1.27 0.016 †

MIMAT0000785 chr2:165606072–165606166(+) miR-16-5p 1.36 -1.04 0.023 †

MIMAT0000800 chr11:79380523–79380608(-) miR-28-5p 1.34 1.02 0.037 †

MIMAT0017146 chr8:117354364–117354454(+) miR-191a-3p -1.35 1.05 0.027 †

MIMAT0017148 chr1:221634786–221634870(+) miR-194-3p -1.33 1.44 0.040 †

MIMAT0004741 chr20:3816158–3816267(-) miR-219a-1-3p -1.37 1.28 0.025 †

MIMAT0003122 chr6:133739916–133739994(+) miR-370-3p -1.34 1.03 0.029 †

MIMAT0003201 chr6:133884178–133884257(+) miR-382-5p -1.34 1.01 0.027 †

MIMAT0017303 chr6:133893997–133894072(+) miR-410-5p -1.72 1.05 0.015 †

MIMAT0017304 chr6:133858849–133858924(+) miR-411-3p -1.48 1.04 0.038 †

MIMAT0017307 chr6:133715378–133715458(+) miR-434-5p -1.54 -1.09 0.015 †

MIMAT0003383 chr10:56844977–56845045(+) miR-497-5p 1.66 -1.05 0.027 †

MIMAT0003177 chr6:133892655–133892744(+) miR-541-5p -1.31 1.04 0.041 †

MIMAT0005325 chr15:46893157–46893235(+),
chr15:47057496–47057574(+)

miR-598-3p -1.36 1.09 0.042 †

MIMAT0035731 chr13:77065446–77065507(+) miR-1843b-3p -1.23 1.12 0.010 ‡

MIMAT0035740 chr6:91645144–91645212(-) miR-3084a-3p -1.27 1.36 0.035 †

MIMAT0017802 chr10:14603134–14603243(-) miR-3547 1.41 -1.58 0.024 †

MIMAT0025070 chr6:133878578–133878700(+) miR-6331 -1.41 1.09 0.015 †

For the main effect of MS, CPM fold change is expressed as a ratio of MS over control animals. For the interaction, CPM fold change is expressed as a ratio of MS over control animals in
males only (left column) and females only (right column). Positive fold change indicates increased expression in MS, while negative values indicate decreased expression in MS compared
with controls.
†‡§p � 0.05; p ≤ 0.01; p � 0.005.
CPM: Counts per million; F: Female; M: Male; MS: Maternal separation; Sig.: Significance.

1036 Epigenomics (2021) 13(13) future science group



Early-life stress induces genome-wide sex-dependent miRNA expression in rats Research Article

Table 1. miRNAs significantly altered by maternal separation and the interaction between maternal separation and sex
across prefrontal cortex, amygdala and hippocampus.† (cont.).
miRNAs altered by the interaction between MS and sex

CPM fold change

Accession ID Chromosome location miRNA M MS: M controls F MS: F controls p-value Sig.

Amygdala MIMAT0017089 chr17:16418221–16418309(+) let-7f-1-3p -1.15 1.27 0.014 †

MIMAT0003126 chr9:26795649–26795732(+) miR-133b-3p 1.50 -1.29 0.030 †

MIMAT0035739 chr19:43403103–43403169(+) miR-3084a-1-5p 1.63 -1.39 0.002 §

MIMAT0025056 chr17:34746552–34746678(+),
chr17:35477422–35477548(+)

miR-6319 1.14 -1.20 0.024 †

Hippocampus MIMAT0000778 chr17:16418221–16418309(+),
chrX:21583272–21583354(+)

let-7f-5p -1.11 1.35 0.035 †

MIMAT0004707 chr7:66802731–66802815(+) let-7i-3p 1.17 -1.32 0.026 †

MIMAT0035728 experimental miR-15a-5p 1.23 -1.46 0.024 †

MIMAT0000785 chr2:165606072–165606166(+) miR-16-5p 1.13 -1.38 0.033 †

MIMAT0004717 chr1:38238376–38238456(+),
chr13:113782057–113782137(+)

miR-29b-5p 1.11 -1.36 0.027 †

MIMAT0000815 chr5:167092491–167092592(+) miR-34a-5p 1.09 -1.48 0.038 †

MIMAT0000828 chr15:47964298–47964382(+),
chr2:102311603–102311711(+),
chr3:176406205–176406291(+)

miR-124-3p -1.01 -1.42 0.047 †

MIMAT0000865 chr8:73030047–73030131(-),
chr8:80928165–80928249(+)

miR-190a-5p 1.23 -1.35 0.049 †

MIMAT0004736 chr10:67065896–67065981(+) miR-193a-5p 1.91 1.13 0.046 †

MIMAT0000581 chr10:109195251–109195316(-) miR-338-3p 1.44 -1.15 0.018 †

MIMAT0017306 chr8:117354821–117354903(+) miR-425-3p 1.02 -1.53 0.020 †

MIMAT0001626 chr6:133711425–133711538(+) miR-431 -1.35 1.26 0.037 †

MIMAT0017192 chr6:133712334–133712426(+) miR-433-5p -1.03 -1.47 0.035 †

MIMAT0001633 chr10:65291204–65291275(-) miR-451-5p 1.02 2.04 0.009 ‡

MIMAT0012823 chr4:63342943–63343026(+) miR-490-3p 1.22 -1.45 0.037 †

MIMAT0017217 chr6:133699509–133699592(+) miR-493-5p -1.26 1.22 0.048 †

MIMAT0005287 chr4:21673635–21673710(-) miR-879-5p 1.36 -1.39 0.006 ‡

For the main effect of MS, CPM fold change is expressed as a ratio of MS over control animals. For the interaction, CPM fold change is expressed as a ratio of MS over control animals in
males only (left column) and females only (right column). Positive fold change indicates increased expression in MS, while negative values indicate decreased expression in MS compared
with controls.
†‡§p � 0.05; p ≤ 0.01; p � 0.005.
CPM: Counts per million; F: Female; M: Male; MS: Maternal separation; Sig.: Significance.

miRNA expression correlates with depression-like behavior

To determine the contribution of miRNA expression to behavior, we conducted Pearson correlations (FDR <0.05)
in all animals and separately in male and female animals. In all animals, SPT sucrose preference was significantly
inversely correlated with the expression of four miRNAs (miR-126a-3p, miR-466b-3p, miR-483-5p and miR-486)
in the amygdala (n = 20; FDR <0.05; Figure 1E). In male animals, sucrose preference was positively correlated with
PFC miR-411-5p and inversely with amygdala miR-133b-3p (n = 10; FDR <0.05; Figure 1F). In female animals,
sucrose preference was inversely correlated with PFC miR-142-5p and amygdala miR-483-3p, miR-31a-3p, miR-
466b-3p and miR-483-5p; miR-879-5p was positively correlated with the sucrose preference test (n = 10; FDR
<0.05; Figure 1G).

In all animals, several miRNAs were positively correlated with FST escape time (amygdala miR-219a-1-3p and
PFC miR-1306-5p, miR-3102, miR-449a-5p and miR-193a-5p; n = 12; Figure 1H). In all animals, escape time
was significantly negatively correlated with eight miRNAs (hippocampus miR-138-5p and amygdala miR-28-5p,
miR-103-3p, miR-191a-5p, miR-24-3p, miR-339-5p, miR-497-5p and let-7e-3p; Figure 1I). A total of 88 miRNAs
were significantly correlated with escape time in male animals, most of which were in the PFC (FDR <0.05; listed
in Supplementary Table 1); the ten most significant miRNA correlations are shown in Figure 1J. By comparison,
no miRNA expression significantly correlated (FDR <0.05) with FST escape time in female animals.
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Only two miRNAs showed a significant correlation with EPM measures. In male rats, miR-412-3p in the
hippocampus was inversely correlated with the EPM anxiety index (r6 = -0.986, FDR <0.05). In female animals,
EPM closed arm entries correlated positively with miR-3068-5p in the PFC (r6 = 0.996, FDR <0.05).

Main effect of maternal separation on miRNA expression

Twenty-three miRNAs – seven in the PFC, nine in the amygdala and seven in the hippocampus (Table 1) – were
significantly altered by MS. Fold change is presented as a ratio of miRNA expression between the comparison
groups. Values <1 were converted to negative fold change values by dividing -1 by the ratio of miRNA expression
values. miRNAs exhibiting ≥1.3 fold change were used for subsequent analyses. In PFC, all the significantly altered
miRNAs were upregulated in MS compared with controls. In the amygdala, all but two miRNAs (miR-130b-5p
and miR-1306-3p) were upregulated in MS animals compared with controls. In the hippocampus, miR-196b-5p,
miR-200b-3p, miR-200b-5p and miR-3473 showed increased expression, while miRs-335, miR-487b-5p and
miR-540-5p were decreased. miR-196b-5p and miR-200b-5p in the hippocampus exhibited the greatest fold
changes at 2.59 and 2.66, respectively.

The interaction of sex & maternal separation on miRNA expression

A significant interaction effect (p < 0.05) was detected for 44 miRNAs across the three brain areas, but only 39
miRNAs showed fold changes >1.3 (Table 1): 18 in the PFC, 4 in the amygdala and 17 in the hippocampus. In
males, four miRNAs in PFC, two in amygdala and six in hippocampus showed significantly increased expression
in MS animals. Conversely, in females, 14 miRNAs in PFC, one in amygdala and four in hippocampus were
significantly increased in MS animals. In male MS animals, there was decreased expression for 14 miRNAs in PFC
and two in hippocampus. In female MS animals, one PFC, two amygdala and 11 hippocampal miRNAs showed
decreased expression compared with controls. In males, 11 miRNAs were unaffected (i.e. magnitude fold change
<1.2) by MS: two in amygdala and nine in hippocampus. Six miRNAs were unaffected by MS in the females:
three in PFC, two in amygdala and two in hippocampus. In males, miR-193a-5p exhibited the highest fold change
at 1.91-times expression in MS compared with controls, followed by PFC miR-410-5p with a fold change of
-1.72. In females, hippocampal miR-425-3p and miR-451-5p exhibited the highest-magnitude fold changes in MS
compared with controls at -1.53 and 2.04, respectively (Table 1).

Correlation & hierarchical clustering of miRNA expression across PFC, amygdala & hippocampus
Hierarchical clustering of miRNA–miRNA correlations was used to assess patterns of similar or dissimilar miRNA
expression change across the three brain regions. Correlation heat maps and hierarchical clustering dendrograms
for miRNAs with a significant main effect of MS are presented in Figure 2. The same results for the interaction of
MS and sex are presented in Figure 3A–D for males and Figure 3E–H for females.

miRNA correlation between PFC, amygdala & hippocampus: effect of MS

We used the silhouette method to determine the number of clusters necessary to adequately describe the data.
miRNA–miRNA correlations in both control and MS animals optimally cluster into ten groups, and in both
groups the clusters largely comprise miRNAs from all three brain regions rather than from a single brain region.

In order to test whether miRNAs would cluster closely by brain region and to compare clustering across groups, we
also created dendrograms based on only three clusters (Figure 2). In controls, the clusters comprised 59%, 16% and
25%, respectively, of the significant main effect miRNAs. Cluster 1 contained 17 PFC, 17 amygdala and seven
hippocampal miRNAs; cluster 2 contained five PFC, three amygdala and three hippocampal miRNAs; and cluster
3 contained one PFC, three amygdala and 13 hippocampal miRNAs (Figure 2A). Generally, amygdala and PFC
miRNA coexpression grouped together in cluster 1, while hippocampal miRNAs’ coexpression clustered with other
hippocampal miRNAs in cluster 3. In MS animals, the three clusters comprised 33%, 45% and 22% of the miRNAs,
respectively. Cluster 1 contained six PFC, four amygdala and 13 hippocampal miRNAs; cluster 2 contained 14
PFC, 12 amygdala and five hippocampal miRNAs; and cluster 3 contained three PFC, seven amygdala and
five hippocampal miRNAs (Figure 2B). Cluster 2 did contain a majority of PFC and amygdala miRNAs, while
cluster 1 contained mostly hippocampal miRNAs. However, compared with controls, miRNA coexpression in MS
animals did not cluster as closely by brain region; rather, each cluster was comprised more evenly of miRNAs
from all three brain regions. Comparing the control and MS dendrograms revealed an entanglement score of 0.71
(Supplementary Figure 1), indicating a strong disparity between the hierarchical clustering. PFC miR-200b-3p,
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Figure 2. Control versus maternal separation: correlated miRNA–miRNA expression dendrograms and heat maps across three brain
regions. Significantly altered MS main effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in
correlation and hierarchical clustering analysis. R was used to cluster using the DIANA algorithm. Clustering was limited to k = 3 clusters.
(A & B) Correlation heat maps for (A) controls and (B) maternal separation animals show disparate patterns of miRNA–miRNA correlation
across the brain; each of the three clusters is marked by a colored square on the dendrogram and height is an arbitrary unit estimating
the distance between different clusters. Significantly correlated miRNAs (false discovery rate <0.05) were narrowed to only include
miRNA correlations between brain regions rather than within a single brain region. (C & D) miRNA–miRNA correlation network figures
were created for (C) controls and (D) MS animals. Positive correlations are shown in red and negative correlations in blue; thicker lines
indicate a more significant correlation.

miR-200b-5p, miR-466b-2-3p and miR-466b-4-3p; hippocampal miR-466b-2-3p, miR-466b-4-3p, miR-34c-3p
and miR-34c-5p; and amygdala miR-466b-2-3p and miR-466b-4-3p clustered identically in both control and MS
animals (colored connecting lines in Supplementary Figure 1).

Within each group, highly intercorrelated miRNAs are visualized in the networks shown in Figure 2C & D. In
controls, there were only two correlations between hippocampus and PFC miRNAs: hippocampus miR-200b-5p
positively correlated with PFC miR-466b-2-3p and miR-466b-4-3p. In MS animals, there were more correlations
between the hippocampus and PFC. The majority of correlations were positive in both controls and MS groups.

miRNA correlation between PFC, amygdala & hippocampus: interaction of MS & sex

We also clustered miRNA–miRNA correlations within each MS × sex group (i.e., male control, male MS, female
control, female MS; Figure 3). In males, control and MS animals optimally grouped into two clusters. For controls,
cluster 1 comprised 18 PFC, 20 amygdala and 14 hippocampal miRNAs. Cluster 2 was composed of 20 PFC,
18 amygdala and 24 hippocampal miRNAs. For MS males, cluster 1 included 16 PFC, 21 amygdala and 19
hippocampal miRNAs. Cluster 2 comprised 22 PFC, 17 amygdala and 19 hippocampal miRNAs. In females,
control animals clustered optimally into ten groups, while MS animals clustered into nine. Each of these clusters
was comprised of miRNAs across at least two brain regions.
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Figure 2. Control versus maternal separation: correlated miRNA–miRNA expression dendrograms and heat maps across three brain
regions (cont.). Significantly altered MS main effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in
correlation and hierarchical clustering analysis. R was used to cluster using the DIANA algorithm. Clustering was limited to k = 3 clusters.
(A & B) Correlation heat maps for (A) controls and (B) maternal separation animals show disparate patterns of miRNA–miRNA correlation
across the brain; each of the three clusters is marked by a colored square on the dendrogram and height is an arbitrary unit estimating
the distance between different clusters. Significantly correlated miRNAs (false discovery rate <0.05) were narrowed to only include
miRNA correlations between brain regions rather than within a single brain region. (C & D) miRNA–miRNA correlation network figures
were created for (C) controls and (D) MS animals. Positive correlations are shown in red and negative correlations in blue; thicker lines
indicate a more significant correlation.

When considering only three clusters in control males, the clusters contained 46%, 40% and 14% of the miRNAs
and an almost equal number of miRNAs from each brain region (Figure 3A). In MS males, the clusters comprised
23%, 51% and 26% of the miRNAs. Cluster 3 contained a majority of amygdala miRNAs (Figure 3B). In control
females, the three clusters contained 30%, 42% and 28% of the miRNAs and represented all three brain regions
(Figure 3E). Cluster 1 mainly comprised PFC and hippocampal miRNAs; cluster 2, PFC and amygdala; and
cluster 3, amygdala and hippocampal. In MS females, the clusters comprised 16%, 53% and 31% of the miRNAs;
over half of the miRNAs were sorted into cluster 2, which comprised 16 PFC, 20 amygdala and 25 hippocampal
miRNAs (Figure 3F). Cluster 1 evenly represented each region, while cluster 3 contained twice as many PFC
and amygdala miRNAs as hippocampal miRNAs. Comparison of male controls and MS clustering dendrograms
yielded an entanglement value of 0.55 (Supplementary Figure 2A); female entanglement was 0.56 (Supplementary
Figure 2B). There were no identically clustered miRNAs in either male or female hierarchical clustering.

miRNA–miRNA network maps revealed intercorrelated miRNAs across regions. In control males, miRNA–
miRNA correlations between the PFC and amygdala were always positive (Figure 3C); there were several negative
correlations involving the hippocampus. In MS males, the majority of correlations were positive (Figure 3D).
Similarly, control females exhibited mostly positive miRNA–miRNA correlations across brain regions, with few
negative correlations between each pair of regions (Figure 3G). In MS females, there were equal numbers of negative
and positive correlations between the hippocampus and PFC. Correlations involving the amygdala were almost
entirely positive (Figure 3H).

miRNA gene targets, gene ontology & chromosome localization
miRNA gene targets & chromosome localization based on MS

Of the 23 miRNAs significantly altered by MS (Table 1), only seven had validated targets in the miRWalk
2.0 database: miR-145-5p, miR-200b-3p, miR-203a-3p, miR-204-5p, miR-335, miR-34c-5p and miR-450a-5p.
They targeted 13 validated genes (Supplementary Table 2) including BNIP3, CAMK2G and VEGFA. Based on
the significantly altered and intercorrelated miRNAs shown in Figure 3C & D, miRWalk predicted 7659 unique
targets through all of the available databases (Supplementary File 2 contains the full miRWalk output). Only 1848
were predicted by at least six different databases. The 20 most significantly predicted targets with the highest number
of targeting miRNAs are shown in Supplementary Table 3. The top predicted gene was NEUROD4 targeted by
miR-142-5p, miR-34b-3p, miR-34c-3p and miR-487b-5p. miR-34c-3p targeted 16 of the top 20 targets.

Using IPA, we filtered the miRWalk list to 363 genes relevant to psychological disorders. GO analysis (Figure 4A)
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Figure 3. Correlated miRNA–miRNA expression dendrograms and heat maps across three brain regions by maternal separation and sex.
Significantly altered interaction effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in this correlation
and hierarchical clustering analysis in R. Correlation heat maps for (A) male controls, (B) male MS, (E) female controls and (F) female MS
animals show patterns of miRNA–miRNA correlation across the brain; each of the k = 3 clusters is marked by a colored outline in the
dendrogram and height is an arbitrary unit estimating the distance between different clusters. For each group – (C) male controls, (D)
male MS, (G) female controls and (H) female MS – significantly correlated miRNAs (false discovery rate <0.05) were narrowed to look
across regions. Positive correlations are shown in red and negative correlations in blue; thicker lines indicate a more significant
correlation.
MS: Maternal separation.

showed that these genes are highly involved in negative regulation of cell development (GO:0010721), behavior
(GO:0007610), response to peptide (GO:1901652), response to oxidative stress (GO:0006979) and positive
regulation of transcription from RNA pol II promoter in response to hypoxia (GO:0061419). Figure 4B shows the
clustering of similar ontologies and the parent GO term with which they cluster most closely. GO terms related
to response to oxidative stress, HIF1 signaling and negative regulation of apoptotic signaling pathway clustered
densely with other top GO clusters, while behavior was not tightly connected to other ontologies. Synaptic vesicle
cycle and synaptic vesicle recycling ontologies only clustered with each other. We then assessed which cellular
components were most impacted by these target genes using ShinyGO cellular component analysis, and visualized
the results in R. The top cellular components are shown in Figure 4C. Using IPA, we found that miRNA-200b-3p,
miRNA-145-5p, miRNA-20b-5p, miRNA-34c-5p and miRNA-203a-3p formed a cohesive miRNA target gene
network based on interacting miRNAs and their predicted gene targets (Figure 4D).

Finally, in order to elucidate the potential for common miRNA regulatory mechanisms based on chromosomal
location, we visualized all significantly altered miRNAs on the rat genome using miRDeep2 and Phenogram. We
found two clusters of three miRNAs that mapped onto chromosomes 6 and 8 (Figure 4E). miR-540-5p, miR-487b-
5p and miR-203a-3p all mapped tightly onto chromosome 6, with miR-540-5p and miR-487b-5p downregulated
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Figure 3. Correlated miRNA–miRNA expression dendrograms and heat maps across three brain regions by maternal separation and sex
(cont.). Significantly altered interaction effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in this
correlation and hierarchical clustering analysis in R. Correlation heat maps for (A) male controls, (B) male MS, (E) female controls and (F)
female MS animals show patterns of miRNA–miRNA correlation across the brain; each of the k = 3 clusters is marked by a colored outline
in the dendrogram and height is an arbitrary unit estimating the distance between different clusters. For each group – (C) male controls,
(D) male MS, (G) female controls and (H) female MS – significantly correlated miRNAs (false discovery rate <0.05) were narrowed to look
across regions. Positive correlations are shown in red and negative correlations in blue; thicker lines indicate a more significant
correlation.
MS: Maternal separation.

in MS compared with the control group. All of the miRNAs on chromosome 8 (miR-34b-3p, miR-34c-3p and
miR-34c-5p) were upregulated in MS.

miRNA gene targets & chromosome localization based on interaction of MS & sex

miRWalk identified 31 validated gene targets of ten of the significantly altered miRNAs in the interaction between
MS and sex (Supplementary Table 4). miR-34a-5p had the most validated targets, followed by miR-124-3p. Vali-
dated targets included the apoptosis regulator BCL2, BDNF, MMP9 and SLC2A4. miRNAs with high interregional
correlation in either the male or female animals (Figure 3C–D & G–H) were predicted by miRWalk databases to
target 7488 unique genes (see Supplementary File 3 for full miRWalk output). Of these targets, 1988 were pre-
dicted by at least six of the databases. The 20 most significantly predicted targets with the most targeting miRNAs
are shown in Supplementary Table 5. The top predicted gene was ATP2A2, targeted by let-7-c-1-3p, let-7f-5p,
miR-16-5p, miR-410-5p, miR-493-5p, miR-6319 and miR-879-5p.

After filtering in IPA, 724 predicted genes were associated with psychological disorders. These genes are highly
involved in cell part morphogenesis (GO:0032990), synapse organization (GO:0050808), response to peptide
(GO:1901652), behavior (GO:0007610) and the neuronal system (R-RNO-112316) (Figure 5A). GO terms
related to cell part morphogenesis, synapse organization, negative regulation of nervous system development
and negative regulation of cellular component organization clustered densely but separately from other ontology
clusters (Figure 5B). Behavior clustered most closely with modulation of chemical synaptic transmission, neuronal
system and dopaminergic synapses. The top cellular GO components are shown in Figure 5C. miRNA–gene target
maps show sex-mediated MS miRNA hubs at let-7a-5p, miR-124-3p, miR-338-3p, miR-16-5p and miR-34a-5p
(Figure 5D).

Chromosomal mapping showed a cluster of ten miRNAs on chromosome 6: miR-493-5p, miR-431, miR-433-
5p, miR-434-5p, miR-370-3p, miR-411-3p, miR-6331, miR-382-5p, miR-541-5p and miR-410-5p (Figure 5E).
Almost all these miRNAs were downregulated in male MS animals, with the exception of miR-433-5p. In female
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Figure 3. Correlated miRNA–miRNA expression dendrograms and heat maps across three brain regions by maternal separation and sex
(cont.). Significantly altered interaction effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in this
correlation and hierarchical clustering analysis in R. Correlation heat maps for (A) male controls, (B) male MS, (E) female controls and (F)
female MS animals show patterns of miRNA–miRNA correlation across the brain; each of the k = 3 clusters is marked by a colored outline
in the dendrogram and height is an arbitrary unit estimating the distance between different clusters. For each group – (C) male controls,
(D) male MS, (G) female controls and (H) female MS – significantly correlated miRNAs (false discovery rate <0.05) were narrowed to look
across regions. Positive correlations are shown in red and negative correlations in blue; thicker lines indicate a more significant
correlation.
MS: Maternal separation.

MS animals, miR-493-5p and miR-431 were increased and miR-433-5p was decreased. Several smaller hubs of
three or four miRNAs were identified on chromosomes 10, 15 and 17.

Discussion
We have presented the first study, to our knowledge, of genome-wide MS and sex effects on miRNAs in three brain
regions concurrently. miRNA sequencing revealed that MS alone altered seven PFC, nine amygdala and seven
hippocampal miRNAs. Sex moderated the effect of MS on miRNA expression for 18 PFC, four amygdala and 17
hippocampal miRNAs. Ten of these miRNAs colocalized on chromosome 6. Several of these miRNAs correlated
with sucrose preference; interestingly, in male animals only, many miRNAs in the PFC correlated with FST escape
time. We also investigated the correlation of significantly altered miRNAs across brain regions. Compared with
controls, MS animals exhibited more significant correlations between miRNAs in the PFC and hippocampus.
In males, control animals exhibited similar numbers of negative (37%) and positive (63%) correlations between
miRNAs in the hippocampus and other regions. In contrast, MS males exhibited a network of mostly positive
(82%) correlations between miRNAs across brain regions. In females, MS decreased the total number of correlations
between the hippocampus and amygdala and increased the number of negative correlations between the PFC
and hippocampus (41%). Subsequent in silico analysis revealed that MS may alter pathways involved in behavior,
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Figure 3. Correlated miRNA–miRNA expression dendrograms and heat maps across three brain regions by maternal separation and sex
(cont.). Significantly altered interaction effect miRNAs across the prefrontal cortex, amygdala and hippocampus were included in this
correlation and hierarchical clustering analysis in R. Correlation heat maps for (A) male controls, (B) male MS, (E) female controls and (F)
female MS animals show patterns of miRNA–miRNA correlation across the brain; each of the k = 3 clusters is marked by a colored outline
in the dendrogram and height is an arbitrary unit estimating the distance between different clusters. For each group – (C) male controls,
(D) male MS, (G) female controls and (H) female MS – significantly correlated miRNAs (false discovery rate <0.05) were narrowed to look
across regions. Positive correlations are shown in red and negative correlations in blue; thicker lines indicate a more significant
correlation.
MS: Maternal separation.

oxidative stress and synaptic vesicle cycle, among others, through these significantly altered and correlated miRNAs.
Sex altered the effect of MS on miRNAs involved in synapse organization, behavior and negative regulation of
nervous system development. Based on the predicted gene targets, we found that MS induced changes in an
miRNA–gene network with hubs at miR-200b-3p, miR-20b-5p, miR-34b-5p, miR-34c-3p, miR-34c-5p, miR-
145-5p and miR-203a-3p, and common gene targets VEGFA and KLF4. The interaction been sex and MS revealed
a network with hubs at let-7a-5p, miR-338-3p, miR-124-3p, miR-16-5p and miR-34a-5p, commonly targeting
LAMC1, NEUROD1 and VEGFA, among others.

miRNAs impacted by ELS
Some of the miRNAs found to be dysregulated by MS have previously been reported in animal models of depression
and in MDD patients. Using the subchronic variable stress model, Pfau et al. found decreased expression of miR-
20b-5p in the nucleus accumbens of male animals [40]. Regardless of sex, our data show a significant increase in
PFC miR-20b-5p. A previous study showed that blood levels of miR-34c-5p decreased with improved cognitive
and memory performance in depressed individuals [41]. Similarly, we found increased miR-34c-5p expression in
MS animals. Recently, our group reported decreased expression of miR-20b-3p and miR-335-5p in the anterior
cingulate cortex of MDD patients, the latter of which we also found in the hippocampus [42]. Van de Auwera
et al. found 22 miRNAs in plasma associated with childhood trauma, including a significant decrease in miR-142-
5p [43]; contrarily, our results show an increase in PFC levels of miR-142-5p. Although the relationship between
central and peripheral miRNA expression has not been thoroughly established, one study found little overlap
between brain and blood miRNAs after induced cerebral ischemia [44]. In a different study of ischemic stroke, there
were relatively few miRNAs found with overlapping expression in both brain and blood [45]. Conversely, the study
of Sorensen et al. study found a strong overlap between blood and CSF [46]. While there is likely some overlap
between central and peripheral miRNA profiles, these miRNA disparities partially explain the differences between
our results and those previously reported.
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Figure 4. Maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and miRNA
chromosomal localization. (A) We tested biological function GO based on predicted gene targets which have been
reported in psychiatric disorders in ingenuity path analysis software. The top 20 ontologies are shown as a bar plot;
those particularly relevant to stress and depression have been highlighted in blue. (B) The same ontologies plotted as
a network, with each node color-coded based on its membership in one of the top 20 ontologies; the size of each
node corresponds to its significance, with larger nodes being more significant. (C) Bubble plot of the top 30 most
significant cellular compartment GO terms (false discovery rate <0.05; shown by bubble color). Bubble size
corresponds to the number of gene targets within each ontology. (D) Using ingenuity path analysis, we created
miRNA–gene target networks based on miRNAs significantly affected by maternal separation and their predicted
targets. (E) miRNAs were mapped to the rat genome using a phenogram. Counts per million fold change direction is
noted by color based on the figure legend. Line color indicates the brain regions where significant group differences
were detected.
GO: Gene ontology; PFC: Prefrontal cortex.
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Figure 4. Maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and miRNA
chromosomal localization (cont.). (A) We tested biological function GO based on predicted gene targets which have
been reported in psychiatric disorders in ingenuity path analysis software. The top 20 ontologies are shown as a bar
plot; those particularly relevant to stress and depression have been highlighted in blue. (B) The same ontologies
plotted as a network, with each node color-coded based on its membership in one of the top 20 ontologies; the size
of each node corresponds to its significance, with larger nodes being more significant. (C) Bubble plot of the top
30 most significant cellular compartment GO terms (false discovery rate <0.05; shown by bubble color). Bubble size
corresponds to the number of gene targets within each ontology. (D) Using ingenuity path analysis, we created
miRNA–gene target networks based on miRNAs significantly affected by maternal separation and their predicted
targets. (E) miRNAs were mapped to the rat genome using a phenogram. Counts per million fold change direction is
noted by color based on the figure legend. Line color indicates the brain regions where significant group differences
were detected.
GO: Gene ontology; PFC: Prefrontal cortex.
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Figure 4. Maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and miRNA
chromosomal localization (cont.). (A) We tested biological function GO based on predicted gene targets which have
been reported in psychiatric disorders in ingenuity path analysis software. The top 20 ontologies are shown as a bar
plot; those particularly relevant to stress and depression have been highlighted in blue. (B) The same ontologies
plotted as a network, with each node color-coded based on its membership in one of the top 20 ontologies; the size
of each node corresponds to its significance, with larger nodes being more significant. (C) Bubble plot of the top
30 most significant cellular compartment GO terms (false discovery rate <0.05; shown by bubble color). Bubble size
corresponds to the number of gene targets within each ontology. (D) Using ingenuity path analysis, we created
miRNA–gene target networks based on miRNAs significantly affected by maternal separation and their predicted
targets. (E) miRNAs were mapped to the rat genome using a phenogram. Counts per million fold change direction is
noted by color based on the figure legend. Line color indicates the brain regions where significant group differences
were detected.
GO: Gene ontology; PFC: Prefrontal cortex.

Another study in ELS used an adolescent chronic variable stress model in mice and found decreased expres-
sion of PFC miR-466 [47], whereas we found increased expression of two miRNAs belonging to the miR-466
family. Using MS, O’Connor et al. identified hippocampal miRNAs responsive to treatment such as fluoxetine,
ketamine and electroconvulsive shock therapy [25]. miR-200b-3p, miR-540, miR-203 and miR-34c were decreased
by ketamine treatment and miR-487 was increased. Besides miR-540, we found the opposite effect in untreated MS
animals, although we only found significant changes in PFC miR-203 and amygdala miR-34c, rather than in the
hippocampus. Interestingly, in MS animals, amygdala miRs-34b and miR-34c formed a correlation network with
hippocampal miR-487b and miR-196b. It seems promising that these miRNAs not only play a role in susceptibility
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Figure 5. Sex-dependent maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and
miRNA chromosomal localization. (A) GO biological functions associated with sex differences in miRNA response to
early-life stress were predicted based on targets from significantly altered miRNAs in both males and females. The top
20 ontologies are shown as a bar plot, and stress- and depression-related ontologies are highlighted in blue. (B) These
ontologies were then plotted as a network. Node color is based on membership in one of the top 20 ontologies and
node size corresponds to significance of the node, with larger nodes being more significant. (C) Bubble plot showing
the top 30 most significant cellular compartment ontologies (false discovery rate <0.05; shown by bubble color);
bubble size represents the number of gene targets within each ontology. (D) Using ingenuity path analysis, we created
miRNA–gene target networks based on miRNAs that were significantly affected by sex and MS and their predicted
targets. (E) Significantly altered miRNAs were mapped to the rat genome using a phenogram. Counts per million fold
change direction is noted by color based on the figure legend for both male (diamond) and female (circle) maternal
separation comparisons. Line color indicates the brain regions where significant group differences were detected.
GO: Gene ontology.
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Figure 5. Sex-dependent maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and
miRNA chromosomal localization (cont.). (A) GO biological functions associated with sex differences in miRNA
response to early-life stress were predicted based on targets from significantly altered miRNAs in both males and
females. The top 20 ontologies are shown as a bar plot, and stress- and depression-related ontologies are highlighted
in blue. (B) These ontologies were then plotted as a network. Node color is based on membership in one of the top 20
ontologies and node size corresponds to significance of the node, with larger nodes being more significant.
(C) Bubble plot showing the top 30 most significant cellular compartment ontologies (false discovery rate <0.05;
shown by bubble color); bubble size represents the number of gene targets within each ontology. (D) Using ingenuity
path analysis, we created miRNA–gene target networks based on miRNAs that were significantly affected by sex and
MS and their predicted targets. (E) Significantly altered miRNAs were mapped to the rat genome using a phenogram.
Counts per million fold change direction is noted by color based on the figure legend for both male (diamond) and
female (circle) maternal separation comparisons. Line color indicates the brain regions where significant group
differences were detected.
GO: Gene ontology.
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Figure 5. Sex-dependent maternal separation bioinformatic gene ontology analysis, miRNA–gene target maps and
miRNA chromosomal localization (cont.). (A) GO biological functions associated with sex differences in miRNA
response to early-life stress were predicted based on targets from significantly altered miRNAs in both males and
females. The top 20 ontologies are shown as a bar plot, and stress- and depression-related ontologies are highlighted
in blue. (B) These ontologies were then plotted as a network. Node color is based on membership in one of the top 20
ontologies and node size corresponds to significance of the node, with larger nodes being more significant.
(C) Bubble plot showing the top 30 most significant cellular compartment ontologies (false discovery rate <0.05;
shown by bubble color); bubble size represents the number of gene targets within each ontology. (D) Using ingenuity
path analysis, we created miRNA–gene target networks based on miRNAs that were significantly affected by sex and
MS and their predicted targets. (E) Significantly altered miRNAs were mapped to the rat genome using a phenogram.
Counts per million fold change direction is noted by color based on the figure legend for both male (diamond) and
female (circle) maternal separation comparisons. Line color indicates the brain regions where significant group
differences were detected.
GO: Gene ontology.

to depressive behavior after MS but also show response to antidepressant treatment. Other reports of these miRNAs
in stress and antidepressant treatment further corroborate our findings. Fang et al. found decreased miR-200b-5p
and miR-34c-3p expression in stressed animals treated with fluoxetine, and Song et al. found increased nucleus
accumbens miR-34c-5p in stressed rats compared with controls [48,49]. Additionally, we found that miR-20b-5p,
miR-34, miR-200b-3p and miR-203a-3p acted as hub miRNAs and shared the gene target, VEGFA.

Cumulatively, there is overwhelming evidence supporting the role of miR-34c in susceptibility to stress and
antidepressant treatment response, particularly in animals exposed to ELS. In fact, amygdala miR-34c overexpression
reduced anxiety-related behaviors in rodents following chronic social defeat stress; it was proposed that miR-34c
accomplishes this by targeting CRFR1 [50]. In humans, a study of heritability of ELS-induced miRNA changes found
decreases in sperm miR-34c-5p and miR-34b-3p expression [51]. Linnstaedt et al. used Monte Carlo simulation
to identify 17 miRNAs, including miR-15 and miR-34, with 604 predicted gene targets related to pain and
posttraumatic stress [52]. More studies, especially in patients with ELS history, are needed to determine whether these
miRNAs could be viable targets for ELS-specific depression interventions.
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Sex-dependent miRNA expression changes following ELS
Most animal studies have focused exclusively on males including studies of ELS; thus there is a noted lack of
reported sex differences in the miRNA and ELS literature. For instance, Bai et al. and Liu et al. found increased
hippocampal miR-16 in different rodent ELS models, but only utilized males [53,54]. Our results support these
findings; however, we also found that miR-16 was significantly decreased by MS in female animals. Additionally,
we found that PFC miR-16 was increased in male animals, showing that miRNAs may be commonly altered across
brain regions.

One study tested an early adolescent chronic variable stress model only in female mice in the context of cognitive
effects of aging [47]. Following stress, the mice were housed either in isolation or as a social group. The findings
indicated that early stress promotes later cognitive flexibility when development occurs in a social environment.
Furthermore, behavior changes in the socially reared, stressed animals were accompanied by significant expression
reduction in 23 PFC miRNAs, including miR-598, miR-493 and miR-466. Early chronic variable stress on its
own did not affect this flexibility (as measured with the Barnes Maze), other behaviors such as spatial learning, or
even corticosterone response to stress. Consistent with their results, we found that many PFC miRNAs that were
significantly altered in male animals were unchanged by MS in females, such as miR-598. We similarly found
fewer behavioral consequences of early stress in female animals, though they did show signs of anhedonia (via
SPT). Interestingly, in our female animals MS increased miR-493; however, in the socially reared, stressed animals
miR-493 was decreased [47]. This discrepancy may be explained by the resilient/cognitively flexible phenotype
produced by the social chronic variable stress model as compared with the anhedonic profile of our MS animals.
Not only do these findings exhibit novel sex-based disparities in the miRNA response to ELS, they also help to
bridge studies that rely exclusively on either male or female animals.

miRNA expression correlation across PFC, hippocampus & amygdala
We used miRNA–miRNA correlations to compare changes in miRNA expression across the brain. When consid-
ering only MS-induced miRNA changes, hierarchical clustering of these correlations revealed groupings of miRNA
expression that were regionally heterogeneous (i.e., correlated miRNA expression did not group together by brain
region, as might be expected). Regardless of MS, male animals optimally clustered into two groups based on
miRNA–miRNA correlations; however, in females, miRNA correlation clustered into nine or ten groups, indicat-
ing that sex is a strong factor influencing the way in which miRNAs are synchronously expressed across different
brain regions.

Because we examined three brain regions, we also conducted clustering with three clusters in each group to test
whether miRNA–miRNA correlations would be more synchronous within a single brain region. Whereas in male
control animals the clusters contained correlations between all the brain regions, in MS males one of the clusters
was almost entirely composed of miRNAs in the amygdala, indicating that some miRNAs in the amygdala are not
particularly synchronous with miRNAs in the other two regions. In female controls, miRNA–miRNA clustering
was similarly heterogeneous with male controls. In comparison, in MS females, one cluster comprised more than
50% of all of the miRNAs, indicating that the majority of these miRNAs correlate synchronously with one another
across the three brain regions.

To further explore these relationships, we visualized the most significant miRNA–miRNA correlations as a
connectivity diagram (Figures 2C & D, 3C & D and 3G & H). MS increased correlations between hippocampal
and PFC miRNAs. In MS males, there were fewer negative miRNA correlations between the hippocampus
and PFC or amygdala as compared with control males, as well as an overall decrease in the number of these
correlations. MS also reduced the complexity of these miRNA correlations (e.g., number of correlations involving
the same miRNA, overlapping correlation lines, total number of correlations) in males. In contrast, MS in females
increased the number of negative miRNA correlations between the hippocampus and PFC, and reduced the total
number of correlations between hippocampus and amygdala. Because few studies have explored miRNA changes
across brain regions, it is not clear how miRNA profiles in one region affect miRNAs in others. miRNAs are
found at and near synapses [14]; in dendrites, they affect neural plasticity by repressing mRNAs within processing
bodies until altered by neuronal activity. Moreover, neuronal activity is mostly inversely correlated with miRNA
expression [55]. Thus positive regional miRNA correlation may imply more synchronous activation. However,
extracellular miRNAs may not reflect any changes in neuronal activity [15]. Future studies need to systematically
compare brain activity and miRNA expression at a regional level. Single-cell sequencing and electrophysiology will
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be key to developing a better understanding of this relationship in neurons, while functional MRI could be used
to establish activity with regional resolution.

Potential effects of miRNA expression changes on neuronal structure & function
Pfau et al. found that female mice exhibit unique nucleus accumbens miRNA changes in response to subchronic
variable stress which may only elicit depressive phenotype in females [40]. Similar to our results, let-7f-1-3p, let-
7c-1-3p and miR-193a-5p were increased in stressed females. However, we also showed that let-7f and let-7c were
decreased in male MS animals exhibiting anhedonia. Using chronic unpredictable mild stress in male animals, Fang
et al. found small increases in miR-451-5p expression in rat serum exosomes [48]; we also found a small increase
in miR-451-5p in the hippocampus in males, yet we found further increase in female MS animals. Another study
using the mouse chronic unpredictable mild stress model found that increased miR-15b-5p induced depression-like
behavior and reduced the numbers of neuron boutons from medial PFC [56]. In MS animals, we found increases
in miR-15b-3p in the PFC, which could suggest neuronal morphology changes. Our ontology analyses support
that these miRNAs impact genes that are localized in and alter the structure of synapses. Finally, hippocampal
miR-219-1-3p, miR-370 and miR-451 were reported by O’Connor et al. as increased by ketamine after MS [25].
In our female rats, miR-451 showed the greatest increase in expression at twofold upregulation in MS. O’Connor
et al. also showed that fluoxetine can reverse deficits in miR-451 in MS males, yet females were not considered [25].

Significantly altered miRNAs grouped on chromosome 6
Linkage studies indicate that specific chromosomal loci contribute to susceptibility to MDD [57,58]. We identified
ten miRNAs associated with the interaction of sex and MS, which grouped together on chromosome 6. Another
study reported 12 hippocampal miRNAs altered by 7 days’ restraint stress which localized to chromosome 6,
including miR-433-5p, and nine miRNAs altered after 14 days’ restraint, including miR-410-5p [59]. Previous
cancer studies give valuable insight into how these miRNAs may affect the central nervous system and lead to
depression susceptibility. In malignant melanoma, Yang et al. found that upregulation of miR-410 increased cell
proliferation and decreased apoptosis [60]. The apoptosis regulator BCL2 was increased, while PTEN was decreased.
In contrast, Zhao et al. found that miR-410 produced the opposite effect via reduced expression of VEGF [61].
miR-382, also on chromosome 6, regulates PTEN in human gastric cancer cells [62]. Treatment with miR-382 in
vitro induced VEGF, and PTEN subsequently inhibited VEGF. miR-410 also targets SLC34A2; in a lung cancer cell
line, increased miR-410 induced cell growth by reducing the rate of apoptosis [63]. Levels of miR-410 and SLC34A2
were significantly correlated with Wnt/β-catenin pathway proteins (e.g., DVL2, β-catenin and GSK3β). Our group
has recently reported miRNA-induced Wnt signaling gene changes in learned helpless animals [64]. Wnt has been
associated with cognitive disruptions in MS rats [65]. In a study of osteoblast circadian rhythm, increased miR-433
(located on chromosome 6) led to a threefold increase in NR3C1 mRNA expression [66]. Based on experiments
comparing cytosolic to nuclear glucocorticoid receptors, it was proposed that miR-433 translocates and maintains
glucocorticoid receptors in the nucleus once bound. A few of these chromosome 6 miRNAs have been associated
with neuronal development. One study found that increased mir-541 reduced the growth of neuronal processes in
vitro [67]. We found decreased expression of miR-541 in MS males. Likewise, in cultured dorsal root ganglia cells,
miR-431 was associated with increased neurite outgrowth and targeted Wnt signaling antagonist KREMEN1 [68].
Incidentally, the top ontologies associated with sex-dependent MS miRNAs were cell part morphogenesis and
synapse organization. Although sex-dependent changes in development after ELS have been established [69], no
studies have directly shown the involvement of miRNAs following ELS.

There are a few limitations to consider. Depression is a heterogeneous disorder, and small differences in type,
duration and amount of stress may elicit different responses. Recently, it has been systematically shown that different
ELS paradigms in animals have varying effects on behaviors associated with depression and anxiety [70]. Surprisingly,
MS from PND 10–17 induced the most depressive behaviors, while MS from PND 2–12 caused the most resilient
behavior profile. Our results do not corroborate previous reports of increased miR-124-3p after ELS in male
animals [23,30,31], yet we found decreased hippocampal miR-124 expression in MS females. Not only does this
reflect differential expression of miRNA based on sex and even brain regional differences, but it may also represent a
unique miRNA response to specific stress paradigms and resulting pathophysiology. The timing of miRNA testing
may also be important. For example, Uchida et al. tested for miR-124 expression in the medial PFC around PND
63, as compared with PND 90 in our study [23]; Morrison et al. waited until 1 year to test for miRNA expression
in the PFC [47]. Not only do differences in stress paradigms, sex and behavioral outcomes contribute to miRNA
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expression across the brain, but it may also be important to consider the developmental time point at which
miRNAs are assessed. Nonetheless, MS has been a widely used animal model of ELS, especially for neglect, which
has been estimated to affect 17% of children [71].

Conclusion
Altogether, this study explores correlated miRNA expression across the brain in a network framework resulting
from ELS. Our study shows that miRNAs respond differently to MS across brain regions, which is key to studying
the brain’s response to ELS. We also identified significant sex differences in miRNA expression, suggesting that
miRNAs play a distinct role in ELS-induced susceptibility to depression in males and females. Moreover, we found
that sex-dependent miRNAs targeted genes involved specifically in brain-based cellular and molecular functions,
whereas without considering sex, significantly altered miRNAs target genes involved in more general cellular
functions. Thus sex is a critical factor for understanding both miRNA and gene expression changes in the brain
resulting from ELS. Further studies will be needed to examine the specificity of our findings, such as whether these
differences are unique to neglect (MS) or are also present in other types of ELS, such as sexual or physical abuse.
Additionally, it will be important to consider these finding in the context of other disorders associated with ELS,
such as posttraumatic stress disorder, anxiety and schizophrenia.

Future perspective
As indicated earlier, ELS is a critical vulnerability factor in various psychiatric illnesses, including MDD. In addition,
although men and women experience similar rates of ELS, women are twice as likely to develop MDD. In future,
examining sex-dependent molecular mechanisms associated with ELS-induced MDD will help with designing
better treatment protocols. As personalized medicine becomes more common practice, molecular studies, including
those focused on miRNAs, will need to consider more variables in order to accurately predict stress susceptibility
and treatment outcomes. Regional miRNA profiles and their correlation may prove to be important in the future
for both treatment development and prediction of treatment efficacy. Similarly, specific types of stressful experiences
like ELS may predict symptoms rather than a disease state and will be an equally important consideration for future
stress-disease models.

Summary points

• Maternal separation had the most robust effect on miRNAs miR-200b-5p, miR-196b-5p and miR-34c-3p, and
affected each of the three tested brain regions (prefrontal cortex, amygdala and hippocampus) almost equally.

• Sex had the greatest effect on maternal separation-induced miRNAs in the prefrontal cortex and hippocampus.
• In males, miR-193a-5p, miR-410-5p and miR-497-5p showed the most robust expression changes, while in females

miR-451-5p, miR-3547 and miR-425-3p were most affected.
• miRNA–miRNA correlations between the amygdala and hippocampus were reduced by maternal separation.
• Sex determined the direction of miRNA–miRNA correlations between regions, with more positive correlations in

males following maternal separation and females showing increased negative correlations.
• Maternal separation alone resulted in miRNA gene-targeting hubs miR-200b-3p, miR-20b-5p, miR-203a-3p,

miR-145-5p, miR-34b-5p, miR-34c, miR-34c-5p; sex-dependent miRNA hubs included miR-124-3p, miR-338-3p,
miR-34a-5p, miR-16-5p and let-7a-5p.

• Gene ontology analysis revealed that sex-dependent miRNA gene targets are involved in brain-specific functions
like synapse organization, negative regulation of nervous system development and dopaminergic synapses,
among others.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:

www.futuremedicine.com/doi/suppl/10.2217/epi-2021-0037
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